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Abstract 

Earthquakes nucleate and propagate in rocks, and they sometimes leave behind a fossil record of 

their effect. Two types of fault zone damage-products, pseudotachylyte and pulverized rocks, 

represent dynamic imprints in the rock record. This thesis reports exposure-scale and micro-scale 

characteristics of these extreme fault zone damage-products. Propagating earthquakes induce 

dynamic fracturing and fragmentation that effectively change the mechanical properties of fault zone 

rocks and are pivotal in controlling fluid-rock interaction. Here, pulverized fault zone rocks collected 

along the Clark Strand of the San Jacinto Fault Zone, CA, show porosity-values of up to 9%, so that 

their presence within fault zones may significantly influence the hydraulic properties. I show that the 

particle size distributions measured on thin sections of pulverized granitic rocks can be fitted by 

power-laws over a wide range of fragment sizes, with exponents (D-values) of 1.0 and 1.2 for the 

cross-sectional area distribution.  

This thesis also presents observations on pseudotachylyte-bearing faults in granulite-facies rocks of 

the lower crust, from two Lofoten localities (Nusfjord and Moskenesøya). The Nusfjord 

pseudotachylytes display evidence of fluid infiltration, an effect recorded by the growth of hydrous 

minerals and reacted wall rocks. Conversely, pseudotachylytes exposed on eastern Moskenesøya 

preserve the anhydrous granulite-facies mineralogy, indicating that the conditions remained dry as 

the deformation occurred. In this case, I show that the damage zone contains dynamically fractured 

and fragmented wall rock minerals and orthopyroxene grains appear pulverized. These damage 

features open potential fluid pathways and leave the rock highly reactive. The contrasting evolution 

documented by the pseudotachylytes presented in this thesis highlights the key role hydrous fluids 

play in weakening lower crustal rocks in the wake of seismic events at depth. Finally, I suggest that 

the abundance of pseudotachylytes exposed on Moskenesøya reflects aftershock sequences in the 

lower crust that were triggered by transient stress pulses generated by large earthquakes in the 

brittle upper crust.  

 

 

 

 

 

 



 
 

Acknowledgement  

Firstly, gratitude is extended to my supervisors François Renard and Bjørn Jamtveit for allowing me 

to pursue this thesis work – I am richer because of it.  

A heartfelt thanks to François Renard; for always finding time for discussions, for sharing his 

knowledge, for his patience, for treating me as an equal and for providing suggestions and 

corrections that significantly improved the thesis that you are about to read. Having said that, I 

would also like to thank François for making my first trip to the U.S. one that I will never forget.   

I would like to thank Yehuda Ben-Zion for organizing the fieldwork in the U.S., and for introducing me 

to the San Jacinto Fault Zone in the field. Also, to John Platt for the guided tour in the Santa Rosa 

Mylonite Zone, and to all the people associated with the University of Southern California and UC San 

Diego that I crossed paths with during my stay in California. To Jessica McBeck for assistance in the 

field and for being the designated driver of François and myself in California. 

A special thanks to Kristina Dunkel for always finding time to answer questions, for assistance and 

guidance during fieldwork in Lofoten and in the SEM lab. To Siri Simonsen for assistance and 

discussions in the SEM lab and for taking interest in my rock samples.  

To Lars Valen for the great teamwork in Lofoten and for fruitful discussions throughout the work on 

the Lofoten project, and for 5 years of friendship at the University of Oslo. To Natalia and Anet for 

unforgettable times during fieldwork in Lofoten.  

Finally, gratitude is extended to my friends and family for all their support and encouragement.  

Paal Ferdinand Arnestad, 

Oslo, June 2020 

 

 

 

 

 

 

 



 
 

Table of contents 

 
1 Introduction ......................................................................................................................................... 1 

2 Background literature .......................................................................................................................... 4 

2.1 Earthquakes ................................................................................................................................... 4 

2.2 Pulverized fault zone rocks ............................................................................................................ 5 

2.2.1 Generation of pulverized rocks constrained by laboratory experiments and rupture models

 ......................................................................................................................................................... 8 

2.2.2 Pulverization at high confining pressure .............................................................................. 11 

2.3 Pseudotachylyte .......................................................................................................................... 11 

2.3.1 Characteristics of pseudotachylytes ..................................................................................... 12 

2.3.2 Generation of fault-related pseudotachylytes ..................................................................... 15 

2.4 Lower crustal earthquakes and generation of pseudotachylytes at depth ................................ 17 

2.5 Pseudotachylytes as precursors to shear zones .......................................................................... 19 

3 Methods and data .............................................................................................................................. 21 

3.1 Field data ..................................................................................................................................... 21 

3.2 Analytical techniques .................................................................................................................. 21 

3.3 2-D image analysis and particle size distribution ........................................................................ 22 

3.4 3-D X-ray computed microtomography ...................................................................................... 24 

3.5 X-ray microtomography data analysis ......................................................................................... 25 

4 Geological setting (California) ........................................................................................................... 27 

4.1 The San Jacinto Fault Zone .......................................................................................................... 27 

4.2 The Clark Fault ............................................................................................................................. 28 

5 Pulverized rocks near the San Jacinto Fault, California: Results ...................................................... 30 

5.1 Field study near the active San Jacinto Fault, California ............................................................. 30 

5.1.1 Alkali Wash outcrop (secondary faults) ................................................................................ 30 

5.1.2 Burnt Valley Road outcrop on the Clark Fault, CA................................................................ 34 

5.2 Pulverized granite samples from Alkali Wash ............................................................................. 35 

5.2.1 General rock description of the granitic rocks from the Alkali Wash outcrop ..................... 35 

5.2.2 Rock damage and microstructures in pulverized granite ..................................................... 36 

5.2.3 Particle size distribution of pulverized granite from Alkali Wash ........................................ 38 

5.3 Microtomography analysis of fault zone rocks from the San Jacinto Fault zone ........................ 41 

6 Lofoten geology ................................................................................................................................. 45 

6.1 Basement rocks ........................................................................................................................... 46 

6.2 Caledonian collision ..................................................................................................................... 47 



 
 

6.3 Post-Caledonian deformation ..................................................................................................... 48 

6.4 Pseudotachylytes on the Lofoten Islands .................................................................................... 49 

7 Lofoten pseudotachylytes: Results ................................................................................................... 50 

7.1 Field observations on Moskenesøya, Lofoten ............................................................................. 50 

7.1.1 Hamnøya road-section ......................................................................................................... 50 

7.1.2 Hella road-section ................................................................................................................ 54 

7.1.3 Orientation of pseudotachylyte bearing fault-veins on Moskenesøya ................................ 56 

7.2 Petrography and microstructures of pseudotachylytes and wall rocks ...................................... 58 

7.2.1 Hella (Moskenesøya) samples .............................................................................................. 58 

7.2.2 The monzonitic wall rock (HAM-1) ....................................................................................... 58 

7.2.3 Pseudtoachylyte in a monzonitic wall rock (sample HAM1) ................................................ 61 

7.2.4 The gabbroic wall rock (sample HAM-4A) ............................................................................ 63 

7.2.5 Pseudotachylyte in a gabbroic wall rock (sample HAM-4A)................................................. 64 

7.3 Wall rock damage ........................................................................................................................ 66 

7.3.1 Microtomography imaging of sample HAM-1 .......................................................................... 70 

7.4 Nusfjord pseudotachylytes .......................................................................................................... 72 

7.4.1 The Nusfjord samples ........................................................................................................... 72 

8 Discussion ........................................................................................................................................... 76 

8.1 Pulverized fault zone rocks .......................................................................................................... 76 

8.2 Secondary faulting in Alkali Wash ............................................................................................... 78 

8.3 Particle size distribution of pulverized granites from the Alkali Wash outcrop .......................... 79 

8.4 Fracture surface area of pulverized rock ..................................................................................... 82 

8.5 Fracture porosity of pulverized rock ........................................................................................... 84 

8.6 Field observations and fault-vein geometries of pseudotachylytes on Moskenesøya ............... 85 

8.7 Petrographic and microstructural observations ......................................................................... 88 

8.8 Wall rock damage and temporal evolution of deformation ....................................................... 89 

8.9 Generation of pseudotachylyte in the lower crust ..................................................................... 93 

9 Conclusions ........................................................................................................................................ 95 

Bibliography ........................................................................................................................................... 97 

Supplementary information ................................................................................................................ 107 

 

 



1 
 

 

1 Introduction  
Earthquakes nucleate and propagate throughout the Earth’s lithosphere, and the seismic waves they 

produce have provided important insights into the interior of the Earth. Earthquakes are also 

dramatic and destructive geological events that inflict damage not only to the rock in which they 

occur but also to living systems and societies. Improving our understanding of earthquakes is 

therefore not only important from a theoretic point of view but also to improve seismic hazard 

evaluation and earthquake forecasting. 

In recent decades, improved seismological monitoring equipment has provided means to ever-

growing insights into the complexity of earthquake processes (e.g. Kanamori, 2008). Even so, surficial 

monitoring of active faults and seismological data (e.g. seismic wave interpretation), yields only 

limited information on earthquake mechanics (Di Toro et al., 2009). The simple fact that earthquakes 

occur in rocks, means that under the right circumstances the rocks could hold a fossil record of their 

effect (Fagereng and Toy, 2011). During an earthquake, the displacement is commonly localized on a 

very thin (<10mm) slip zone (e.g. Sibson, 2002), meanwhile, the surrounding rock volume suffers 

brittle damage at distances of 1 to 103m from the slip surface. The spatial extent and distribution of 

damage within fault zones are important for understanding crustal fluid flow and also the physical 

processes and mechanics by which fault zones evolve (e.g. Aben et al., 2020). Coseismic damage, 

both in the fault-core and off-fault, may significantly influence the mechanical and hydraulic 

properties of fault zone rocks, which in turn may influence the rupture dynamics of faults. At lower 

crustal depths, brittle fracturing and earthquake nucleation play a key role in controlling the 

structural and metamorphic evolution of dry lower crustal rocks by creating fluid pathways and 

allowing metamorphic reactions to initiate (e.g. Jamtveit et al., 2018). 

The present thesis reports a combined field and microscopy study of faults and fault zone rocks, from 

(1) the Clark Fault, the main strand of the seismically active San Jacinto Fault Zone in California and 

(2) the Lofoten Archipelago (Norway), where abundant paleoseismic faults are exposed within an 

exhumed lower crustal section. The slip surface of these faults contains aphanitic material, 

presumably formed by heating during frictional slip, i.e. pseudotachylyte (Sibson, 1975). In both 

localities, I carried out fieldwork in order to describe faults and rock damage at the exposure scale. I 

also analyzed in detail, microstructures, and mineralogy of rock samples in thin sections and 3-D X-

ray tomograms acquired with micrometer spatial sampling size. 

Analysis of pulverized rock samples from the San Jacinto Fault Zone presented in this thesis confirms 

the micro-scale characteristics of this deformation process already reported in the literature (e.g. Dor 
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et al., 2006; Rockwell et al., 2009, Mitchell et al., 2011; Rempe et al., 2013; Muto et al., 2015). 

Furthermore, analysis of 3-D tomograms highlights the complexity of the fracture network associated 

with pulverized rocks in three-dimensions. Estimated porosity-values of pulverized rock samples 

show that pulverization is associated with a considerable increase in porosity (up to 9%), indicating 

that their presence may significantly influence fluid flow properties in fault zones. Also, the measured 

particle size distribution on pulverized granite samples show that the distribution is characterized by 

a broad range of fragment sizes on the micron to sub-micron scale and the PSDs can be fitted by 

power-laws.  

On the eastern coast of Moskenesøya, Lofoten, I mapped in detail several outcrops characterized by 

abundant faults decorated with pseudotachylyte at the exposure scale. The geometric arrangement 

of the faults varies from single faults to more complex connected networks of faults, the latter 

indicating that earthquakes may have propagated along complex structures. Field and microscale 

observations show that the pseudotachylytes formed without the introduction of fluids, do not 

contain alteration haloes and ductile shear localization along the brittle structures are nonexistent. 

Hence, these faults provide a rare opportunity to describe and quantify earthquake-induced damage 

at lower crustal depths. The damage zones adjacent to the pseudotachylyte faults consist of 

dynamically fractured and fragmented wall rock minerals. Plagioclase minerals at the immediate rim 

of the faults display extreme grain size reduction, with fragment sizes ≤15μm. In these fragmented 

plagioclase domains, a system of micro-pores is present. Also, I find evidence of pulverization-style 

fragmentation of orthopyroxene minerals within the damage zone. I further present a possible 

sequence of events that led to the formation of the analyzed pseudotachylytes, in which a 

propagating dynamic rupture was immediately followed by the accumulation of dynamic slip and the 

onset of melting.     

This study also describes pseudotachylytes from another Lofoten locality, in Nusfjord, which exhibits 

evidence of wall rock transformation processes, ductile shear localization along the pseudotachylyte 

precursors and growth of hydrous minerals. In comparing the pseudotachylytes from the two Lofoten 

localities it becomes evident the role brittle fracturing and lower crustal seismicity may play in 

weakening the host lithology, especially if fluids are introduced (e.g. Jamtveit et al., 2019).  

The thesis is organized as follows. Chapter 2 introduces relevant background literature. The methods 

used throughout the study are summarized in Chapter 3. The geological setting of the San Jacinto 

Fault Zone, California is given in Chapter 4, followed in Chapter 5 by the result from the field study in 

California and analysis of pulverized rock samples from the research area. In the same manner, 

Chapter 6 describes the geological evolution of the Lofoten Archipelago, followed in Chapter 7 by the 
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results from the field study in Lofoten and analysis of pseudotachylyte rock samples from Lofoten. 

Chapter 8 is devoted to discussion on this study’s findings in light of existing literature and some 

interpretations are drawn from the obtained results. Chapter 9 summarizes the most important 

results and observations made during this study, and some concluding remarks are given. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic diagram illustrating the relation between depth/confining pressure and damage (black 
line and open circles) and pulverization (dashed black line and open squares) zone width based on field and 
laboratory observations. Approximate depth of the samples presented in this study is placed on the left half 
of the diagram (blue text). Clark Fault, the main strand of the seismically active San Jacinto Faut Zone in 
California, and paleo-seismic fault (pseudotachylytes) from eastern Moskenesøya, Lofoten. Systematic 
loading by sub‐Rayleigh shear ruptures without preferred propagation direction would create a symmetrical 
damage zone across the fault in a homogeneous material (Aben et al., 2017). The figure is adapted from 
Jamteveit et al. (2019).  
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2 Background literature 

2.1 Earthquakes 

Earthquakes in the continental crust occur most frequently in the upper 7 to 20 km, often referred to 

as the seismogenic zone (e.g. Fagereng and Toy, 2011). The seismogenic zone is defined as the 

section of the crust where earthquakes nucleate, or rather, the volume of rock surrounding a fault 

that is capable of seismicity (Scholz, 2002). White (2012) notes that the depth to which the 

seismogenic zone extends is often decided by the distribution of aftershocks and microseismicty. The 

lower depth of crustal seismicity is commonly referred to as the brittle-ductile transition depth 

(Sibson, 1982, 1984), which is strongly dependent on temperature, pressure, lithology, fluid content, 

and strain rate (e.g. Kohlstedt et al., 1995; Scholz, 2002). This rheological transition indicates the 

change from brittle to elasto-plastic and/or viscous deformation of rocks (Scholz, 1988; White, 2012). 

Most of the present-day seismicity occur at tectonic plate boundaries on preexisting discontinuities 

and earthquakes are most abundant in the cool (T/Tm<0.5), shallow upper crust (Priestley et al., 

2008). Still, intermediate, and deep earthquakes occur in subduction zones, where cold plates 

descend deep into the earth (down to 680 km, e.g. Jung et al., 2004). Priestley et al. (2008) 

summarize the occurrence of earthquakes as follows: the distribution of earthquakes with depth 

throughout India, Himalaya and Tibet is consistent with a generic global view of seismicity in which 

earthquakes occur (1) in wet crustal material to a temperature of ⁓350°C, and (2) at higher 

temperatures in a dry granulite facies lower crust or (3) in the mantle that is colder than ca 600°C.  

In a broad sense, an earthquake is a frictional phenomenon, induced by failure leading to the 

formation and fast slip on a new fault or stick-slip behavior on a preexisting fault (Brace and Byerlee, 

1966; Scholz, 1998). During rupture propagation and coseismic slip, a fraction of elastic energy stored 

in the wall rock is released and dissipated along the fault. The accumulation of elastic strain mostly 

results from the build-up of tectonic stresses due to plate motions (Brace and Byerlee, 1966). 

Frictional sliding is assumed to initiate once the ratio of shear (τ) to normal (σ) stress resolved on the 

fault surface reaches the static friction coefficient, μs (e.g. Scholz, 1998). Byrelee (1978) found that 

rock friction (μ=τ/σ) is about 0.7 for most rocks up to pressures of 2GPa and over a wide range of 

temperatures (up to 400°C for granite, Stesky et al., 1974). Experiments have shown that the friction 

coefficient is slightly perturbed by variations in slip rate and with increasing displacement (Dieterich, 

1972, 1979; Ruina, 1983; Scholz, 1998; Beeler et al., 1994). Unstable sliding (earthquakes) occurs due 

to the velocity weakening behavior of most rock materials (i.e. the dynamic friction coefficient 

decreases with increasing slip speed e.g. Scholz, 1998). The evolution of the friction coefficient with 

slip rate and displacement is described by the Dieterich-Ruina Rate and State friction law (Beeler et 
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al., 1994; Dieterich, 1972, 1979; Ruina, 1983), which has broad applications in earthquakes 

mechanics. However, Fagereng and Toy (2011) note that it remains uncertain how well friction laws 

approximate the frictional behavior of fault rocks in the presence of fluid phases and ongoing 

chemical reactions and they suggest that the slip behavior of faults is likely to be a complex function 

of several geological parameters. Several inelastic processes are thought to operate within the 

earthquakes source region (Scholz, 2002), and these processes are controlled by mineralogy, ambient 

temperature and stress conditions, total slip, the degree of shear localization, the amount of shear 

dilatancy, and fault zone hydraulic properties (Beeler et al., 2016). 

Earthquakes source parameters such as seismic moment, focus location and depth, rupture length, 

and rupture parameters (e.g. rupture propagation velocity and rise time) for earthquakes of varying 

magnitude can be determined by seismic observations techniques (e.g. Kanamori, 2008). An 

alternative source of information on seismic faulting is directly recorded by the rocks themselves. 

Special cases of fault-related rocks are pseudotachylytes and pulverized rocks, their presence within 

fault-zones has been taken as evidence for coseismic faulting (e.g. Sibson and Toy, 2006; Rowe and 

Griffith, 2015).  

2.2 Pulverized fault zone rocks 

Rocks mechanically fragmented to the micron or finer scale within a fault zone, with little to no grain 

rotation or accumulation of shear strain are referred to as Pulverized Fault Zone Rock (Dor et al., 

2006) or in the following, simply pulverized rocks. Pulverized rocks commonly retain their original 

fabrics including crystal shapes, crystal boundaries and magmatic fabrics, indicating that 

pulverization is the result of in situ dynamic fracturing (e.g. Rowe and Griffith, 2015). A pulverized 

volume of rock can be recognized in the field if all the grains in a hand specimen yield a powdery 

rock-flour texture when pressed by hand (Dor et al., 2006). On the microscopic-scale, pulverization in 

crystalline rocks commonly displays the following characteristics: a high density of microcracks, with 

cracks seemingly randomly oriented (in 3-D) and present in all mineral phases, together with minimal 

offset and grain rotation related to the fractures (e.g. Aben et al., 2017). These characteristics 

together with detailed mineralogical studies by Rockwell et al. (2009), Mitchell et al. (2011) and 

Wechsler et al. (2011) indicate a mechanical source for pulverization rather than shattering from 

weathering and/or chemical alteration processes.  

Pulverization has been described in crystalline rocks along the main trace of the San Andreas Fault 

(Dor et al., 2006), portions of the Garlock fault (Sisk et al., 2005), the San Jacinto fault (Stillings, 2007; 

Wade, 2018) in California, and in a section of the Arima-Takatsuki fault in Japan (Mitchell et al., 2011; 

Muto et al., 2015). These studies have highlighted that large continental strike-slip fault structures 
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contain belts of pulverized rocks that are on the order of tens to hundreds of meters wide and exist 

primarily on one side of the fault. It has been suggested that the extent of pulverization could be 

related to the magnitude of fault offset, the size of earthquakes that can be generated, and the 

possible existence of a bimaterial interface in the fault structure (Aben et al., 2017). In areas where 

faults separate wall rocks with large differences in material properties (bimaterial interface), the rock 

volume is commonly more intensely damaged on the side containing the stiffer lithology (e.g. Dor et 

al., 2006, 2008; Mitchell et al., 2011). The observed asymmetry has led to several explanations, with 

two prominent competing hypotheses. One hypothesis suggests that the asymmetry stems from 

repeated preferred rupture propagation and that the repeated directivity results in more damaged 

on the stiffer side of the fault (e.g. Ben-Zion and Shi, 2006; Xu and Ben-Zion, 2017). The other 

hypothesis suggests that asymmetric damage is a product of different rocks response to transient 

coseismic loading (Aben et al., 2016, 2017). 

The strike-slip fault systems, from which most of the observations on pulverized rocks have been 

described, are mature, with a large amount of total offset (offset > 10km) (Aben et al., 2017). By 

comparing the width of pulverization zones in these mature systems with the width of the total 

damage zone Aben et al. (2017) showed that they have the same order of magnitude of width. On 

the other hand, in less-developed fault systems, the damage zone is several orders of magnitude 

larger than the pulverization zone, leading these authors to conclude “that quasi‐static or classic 

fault-related damage and dynamic damage or pulverization are not related to the same processes” 

(Aben et al., 2017). The fact that pulverized rocks are believed to be generated exclusively during 

earthquakes means that dynamic loading conditions (especially earthquake magnitude) might be the 

controlling factor on the extent of pulverization, rather than total displacement (Aben et al., 2017). 

The same authors point out that the observations of pulverized rock are still limited, and that the 

global dataset should be extended to further constrain the contribution of total offset and 

earthquakes magnitude in relation to maximum pulverization distances. 

Further available data indicate that pulverization appears to be a shallow phenomenon (e.g. Dor et 

al., 2006; Rockwell et al., 2009), occurring only in the upper part of the seismogenic zone (<10 km 

depth). Aben et al. (2017) compiled data from studies on pulverized rock, to show both lithology, 

width of the pulverization zone and in situ depth of observation (Figure 2). 
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Figure 2: General lithology of pulverized rocks, as well as in situ location with respect to the fault and depth of observation 
(blue indicate boreholes). Figure taken from Aben et al. (2017). 

 

In several studies, the particles size distribution (PSD) of pulverized rocks has been measured. 

Particle size distributions of fault rocks are commonly measured in order to compare and 

differentiate various fault zone rocks (Muto et al., 2015). Also, constraining the particle size 

distribution of natural fault rocks allow comparison with laboratory experiments in which the 

deformation conditions are known. Within a certain size range, the PSD may be self-similar (scale-

invariant) and in this case, the distribution can be described by a power-law relationship (e.g. 

Mandelbrot, 1982). It has been argued that D-values (i.e. the power-law exponent) represent 

different mechanisms of grain size reduction (Keulen et al., 2007). Keulen et al. (2007) suggest that 

higher D-values indicate a more efficient grain size comminution processes producing a larger 

number of smaller grains. 

Particle size distributions measured using a specially calibrated laser particle size analyzer on 

pulverized rock from the San Andreas fault (Wilson et al., 2005; Rockwell et al., 2009; Wechsler et al., 

2011), showed that a D-value fractal exponent in the range 2.5-3.1 provided the best power-law fit 

for grain sizes distribution in the range 0.5-500 μm. For grain size <500 μm the PSD behavior is 

nonfractal. Muto et al. (2015) found that fractal dimensions vary from 2.92 close to the fault core to 

1.92 at some distance from the fault core, based on measured PSDs on thin sections from both the 

San Andreas Fault and the Arima‐Takatsuki Tectonic line (Japan). Maximum D-values for cataclasites 

and gouges are ⁓2.5 (Aben et al., 2017 and references therein). Studies also show that pulverized 

rock has a higher fracture density (Mitchell et al., 2011; Rempe et al., 2013) and yield lower P-wave 

velocities (Rempe et al., 2013) than other fault zone rocks. These observations lead back the 
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argument made by Aben et al. (2017) that quasi-static fault-related damage and pulverization might 

not be related to the same processes. 

2.2.1 Generation of pulverized rocks constrained by laboratory experiments and rupture models 

Given the unusual properties of pulverized rock and the requirement for high-strain rates for their 

generation, there is a consensus that they are the product of dynamic earthquake ruptures (e.g. Dor 

et al., 2006; Mitchell et al., 2011; Rockwell et al., 2009; Wechsler et al., 2011). However, the dynamic 

loading conditions under which they form, such as rupture speed, are still not properly constrained. 

Field and petrographic studies of pulverized rocks only represent the end product, hence laboratory 

tests are important to constrain the mechanical conditions under which pulverized rock can be 

generated. Besides, simulations of rupture models can help verify if the experimentally constrained 

pulverization strain rate thresholds (Doan and Gary, 2009; Yuan et al., 2011; Doan and d’Hour, 2012; 

Aben et al., 2016) are achievable at large off-fault distances where pulverized rocks have been 

recognized (Figure 2). 

Analogous laboratory experiments performed to constrain the mechanical conditions required for 

rock pulverization have commonly been done by applying a compressional load to rock samples using 

a Split-Hopkins Pressure Bar apparatus (Doan and Gary, 2009; Doan and d’Hour, 2012; Yuan et al., 

2011; Aben et al., 2016). Doan and Gary (2009) found that a transition from splitting (single or few 

fractures) to pulverization occurs above a strain rate threshold between 100s-1 and 150s-1, in pre-

damaged San Andreas granites. For more pristine Tarn granites, the pulverization threshold is    

⁓250s-1 (Doan and d’Hour, 2012), similar to the threshold obtained on Westerly granite in unconfined 

conditions (Yuan et al., 2011). Yuan et al. (2011) also found that under confinement pulverization 

occurs above a higher strain rate threshold. On the other hand, by performing successive dynamic 

loadings with strain rates below the initial pulverization threshold (180s-1), Aben et al. (2016) 

established a pulverization threshold of 90s-1, a reduction of 50% from the value when pulverization 

is reached with only one larger dynamic loading test. Doan and d’Hour (2012) also postulated that 

pre-damaged rocks may be more prone to pulverization at lower strain rates than undamaged rocks, 

by comparing their results on the Tarn granite to the pulverization threshold obtained on pre-

damaged San Andreas granites (Doan and Gary, 2009). 

By applying a rupture model derived from Linear Elastic Fracture Mechanics, Aben et al. (2017) 

computed that strain rates induced by loading under sub-Rayleigh wave speeds are insufficient to 

exceed the experimentally constrained pulverization thresholds at a significant off-fault distance. 

These authors found that even by assuming that the rock is pre-damaged, which can effectively 

reduce the Young’s modulus (Faulkner et al., 2007; Rempe et al., 2013) and lower the pulverization 
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strain rate threshold (Doan and d’Hour, 2012; Aben et al., 2016), the maximum pulverization 

distance is <6m from the fault plane (Aben et al., 2017). Thus, this rupture model could play a part in 

near-fault pulverization and might be important for the formation of fault gouges and cataclasites 

(Reches and Dewers, 2005; Aben et al., 2017).  

Sub-Rayleigh ruptures along faults separating volumes of rocks of different mechanical properties, 

i.e. bimaterial ruptures, induces different loading conditions opposed to on a single material 

interface (Weertman, 1980; Andrews and Ben-Zion, 1997; Shi and Ben-Zion; 2006; Ampuero and Ben-

Zion, 2008). A sharp tensile pulse (Weertman pulse) causes tensile loading perpendicular to the fault 

on the side with the stiffer (higher-velocity) material, owing to the difference in elastic wave 

velocities (e.g. Weertman, 1980, Ben-Zion, 2001). Interestingly, dynamic ruptures on a bimaterial 

interface have a statistic tendency of preferred propagation direction (e.g. Andrews and Ben-Zion, 

1997; Ampuero and Ben-Zion, 2008; Brietzke et al., 2007; Erickson and Day, 2016; Shlomai and 

Fineberg, 2016). Moreover, rupture models (Ben-Zion, 2001; Ben-Zion and Shi, 2005; Shi and Ben-

Zion, 2006) indicate that rupture in the direction of slip of the more compliant material is more 

stable so that the stiffer material will persistently be in the tensional quadrant of the radiated seismic 

field. Hence, these types of ruptures will commonly produce more off-fault damage on the stiff side 

and repeating ruptures of such sort can produce prominent asymmetric off-fault damage. Thus, this 

result might explain the commonly observed asymmetry in off-fault damage, that is, belts of 

pulverized rock primarily on one side of the fault (e.g. Dor et al., 2006, 2008; Mitchell et al., 2011). Xu 

and Ben-Zion (2017) noted that preferred bimaterial ruptures will promote tensile cracks having no 

preferred orientation, which is a common feature reported in pulverized rocks. 

Supershear wave speed loading has been suggested as a possible candidate for inducing rock 

pulverization (Doan and Gary, 2009; Yuan et al., 2011), based on the high strain rates required for 

rock pulverization. A supershear rupture induces a shock wave, that can promote high strain rates at 

a great distance from the fault core because the attenuation of this shock wave with distance is low 

(Doan and Gary, 2009). In fact, Bhat et al. (2007) provide evidence of coseismic damage generated 

during a supershear rupture (2001 Kunlunshan earthquake) up to several kilometers away from the 

fault trace. In addition, large strike-slip fault systems with long straight sections, the setting where 

the majority of pulverized rocks have been discovered, are more amenable to supershear ruptures 

(Doan and Gary, 2009; Aben et al., 2017 and references therein). However, supershear ruptures do 

not explain the commonly observed asymmetry in damage (Griffith et al., 2018) and the strong stress 

and strain rate singularity of the supershear Mach cone is actually a shear stress singularity (Xu and 

Ben-Zion, 2017). Whether S-waves can pulverize rock remains an open discussion (Aben et al., 2017). 
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Moreover, the bulk of seismological observations suggest that supershear ruptures are not the 

common mode of earthquake failure (Mitchell et al., 2011). 

By reviewing different rupture mechanisms in the light of rock pulverization, utilizing numerical 

simulations, Xu and Ben-Zion (2017) found that experimentally obtained pulverization strain rate 

thresholds (compressive loading) cannot be directly produced at large off-fault distances by any 

realistic rupture. However, pulverized rocks observed in the field have been subjected to numerous 

events of fault activity (Xu and Ben-Zion, 2017). This led Xu and Ben-Zion (2017) to suggest that 

pulverized rocks are the result of multiple successive ruptures rather than a single event, an 

interpretation which is consistent with the reduction of the strain rate threshold required for 

pulverization of pre-damaged material (Doan and d’Hour, 2012; Aben et al., 2016). The simulations 

by Xu and Ben-Zion (2017) also found that bimaterial subshear ruptures propagating in the positive 

direction can lead to a transient stress field of nearly isotropic tension. At a distance 100 m from the 

fault surface bimaterial subshear ruptures are capable of producing transient (few milliseconds) 

tensile pulses 10-20 MPa in excess of confining pressure at strain rates of ⁓10-2s-1 on the stiffer side 

of the fault (Xu and Ben-Zion, 2017). Rock pulverization should be easier under dynamic tension, 

based on the following reasons: under dynamic tension, there is no plastic yielding, it favors the 

growth of isotropic tensile cracks, also the tensile strength of rock is considerably lower than the 

compressive strength and finally dynamic tensile loading is likely to pulverize rocks without preferred 

crack orientation (Xu and Ben-Zion, 2017). 

 

A recently designed experimental setup of the Split-Hopkinson Pressure bar (Griffith et al., 2018) 

allowed for dynamic loading of rock samples under 2-D isotropic tension. By loading Westerly Granite 

at strain rate between 100-102 s-1, Griffith et al. (2018) showed that fragmentation occurs at tensile 

stresses one order of magnitude lower than in compression. Furthermore, their results showed that 

fragmentation is possible at much lower strain rates in tension. This led Griffith et al. (2018) to 

conclude that pulverization under isotropic or perhaps even quasi-isotropic conditions is a viable 

mechanism for rock pulverization. Their result further indicated that a key transition of the tensile 

strength (from 13.65 to 33 MPa) appears to occur between strain rates of ⁓5-50s-1, so that the quasi-

static strength could govern tensile failure at large off-fault distances (Griffith et al., 2018). 

Furthermore, Griffith et al. (2018) suggested that the tensile strength tens of meters away from the 

fault plane is well within the range of the transient tensile stress pulses induced on the stiff side 

during a bimaterial subshear rupture, as found in simulations by Xu and Ben-Zion (2017). These 

findings could potentially provide the solution to the strain rate-distance scaling problem between 

laboratory and field observations of pulverized rocks (Griffith et al., 2018). However, it should be 
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noted that the damage signature observed post-mortem in samples after tensile loading (Griffith et 

al., 2018) display microstructures that are not directly comparable to those of naturally occurring 

pulverized rocks. On the other hand, naturally occurring pulverized rock likely reflects several loading 

events, which implies that loading conditions could vary in successive ruptures (Griffith et al., 2018). 

More experimental work should be directed in the way of tensile loading at dynamic conditions, as 

these loading conditions contribute 50% of an earthquake rupture (Aben et al., 2017).     

2.2.2 Pulverization at high confining pressure 

Yuan et al. (2011) suggested that pulverization may be inhibited at large burial depths. This 

suggestion was based on results from dynamic loading experiments (compression), in which rock 

pulverization was not achieved at any strain rate when loaded under confinement above 60MPa. 

Also, early reports of pulverized rocks were mostly associated with rocks from shallow depths (Figure 

2), which led some workers to speculate that pulverization is a shallow phenomenon (e.g. Dor et al., 

2006; Yuan et al., 2011; Fondriest et al., 2015). 

On the other hand, Sullivan and Peterman (2017) reported pulverization damage in a 50-200m wide 

damage zone adjacent to the Kellyland fault zone, eastern Maine, US. These authors inferred the 

damage to have occurred at temperatures of 400°C or more and pressures of 200MPa. Hence, 

Sullivan and Peterman (2017) suggested that the mechanism(s) causing pulverization must extend at 

least to the brittle-ductile transition. Furthermore, recent microstructural observations have 

highlighted that pulverization-style damage exists adjacent to lower crustal paleoseismic faults in the 

Bergen Arcs, Norway (Austrheim et al., 2017; Petley-Ragan et al., 2018, 2019; Jamtveit et al., 2019). 

Correspondingly, Incel et al. (2017, 2019) reported micro- and nanostructures resembling 

pulverization in post-mortem samples deformed at ultra-high pressure (3GPa) conditions. 

Okubo et al. (2019) found that the fault damage zone width will become increasingly narrow with 

depth. However, the potential for extensive damage will increase as more energy is dissipated off-

fault. Hence, damage zones generated during earthquakes in the lower crust will typically be 

centimeter scale or less, as observed for example around pseudotachylyte-bearing faults in the 

Bergen Arcs (Petley-Ragan et al., 2019). 

2.3 Pseudotachylyte 

A long-standing indicator of paleoseismicity is the occurrence of pseudotachylyte, a fault rock that is 

believed to be generated exclusively at coseismic slip rates (e.g. Sibson, 1975; Cowan, 1999; White, 

2012). Sibson and Toy (2006) give the following definition of pseudotachylyte: “Pseudotachylyte is a 

grey-black aphanitic material, preserving evidence of having been through a melt phase, that occurs 

as irregular veins along faults and fractures”. The origin of the term pseudotachylyte dates back to 



12 
 

studies by Shand (1916) who described dark-veins or dike-like bodies in the Vredefort Dome 

structure in South Africa. The appearance of these rocks showed a striking similarity to tachylyte 

(glassy basalt), which led Shand (1916) to introduce the term pseudotachylyte. The Vredefort 

structure has later been recognized as one of the world’s largest meteorite impact structure (Spray, 

1997). Volumes of melt have occasionally been described from the basal slip surface in some 

landslides and from both exhumed and still active fault zones (Sibson and Toy, 2006 and references 

therein). Fault-related pseudotachylytes are the focus of this thesis. 

Since the term was introduced by Shand (1916) the requirements for a fault rock to be classified as a 

pseudotachylyte has been a matter of debate. Some workers have applied the term 

pseudotachylytes as a field definition for any aphanitic, dark-colored fault rock (e.g. Irouschek and 

Huber, 1982), and some have used the term to describe amorphous material formed during shear 

deformation (e.g. Pec et al., 2012). Magloughlin and Spray (1992) advocated that the use of the term 

pseudotachylyte should be restricted to pseudotachylyte veins that originated from melting 

processes. However, an ultra-fine-grained, dark appearance is not exclusive for pseudotachylyte, 

other fault rocks such as ultracataclasite and ultramylonite commonly share this appearance 

(Kirkpatrick and Rowe, 2013). Pseudotachylyte could therefore prove hard to decisively identify in 

faults. Microscale observations can help differentiate these rocks; in the case of pseudotachylyte, it 

commonly requires that primary cooling textures are preserved. Kirkpatrick and Rowe (2013) note 

however that the primary microtextures of frictional melts may be short-lived over geological time. 

Melt-generated pseudotachylytes represents the most widely accepted evidence of earthquake slip 

on a fault (Cowan, 1999; Sibson and Toy, 2006). Still, it has been stated that the occurrence of 

pseudotachylytes is rare compared to the frequency and distribution of earthquakes in active fault 

systems (Sibson and Toy, 2006; Kirkpatrick and Rowe, 2013). Hence, Kirkpatrick and Rowe (2013) 

speculate that generation of frictionally induced melting and formation of pseudotachylyte during an 

earthquake occurs only under special circumstance. On a different note, studies show that 

pseudotachylyte are readily overprinted or obliterated, effectively obscuring their presence in the 

rock record (Kirkpatrick and Rowe, 2013), and pseudotachylyte might be underreported. 

2.3.1 Characteristics of pseudotachylytes 

The traditional terminology for describing pseudotachylyte veins following Sibson (1975): fault vein 

refers to a fault plane along which frictional melt has occurred (also referred to as generation 

surface), and injection vein describes a melt-filled fracture along which melting did not occur, so it 

must have received melt generated on an adjacent and intersecting fault vein. Sibson (1975) also 

noted that the general style of pseudotachylyte-generating faults is extremely brittle, with virtually 
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no drag effects adjacent to the fault planes. A typical feature of fault-generated pseudotachylyte is 

knife-sharp contacts to the wall rock, and the veins commonly cut individual mineral grains 

(Passchier, 1982). Fault vein thickness typically falls in the range of a few millimeters to several 

centimeters, though meter-thick veins are reported in some major faults (e.g. Outer Hebrides thrust) 

(Sibson, 1975). Injection veins often occur at a high angle to the associated fault vein, with thickness 

up to several centimeters and they can extend several meters into the wall rock (Swanson, 1992). 

Pseudotachylyte injection veins are commonly associated with wall rock that is highly damaged and 

experienced tensile stresses during the melting event (Di Toro et al., 2005, 2009; Petley-Ragan et al., 

2019). Di Toro et al. (2005) identified evenly spaced (one-sided) injection veins (Gole Larghe fault 

zone, Italian Alps), which they inferred to reflect asymmetric tensile stress at rupture tips. Also, 

fractures induced by fault pressurization due to thermal expansion can host injections of 

pseudotachylyte (e.g. Sibson, 1975; Swanson, 1989). 

Pseudotachylyte occasionally occurs in complex geometric arrangements including pseudotachylyte-

cemented breccias, paired shears, and duplexes (Grocott, 1981; Swanson, 1989, 1992, 2006). 

Breccias, lenses and irregularly shaped pockets that host melt are developed at the exposure scale 

(Sibson, 1975). Swanson (2006) suggested that contrasting geometries of pseudotachylyte-networks 

are controlled by the degree of host rock anisotropy. Commonly, seismic slip occurs along pre-

existing planes of weakness, thus the precursor structure plays a major role in the architecture of 

pseudotachylyte networks (Di Toro et al., 2009). Rowe et al. (2012) suggested that since fault vein-

injection vein geometries are also found in cataclasites, the presence of pseudotachylyte-breccias 

might be the most distinctive exposure-scale feature of pseudotachylytes. Commonly, outcrops 

exposing pseudotachylytes contain tens to thousands of individual fault veins (e.g. Grocott, 1981; 

Rowe et al., 2018; Hawemann, 2018). Rowe et al. (2018) note that there is no established method to 

determine whether each vein represents an individual earthquake, whether all the veins formed in 

one single, complex rupture, or whether a cluster of veins forms with each earthquake event. 

Austrheim and Andersen (2004) hypothesized that dry, strong host rocks may be a requirement for 

pseudotachylyte formation. Fault-generated pseudotachylytes have been described from a variety of 

rock types, but the vast predominance (>95%) of host rocks are crystalline metamorphic or plutonic 

assemblages (Sibson and Toy, 2006 and reference therein). Furthermore, pseudotachylytes are 

mostly reported from quartz-feldspathic assemblages. Sibson and Toy (2006) noted that this 

observation could be related to the contrast between black aphanitic veining and light-colored host 

rocks making them easier to identify. Still, crystalline host rocks tend to have low porosity and high 

competence, allowing a high density of elastic strain energy to be stored prior to brittle failure 

(Sibson and Toy, 2006). 
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The general composition of pseudotachylytes is a microlitic to cryptocrystalline or glassy (rarely) 

matrix embedding survivor clasts of the host rock (Di Toro et al., 2009). Commonly, the proportion of 

host rock fragments to molten material within pseudotachylyte veins varies not only between 

different veins within the same fault zone but also between different parts of an individual vein (Lin, 

1999). Clasts entrained in the matrix include both single-mineral and lithic clast of the host rock, and 

Lin (1999) argued that pseudotachylyte clasts often display a higher degree of roundness than clast 

entrained in other fault rocks. Due to selective non-equilibrium melting of different mineral phases, 

minerals with the highest melting temperatures are commonly the most abundant clasts (e.g. Spray, 

1992), especially quartz tend to survive in the melt (Di Toro and Pennacchioni, 2004). Spray (1992) 

notes that physical properties of the minerals, such as fracture toughness and thermal conductivity 

are important for survival during melt generation. 

Some authors (e.g. Wenk, 1978) suggested ultra-comminution as the main mechanism responsible 

for the formation of pseudotachylyte, based on the lack of a glassy-matrix present in studied 

pseudotachylytes. In fact, some pseudotachylyte-resembling fault rocks might be the product of 

ultra-comminution (Di Toro et al., 2009). Even so, the lack of glass in melt-generated 

pseudotachylytes is often attributed to its instability in fault zones, and glass is often replaced by a 

cryptocrystalline to microcrystalline matrix (Kirkpatrick and Rowe, 2013). Detailed studies on 

pseudotachylytes including field and microstructural observations, mineralogical, petrographical and 

geochemical data, have provided sufficient evidence that pseudotachylytes indeed have been 

through a melt phase even in the absence of glass (Kirkpatrick and Rowe, 2013 and references 

therein). Textural and/or mineralogical evidence from optical and electron microscopy 

demonstrating that the material has been through a melt phase includes: 

• Vesicles and amygdule structures (e.g. Maddock et al., 1987) 

• Chilled margins, symmetric zoning (e.g. Philpotts, 1964) 

• Occurrence of various microlite and spherulite morphologies that form only at high 

temperature and with rapid cooling or quenching of a melt (e.g. Di Toro and 

Pennacchioni, 2004, and references therein) 

• Flow structures (e.g. Lin, 1994) 

• Newly crystallized minerals stable only at high temperatures (Maddock, 1983) 

• Dendritic microlite habit (Maddock, 1983)  

• Dendritic garnet growth (e.g. Austrheim and Boundy, 1994; Clerc et al., 2018) 

• Quenched sulfide droplets, related to immiscibility in the silicate melt (e.g. 

Magloughlin, 2005)  
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• Rounded to angular clasts, that show embayment in the case of melting (e.g. 

Magloughlin and Spray, 1992)  

Furthermore, fractal analysis of size distribution of clasts in pseudotachylytes indicates a preferential 

assimilation of the finer grains (< 5µm) supporting a melt origin, since comminution alone cannot 

explain the decrease in smaller grain clasts (Shimamoto and Nagahama, 1992). 

Pseudotachylytes are commonly reported along small offset faults inferred as single melt events, and 

Kirkpatrick and Rowe (2013) suggest that large offset faults are more likely to destroy evidence of 

pseudotachylyte. Because of their very fine grain size, pseudotachylytes are more vulnerable to 

deformation, alteration, and overprinting than the surrounding rock volume. Localization of a ductile 

shear zone on a pseudotachylyte precursor is often observed (e.g. Austrheim, 2013; Menegon et al., 

2017). The vein boundaries also present a mechanical contrast and slip along these interfaces can 

occur during reactivation. In the presence of water, primary pseudotachylyte glass or microlitic 

texture are easily recrystallized (Di Toro et al., 2009). Pseudotachylyte formation and alteration are 

often broadly coeval, with a mutually crosscutting relationship (Otsuki et al., 2003; Di Toro and 

Pennacchioni, 2005), and the formation of mylonites by grain growth and crystal plastic flow 

localized in pseudotachylyte precursors is well documented (e.g. Passchier, 1982; Hobbs et al., 1986; 

White, 2012; Menegon et al., 2017; Papa et al., 2020). 

2.3.2 Generation of fault-related pseudotachylytes 

In extreme cases, friction can cause crystalline rocks to melt locally and temporarily (e.g. Spray, 

1995). A consensus holds that localized slip at seismogenic velocities on the order of 1m/s (e.g. 

Sibson, 1975; Spray, 1997) is required to generate melt along a fault surface. In cases where frictional 

heat production outpaces conductive dissipation during seismic slip, the temperatures produced on 

the fault surface could exceed the melting point of some or all the mineral constituents of the fault 

rock (Sibson, 1975; Spray, 1997). Strain rates and particle velocities attending aseismic slip are not 

sufficient to cause the transient high temperature necessary for local melting (Spray, 1997; Cowan, 

1999). Fault-related pseudotachylytes are therefore seen as indicators for high-velocity slip during 

earthquakes and commonly referred to as fossilized earthquakes. 

Unlike most geological processes that take place in the isothermal regime, frictional melting occurs 

under adiabatic conditions (Spray, 2010). Under such conditions, the heat generated by deformation 

is not shared with the surroundings, and loss of heat via conduction to the cooler wall rocks is 

negligible. As heat is allowed to accumulate on the fault surface, it promotes material changes, some 

of which can lead to melting. Spray (2010) postulates that the fundamental change in materials 

behavior, from isothermal to adiabatic, requires strain rates ≥ 10-2 s-1. 
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Kanamori and Heaton (2000) advocated that the presence of frictional melting has fundamental 

relevance to earthquake mechanics and the energy budget of rupturing. As melt along the slip-

surface influences the frictional behavior during faulting (Kanamori and Heaton, 2000). Friction-

induced melts can either strengthen or weaken the fault during slip (depending on conditions), acting 

as a coseismic fault lubricant or as a viscous brake (e.g. Di Toro et al., 2006). According to Scholz 

(2002), the energy balance for faulting is: 

Wf = Q + Es + Us + Wg 

where Wf is the work done in faulting including friction and ductile deformation, Q is the heat, Es is 

the energy released as seismic waves, Us is the work for fault surface refinement and gouge 

formation, and Wg is the work against gravity. 

By most estimates, around 90-95% of the total energy budget of earthquakes goes into work done 

overcoming frictional resistance, dwarfing other sinks such as surface energy, seismic wave radiation, 

and elastic strain energy (e.g. Rowe and Griffith, 2015; Scholz, 2002 and references therein).             

For a constant shear resistance, τf, during a slip increment, u, the heat generated per unit area of the 

fault is: Q = τf ∙ u [J/m2], following Sibson (2003). 

Sibson (2003) estimates that frictional dissipation during slip in the upper crust will lie in the range 

10-100 MW/m2 for typical seismic slip rates of ∼1 m/s. The resulting heat production, if the slip is 

well-localized, should easily be sufficient to cause melting of the wall rocks (Sibson and Toy, 2006). To 

estimate the energy budget during seismic slip the peak temperature of the friction-induced melt is 

an important parameter (Di Toro et al., 2009). Different methods have been applied to estimate the 

temperature of friction-induced melts (Maddock, 1983; Toyoshima, 1990; Lin, 1994; Austrheim and 

Boundy, 1994; Camacho et al., 1995; O’Hara, 2001; Di Toro and Pennacchioni, 2004) with 

temperatures typically falling in the range 750-1450°C. The obtained temperature estimates support 

the idea that friction-induced melts are produced by non-equilibrium melting (Spray, 1992) and that 

they are superheated (Di Toro and Pennacchioni, 2004). However, Di Toro et al. (2009) notes that 

these temperature estimates in most cases underestimate the peak temperature achieved by the 

melt. 

Beside their occurrences in nature, pseudotachylytes have been generated in various laboratory 

experiments. Experimental conditions include large displacement (> 1 m), high speed (> 1m s-1) and 

experiments performed on rotary friction apparatuses (e.g. Spray, 1987, 1995; Di Toro et al., 2006; 

Mitchell et al., 2016). Spray (1995) showed that fracturing and comminution are essential precursors 

to melting by friction, based on results from high-speed slip experiments. The pathway to frictional 
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melting is controlled by the mechanical properties (especially fracture toughness) of a rock’s 

constituent minerals (Spray, 2010). Spray (2010) postulates that comminution and melting processes 

that control melt formation are preferentially controlled by the minerals with the lowest fracture 

toughness and breakdown temperatures. Fracturing and comminution as a precursory process to 

melt generation are supported by compositional evidence from studies of pseudotachylytes, which 

suggest that many forms from a comminuted and/or altered cataclasite (formed during a prior slip 

event, or earlier in the same slip event; Maddock, 1992; Magloughlin, 1992; Fabbri et al., 2000; Di 

Toro and Pennacchioni, 2004). Some researchers previously considered fracture and fusion as 

unrelated processes, as debated by Wenk (1978) and Maddock (1983). However, recent research 

(Petley-Ragan et al., 2019) showed that melt generation and pseudotachylyte formation were 

preceded by fracturing, asymmetric fragmentation, and comminution of the wall rock in lower crustal 

paleo-earthquakes from the Bergen Arcs, western Norway. These authors findings emphasize not 

only that dynamic fragmentation and cataclasis is an important precursor to frictional melt 

generation, but also that brittle failure mechanisms can operate in a portion of the crust that for long 

was assumed to be characterized by ductile deformation (Petley-Ragan et al., 2019). 

2.4 Lower crustal earthquakes and generation of pseudotachylytes at depth 

The brittle-frictional processes that operate to produce shallow seismicity, i.e. fracturing and 

frictional sliding, should be suppressed by conditions at depth (Byerlee, 1968; Scholz, 1988, 2002). 

The elevated temperature and pressure conditions at lower crustal depths are within the crystal 

plasticity regime of both quartz and feldspar (Tullis and Yund, 1977, 1980). Hence, traditional models 

of crustal faults show the fault moving by steady-state (aseismic) creep in the middle crust and 

below, but intermittently (via earthquakes) in the upper crust. Frequent observations of fluid-

induced metamorphism associated with ductile shear zones on scales ranging from millimeters to 

kilometers inspired early models of the lithosphere such as the “jelly-sandwich” model (Chen and 

Molnar, 1983) in which the lower crust was thought to represent a wet and mechanically weak layer 

that transfers plate tectonic stress between the brittle upper crust and strong upper mantle via 

crystal-plastic creep. Jackson (2002) challenged this model with the argument that a strong lower 

crust is essential for the survival of thick mountain roots and high mountains. Recent studies (e.g. 

Austrheim, 2013; Menegon et al., 2017; Jamtveit et al., 2016, 2019) have highlighted that before an 

orogeny the lower crust is composed of granulite-facies rocks that are, dry, impermeable, and 

mechanically resistant. Furthermore, evidence from seismological studies shows that a substantial 

amount of intracontinental seismicity nucleates in the lower curst at focal depths of 20-40 km, and 

their occurrence is well documented in earthquake catalogs (Alvizuri and Hetényi, 2019). Also, a 

growing record of exhumed lower crustal paleoseismic faults, i.e. pseudotachylytes, exist in the 
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literature (e.g. Austrheim and Boundy, 1994; Lund and Austrheim, 2003; Steltenpohl et al., 2006; 

Menegon et al., 2017; Hawemann et al., 2018, 2019; Orlandini et al., 2018; White, 2012 and 

summary table therein). Their occurrence has been taken as evidence for both high mechanical 

strength and seismicity below the classic seismogenic zone (e.g. Hawemann et al., 2018, 2019). 

However, the failure processes and sequence of events that lead to seismic slip and pseudotachylyte 

formation in the lower crust is still debated. Due to the high confining pressures in the lower crust, 

high failure stresses are required to promote seismic ruptures (e.g. Sibson and Toy, 2006). Thus, deep 

crustal earthquakes and generation of pseudotachylyte seem to require a local weakening 

mechanism or very high differential stress levels, at least transiently (e.g. Jamtveit et al., 2018; 

Campbell et al., 2020). Several mechanisms have been suggested for the generation of 

pseudotachylytes below the brittle-ductile transition, including both ductile and brittle mechanisms. 

Hobbs et al., (1986) suggested that plastic (ductile) instabilities could develop due to the positive 

feedback between shear heating and viscosity decrease in highly localized ductile shear zones. In 

such a scenario, self-localizing thermal runaway (John et al., 2009) can induce unstable slip and melt 

generation along a ductile precursor. John et al. (2009) noted that the simultaneous occurrence of 

brittle and ductile deformation patterns within deep crustal rocks can be explained by self-localizing 

thermal runaway at differential stresses lower than those required for brittle failure. A number of 

pseudotachylyte/mylonite associations have been interpreted to have resulted from plastic 

instabilities (Hobbs et al., 1986; White, 2012; Stewart and Miranda, 2017). However, unambiguous 

microstructural evidence for the processes of thermal runaway is missing (Papa et al., 2020). 

Other suggested mechanisms are earthquake nucleation by dehydration- or reaction-induced 

embrittlement (e.g. Lund and Austrheim, 2003; Alvizuri and Hetényi, 2019; Hetényi et al., 2007; Incel 

et al., 2017, 2019). Metamorphic dehydration reactions have the potential to raise the pore fluid 

pressure and thereby locally lower the effective pressure to values that permit brittle failure (Ferrand 

et al., 2017; Steltenpohl et al., 2006). In fact, pseudotachylytes and brittle fracturing in lower crustal 

rock have been closely linked to fluid activity in many cases (e.g., Altenberger et al., 2011; Austrheim 

et al., 1996; Lund and Austrheim, 2003; Maddock et al., 1987; Steltenpohl et al., 2006; White, 2012). 

Failure by transformation-induced instabilities (transformational faulting, Kirby, 1987) in which 

instant densification (commonly related to ecologitization) causes earthquakes to be initiated is 

another possible candidate (e.g. Incel et al., 2017, 2019). 

Seismic ruptures on shallow faults may trigger earthquakes in the lower crust, by the downward 

propagation of the rupture into their deeper ductile extensions (e.g. Lin et al., 2003; Orlandini et al., 

2018). Also, large earthquakes in the shallow crust can cause a transient downward deflection of the 
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brittle-ductile transition by migrating stress pulses inducing aftershock in the lower crust (e.g. Ellis 

and Stöckhert, 2004; Jamtveit et al., 2018; Cheng and Ben-Zion, 2019), as observed for example 

during the 2001 MW 7.6 Bhuj earthquake in India (Copley et al., 2011). 

Hawemann et al. (2019) and Campbell et al. (2020) recently proposed that a local trigger for 

seismicity at depth may be associated with stress amplification due to strain incompatibility of 

jostling rigid blocks bounded by a network of intersecting shear zones. These models are based on 

detailed field-mapping of pseudotachylytes and associated shear zones in the Musgrave Ranges 

(Central Australia, Hawemann et al., 2019) and in Nusfjord (Lofoten, Norway, Campbell et al., 2020), 

showing a spatial distribution favoring a local trigger at depth. Campbell et al. (2020) postulated that 

this mechanism is an important advance that might explain lower crustal seismicity in regions 

without shallow seismicity or evidence for fluids, as observed in the northern Central Alpine foreland 

(Singer et al., 2014). As all above-mentioned mechanisms are not mutually exclusive, they might all 

be viable in different environments.  

2.5 Pseudotachylytes as precursors to shear zones 

Several authors have suggested that seismic events in the lower crust control the onset of 

metamorphic and rheological transitions at depth, by the introduction of external fluids and/or fluid-

redistribution in the fractured domains (Jackson, 2008; Austrheim, 2013; Jamtveit et al., 2016; Putnis 

et al., 2017). The anhydrous conditions in granulites inhibit crystal plastic flow and result in high 

strength (Menegon et al., 2017; Jamtveit et al., 2019). Therefore, dry granulites have the potential to 

survive metastably in the course of Wilson cycles, if not subjected to water that triggers 

metamorphic reactions (Jackson, 2008; Austrheim, 2013). Fracturing and fragmentation 

accompanying seismicity enhance the metamorphic and metasomatic transition by opening the rock 

for fluid influx, such that a seismically active lower crust provides an environment for enhanced 

metamorphic transition (Austrheim, 2013). Commonly, ductile shear zones nucleate along brittle 

structures (Austrheim, 2013), therefore pseudotachylytes formed in the lower crust could function as 

precursors for ductile shear zones (Menegon et al., 2017). Cataclasis and pseudotachylyte formation 

may enhance metamorphic reactions in several ways. First, these processes create pathways for fluid 

flow possibly due to seismic pumping (Sibson, 1975). Also, the grinded and crushed material resulting 

from the faulting will be reactive at the relatively high temperatures at depth (Austrheim, 2013). 

Studies of pseudotachylytes generated at lower crustal conditions are almost exclusively reported to 

be associated with fluid infiltration or redistribution, metamorphic transformation of the adjacent 

wall rock, viscous shear zone localization and mylonitization (e.g. Steltenphol et al., 2006, 2011; 

Mengeon et al., 2017; Austrheim and Boundy, 1994; Passchier, 1982; Hobbs et al., 1986; White, 

2012; Papa et al., 2020). 



20 
 

On the other hand, the formation of large volumes of pseudotachylytes, without noticeable 

metamorphism, in dry lower crustal granulites, was recently documented from the Musgrave Block in 

Central Australia (Wex et al., 2017; Hawemann et al., 2018, 2019). Still, in this case, the voluminous 

pseudotachylyte formation may have weakened the crust, leading to mylonitization and interseismic 

creep even in the dry lithologies (Wex et al., 2017; Hawemann et al., 2018, 2019). 
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3 Methods and data 
The following sections describe the methods applied during this study, used to obtain qualitative and 

quantitative data on faults and associated wall rock damage. 

3.1 Field data 

In Lofoten, faults were mapped at the outcrop-scale (road-sections) by applying a scan-line 

technique. The total length of the outcrop(s) was constrained using a tape measure roll. White tape 

markings were put up as a reference frame every five meters of outcrop length and outlines were 

drawn onto a graph paper. Starting from one termination of the road-section, all faults encountered 

were drawn as a trace on the mapping sheet and numbered, with corresponding notes of fault 

geometry and thickness in the field book. Fault-vein thicknesses and offsets (where present) were 

measured with a caliper. Orientation measurements of pseudotachylyte-bearing fault planes, in the 

form of strike/dip (right-hand rule convention), were taken with a Silva compass. A similar procedure 

was used to map exposed fault-cores at the Alkali Wash outcrop near the San Jacinto Fault in 

California. 

Lower hemisphere, stereographic projections of measured orientations were plotted using the 

software InnStereo and Orient.exe. A Canon EOS 550D camera was used to acquire field 

photographs. 

3.2 Analytical techniques 

Micro-scale observations on rock samples from California and Lofoten were made on polished and 

carbon-coated thin sections. Deformation microstructures and petrography were investigated using 

optical microscopy and scanning electron microscopy (SEM). The optical microscope used was an 

Olympus BX 41 mounted with a Leica DFC 320 camera. SEM analyses were performed at the 

University of Oslo Department of Geosciences, using a Hitachi SU5000 field emission scanning 

electron microscope (Schottky FEG) with an acceleration voltage of 15 kV and a beam diameter of 1 

μm. The Hitachi FE-SEM is equipped with a Dual Bruker Quantax XFlash 30 EDS system that can be 

used to obtain element distribution maps and to decide the minerals present in the samples. The 

SEM allows a high-resolution study of the samples, and to get 2-D images of planar cuts through a 

three-dimensional volume at micron to sub-micron scales. Hence, the SEM was used in obtaining 

photomicrographs and to quantify micrometer-scale mineral compositions and microstructures. SEM 

micrographs were further used to measure the particle size distribution of pulverized rock samples 

from the Alkali Wash outcrop in California. Similarly, the particle size distribution of fragmented wall 

rock pyroxenes in the damage zone of pseudotachylyte samples from Lofoten was measured on SEM 

micrographs. 
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Table 1: Information on rock samples analyzed in this study.  

Sample 
name 

Location Sampling 
Coordinates 

Available data Location of 3-D data 
acquirement (voxel size) 

Rock type 

HAM-1 Moskenesøya, Lofoten 67.94915, 
13.13722 

Thin section/ 
3D Tomograms 

ESRF  
(6.65μm and 0.65μm) 

Monzonite  
 

HAM-4A Moskenesøya, Lofoten 67.94917,  
13.13723 

Thin section/ 
3D Tomograms 

ESRF 
(6.65μm and 0.65μm) 

Gabbro 

NUS-2 Nusfjord, Lofoten 68.03444, 
13.32361 

Thin section/ 
3D Tomograms 

ESRF 
(6.65μm and 0.65μm) 

Anorthosite 

NUS-6 Nusfjord, Lofoten 68.03398, 
13.32411 

Thin section/ 
3D Tomograms 

ESRF 
(6.65μm and 0.65μm) 

Anorthosite 

NUS-7 Nusfjord, Lofoten 68.03393, 
13.32444 

Thin section/ 
3D Tomograms 

ESRF 
(6.65μm and 0.65μm) 

Anorthosite 

SGB-BV-C01 Burnt Valley Road Cut, 
California 

-116.60752, 
33.551933 

Thin section/ 
3D Tomograms 

ESRF (6.63μm) Gneiss 

SGB-SJF-02 Wellman Ranch West, 
access road, Sage Brush 
Flat, California 

-116.594036, 
33.5375036 

3D Tomograms ESRF (6.63μm) Tonalite 

SGB-SJF-03 Wellman Ranch West, 
access road, Sagebrush Flat, 
California 

-116.594205, 
33.5382438 
 

3D Tomograms ESRF (6.63μm) Gneiss 

SGB-SJF-C01 Canyon, southeast of 
Sagebrush Flat, California 

-116.58528, 
33.5351296 

3D Tomograms ESRF (6.63μm) Gneiss 

SGB-SJF-C02 Canyon, southeast of 
Sagebrush Flat, California 

-116.585312, 
33.5350936 

3D Tomograms ESRF (6.63μm) Gneiss 

SGB-SJF-C03 Canyon, southeast of 
Sagebrush Flat, California 

-116.585258, 
33.5351746 

3D Tomograms ESRF (6.63μm) Gneiss 

SGB-SJF-C04 Canyon, southeast of 
Sagebrush Flat, California 

-116.585269, 
33.5351927 

3D Tomograms ESRF (6.63μm) Gneiss 

Alkali Wash 
Samples: 

     

RB1, RB2, 
RB3, RB4 
 
SA01, SA02, 
SA03, SA04 

Alkali Wash outcrop, 
California  

−116,5800923, 
33.5300683 

Thin sections 
 
 
3D Tomograms 

 
 
 
APS (1.22μm) 

Granite 

 

3.3 2-D image analysis and particle size distribution  

Two-dimensional particle size distributions (PSD) of fragmented wall rock orthopyroxenes in sample 

HAM-1 were measured on SEM photomicrographs. The orthopyroxene grains chosen for analysis 

were segmented and analyzed using ImageJ software. The segmentation was performed by selecting 

the grayscale range of orthopyroxene. Then, cross-sectional areas of segmented fragments were 

measured after removing fragments smaller than five pixels. The spatial resolution of the analyzed 

SEM micrographs is 0.1μm2. 
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PSD data are commonly analyzed within a specific range of particle sizes. If the distribution shows a 

power-law relationship, the exponent of the power-law function corresponds to the fractal 

dimension of the size distribution of the grains (e.g. Mandelbrot, 1982). Here, the measured particle 

size distributions were fitted with either one or two power-laws, using the same MatLab code and 

following the same procedure as in Aupart et al. (2018). The power-law(s) describe the best fit line to 

a probability density function (pdf) calculated from the PSD. The calculation of the pdf requires a 

fixed number of bins to define the number of points in the final distribution. The bins size is defined 

by the Freedman–Diaconis rule: bin size = 2 
𝐼𝑄𝑅(𝑥)

√𝑛
3  with IQR(x) the interquartile range of the data and 

n number of grains in the distribution x (Aupart et al., 2018). The pdf f(X) =
ⅆ𝐶(𝑥<𝑋)

ⅆ𝑋
 is related to the 

cumulative distribution function C(x < X), which includes the grain areas smaller than a given size X. 

The probability that a grain surface area is between X and X+dX is given by f(X)dX. The pdf is plotted 

in a log-log diagram and the MatLab function polyfit (using a least-square method) is used to 

determine the exponent of the power-laws. A power-law can be written: f(x)=Cx-α where C is a 

constant and α the slope of the power-law. In the case of a combination of two power-laws, the 

distribution is represented by α1 (exponents of slope1) and α2 (exponent of slope2). The cross-over 

(i.e. the intersection of the two power-laws) is calculated after the fitting. Aupart et al. (2018) found 

that the influence of the binning on the fitting is negligible. 

The particle size distribution of samples RB1 and RB4 from the Alkali Wash outcrop in California was 

also measured on SEM photomicrographs. However, as satisfactory segmentation was not achieved 

through thresholding, cross-sectional diameters were measured manually in ImageJ (Figure 3). The 

diameter was measured along the longest dimension of fragments. Particle areas were then 

calculated from the measured diameters by: A = 
ⅆ2𝜋

4
, where d is the diameter.  

Figure 3: Particle diameters measured on SEM micrographs in 
ImageJ software. The “measure” function within the software 
returns a spreadsheet with particle number and corresponding 
length of each line (i.e. the diameter). A pulverized particle was 
defined as a fragment surrounded by cracks, following Muto et al. 
(2015).  
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3.4 3-D X-ray computed microtomography  

High-resolution 3-D X-ray computed microtomography volumes (tomograms) of rock samples from 

Lofoten and the San Jacinto Fault Zone, California are analyzed in this study.  

The analyzed three-dimensional datasets were acquired at: 

(1) the beamline ID19 at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.  

(2) the beamline 2-BM at the Advanced Photon Source (APS), USA. 

To image, process and analyze the tomograms, the commercial image processing software 

AvizoFire™, developed by ThermoFischer was used. The workstation hosting the software has an 

Intel Xeon(R) 2.3 GHz CPU, 512GB RAM, and a dedicated graphics card from Radeon. In the following, 

some general remarks on X-ray microtomography and the software are given. 

3-D X-ray computed microtomography is quickly turning into a new technology for studying 

petrophysical properties of rocks, with the obvious advantage that the internal structures of 

materials can be imaged at a high resolution. X-ray computed microtomography is a non-destructive 

technique, which enables the measurements of the local X-ray attenuation of distinct 

phases/material with different electron densities within a sample. Three-dimensional volumes are 

reconstructed from a stack of slices (radiographs), each radiograph is a 2-D greyscale image 

containing projections of the imaged object obtained at different angles. The internal structure of a 

rock sample is a map of the linear attenuation coefficients, with attenuation following Beers law: 

dl/dx = -µ(x), where x is the position along the X-ray beam and µ(x) is the attenuation coefficient at 

position x. So that, the greyscale value or brightness of voxels (i.e. 3-D pixels containing graphic 

information) within the tomograms is related to the X-ray attenuation coefficient. More precisely, 

the greyscale of each voxel is proportional to the X-ray attenuation coefficient of a material, itself 

proportional to the local density. Voids, such as pores and fractures will be present as the darkest 

regions. Different mineral phases in rock samples can also be recognized if there is a significant 

difference in the attenuation coefficient of the minerals. Low-density minerals will appear dark, 

whereas high-density mineral will appear bright. 

Sometimes the datasets contain noise and artefacts from the acquisition. De-noising of the data is an 

important first step for later segmentation and analysis. AvizoFire™ offers a wide range of filters 

designed for artefact removal and de-noising. A cornerstone for image analysis is segmentation of 

the data. Segmentation refers to the identification and labeling of different features such as solid 

rock, pores and fractures present in the samples. A commonly used procedure for segmentation is 

thresholding. Thresholding is a simple segmentation method used when the relevant information in 

the data corresponds to a specific grey-level interval. The result of this method is a binary image 



25 
 

(label image) with only interior and exterior materials, often referred to as threshold binarization. 

Numerous automatic, semi-automatic and manual segmentation tools can be applied in AvizoFire™. 

Automatic and semi-automatic segmentation may not correctly resolve the targeted phase (e.g. 

fractures) for very complex structures or sub-resolution features. On the other hand, due to the size 

of the 3-D datasets, manual segmentation is usually not feasible. 

AvizoFire™ offers several visualization modules that allow for both 2-D and 3-D-vizualization of the 

data. Ortho Slice is a feature that generates a 2-D cross-section in either the xy-, yz- or xz-plane. The 

slice can be moved manually through the entire 3-D volume, and this module allows for instant visual 

feedback on applied filters and functions. For 3-D-vizualization the volume rendering module can be 

used. This module takes an RGB, greyscale or binary volume as input and renders the volume 

according to settings, such as color range or opacity. The volume rendering module was used 

frequently throughout this study to visualize and to take snapshots of the fracture systems in three-

dimension.  

3.5 X-ray microtomography data analysis  

The software AvizoFire™ was used to process the X-ray tomography data. The tomograms analyzed 

in this study were pre-processed, meaning that the noise from data acquisition had been mitigated 

with a non-local mean image smoothing filter, which is an edge-preserving filter. However, for some 

of the samples, the rock volume only occupied parts of the 3-D image space. To get only the sample 

information, these volumes were cropped.  

The main aim of the 3-D analysis was to extract the volume and area of cracks within the samples to 

allow estimation of the crack surface area and crack porosity. For some samples, the volume of 

voids/pores was also extracted to estimate the void fraction (i.e. the porosity) 

Segmenting cracks from the solid rock is a prerequisite for subsequent analysis. AvizoFire™ allows 

visual feedback while applying thresholding modules, so that, a suitable grey-level interval to extract 

only the relevant information (e.g. voids) could carefully be chosen. Voids in the resulting binary data 

(Figure 4) may be cracks, pores/voids or noise in the data. To analyze only the cracks, it was 

necessary to remove voxel not containing cracks in the binary data. Firstly, two morphological 

operations, eroding and dilating, was applied to remove asperities and holes in the crack data. 

Secondly, a module called remove islands was applied to eliminate small pores/voids. 
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Figure 4: Snapshot from AvizoFire™ illustrating 
various features. On top is a binary image 
obtained by grey level segmentation, with pores 
and cracks shown in various colors and solid rock 
in black. Bottom shows a grey-scale radiograph. 
The volume in between shows segmented pores 
and cracks in 3-D space within the interior of the 
rock volume. 

 

 

 

A built-in analysis tool in AvizoFire™ allows for the extraction of the number of voxels constituted by 

the segmented cracks by using the obtained binary data as input. The software returns a spreadsheet 

with Area3D and Volume3D corresponding to the total area and the volume of cracks in voxels. 

These data were then transferred into volumes and areas by multiplying with the resolution of the CT 

data. As the total volume of the tomograms is known, this allowed the porosity and crack surface 

area to be estimated. It should, however, be noted that the applied segmentation technique did not 

capture microcracks with apertures less than or approximately equal to the voxel size, although they 

could be identified by eye. Thus, this technique of analyzing fractures is limited by the spatial 

resolution of the data. For example, imaging the same sample at two different voxel sizes show that 

more microfractures can be detected at the smaller voxel size (Figure 5). 

 

 

 

 

 

 

 

Figure 5: Fractures resolved in the same area of a Westerly Granite at two different spatial resolutions (0.6 microns voxel 
size on the left and 6.5 micrometers voxel size on the right). Figure provided by François Renard.  
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4 Geological setting (California) 

4.1 The San Jacinto Fault Zone  

The San Jacinto Fault Zone (SJFZ) is a major splay of the San Andreas Fault and is considered the most 

active fault system in southern California (Sanders and Kanamori, 1984). Together with the San 

Andreas Fault (SAF), the SJFZ accommodates most of the North American-Pacific plate motion from 

south of Cajon Pass to Baja California (Lundgren et al., 2009). Averaged over the past 3 Myr, the total 

relative North American-Pacific plate motion is about 50 mm/year (Lundgren et al., 2009; DeMets, 

1995; DeMets and Dixon, 1999). Sharp (1967) estimated 24 km of cumulative right lateral movement 

of the SJFZ by extrapolation of geomorphological offset markers. Estimates of total offset measured 

on the entire SAF (⁓257.5 km) is over 90% larger than that of the SJFZ, which serves as evidence for 

the SJFZ being a relatively young fault within the SAF system (Crowell, 1962; Sharp, 1967; Wade, 

2018). Rockwell et al. (1990) postulated SJFZ slip rates between 6-23 mm/year over the past 50 ka 

based on offset alluvial fans near Anza. More recent estimates indicate that the slip rate is greater 

than 16 mm/year (Rockwell et al., 2006). 

Development of a left bend in the Mission Creek strand of the SAF between 4.0 and 2.5 Ma is 

thought to have resulted in the initiation of the SJFZ (Matti and Morton, 1993; Wade, 2018). Using a 

constant average slip rate of 10 mm/year (Sharp, 1981; Rockwell, 1990) and 24 km cumulative offset 

along SJFZ (Sharp, 1967) yield an inception age of 2.4 Ma (Wade, 2018). On the other hand, models 

and stratigraphic analyses suggest that the fault is younger by roughly 1 Myr (Matti and Morton, 

1993; Lutz et al., 2006; Li and Liu, 2007; Wade, 2018). The San Jacinto Fault Zone is ⁓240 km long, 

extending from the San Gabriel Mountains to western Imperial Valley (Sharp, 1967). Between 1980 

and 1969, nine large earthquakes (6<M<7) occurred along the SJFZ (Thatcher et al., 1975). The most 

recent surface rupture was a Mw 6.5 (April 9, 1968) on the Coyote Creek Segment. 

The central SJFZ is divided into five major strands (Figure 6): 1) Hot Springs Fault, 2) Buck Ridge Fault, 

3) Thomas Mountain Fault, 4) Coyote Creek Fault and 5) San Jacinto Fault that was later termed the 

Clark Fault (Wade, 2018). Along the SJFZ, Cretaceous plutonic and metamorphic rocks make up most 

of the bedrock geology and are overlain by Quaternary deposits (Wade, 2018).  

A 40 km (Thatcher et al., 1974) and 20 km (Sanders and Kanamori, 1984) section of the SJFZ near the 

town of Anza is termed the “Anza seismic gap” due to lack of seismic slip and seismicity (Figure 6). 

This part of the central San Jacinto Fault zone has been interpreted as locked or high-strength section 

(Rockwell et al., 2015). The Working Group on California Earthquake Probabilities termed this section 

of the SJFZ the Clark Fault in 1995. 
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4.2 The Clark Fault 

The Clark Fault is the primary strand of the central SJFZ and most of the total SJFZ offset estimated by 

Sharp (1967) was on the Clark strand itself. Late Quaternary and Holocene slip rate estimates on the 

Clark Fault at Anza are 12-14 mm/year (Rockwell et al., 1990; Bilsniuk et al., 2013) and 15±3 mm/year 

(Merifield et al., 1991), respectively. These rates are comparable with or slightly lower than geodetic 

rates (Bennet et al., 2004). It has been suggested that the slip rate is built by repeated large 

displacements, based on comparison of slip distribution, and slip rates along the Clark fault (Salisbury 

et al., 2012; Rockwell et al., 2015). The long-term slip rate could ideally have been accommodated by 

earthquake ruptures over the past several thousand years (Rockwell et al., 2015). Paleoseismic 

studies at Hog Lake near Anza (Rockwell et al., 2015) indicate that at least 21 surface ruptures have 

occurred over the past 4000 years. This study further demonstrated that at least two large surface 

rupture events took place on the Clark Fault in the past 300 years, inferred as the Mw 7.4 and Mw 6.8 

events that occurred on November 1800, and 21 April 1918, respectively (Rockwell et al., 2015). A 

maximum displacement of 3-4 m accompanied the past three large prehistoric rupture events 

(Salisbury, et al. 2012) based on offset markers along the Clark Fault. 

Several studies have demonstrated that the damage zone along the SJFZ (including the Clark strand) 

is asymmetric, with a greater extent of fault zone rock damage on the north-eastern side. These 

Figure 6: Map showing the main fault strands of the San Jacinto Fault Zone (SJFZ). Highlighted are also 
the Sagebrush Flat site (SGB) and the seismic gaps of Thatcher et al. (1974) and Sanders and Kanamori 
(1984). Modified from Wade (2018). 
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studies include geophysical studies imaging of fault-zone trapped waves (Share et al., 2017), outcrop 

mapping (Dor et al., 2006) and regional topographic analysis (Wechsler et al., 2009). Asymmetric 

damage along a fault is a predicted outcome for preferred unidirectional rupture along a bimaterial 

interface (e.g. Ben-Zion and Shi, 2005).  

At the Sagebrush Flat (SGB) site, a small basin ⁓8 km southeast of Anza, California the Clark Fault has 

three main subparallel strands within a <100 m zone. In this area, the fault intersects units of banded 

gneisses, tonalite and various sedimentary units with a varying degree of rock damage (Share et al., 

2020). Along ⁓20 km of the Clark fault surface trace northwest of the SGB site, mid-Cretaceous 

plutonic rocks are juxtaposed against mid-Cretaceous high-grade metamorphic rocks and several 

units of Quaternary sediments in the southwest (Sharp, 1967; Wade, 2018; Share et al., 2020). 
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5 Pulverized rocks near the San Jacinto Fault, California: Results 

5.1 Field study near the active San Jacinto Fault, California 

A field study took place in March 2019, in the area of the Clark Fault strand of the San Jacinto Fault 

Zone, CA (Figure 6, 7). The main aim of this field study was to observe the rocks earlier sampled by 

Wade (2018) at the outcrop scale. For these samples, 3-D X-ray tomograms were acquired and are 

analyzed in the present thesis. Because damage induced by earthquakes is the main topic of the 

present study, observing fault zone rocks associated with an active seismogenic fault in the field is 

particularly relevant. Pulverized rocks observed in the San Jacinto Fault represent a unique 

opportunity to describe fault damage near the surface, therefore, two outcrops where faults were 

encountered are described in the following, one from which additional samples were taken. 

 

Figure 7: Google Earth view of the study area. Blue pins mark the location of the studied outcrops. Red pins mark the 
location of the samples collected by Wade (2018), with corresponding sample names.  

 

5.1.1 Alkali Wash outcrop (secondary faults) 

An outcrop ⁓1.5 km southeast of Sagebrush Flat site (Figure 7), along the southeast-running 

ephemeral stream Alkali Wash, exposes several secondary fault cores (Figure 8). The exposure is 

represented by a sub-vertical slope in an incised section at a prominent meander bend of the Alkali 

Wash. The outcrop is oriented NW-SE, which is approximately parallel to the trend of the main fault 
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trace of the Clark Fault in the study area. Furthermore, the exposure is in close vicinity (≤15m) to the 

main trace of the Clark Fault in the area, well within what can be termed the fault zone. 

The lower part of the outcrop is free of vegetative cover, so that, the traces of the secondary fault 

cores are easily discernable. The fault cores could be traced vertically for a few meters before they 

are covered by vegetation and alluvium. Over a distance of 15-20 meters, seven fault traces are 

identified. Figure 8a shows the orientations of these secondary faults, with most trending ENE-WSW 

close to orthogonal to the main trend of the Clark Fault. The fault traces are exposed as cataclasite 

seams with thicknesses in the range 1-5cm. In some cases, two closely spaced cataclasite seams 

contain gouge material squeezed between them (Figure 8c). One of the exposed faults has a thicker 

(⁓1m) core with several generations of cataclasites and gouges (Figure 8b). The wall rocks adjacent to 

the fault cores and between neighboring faults are severely damaged. The damage ranges from 

highly fragmented to pulverized approaching the fault traces. It should also be noted that several of 

the faults appear to have one side that is more intensely damaged than the other (Figure 8c). In situ, 

the wall rock retains the original crystalline texture. However, the pulverization process yields a 

powder-like texture when the rock is pressed by hand and the rock is highly friable and lacks 

cohesion. Also, the pulverized rock commonly appears more yellowish-white in color, compared to 

the less damaged counterparts (Figure 8c). Although the highly fragmented (not pulverized) wall 

rocks can be crushed into smaller fragments by hand, they do not have a powdery texture. This 

observation has been referred to as incipient pulverization by some authors (e.g. Whearty et al., 

2017) or as weak/selective pulverization in the rock damage classification by Dor et al. (2006).  

The wall rock lithology as recognized in the field, have a granitic appearance. Plutonic rocks in the 

area are included in the Coahuila Valley Pluton as mapped by Sharp (1967). These crystalline rocks of 

the Coahuila Valley Pluton are dated in the Cretaceous (Sharp, 1967), are primarily medium-grained, 

phaneritic, hornblende, biotite tonalite. Dark minerals, such as hornblende and biotite were not 

observed in the field. Several samples of the pulverized variety were recovered from this outcrop 

(Figure 9), some of which were used for thin sections and several of the samples were scanned at the 

Advanced Photon Source (USA) synchrotron, to obtain 3-D X-ray tomograms with micrometer spatial 

resolution. A detailed description of the rock can be found in Chapter 5.2.1. 
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Figure 8: Outcrop sketch, fault orientations, and field photographs of the Alkali Wash fault near the active San Jacinto Fault, 
California. (a) Left: a simplified sketch of the Alkali Wash outcrop, showing the spatial relationship of the secondary fault 
cores. Right: Lower hemisphere projection of the secondary fault orientations (strike/dip - right-hand rule convention), 
plotted together with the average trend of the Clark Fault in the area which is approximately NW-SE (e.g. Share et al., 2020). 
(b) Field photograph of the most prominent fault core, with several generations of gouge and cataclasite, flanked by 
pulverized rock. (c) Field photograph of a fault core with two cataclasite seams (black arrows) with gouge material between 
them, and variably damaged rock on each side. For scale the camera lens diameter is 6cm. 
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Figure 9: Field and sample photographs. Top left: an overview of the outcrop section from where the samples were collected. Top right: Zoom-in 
of the black rectangle, with the red rectangle encompassing the sampling location of pulverized rocks on the south-eastern side of a black 
cataclastic seam running from top right to bottom left in the photo. Bottom: A selection of the samples (pulverized granites) recovered from the 
outcrop in Alkali Wash fault. 
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5.1.2 Burnt Valley Road outcrop on the Clark Fault, CA 

At a road section along the Burnt Valley Road (Figure 7, for location), the Clark Fault juxtaposes a 

Quaternary sedimentary unit made of poorly consolidated interbedded sands and gravels and a unit 

of metamorphic rocks of the Burnt Valley Complex (Figure 10a). The Burnt Valley Complex includes 

high-grade metamorphic rocks of banded gneiss and migmatites with pre-middle Cretaceous age 

(Sharp, 1967). The banded gneisses exposed in the Burnt Valley Road section are fine-grained with 

roughly equal parts of mafic and felsic minerals, but varies compositionally in mica content (Wade, 

2018). The road cut is oblique to fault traces in the area, and over a roughly 60-meter section, 

multiple fault planes cutting through the Burnt Valley Complex and the sedimentary beds are 

exposed. A small indentation in the road section exposes the fault surface (Figure 10c) of the 

easternmost fault trace.  

Most of the metamorphic rock exposed are pulverized or at least highly damage, yielding a powdery 

texture when pressed by hand. On the other hand, there is no recognizable pulverization present in 

the sedimentary units, at least by applying the field test, i.e. they are not crushable by hand. 

 

Figure 10: Field photographs of the Burnt Valley Road cut exposure showing several fault planes. (a) Clark Fault juxtaposing 
interbedded sands and gravels against metamorphic rocks of the Burnt Valley Complex (two fault traces drawn in red). (b) 
Faults (red) bisecting sedimentary beds. (c) perpendicular and (d) parallel view of the easternmost exposed fault plane 
within pulverized metamorphic rocks. (a) and (b) looking north, (c) looking northeast and (d) looking northwest. 
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5.2 Pulverized granite samples from Alkali Wash 

In the following, samples recovered from the Alkali Wash outcrop are described. The description is 

based on observations made on thin sections by the aid of optical microscopy and scanning electron 

microscopy (SEM). Four thin sections were prepared from the recovered samples, cut at different 

orientations. The samples reflect the same mineralogy and texture, therefore a general description of 

the rock based on observations on the four thin sections (RB1, RB2, RB3, RB4) is given. 

5.2.1 General rock description of the granitic rocks from the Alkali Wash outcrop 

The rock-forming minerals are feldspars and quartz, which together constitutes up to 98% of the 

modal composition. The rock also contains small amounts of muscovite, epidote, chlorite, and 

calcite. Accessory minerals present are ilmenite, apatite, titanite, monazite, allanite and zircon. 

Quartz occurs as grains in the range 500μm to 3mm. Some of the quartz grains display undulatory 

extinction in the optical microscope. Inclusions of allanite and apatite are found inside some quartz 

grains. Smaller (<20μm) quartz grains are found inside K-feldspar, as inclusions of varying shapes and 

sizes. Plagioclase (mostly albite) is the most common feldspar phase in the rock. The grains are 

subhedral and have sizes typically in the range 1-2mm. Some alteration products are present within 

some plagioclase grains, giving these plagioclase grains a dusty appearance under the optical 

microscope. The alteration products include local breakdown to muscovite, epidote, and various clay 

minerals. While other plagioclase grains appear to be relatively pristine, with polysynthetic twinning 

present in several grains. K-feldspar, although not as common as plagioclase, represents an 

important fraction of the rock. Grain sizes are in the range 400μm to 2mm. Lamellae of K-feldspar are 

also present inside some plagioclase grains. 

White mica (muscovite) is the most important accessory phase and constitutes up to 2% of the rock. 

Primary grains of muscovite display the common elongated, platy appearance. Muscovite grains have 

widths in the range 100-200μm, and common lengths are between 500 to 900μm, but larger grains 

up to 2mm long are also present. Needle shaped, secondary grains of muscovite frequently occur as 

overgrowths/inclusions in plagioclase, and rarely in quartz. Chlorite replacing muscovite grains are 

frequently observed. The degree of replacement varies from partly to near fully. Titanite and ilmenite 

rarely occur along muscovite cleavage planes. 

Although some alteration/weathering products are present in the rock, often related to plagioclase 

grains, the overall rock does not appear to be significantly weathered based on thin section 

observations. It should be noted that the alteration of some plagioclase grains resembles sericite 

(Figure 11c). Quartz grains do not show any evidence of dissolution. K-feldspar grains appear 

completely free of alteration products. 
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5.2.2 Rock damage and microstructures in pulverized granite 

Close inspection of the thin sections reveals that all phases in the granitic rock are severely 

fragmented, and the rock contains a dense network of microfractures. The cracks do not display any 

preferred orientation in the four thin sections. Although most grains are intensely fragmented, the 

original grain boundaries can still be identified, and the primary igneous texture is preserved. The 

grain sizes stated in the previous section represent primary grains of the granite. However, the grains 

are typically shattered to fragments <400μm. The microfractures appear to be predominantly mode-I 

opening cracks, with minimal to no shear (i.e. no offset of fragments along cracks). The tensile 

microfractures are open in all directions (Figure 11,12). Rotation of fragments also appears to have 

been minimal, as fragments of the same parent grain commonly become extinct at the same time 

when the microscope stage of the optical microscope is rotated under polarized light (Figure 11d). 

Alignment of polysynthetic twins in plagioclase grains indicates that fragmentation occurred in the 

absence of shear (Figure 11b).  

 

Figure 11: Optical photomicrographs (crossed polarizer) showing microstructures in pulverized granite from the Alkali Wash 
outcrop. a) Fragmented quartz (qtz) grains, containing transgranular and intergranular fractures in all directions. b) Slightly 
buckled muscovite (ms). The arrows indicate zero offset polysynthetic twins along fractures in plagioclase (plag). c) 
Fragmented K-feldspar (kfsp). Notice also alteration resembling sericite in plagioclase, e.g. above scale-bar. d) Fragmented 
quartz. Arrows points to fragmented grains going extinct at the same time when the stage is rotated under polarized light in 
the optical microscope. 
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Crack widths measured on the thin section are up to 100μm across. Here, it should be noted that 

some of the dilatation observed could represent artefacts of the thin section making process (i.e., 

sample cutting and polishing), with the possibility that some of the finely pulverized zones have 

disappeared, thus leaving large open fractures in the sample. The cracks typically do not contain 

infill. Rarely small (≤10μm) isolated fragments of the adjacent phases are observed within the cracks, 

and in some rare cases, needles of secondary muscovite have grown on the fracture surface. Traces 

of sealed and healed fractures are recognizable in all phases but are most frequently observed in K-

feldspar grains. 

The fracture damage appears to vary within the rock, although fracturing is profuse throughout the 

whole thin section(s), fragmentation appears to have been more intense in some areas. 

Furthermore, the intense fragmentation of the rock has led to a dramatic reduction in grain sizes. 

Individual fragments are commonly less than 400μm, whereas the recognizable original grains are up 

to several mm. On a smaller scale, comminution has resulted in fragments smaller than 10μm in the 

major fracture zones. Even submicronic particles can be observed in the SEM, mainly concentrated in 

highly pulverized zones. Particles of all sizes are commonly angular in shape rather than rounded, 

even in the most intensely fragmented areas. The largest fragments observed in the thin sections are 

plagioclase grains that are cracked along cleavage planes, resulting in narrow but long (up to 1.5mm) 

fragments. Other large fragments are commonly represented by K-feldspar, in which traces of healed 

fractures are present. 

Fracturing is present at and below the scale of mineral grains, and both transgranular and 

intergranular fractures are observed. Typically, the intergranular cracks extend through the whole 

length of the grain and are pinned at grain boundaries. Plagioclase-feldspar grains tend to break 

along cleavage planes (Figure 12), but not exclusively so. White mica also breaks along cleavage 

planes, whereas other mica grains appear to be kinked or buckled. Often, the major fracture zones 

terminate near kinked mica. Observations suggest that quartz grains appear to have suffered the 

most intense fragmentation (Figure 12). 
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Figure 12: SEM photomicrographs showing the common damage signature observed in the thin sections of pulverized 
granites from Alkali Wash. Red arrows in the top left micrograph points to traces of healed fractures. Mineral abbreviations: 
qtz=Quartz, plag=Plagioclase, chl=Chlorite.  

 

5.2.3 Particle size distribution of pulverized granite from Alkali Wash 

The particle size distributions (PSD) of two samples, RB1 and RB4, was calculated and plotted in 

Figure 13, showing extreme grain size reduction of the pulverized granite. The particle size 

distribution is calculated from particle diameters measured on SEM photomicrographs. Following 

Muto et al. (2015), I defined a particle of pulverized rock as a fragment surrounded by cracks. The 

diameters of more than two thousand particles were manually measured on SEM micrographs in the 

software ImageJ (see Method section, Figure 3). The original grain size of the undamaged granite is 

typically up to several millimeters (based on recognizable original grain boundaries), while 

fragmentation of the granite has resulted in finely comminuted grains. The particle size distribution 

(Figure 13) shows that the fragment sizes span a broad range on the micrometer-scale. The mean 

particle size of sample RB1 is 82μm and the median size is 21μm (N=2293 grains). Sample RB4 has a 

mean particle size of 43μm and the median size is 8μm (N=1678 grains). The average mean and 

median grain sizes of the two samples are 66μm and 13μm, respectively. 
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Measured diameters were converted to cross-sectional areas, in order to utilize the MatLab code 

developed by Aupart et al. (2018) (see method section). Particle areas were calculated by 

transforming measured diameters, d, to a corresponding cross-sectional area assuming a circle area:  

A = 
ⅆ2𝜋

4
 

The particle size distributions of the calculated cross-sectional areas of the pulverized granites can be 

fitted by a power-law over a wide range of particle sizes (Figure 14). The exponent of the power-law 

slopes (D-values) of the particle size distributions measured on thin sections RB1 and RB4 are 1.02 

and 1.23, respectively. The power-laws were fitted to the measured distributions after removing 

grains either side of the range 1μm2 to 0.4mm2. 

 

 

 

 

Figure 13: Particle size distribution of pulverized granites from Alkali Wash. The histograms show log of particle diameters plotted against 
the number of grains. The bottom histogram represents the combined particle distribution of samples RB1 and RB4. 
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Figure 14: Power-law fits of cross-sectional area distributions estimated from diameters measured on two thin sections of pulverized granites from 
the Alkali Wash outcrop close (⁓15m) to the Clark Fault strand of the San Jacinto Fault Zone. Cross-sectional area range: 1μm2 to 0.4mm2. 
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5.3 Microtomography analysis of fault zone rocks from the San Jacinto Fault zone 

In this section, microstructural properties obtained using X-ray computed microtomography are 

presented. Synchrotron X-ray computed tomography 3-D volumes (tomograms) of twelve different 

rock samples were studied and analyzed using the commercial software AvizoFire™ (see the Method 

section). Individual tomograms were acquired at two different synchrotrons, with two different 

spatial resolutions. The voxel size is 1.22μm (maximum spatial resolution of 2.44μm) for tomograms 

acquired at APS and 6.63μm (maximum spatial resolution of 13.26μm) for tomograms acquired at 

ESRF. From the raw greyscale images, one can observe that the rocks are variably damaged (Figure 

15). Several rock samples contain a vast number of fractures that are oriented randomly in 3-D. The 

fracture density is high, and cracks penetrate all mineral phases, showing pulverization. On the other 

hand, some samples lack significant damage, they contain pores and voids but no observable fracture 

damage. Whereas some samples contain several fractures but are not pulverized (Figure, 15,16).  

 

Figure 15: Orthogonal views of variably damaged rock samples imaged in 3-D using synchrotron X-ray tomography. The grey 
shades show the linear absorption coefficient of X-rays, which correlates with the density of the grains. Black: voids (air). 
Dark grey: lighter minerals (quartz, feldspars), Bright: denser minerals (muscovite, amphiboles, oxides).  
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By the means of thresholding the 3-D grayscale images, microcracks were separated from the solid 

rock. The 3-D rendering of the picked microfractures reveals that for the pulverized rocks, the 

fracture connectivity is very high (Figure 16,17). In this case, the network of fractures is both dense 

and complex, without any observable hierarchical organization. For the less damaged samples, crack 

damage is either nonexistent or localized along a few fractures (Figure 16). It should be noted that 

fractures with apertures below the resolution of the CT scans may be observed in these data but 

cannot be segmented. The total volume and the total area constituted by the picked cracks were 

extracted directly from a built-in analysis tool in AvizoFire™. These values allowed for the fracture 

porosity and the specific surface area to be derived for individual samples. The porosity of 

pores/voids was also estimated for three of the samples, typically for the less damaged samples, to 

allow comparison with the pulverized variety. The obtained data and the estimated values are 

presented in Table 2.  

The fracture porosity was estimated by: φF = VF /VR, where φF is the fracture porosity, VF is the 

volume of fractures and VR is the total volume of the rock sample. In the same manner, the rock 

porosity constituted by voids/pores was calculated by: φp=VP/VR, where φP is the porosity, VP is the 

volume of pores/voids and VR is the total volume of the analyzed rock sample. The specific surface 

area constituted by cracks (SSA) per volume of rock was calculated by SSA = AF/VR.  

Table 2: Porosity and fracture surface area calculated from 3-D X-ray tomograms of the granitic/metamorphic fault zone 
rocks of the Clark Fault, from the Alkali Wash outcrop and outcrops near the Sagebrush Flat site, California 

 

 

Sample name 
(voxel size μm) 

Rock 
volume 
(mm3) 

Volume 
fractures 

(mm3) 

Area 
fractures 

(mm2) 

Fracture 
porosity 

(%) 

Specific surface area 
of cracks (mm-1) 

Rock damage 

SGB-SJF-02 (6.63) 1.55 x 103 106 1.24 x 104 6.8 8.00 Pulverized/weathered? 

SGB-SJF-03 (6.63) 1.84 x 103 34.1 4.48 x 103 1.9 2.44 Fractured/weathered? 

SGB-SJF-C01 (6.63) 1.77 x 103 22.8 2.78 x 103 1.3 1.57 Fractured 

SGB-SJF-C03 (6.63) 1.85 x 103 93.6 8.91 x 103 5.1 4.82 Pulverized 

SGB-SJF-C04 (6.63) 1.93 x 103 9.80 3.94 x 103 0.5 2.04 Fractured 

SA01_B (1.22) 1.28 0.04 36.9 3.5 28.8 Pulverized 

SA01_C (1.22) 0.58 0.02 18.0 3.6 31.1 Pulverized 

SA02_A (1.22) 0.54 0.02 12.1 3.7 22.5 Pulverized  

SA02_B (1.22) 0.39 0.04 13.9 9.2 35.5 Pulverized 

SA03_B (1.22) 1.06 0.04 24.4 3.3 23.1 Pulverized 

  Volume 
pores/voids 

(mm3) 

Area 
pores/voids 

(mm2) 

Porosity 
(%) 

Specific surface area 
of pores (mm-1) 

 

SGB-SJF-C01 (6.63) 1.77 x 103 11.2 1.69 x 103 0.64 0.96 Fractured 

SGB-SJF-C02 (6.63) 1.87 x 103 4.11 391 0.22 0.21 Unfractured  

SGB-SJF-C04 (6.63) 1.93 x 103 3.67 311 0.19 0.16 Fractured 
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Figure 16: 3-D volume rendering of fractures in damaged and pulverized rocks along the Clark Fault near Sagebrush Flat. 
Upper box: a dense network of microfractures in pulverized tonalitic rock with no preferential orientation. Left: solid rock 
(beige) and microfractures (red). Right: Rendered microfractures, with a connected network of microfractures in blue. Middle 
box: damage localized along a few fractures in metamorphic rocks, top view (left) and oblique view (right). Bottom box: 
Pulverized metamorphic rock with no preferential orientation of the fractures viewed with two different angles. The different 
colors display non-connected fracture clusters. Right: only the cluster of fractures connected at the sample scale (blue) is 
rendered.   
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The fracture porosity of the pulverized granitic samples from the outcrop in Alkali Wash range from 

3.3% to 9.2% (Table 2). An undamaged sample of the same rock has not been analyzed in this study, 

but pristine granitic rocks contain typically less than 1% porosity (e.g. Aben et al., 2020).  

Samples SGB-SJF-C01 to C04 were collected by Wade (2018) in a canyon on the northeastern side of 

the Clark Fault strand, southeast of the Sagebrush Flat site (see Figure 7 for location). These samples 

represent variably damaged metamorphic rock of the Burnt Valley Complex. The tomograms of these 

rock samples were acquired with the same spatial resolution and thus yield internally consistent 

fracture data. The data show that the porosity increases from 0.2% (SGB-SJF-C02 - undamaged) to 

1.9% (SGB-SJF-C01 - fractured) to 5.1% (SGB-SJF-C03 - pulverized). 

By comparing the same three samples, regarding the estimated specific surface area, the trend is an 

increase from 2.10 x 102 to 1.57 x 103 to 4.82 x 103 m2 per cubic meter of rock, from undamaged 

(some pores/voids) to fractured to pulverized. The results also show that the surface area of 

fractures per volume of rock measured on the pulverized granites from Alkali Wash (104m-1) is one 

order of magnitude larger than for the pulverized metamorphic rocks (103m-1). However, it should be 

mentioned that the analyzed tomograms of pulverized granites have a higher resolution (voxel size 

1.22μm) compared to the pulverized metamorphic rocks (voxel size 6.63μm).  

 

 

Figure 17: 3-D rendering of microfractures in pulverized granites from the Alkali Wash outcrop. Oblique view (left) and top 
view (right). Microfracture cluster connected at the scale of the sample is rendered in blue, other colors represents the other 
unconnected microfracture clusters.  
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6 Lofoten geology 
The Lofoten archipelago, situated on the western coast of northern Norway (inset in Figure 18), 

contains preserved Neoarchean and Paleoproterozoic continental crust (⁓2.9-1.67 Ga, Corfu, 2004). 

The area provides a tectonic window into the Precambrian basement, outcropping as a part of a ca. 

300 km long NNW-SSW trending horst (e.g. Menegon et al., 2017). The basement rocks consist of a 

high-grade metamorphic complex of para- and orthogneisses, intruded by a pronounced 

Anorthosites-Mangerites-Charnokites-Granites suite (Corfu, 2004). The basement ridge is bound to 

the east, on the Norwegian mainland, by thrust nappes of the Scandinavian Caledonides, separated 

by Mesozoic rift-normal faults, and to the west by offshore Mesozoic basins (Løseth and Tveten, 

1996). The basement rocks exposed are thought to have originally been a part of the Fennoscandian 

shield that stretches from NW Russia, through Finland and Sweden. The Anorthosites-Mangerites-

Charnokites-Granites suite corresponds both in age and structural position with the NNW-trending 

trans-Scandinavian igneous belt of Sweden. Even though Lofoten is situated in an internal position 

relative to the Caledonides, the area displays only minor Caledonian reworking (Corfu, 2004; 

Steltenpohl et al., 2006). 

 

Figure 18: Simplified geological map of the Lofoten archipelago, northern Norway (inset). Pseudotachylyte locations are 
marked with stars. Adapted from Corfu (2004) and Jamtveit et al. (2019). 
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6.1 Basement rocks 

The geological history of the Lofoten area is complex and includes a series of deformational and 

metamorphic events. The bedrock geology of the Lofoten islands consists mainly of Precambrian 

basement rocks formed in the Archean to early Proterozoic time (e.g. Corfu, 2004). The geological 

history began approximately at 2.7 Ga when a collection of supracrustal bodies were intruded by a 

series of Archean plutons. 

The Archean crust in the Lofoten area mainly occupies large parts of the islands Langøy and Hinnøy, 

with small remnants also present at the southwestern tip of Austvågøy (Corfu, 2004). Gneisses on the 

Moskenesøya has previously been suggested to be of Archean age (Green and Jorde, 1971), an 

interpretation that is not supported by subsequent Nd isotopic studies (Corfu, 2004; Jacobsen and 

Wasserburg, 1978; Wade, 1985). The high-grade Archaean gneisses of Langøya has been interpreted 

to represent supracrustal rocks of intermediate composition, migmatized in the Late Archaean, and 

then metamorphosed at granulite-facies conditions in the Proterozoic (Griffin et al., 1978). On 

Hinnøya, the Archaean rocks are dominated mostly by tonalitic to granitic rocks with local 

greenstone belts remnants (Corfu, 2004). A younger sequence of metasedimentary rocks has been 

overprinted by the same granulite-facies metamorphism as the Archean rocks. These paragneisses 

are thought to be of volcanogenic origin based on geochemical composition (Griffin et al., 1978), 

although overprinted by the same high-grade metamorphism their appearance is more homogenous 

(Corfu, 2004). The suggested age (ca. 2100 Ma) of these paragneisses that outcrop throughout 

Lofoten is uncertain (Nordgulen et al., 2005). 

The Archean and Palaeoproterozoic rocks were intruded by plutons of the Anorthosite-Mangerite-

Charnockite-Granite suite, which occupy about 50% of the islands (Malm and Ormaasen, 1978). A 

series of age determination carried out on a set of widely distributed, representative rocks show that 

the bulk of these plutons were emplaced during a fairly short period at 1800-1790 Ma (Corfu 2004). 

Markl et al. (1998) postulated that pluton emplacement occurred under granulite facies conditions 

estimated at 750-800°C and 0.4-1.2 GPa. The suite is dominated by mangerite and charnockite and 

their retrograded equivalents, with local but important occurrences of gabbro, anorthosite and 

granite (Corfu, 2004). Charnockites and mangerites dominate and form a series of large plutons, e.g. 

the Raftsund, Hopen, Sund–Ølkona and south-west Lofoten intrusions. Small plutons (<50 km2) of 

gabbro and anorthosite are scattered throughout the islands (Nordgulen et al., 2005; Markl & 

Höhndorf, 2003). In the Anorthosite-Mangerite-Charnockite-Granite suite, the primary igneous 

texture and anhydrous granulite facies mineral assemblages are generally well preserved (Jamtveit et 

al., 2019). Markl and Höhndorf (2003) postulated that almost all Lofoten intrusive rocks can be 

modelled as a mixture of mainly two components: 1) 1.8 Ga mantle-derived melts that represent 
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juvenile additions to the crust, and 2) Archean lower crustal material, based on petrological studies 

and isotope data. 

6.2 Caledonian collision 

The continent-continent collision between Laurentia (Greenland and North America) and Eurasia 

during the Silurian and Early Devonian (ca 400-450 Ma) led to the formation of the Caledonian 

mountain belt that extends through western Scandinavia (e.g. Steltenpohl et al., 2004). During the 

collision, far-travelled thrust sheets were emplaced from the northwest onto the Precambrian 

basement of Fennoscandia. 

The Lofoten area occupied an internal position relative to the Caledonian orogen, similar to that of 

the Western Gneiss Region in south-western Norway (Corfu, 2004). Limited availability of fluids 

necessary to facilitate viscous deformation of the anhydrous, strong granulites is evident by the 

absence of a significant Caledonian tectono-metamorphic overprint (Steltenpohl et al., 2004). 

Caledonian fabrics and structures are remarkably sparse, mainly appearing in eclogite and 

amphibolite facies ductile shear zones (Steltenpohl et al., 2006). A clear expression of the Caledonian 

orogeny can be found on Vestvågøy, where a distinct assemblage of amphibolite-grade paragneisses 

and schists of the Leknes group tectonically overlies the Palaeoproterozoic basement (Corfu, 2004). 

The Leknes group was deformed and metamorphosed several times during the Caledonian orogeny 

(Tull, 1977; Corfu, 2004). 

The minor Caledonian reworking in Lofoten compared to that of the Western Gneiss Region, has 

promoted discussions on the nature of the links between the Lofoten basement and the 

autochthonous basement east of the Caledonides (Corfu, 2004). Some workers considered a 

parautochthonous to an allochthonous setting for the Lofoten block (Brueckner, 1971; Tull, 1977; 

Hodges et al., 1982), whereas others, based on geological similarities and large-scale magnetic 

anomalies, have proposed that the Lofoten–Vesterålen basement is directly linked to the Baltic 

Shield below the nappes (e.g. Griffin et al., 1978; Olesen et al., 1997). Two hypotheses have been 

suggested to explain the sparse Caledonian imprint. In the first one, postulated by Steltenpohl et al. 

(2004), the lack of Caledonian fabrics and structures can be attributed to the limited fluid availability, 

as the Caledonian allochthones passed over Lofoten. In the second one, Lofoten islands might 

represent a beached microcontinent (Tull, 1977; Corfu, 2004). 

On Austavågøy and Flakstadøy islands (Figure 18), rare eclogite-facies shear zones cut sharply the 

granulite-facies gneisses (Steltenpohl et al., 2006). Petrological and mineral chemical studies on the 

Lofoten eclogites performed by Kullerud (1992, 1996) and Markl and Butcher (1997), show that they 

are variably to completely replaced by amphibolite-facies assemblages. The eclogites formed prior to 
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retrograde amphibolite facies before ca. 433 Ma and, thus, appear to be early Caledonian (Mørk et 

al., 1988; Steltenpohl et al., 2003). Due to the eclogites being intensely retrograded during 

Caledonian amphibolite-facies metamorphism, the understanding of eclogitization and eclogite shear 

zone development in Lofoten is fragmented (Steltenpohl et al., 2006). Still, the shear zone eclogites 

are important evidence for fluid flow in the deep crust. Steltenpohl et al. (2011) estimated that the 

eclogitization took place at ca. 478 Ma at 680-780°C and 11-15 kbar giving a maximum depth of 51 

km. Froitzheim et al. (2016) obtained an age of 399 ± 10 Ma for the Lofoten eclogites using Lu-Hf 

chronometry. The same authors suggested that the Lofoten eclogites reached P-T conditions of 25-28 

kbar and ⁓ 650 °C, based on conventional geobarometry and average PT method. 

Although studies show varying P-T conditions and formation depths, geological data indicate that the 

crustal section exposed on the Lofoten islands were located at lower crustal depths prior to late- and 

post-Caledonian extensional events and subsequent exhumation. 

6.3 Post-Caledonian deformation 

Following the Caledonian orogeny and subsequent collapse, rifting of the Norwegian continental 

margin initiated (Nordgulen et al., 2005). The rifting involved multiple events, and has been reported 

to have occurred in the Permo-Triassic, Mid/Late Jurassic, Early Cretaceous, mid-Cretaceous and 

latest Cretaceous to Paleogene, including the opening of the North Atlantic beginning in the Early 

Tertiary (ca. 55 Ma, Hansen et al., 2012). These rifting events gave rise to the presently anomalously 

thin (⁓20 km) continental crust in the Lofoten area and resulted in the exhumation of the deep 

crustal rocks exposed on the Lofoten islands horst (Nordgulen et al., 2005). Core complex formation 

and denudation during large-magnitude extension along major detachment faults during Devonian 

and Carboniferous are believed to have played a prominent role during the initial post-Caledonian 

exhumation (e.g. Løseth and Tveten, 1996). 

A series of low-angle normal faults and shear zones accommodated regional continental extension 

during initial syn- to post-orogenic extensional collapse of the Caledonides in the Devonian 

(Steltenpohl et al., 2011). Top-west motion initiated along the Eidsfjord and Fiskefjord (Figure 18) 

shear zones, backsliding along the basal Caledonian thrust. 40Ar/39Ar analysis of muscovite from 

tectonites in the Eidsfjord Shear Zone yielded an age of 403.6 ± 1.1 Ma, which is inferred to represent 

the time of ductile displacement along the shear zone (Steltenpohl et al., 2011). The upper plate of 

the Eidsfjord Shear Zone comprises anorthosite/magmatic gneiss, with mangerite in the lower plate 

(Steltenpohl et al., 2011). At a locality between Grønningen and Slåttnes, the Eidsfjord Shear Zone 

exhibits a mylonite zone approximately 100 m thick (Moecher and Steltenpohl, 2009). Løseth and 

Tveten (1996) first described the Fiskefjord Shear Zone as a horizontal ductile shear zone with 
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mangerites in the footwall, and anorthosite and augen gneiss in the hanging wall. The Fiskefjord 

Shear Zone comprise mylonites and tectonites and is thinner (⁓20 m) than the Eidsfjord Shear Zone 

(Steltenpohl et al., 2011). 40Ar/39Ar step heating analysis for muscovite from the mylonite lithologies 

in the Fiskefjord (Steltenpohl et al., 2011) indicates that the upper plate was reactivated and had 

already cooled through the ⁓350°C isotherm around 457 Ma. The same author’s potassium feldspar 

results document Mesozoic pulses of uplift and cooling between ca. 235 Ma and 185 Ma. 

The submerged Lofoten-Vesterålen shelf preserves a good sedimentary rock record dating from the 

Permian into Tertiary that brackets periods of extensional fault movement (Nordgulen et al., 2005). 

Large fault movements in the Early Cretaceous evidenced by several kilometer thick Lower 

Cretaceous deposits in the surrounding basins are thought to be the origin of the Lofoten horst 

(Nordgulen et al., 2005).  

6.4 Pseudotachylytes on the Lofoten Islands 

The sparse Caledonian reworking of the granulite facies rocks exposed throughout Lofoten-

Vesterålen islands are commonly associated with eclogite and amphibolite facies ductile shear zones 

(e.g. Steltenpohl, 2004). In turn, these ductile shear zones consistently appear to be spatially related 

to brittle fracturing and pseudotachylyte formation, inferred to have occurred at lower crustal 

conditions (e.g. Steltenpohl et al., 2006, 2011; Menegon et al., 2017; Jamtveit et al., 2019). Lower 

crustal pseudotachylytes have been reported from Nusfjord and Skagen localities on Flakstadøy 

(Menegon et al., 2017; Steltenpohl et al., 2006), and in association with the Eidsfjord and Fiskefjord 

Shear Zones on Langøya and Hinnøya, respectively (e.g. Moecher and Steltenpohl, 2009; Steltenpohl 

et al., 2011). In all these cases, the pseudotachylytes are broadly coeval with mylonitic deformation, 

displaying either a mutual overprinting relationship or mylonitization of pseudotachlytes (Menegon 

et al., 2017; Steltenpohl et al., 2011). Menegon et al. (2017) constrained P-T conditions of 

deformation at 650-750°C and 0.7-0.9GPa for both the formation and mylonitization of 

pseudotachylytes in Nusfjord East. Similarly, Moecher and Steltenpohl (2011) found that the P-T 

conditions of formation and mylonitization of pseudotachylytes occurred at ⁓650°C and 0.7GPa 

(Eidsfjord) and ⁓650°C and 0.95GPa (Fiskefjord). 

Recent field surveys in the south-western parts of the Lofoten archipelago (Jamtveit et al., 2019; this 

study) revealed that the presence of pseudotachylytes is probably far more abundant than hitherto 

recognized as they also occur on Moskenesøya and Vestvågøy (Figure 18, see stars). The host rock 

lithologies in which all these pseudotachylytes occur are anhydrous rocks such as anorthosites, 

monzonites, and gabbronorites (Jamtveit et al., 2019). 

 



50 
 

7 Lofoten pseudotachylytes: Results 

7.1 Field observations on Moskenesøya, Lofoten 

Several road-cuts along a distance of ⁓ 3 km on the eastern coast of Moskenesøya, close to the 

village of Reine (Figure 19), expose pseudotachylytes with sharp contact to the wall rock without 

alteration halos or shear zone development. Two of these road-cuts were studied in greater details 

and faults decorated with pseudotachylyte were mapped. The two outcrops are described in the 

following paragraphs. A third outcrop south of Reine was also visited. The faults and 

pseudotachylytes at this outcrop were not mapped; however, orientations measurements were 

taken. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Google maps view of the study area. Blue pins mark the location of the studied outcrops. Insert top left corner: 
map of the Lofoten archipelago, with the village of Reine highlighted (black box). 

 

7.1.1 Hamnøya road-section 

A road-cut on Hamnøya (Figure 19) exposes numerous pseudotachylyte-bearing fault-veins. The wall 

rock consists of a monzonitic lithology. The lithology, as recognized in the field, appears to be the 

same throughout the outcrop, but some grain-size variation occurs. At the outcrop scale, 

pseudotachylyte fault-veins appear to sharply cut the monzonitic rocks with no evidence of wall rock 

alteration nor a wall rock damage zone near the interface. Pseudotachylytes appear as aphanitic 

veins with a dark grey to black color. Lithic clasts of varying size are recognizable within the veins. 

The thickness of individual pseudotachylytes varies in the range 1 mm to 15 mm. 
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The dominant fault-vein geometry encountered is single discrete, straight tabular pseudotachylytes. 

Many of these display a pinch and swell pattern. Whereas most of the single veins are relatively 

straight, curving geometries are present. Networks or swarms of pseudotachylyte-bearing fault-veins 

where multiple individual veins are geometrically connected are also present. Although geometrically 

connected, they do not display a fixed pattern. These networks of pseudotachylyte comprise both 

anastomosing and straight individual veins that intersect, branch and merge. However, no internal 

offset or crosscutting was observed, suggesting that the deformation was produced during a single 

rupture event. The largest network encountered is ⁓25cm wide across the flanking fault-veins and 

consists of ≥10 individual pseudotachylyte-bearing veins (Figure 20c). Individual thicknesses of the 

veins range from 1-3mm. Geometries with two parallel fault-veins that appear to represent slip-

planes (paired shears) of the same system are in some cases connected by injection veins (Figure 

20d). In other cases, such connecting injection veins are not observed. Some pseudotachylytes show 

branching from the main fault plane, making up an anastomosing network of pseudotachylyte 

enclosing clast of wall rock in between, leaving the wall rock to be brecciated by pseudotachylyte 

(Figure 20a). A common feature observed is that fault-vein geometry changes along strike- and/or 

dip-direction. Fragments of pseudotachylyte and isolated melt pockets are also observed within the 

wall rock, they appear disconnected from a parent fault at least in the section displayed at the 

outcrop. 

Injection veins branching from parent fault-veins into the adjacent wall rock are observed related to 

the pseudotachylytes. The geometries of these injection veins range from thin, straight tabular veins 

to wedge-shaped veins forming a taper in the direction of the wall rock. Injection veins typically 

intrude the wall rock at a high-angle (70°-90°) to the fault-vein. However, a few injections at angles as 

small as 20° are also observed. Termination in the wall rock commonly occurs at lengths <10 cm from 

the generation vein. Wedge-shaped injection veins typically terminate at a shorter distance from the 

parent vein than do the tabular veins. 

The lack of foliation and lithological variation in the monotonous sequence makes it difficult to 

measure offsets. Different generations of pseudotachylyte faults displacing each other are sparse, 

but five offsets were identified at this outcrop. Offsets with dextral or sinistral relative movement 

were observed. Measured apparent offsets of pseudotachylyte-pseudotachylyte are up to 7cm 

(Figure 21). Another offset was identified where a pseudotachylyte displaces a dark mineral-band 

with an apparent offset of ⁓4.5 cm. 
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Figure 20: A selection of field photographs showing the pseudotachylyte appearance encountered at the Hamnøya road-section. a) 
Pseudotachylyte breccia-pocket. b) Exposed pseudotachylyte fault surface, with a black aphanitic appearance. c) A complex swarm of 
pseudotachylyte bearing veins. d) Paired shears of pseudotachylyte with the presence of connecting injection veins. 

Figure 21: Different generations of pseudotachylyte-bearing faults offsetting each other. Measured apparent offset from left to right: 4cm, 7cm, 4.5cm. 
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7.1.2 Hella road-section 

The road-section described in the following is located some hundred meters north of the Hamnøya 

outcrop, on the eastern side of Moskenesøya (Figure 19). The outcrop exposes a large number of 

pseudotachylytes, and the frequency and spacing density (15 pseudotachylytes over 50 m of outcrop) 

is not as high as for the Hamnøya outcrop (Figures 22,24). A monzonitic lithology appears in patches, 

whereas a gabbroic lithology is the dominant wall rock lithology. The lithological boundaries between 

the metamonzonite and the metagabbro appear sharp (Figure 23). During mapping of fault-veins, the 

outcrop was divided into two sections, separated by a ⁓1.5m thick albitization zone, which was 

excluded, and which separates the northern section from the southern section (Figure 24). Several 

sub-vertical faults with dark-green fault planes related to chloritization are also present at this 

locality. 

The pseudotachylyte appearance at this outcrop comprise geometries already described for the 

Hamnøya outcrop, and the reader is therefore referred to the previous section for field description of 

pseudotachylyte-bearing fault-veins in this area. On the other hand, pseudotachylytes exploiting 

lithological boundaries are observed at this outcrop (Figures 23,24). Although these boundaries 

appear frequently throughout the outcrop (Figure 24), pseudotachylytes are only observed to exploit 

the boundaries that are relatively steep (≥55°). A 10 cm thick dike is also present at this outcrop. The 

dike is pegmatitic, contains mostly plagioclase and an estimate of ⁓5% amphibole. Pseudotachylytes 

are not observed in relation to this dike, even though the dike could have served as an exploitable 

mechanical weakness. The dike is oriented 340°/34° and the relatively low dip-angle might be the 

reason why no pseudotachylyte is observed. Only one pseudotachylyte-pseudotachylyte offset was 

identified at this outcrop, with an apparent offset of 1cm.   

Figure 23: Field photographs of the Hella road outcrop. Left: Sharp lithological-contact between gabbroic granulite and monzonitic granulite highlighted in 
red. Black line points to an exposed pseudotachylyte-bearing fault surface within the metagabbro. Right: Tabular pseudotachylyte-vein exploiting a 
lithological boundary, running through camera lens. Also note the melt-pocket of pseudotachylyte within the metamonzonite below the camera lens.       
For scale: person is 183cm tall and camera lens diameter is 6cm. 
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7.1.3 Orientation of pseudotachylyte bearing fault-veins on Moskenesøya 

Pseudotachylyte bearing fault-veins at the two localities described previously occur in two distinct 

sets of orientations respectively (Figure 25). At Hamnøya, the most prominent set strikes N-S and 

another set strikes NW-SE. The two dominant sets at the outcrop further north (Hella) strike E-W and 

NE-SW. An E-W orientation is also found for a few fault-veins at the Hamnøya outcrop (Figure 22). 

Another road-section further south (Figure 19, for location), close to Reine, is decorated with 

numerous pseudotachylyte bearing fault-veins. This outcrop was not mapped in detail, but the 

number of pseudotachylytes for every 5 meters of the outcrop was counted. Over 40 m of outcrop 

along the road, there are 56 pseudotachylyte-bearing faults. Orientation-measurements were taken 

for the most well-defined fault-planes at this road-section (Figure 25).  

Figure 25: Pseudotachylyte fault veins orientations (strike/dip, right-hand rule convention) as measured in the field. Plotted as planes, 
lower hemisphere projection. 
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In summary, the orientation of pseudotachylyte-bearing fault-veins exposed at road-sections along 

the eastern side of Moskenesøya appear in four sets of orientations: i) N-S; ii) NE-SW; iii) E-W; iv) 

NW-SE. 

Table 3: Field data summary of pseudotachylyte falling within the defined sets 

Hamnøya pseudotachylytes Set 1 (155°-200°)  Set 2 (Strike: 110°-135° + 180°) 

No. Pseudotachylytes 30 12 

Average orientation 175° S 127° SE 

Average dip  57° 67° 

Average vein thickness (mm) 5.3 (n=18) 5.6 (n=8) 

Hella pseudotachylytes Set 1 (030°-060° / 210°-240°) Set 2 (Strike: 080°-110°) 

No. Pseudotachylytes 13 12 

Average orientation 041° NE 087° E 

Average dip  59° 49° 

Average vein thickness (mm) 2.5 (n=12) 3.3 (n=12) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reine pseudotachylytes Set 1 (Strike: 034°-072°) 

No. Pseudotachylytes 18 

Average orientation 054° NE 

Average dip  58° 

Average vein thickness (mm) 2.6 (n=12) 
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7.2 Petrography and microstructures of pseudotachylytes and wall rocks 

The following sections are based on observations made on thin sections by the aid of optical 

microscopy and scanning electron microscopy (SEM). The studied samples were recovered from two 

localities in Lofoten, Moskenesøya and Nusfjord (Figure 18, see blue stars). 

7.2.1 Hella (Moskenesøya) samples 

Two samples (HAM-1 and HAM-4A) drilled from the same road-cut (Hella) on Moskenesøya are 

described. Both samples contain pseudotachylyte-bearing fault-veins. The wall rock in the individual 

samples shows two different lithologies, monzonitic (HAM-1) and gabbroic (HAM-4A). The locality 

from where these samples were recovered is described in the field study section (Section 7.1.2). 

The wall rocks and the pseudotachylytes are described separately for each of the two sample. Then, 

a detailed description of rock damage in the wall rock adjacent to the pseudotachylytes is provided. 

It should be noted that the modal composition stated in the following is based on visual estimates 

made on thin sections via optical microscope and SEM, and photomicrographs of the two samples. 

Stated grain sizes are given in apparent diameter measured on thin sections. As a general note, the 

pseudotachylyte-bearing veins appear aphanitic in the optical microscope. 

7.2.2 The monzonitic wall rock (HAM-1) 

The monzonitic wall rock consists primarily of plagioclase and K-feldspar. Opaque and pyroxene 

minerals are present in close to equal amounts, and together constitute ≤10% of the volume. The 

wall rock also contains subordinated amounts of apatite, quartz, biotite and zircon. The igneous 

texture of the wall rock is well preserved and has a phaneritic appearance. The grain size distribution 

of the main phases is relatively heterogeneous and ranges from coarse- to fine-grained (3mm to 

100μm). Grain boundaries show a variety of intersections from straight to undulating and in some 

cases triple junctions with 120° intersection angles. Within the wall rock, several small shear 

fractures are present with apparent displacements of up to 800μm, measured on displaced mineral 

grains. 

 

Figure 26: Micrographs showing shear 
fractures observed within the 
monzonitic granulite. The apparent 
offset of the displayed clinopyroxene 
(cpx) grain is ⁓800μm. The red line 
points to the same “half” of a cpx grain 
shown in both micrographs. Notice 
also that the K-feldspar (kfsp) grain is 
displaced in the right micrograph. Left 
SEM and right optical microscope 
(crossed polarizer) 
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Feldspars are the main rock-forming minerals of the monzonite, and constitute ⁓90% of the modal 

composition. Plagioclase is the dominant of the two feldspar phases and constitutes ⁓50% of the 

wall rock. Plagioclase grains are mostly subhedral with grain sizes in the range 100μm to 2.5mm. The 

plagioclase grains show a variety of twinning structures (Figure 27), with both growth twins and 

deformation twins present. K-feldspars constitute ⁓40% of the wall rock, with grains up to 2mm, but 

more commonly the grain size is ≤1mm. Feldspars of the wall rock do occur as pure phases, mostly in 

the case of plagioclase, but perthite and anthipertite unmixing are also relatively common. K-

feldspars grains typically host discontinuous lamellae and/or blebs of plagioclase. Plagioclase-

feldspars are generally fractured throughout the wall rock and the fracture density increases 

approaching the pseudotachylyte. 

Figure 27: Thin section scan of sample HAM-1 that contains a pseudotachylyte and two optical microscope micrographs 
showing minerals and textures of the monzonitic wall rock. Left: Euhedral orthopyroxene (opx) grains, opaque minerals 
(black) and abundant feldspars (colorless). Parallel polarizer. Right: Photomicrograph (crossed polarizer) showing 
twinning in plagioclase (plag), and varying grain intersection angles, including 120° angles. 
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Pyroxene minerals constitute ≤5% of the wall rock and the grains are subhedral to euhedral. 

Clinopyroxene and orthopyroxene are both present, with orthopyroxene being the dominant one of 

the two. Pyroxene grain sizes typically range between 400-700μm. Cleavages are observed in some of 

the pyroxenes. The pyroxenes are generally fractured, with an increase in fracture density 

approaching the fault-vein. Pyroxene fractures are typically filled with clay minerals and/or oxides. 

Opaque minerals constitute ≤5% of the wall rock. The opaques present are magnetite and Ti-rich 

magnetite. Several of the magnetite grains contain exsolution lamellae of ilmenite and more rarely 

rutile. A common feature observed in the wall rock is intergrowths of magnetite and Ti-magnetite. 

The oxides show no preferred shape or size and occur together with all other phases of the wall rock. 

Apatite appears as subhedral to euhedral ≤200μm grains. Apatite grains are associated with all other 

phases but is more often observed with oxides. Allanite rims occur around some apatite grains. 

Quartz appears as both continuous and discontinuous rims around pyroxenes and oxides. Rarely, 

quartz is observed intergrown with plagioclase (myrmekite). Zircons are rare and appear scattered in 

the wall rock as inclusions within several of the main mineral phases. The zircon grains are euhedral 

and typically ≤20μm. Hydrous phases are very rare. Minor amounts of biotite occur in the wall rock, 

commonly as rims around oxides, rarely around pyroxenes. Clay-minerals are also present in the wall 

rock but are observed exclusively as fracture infill.  

Figure 28: Pseudotachylyte-veins (pst) within a feldspar-rich (monzonitic granulite) host. The red arrows point to 
orthopyroxene grains. The bright (white) phases represent oxides (Ti-magnetite and magnetite). The darkest phase is 
plagioclase (plag). Notice varying exsolution patterns of plagioclase within K-feldspar (kfsp) grains. A survivor clast of quartz 
(qtz) was entrained within the fine-grained pseudotachylyte matrix. 
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7.2.3 Pseudtoachylyte in a monzonitic wall rock (sample HAM1) 

The pseudotachylyte geometry in this sample is complex (Figure 27, thin section scan), with several 

veins and veinlets, as well as some disconnected melt-pockets. Several injection veins are observed 

intruding the flanking wall rock, branching close to orthogonal from generation-veins (Figure 29a). 

The injection veins commonly display a wedge-shape, forming a taper in the direction of the wall 

rock. 

Pseudotachylyte fault-veins comprise the same mineral composition as the host rock. The matrix is 

composed mainly of microcrystalline feldspars, pyroxenes and oxides. The appearance of the matrix 

is relatively homogenous with grain sizes typically ≤15μm. Feldspars are the dominant matrix 

material with plagioclase and K-feldspars in close to equal amounts. The plagioclase-feldspars in the 

matrix commonly display a semipolygonal shape and grain triple junctions (Figure 29c). 

Pyroxenes and oxides (mostly magnetite) also constitute an important fraction of the matrix. These 

phases are evenly scattered throughout the pseudotachylyte. The grains are typically smaller than 

the feldspar matrix. Orthopyroxene is the most common pyroxene phase within the pseudotachylyte. 

Pyroxene grains within the pseudotachylyte are often angular and sometimes associated with 

overgrowths of clay minerals. Rarely, small biotite needles are observed within the pseudotachylyte; 

they typically appear along plagioclase grain boundaries (Figure 29c). 

Garnets appear as dendritic grains (Figure 29b) of up to 100μm diameter, some of which have 

euhedral overgrowths. The garnet grains commonly contain numerous inclusions of oxides, feldspars 

and quartz. Garnets are found both in fault-veins and injection veins of pseudotachylyte. The larger 

garnets typically contain a core of magnetite, in some cases, Zn-spinels are present in the core 

alongside magnetite. 

Within the microcrystalline matrix, mineral clasts and lithic clasts of the wall rock were entrained. 

The clasts represent <10% of the total pseudotachylyte volume and the largest clast observed is 

approximately 500μm. The most common mineral-clasts encountered are K-feldspars, but clasts of 

all other main phases of the wall rock occur. The K-feldspar clasts in the pseudotachylyte host the 

same lamellae of plagioclase as observed in the wall rock. The shape of clasts are sub-rounded to 

angular, and the clasts are often slightly elongate parallel to the pseudotachylyte boundary. K-

feldspars clasts are commonly smooth and rounded (Figure 29d). One of the larger clasts present in 

the pseudotachylyte matrix is an elongate ⁓300 μm quartz grain (Figure 28). This quartz clast 

contains inclusions of felspars and oxides. A transgranular facture cutting through the quartz clast is 

filled with calcite and ⁓10μm dolomite grains growing on the fracture boundary. This quartz clast 
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sticks out by the fact that quartz grains of similar size are rarely observed within the wall rock. Oxide 

mineral clasts are commonly variably sheared (Figure 29d). 

 

 

 

 

 

 

Figure 29: Scanning electron microscope observations on the thin section (HAM-1, Hella outcrop) of pseudotachylyte (pst) within a monzonitic 
host rock. a) Wedge-shaped injection vein penetrating the wall rock close to orthogonal from a pseudotachylyte. b) Inclusion-rich dendritic 
garnet (grt) with an oxide core. The garnet is found within the fine-grained matrix of feldspars, pyroxenes, and oxides that represents 90% of 
the volume of the pseudotachylyte matrix. c) Close-up view illustrating minerals and textures that typify the pseudotachylyte matrix. A few 
biotite (bt) needles are encountered in the matrix. The oxides in the matrix are magnetite grains with varying titanium content. The yellow 
arrows point to plagioclase (plag) grain triple junctions – a relatively common feature displayed by the pseudotachylyte-matrix. d) Two 
survivor clasts were entrained within the pseudotachylyte. The dendritic garnet is shown in b). Mineral abbreviations: opx = orthopyroxene, 
kfsp = K-feldspar, plg = plagioclase, bt = biotite, grt = garnet. 
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7.2.4 The gabbroic wall rock (sample HAM-4A) 

The main minerals encountered in the wall rock are plagioclase, clinopyroxene, biotite and opaque 

minerals, with subordinated amounts of apatite, amphibole, K-feldspar, orthopyroxene, garnet, 

quartz and dolomite. The wall rock texture is largely polygonal and equigranular. It has a fine-grained 

homogenous appearance, with grain sizes commonly in the range 300-600 μm. The main phases 

display equant grains, with grain-boundaries often forming triple junctions and 120° intersection 

angles. 

 

Feldspars and pyroxenes appear in close to equal amount and together constitute up to ⁓90% of the 

modal composition. Feldspars of the wall rock are almost exclusively plagioclase. K-feldspar, is for the 

most part, observed as exsolution lamellae in plagioclase, rarely as individual microcrystals in 

reaction rims associated with clinopyroxene and plagioclase grain interfaces. Plagioclase grains 

contain both growth and deformation twins. Some patches of the wall rock appear richer in 

plagioclase-feldspars. 

Clinopyroxene grains sizes are in range 200-600μm, with a subhedral to euhedral grain habit. The 

grains commonly contain inclusions of oxides and apatite. Continuous and discontinuous bands of 

oxides along pyroxene grain boundaries are frequently observed (Figure 30). Clinopyroxenes also 

occur in reaction rims around oxides. Orthopyroxenes are less common. 

Figure 30: Thin section scan and micrograph (SEM) showing minerals and texture of a gabbroic wall rock that contains a pseudotachylyte. 
Mineral abbreviations: ap = apatite, bt = biotite, mag = magnetite, cpx = clinopyroxene, plag = plagioclase. 
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Biotite constitute ≤5% of the wall rock. Biotite grains exhibit a preferred shape (and crystal) 

orientation and form a weak foliation. The biotite grain habit is subhedral to euhedral, with elongate 

platy grains. The grains are typically <700 μm in length, but some are up to 1.2 mm. Biotite grains are 

often observed penetrating pyroxene and feldspar grains. Inclusions of oxides and plagioclase are 

often present within the interior of biotite. 

Opaque minerals constitute ≤5% of the wall rock. The opaque minerals present are dominantly 

magnetite and Ti-rich magnetite. Several of the magnetite grains contain exsolution lamellae of 

ilmenite and more rarely rutile. A common feature in the wall rock is intergrowths of magnetite and 

Ti-magnetite, some of which contain a core of Zn-spinel. The oxides show no preferred shape or size 

and occur together with all other phases of the wall rock. 

Apatite occurs frequently through-out in the wall rock, with grains typically ≤100μm. Amphibole is 

found in reaction rims often in association with clinopyroxene, and as filling minerals in 

microfractures. Amphibole grains of up to a few hundred microns do occur, although relatively rare. 

Garnet appear as rims around intergrowths of magnetite and Ti-magnetite. Rarely, garnets occur as 

inclusion-rich subhedral to euhedral grains of up to 100μm within the wall rock. Dolomite grains of 

up to 40μm are sometimes associated with fractured pyroxenes, and rare dolomite grains are 

observed along pyroxene grain boundaries. 

7.2.5 Pseudotachylyte in a gabbroic wall rock (sample HAM-4A) 

The pseudotachylyte in sample HAM-4A comprises a central vein (up to 2mm thick) that thins and 

pinch out within the thin section (Figure 30). Roughly parallel to it, there is a thinner (≥500μm) vein. 

It should be mentioned that these veins could represent injection veins of pseudotachylyte and not 

the main generation surfaces. The veins cut across almost perpendicular to the mineral-foliation of 

the wall rock (Figure 30). The veins appear as planar structures with a dark and fined grained matrix 

enclosing clast of mineral and rock fragments. The pseudotachylyte contains a microcrystalline 

matrix of feldspars, pyroxenes, oxides and minor amounts of amphibole. The appearance of the 

matrix is relatively homogeneous with grain sizes typically ≤10μm (Figure 31d). 

Wall rock fragments entrained in the pseudotachylyte matrix are up to 700μm in length and appear 

variably sheared. The clasts are mostly subangular objects, with their smallest diameter oblique to 

the vein boundaries. Pyroxene clasts are typically smooth and rounded and rarely sheared (Figure 

31a). Mineral clasts of oxides are often slightly sheared and elongate sub-parallel to the 

pseudotachylyte interface. Plagioclase-clasts are the most commonly encountered within the 

microcrystalline matrix. 
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Dendritic garnets, some of which have euhedral overgrowths (Figure 31b), are not sheared. 

Commonly, dendritic garnets occur in aggregates of up to 300μm, often together with pyroxenes, 

feldspars and oxides. Individual garnet grains within the aggregates are typically ≤20μm, but some 

have diameters up to 100μm. 

 

 

 

 

Figure 31: Representative microstructures in the pseudotachylyte in sample HAM-4A. a) Clast of plagioclase (plag), clinopyroxene (cpx) 
and oxides (bright/white phase) exhibiting varying shapes. The yellow arrows points to clusters of dendritic garnets. b) Close-up view of 
an aggregate of dendritic garnets, oxides and clinopyroxenes. The red arrows point to euhedral overgrowths on garnet grains. c) Garnets 
intergrown with Ti-magnetite within a plagioclase clast. Notice the euhedral shape of the garnet located above the scale bar. d) Minerals 
and texture of the pseudotachylyte matrix in sample HAM-4A. Mineral abbreviations: opx = orthopyroxene, plag = plagioclase, amph = 
amphibole, cpx = clinopyroxene, kfsp = K-feldspar, Ti-mag = titanium-rich magnetite, grt = garnet. 
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7.3 Wall rock damage  

The wall rock damage described in this section is primarily based on observations and analysis of 

sample HAM-1, as this sample contains the most prominent damage features. The most eye-catching 

damage feature within the wall rock is injections of melt material from generation surfaces. The 

injections consist of quenched melt, finely comminuted (angular) mineral fragments, and lithic clasts. 

Closer inspection reveals that injection veins typically penetrate zones of highly fragmented wall rock 

(Figure 32a). 

At the immediate rim of pseudotachylyte veins, plagioclase-feldspar is locally highly comminuted 

(Figure 32,33d). This zone of extreme fragmentation extends at most a few 100μm away from the 

pseudotachylyte-vein(s). The grain sizes (fragments ≤15μm) of the plagioclase are dramatically 

reduced compared to that of the un-damaged monzonite host. However, it appears that some 

healing has occurred by grain growth. Grain boundaries exhibit triple junctions and are dominated by 

120° angles. Still, in the fragmented plagioclase zones, micro-pores are present (Figure 33d). The 

pores are commonly located at the grain triple junctions. Traced fragment-boundaries that are not 

fully healed in Figure 33d, reveal that connectivity exists between the pores. Damage of the wall rock 

phases is present outside this narrow zone of extreme fragmentation, where micro-fracturing and a 

milder degree of fragmentation are observed. In the case of sample HAM-1, the damage is most 

pronounced in between two closely spaced generation surfaces (Figure 27, thin section scan), 

Figure 32: Micrographs (crossed polarizer) showing some characteristic damage features observed in sample HAM-1.                   
a) Pseudotachylyte (pst) within monzonitic granulite host. The red arrow points to an injection vein intruding severely 
damaged wall rock and the yellow arrow points to a zone of highly comminuted feldspars at the rim of the pseudotachylyte. 
Also, notice the varying degrees of rock damage on either side of the pseudotachylyte. b) Fragmented plagioclase (plag) at the 
rim of a pseudotachylyte vein c) Orthopyroxene (opx) grain fragmented in the absence of shear. 
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encompassing a ⁓1.5cm central zone containing melt-reservoirs (e.g. injection veins and melt-

pockets) and highly damaged wall rock. Of importance is the damage signature displayed by wall rock 

orthopyroxenes. Fragmentation of orthopyroxenes appear to have occurred in the absence of shear, 

evident by fracturing, fragmentation, and grain size reduction with the original grain boundary still 

recognizable (Figure 32d,34). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33: Micrographs (SEM) showing the damage in the wall rock plagioclase at varying distances to a pseudotachylyte vein. (a) Overview of the area of 
interest showing pseudotachylyte (pst) and flanking wall rock. The red box encompasses zoom in (b) and blue line points to the same oxide-grain in (c).     
(b) Zoom-in on the immediate shoulder of pseudotachylyte where the plagioclase is extremely fragmented. Notice abundant black “spots” reflecting 
voids/pores - further highlighted in (d) = red box. c) Relatively undamaged plagioclase, although a few micro-fractures are present – running for example 
from the lower right and lower left corners in the left micrograph. Light-blue box zooms to the same approximate scale as in (d) to further highlight the 
difference in damage. (d) Severely fragmented plagioclase in the wall rock next to the pseudotachylyte vein, a feature that is frequently observed within this 
sample. Traced fragment boundaries (blue) indicate that there might exist a connected pore-system in zones of fragmented plagioclase. Red arrow points 
to a micro-pore, also notice the lighter grey color associated with the pore-rims which could potentially indicate grain-growth.  
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Figure 34: Fragmented orthopyroxene (opx) grain surrounded by comminuted plagioclase (darkest phase) in front of a terminating 
pseudotachylyte (pst) vein. Zoom-in red box illustrates the typical damage signature of orthopyroxenes as observed in the wall rock. Notice that 
the orthopyroxene grain is fragmented, while the original outline of the grain is still recognizable, indicating lack of shear strain. To the right, 
the orthopyroxene grain is color-thresholded (red) to further highlight the fragmentation. 

Figure 35: Grain area distribution of fragmented orthopyroxenes within the wall rock. Left: Histogram showing the log of grain surface area plotted against 
the number of grains. Right: Power-law fit of the grain area distribution [probability density function (PDF)] of wall rock orthopyroxenes. The plot shows that 
the distribution is best fitted with two power-laws of different exponents. The plotted grain areas were measured on the orthopyroxene shown in Figure 34, 
and several other grains with similar damage signature.  
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The distribution of cross-sectional areas of fragmented orthopyroxenes in the wall rock is plotted in 

Figure 35. The area distribution is best represented (fitted) by two power-laws of different 

exponents. I find that the distribution of larger fragments has a steep slope (-2.1), whereas a cross-

over to a gentler slope (-1.2), best represent the distribution of the smaller fragments. The 

intersection of the two power-laws (cross-over) occurs at a grain surface area of 16.7μm2. The 

median and mean grain surface area of wall rock orthopyroxenes (N=3392) are 4.9μm2 and 13.9μm2, 

respectively.  

The wall rock also contains numerous micro-fractures filled with polygonal fine-grained (≤5μm) 

aggregates of plagioclase + K-feldspar ± quartz (Figure 36c). These types of micro-fractures display 

little to no offset across the grains in which they are hosted (Figure 36a). They occur both within 

plagioclase and K-feldspar parent grains. Some are confined to a single grain, whereas other extends 

through several grains. Furthermore, these micro-fractures are commonly oriented approximately 

parallel to sub-parallel to the pseudotachylyte interface, rarely oblique. The width of these types of 

micro-fractures is up to ⁓100μm across. 

 

 

 

 

Figure 36: a) Optical micrograph (crossed polarizer) of a transgranular microfracture cutting through K-feldspar and plagioclase grains. The 
trace of the fracture is highlighted in red in the lower micrograph. Note the lack of offset of the central plagioclase grain. b-c) SEM 
micrographs of a similar microfracture as in a) within a K-feldspar parent grain. The fracture is filled with a microcrystalline mixture of 
semipolygonal K-feldspar, plagioclase, and quartz grains. 
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7.3.1 Microtomography imaging of sample HAM-1 

The pseudotachylyte and wall rock are further investigated in 3-D through micro-CT tomograms. The 

tomograms (voxel size of 0.65μm) are used to confirm and image the microstructures described in 

the previous sections in 3-D space.  

The 3-D volumes confirm that the wall rock adjacent to the pseudotachylyte fault contains some 

micro-porosity (Figure 37), as is also observed on thin sections. However, the tomograms do not 

resolve the fragment boundaries previously described in comminuted plagioclase domains resolved 

using SEM (Figure 33d). Thus, in the tomograms the pores commonly appear isolated. Furthermore, 

several of the micro-pores in the fragmented domains observed in the SEM have dimensions below 

the spatial resolution of the tomograms. Even so, several sub-volumes at the immediate rim of the 

pseudotachylyte fault were cropped, and pores were segmented from solid rock to allow the 

estimation of the porosity. Estimated porosity-values are in the range 0.4-1.4%, with a mean porosity 

of 0.81%. The fault itself do not appear to contain a significant amount of pores of dimensions above 

the spatial resolution of the tomograms. 

Observation made on tomograms also provides further evidence for pulverization-style 

fragmentation of orthopyroxene minerals in the damage zone of the pseudotachylyte faults on 

Moskenesøya (Figure 38,39). Similar to what is observed and described on thin sections under the 

optical microscope and SEM (Figure 32c,34).  

 

Figure 37: Micro-porosity as observed in a tomogram of sample HAM-1. Left: Grey-scale radiograph exhibiting micro-pores 
at the interface of a pseudotachylyte fault. A selection of micro-pores is highlighted by red arrows Right: Illustrating pores 
(blue) rendered in 3-D space within the interior of the rock volume (porosity of 0.6%).  
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Figure 38: Cross-sectional views in three-dimensions showing two closely spaced pseudotachylyte (pst) faults. 
Fragmented pyroxene grains and oxide minerals are indicated. The various rock phases are colored according to 
density. 

Figure 39: Cross-sectional 3-D views showing pulverized orthopyroxene grains located in the wall rock near a pseudotachylyte in 
sample HAM-1. 
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7.4 Nusfjord pseudotachylytes 

Three samples (thin sections) of pseudotachylytes from the Nusfjord area (Figure 18) on Flakstadøy 

were also observed under the optical- and scanning electron microscope during this study. These 

samples reflect variably sheared and recrystallized pseudotachylytes and wall rocks that have been 

subjected to metamorphic reactions and alteration. As these metamorphic reactions overprint the 

damage features associated with the pseudotachylyte generating event, which is the focus of this 

study, only a short and general description based on observations of the three samples is given here. 

It should be mentioned that other master students (Anet Pizaña Zavala; Natalia Seabra Maronni) 

involved in the same project are working on describing the transformation of wall rocks associated 

with earthquakes in the lower crust and have analyzed these/similar samples in greater detail. 

Furthermore, for detailed work and description of pseudotachylytes and associated shear zones on 

Flakstadøy, the reader is referred to Steltenpohl et al. (2006) and Menegon et al. (2017). 

 

Figure 40: Thin section scans of the three samples collected in Nusfjord.   

 

7.4.1 The Nusfjord samples 

The wall rocks in the samples are dominated by large (some up to a centimeter) plagioclase grains. 

Commonly, the plagioclase grains host lamellae of K-feldspars, and inclusions of magnetite, ilmenite, 

and biotite. An abundance of small (≤10μm) needles of kyanite and epidote are also present inside 

the plagioclase grains. 
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Other important mineral phases are pyroxenes (mostly clinopyroxene), oxides, garnet, amphibole, 

and biotite. All these phases show a complex interrelationship, occurring together as intergrowths 

and as overgrowths on each other, forming aggregates of different shapes and sizes (Figure 41). 

Clinopyroxene grains commonly host lamellae of orthopyroxene (Figure 41). Typically, clinopyroxene 

grains are surrounded by overgrowths of oxides + garnet and/or rims of K-feldspar and amphibole ± 

biotite ± dolomite. Garnets of the wall rock are inclusion-rich and often associated with cores of 

oxides, pyrite, and chalcopyrite. Calcite is observed as fracture infill within the wall rock. Accessory 

minerals such as apatite and zircon are also found scattered in the wall rock. 

 

In general, the pseudotachylyte matrix consists of a microcrystalline (average grain size in the range 

5-20 μm) mixture of plagioclase, amphibole, clinopyroxene ± biotite, with less abundant 

orthopyroxene, K-feldspar, ilmenite, magnetite ± quartz ± dolomite ± sulfide minerals. Garnets are 

abundant within the pseudotachylytes and exhibit a variety of grain habits. The habits include 

inclusion-filled, embayed garnets, as well as dendritic and cauliflower-shaped garnets. Rarely, small 

euhedral garnet grains, free of inclusions, are observed within the pseudotachylytes. A common 

feature is elongated trails and clusters of garnet grains. Dendritic garnets have dimensions 

sometimes up to several hundreds of microns in length and follow linear traces (Figure 42). Tiny 

magnetite grains are often concentrated in the center of linear dendrites of garnets (Figure 44b). 

Garnets are also present as overgrowths on plagioclase clasts. 

Lithic clasts and mineral clast of magnetite, ilmenite, and plagioclase (most common) within the 

pseudotachylytes are flattened and elongate parallel to the interface of the pseudotachylyte (Figure 

43). Some clasts are up to several millimeters in length. Pyroxene clasts are rarely observed. 

Figure 41: Micrographs (SEM) illustrating minerals and textures encountered in the wall rocks of the Nusfjord samples. Left (NUS6) and 
right (NUS2). Mineral abbreviations:  opx = orthopyroxene, cpx = clinopyroxene, mag = magnetite, ilm = ilmenite, grt = garnet, plag = 
plagioclase, kfsp = K-feldspar, amph = amphibole, bt = biotite, cp = chalcopyrite, qtz = quartz.  
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Figure 42: Numerous clusters and elongate trails of dendritic and cauliflower-shaped garnets (lightest grey) within a fine-grained 
pseudotachylyte matrix dominated by plagioclase, amphibole and clinopyroxene (sample NUS-6). 

Figure 43: Sheared pseudotachylyte (pst) encompassing large elongate clasts of plagioclase (darkest phase) and oxides 
(white). The black box marks the location of an elongated amphibole aggregate shown in Figure 44a. An injection vein 
branch from mid-center to top left corner of the micrograph, it appears less sheared than the pseudotachylyte itself. 
Clusters of inclusion-rich garnets are present within both pseudotachylytes and wall rock (lightest grey phase). Sample 
NUS-7. 
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Figure 44: A selection of micrographs (SEM) showing minerals and textures found in the Nusfjord pseudotachylytes. a) An elongate aggregate of 
amphibole (amph) within a fine-grained matrix dominated by plagioclase and amphibole (NUS-7). b) Dendritic and cauliflower-shaped garnets. 
The red arrows point to tiny magnetite grains concentrated in the center of garnet dendrite-trail. c) and d) showing matrix minerals and textures 
representative of the Nusfjord pseudotachylytes. c) NUS-6 and d) NUS-7. Mineral abbreviations like in Figure 41. 
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8 Discussion 

8.1 Pulverized fault zone rocks 

Analysis of pulverized rocks from the Clark Fault strand of the San Jacinto Fault Zone reveals that 

these rocks contain a damage signature characterized by severe fragmentation, owing to a dense and 

complex network of microfractures that penetrate all mineral phases of the rock (Figure 11,12). This 

fragmentation is similar to what has been reported from other microscopical studies of pulverized 

fault zone rocks (e.g. Dor et al., 2006; Rockwell et al., 2009, Mitchell et al., 2011; Rempe et al., 2013; 

Muto et al., 2015). Close inspection of the samples demonstrates that they are severely fragmented 

at and below the grain scale, leading to a dramatic reduction in grain sizes (Figure 12,13). Still, the 

rock retains the primary texture of the bedrock, and the original grain boundaries are recognizable 

(Figure 11). These observations demonstrate that the grains were shattered in situ, without 

significant shearing along the fractures and minimal overall strain (e.g. Mitchell et al, 2011). This 

conclusion is supported by the alignment of polysynthetic twins (Figure 11b) within pulverized 

plagioclase as observed under the optical microscope, further indicating that grains are fragmented 

in the absence of shear. Moreover, microfractures exploiting cleavage planes of feldspars (Figure 12) 

and micas were observed, albeit the fractures appear to be associated with dilatation rather than 

shearing as there is no observable offset of the fragments (Figure 12). Another point of importance is 

that individual fragments of the same parent grain commonly become extinct (Figure 11d) at the 

same time under the optical microscope with polarized light, indicating that little to no rotation of 

the fragments has occurred, as was also observed by e.g. Rockwell et al. (2009). The fact that 

pulverized rock retains the crystalline texture in situ at exposure-scale, while yielding a powdery 

texture when pressed by hand, can also be taken as evidence for fragmentation without significant 

shearing or accumulation of strain. The damage signature of the pulverized fault zone rocks (this 

study; Dor et al., 2006; Stillings, 2007; Rockwell et al., 2009, Mitchell et al., 2011; Muto et al., 2015) 

exhibit distinct characteristics separating them from other typical fault zone rocks (e.g. cataclasites 

and gouges), which commonly experience localized shear, grain rounding and particle size reduction 

(e.g. Blenkinsop, 1991). 

The microstructures of pulverized rocks are dominated by mode I microfractures (Figure 12, this 

study; Dor et al., 2006; Rockwell et al. 2009; Mitchell et al., 2011), indicating that a local tensile stress 

field is involved during rock pulverization. Rock failure experiments have shown that tensile failure 

can occur under both macroscopic tensile and compressive (quasi-static) loadings, at least locally (Xu 

and Ben-Zion, 2017). However, under slow loading, macroscopic failure is often restricted to a single 

or a few failure planes, while under fast loading numerous cracks can grow simultaneously and thus 

promote fragmentation and pulverization (Doan and Gary, 2009; Xu and Ben-Zion, 2017). The 
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unusual microstructural properties of pulverized rocks and the requirements for high strain rates 

have been taken as a clear signature of damage generated by dynamic earthquake ruptures (e.g. Xu 

and Ben-Zion, 2017; Aben et al., 2016, 2017). 

High-rate loading experiments have shown that the rock strength typically increases with applied 

loading rate, once it exceeds a certain threshold value (Zhang and Zhao, 2014; Xia and Yao, 2015). 

Above this strain rate threshold, localization along a few fractures is inhibited, since a few fractures 

with limited propagation speed cannot dissipate all the applied energy (Doan and d’Hour, 2012). This 

will result in smaller fragment sizes because a large number of flaws are activated under fast loading, 

accompanied by a higher degree of stress concentrations (Xu and Ben-Zion, 2017). In this case, even 

flaws that are initially strong or less optimally oriented can be activated to induce tensile cracks (Xu 

and Ben-Zion, 2017). Thus, dynamic fracturing and fragmentation effectively reduces the grain size 

and promotes rock pulverization, as strain localization along a few fractures is inhibited due to the 

high-strain rates associated with earthquake ruptures. In such a scenario, the damaged rock will be 

characterized by a dense network of microfractures, without any clear hierarchical organization or a 

preferred crack orientation (e.g. Aben et al., 2017). Here, the microstructural properties of the 

analyzed pulverized rocks are in agreement with such a scenario. My observations made in both 2-D 

(thin sections) and 3-D (X-ray μ-CT) reveal that pulverized rocks are severely fragmented down to the 

submicron-scale and characterized by a dense network of microfractures without any systematic 

organization in 3-D (Figure 12,16,17). Numerical simulations by Cho et al. (2003) suggest that 

dynamically activated tensile cracks under rapid uniaxial tension grow preferentially roughly 

perpendicular to the applied load, whereas simulations by Daphalapurkar et al. (2011) show that 

under isotropic tension cracks grow with no preferred direction. Interestingly, pulverized rocks are 

commonly characterized by near isotropic damage microstructures (e.g. Dor et al., 2006; Rockwell et 

al., 2009, Mitchell et al., 2011; Rempe et al., 2013). 

There is a consensus that the microstructures observed in pulverized fault zone rocks are the product 

of dynamic loading during earthquake rupture(s) (Dor et al., 2006; Rockwell et al., 2009, Wechsler et 

al., 2011; Mitchell et al., 2011; Rempe et al., 2013; Muto et al., 2015). However, microstructural 

studies alone cannot reveal the loading conditions required to promote rock pulverization. In 

Chapter 2.2.1 I presented the laboratory constraints on rock pulverization and the rupture models 

that have been proposed for the generation of belts of pulverized rocks. In summary, Doan and 

d’Hour (2012) and Aben et al. (2016) have shown that the strain rate threshold for rock pulverization 

is effectively reduced in pre-damaged or successively loaded samples. Expansion and growth of the 

pulverization zone through pre-existing flaws such as faults, fractures and increased surface area 

through grain size reduction agree with numerical simulations by Xu and Ben-Zion (2017). 
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8.2 Secondary faulting in Alkali Wash 

The outcrop in Alkali Wash exposes multiple secondary faults that are oriented at a high angle (60-

90°) to the main trend of the Clark Fault in the area (Figure 8a). The fact that these faults are 

associated with pulverized rocks could indicate that they have hosted seismic slip at some stage. 

Stillings (2007) reported that pulverization occurs along several secondary faults in Horse Canyon 

southeast of Anza, CA, but that the pulverization is restricted to a narrow zone compared to that of 

the larger fault segment. Stillings (2007) also noted that the pulverization extended at most a few 

tens of centimeters from the secondary fault cores, which is comparable to the extent of 

pulverization observed around some of the secondary fault cores at the Alkali Wash outcrop (Figure 

8c, 9).  

Secondary faults oriented close to orthogonal to the main structure could potentially play a role in 

pulverizing rock at great off-fault distances. Xu and Ben-Zion (2017) suggested that during successive 

ruptures, widening of the damage zone can occur by activation of pre-existing flaws that can grow 

and develop their own branches. These branches or secondary fault systems can induce locally high 

stresses and strain rates at off-fault distances well beyond the original boundary controlled by the 

main rupture (Xu and Ben-Zion, 2017). Renard et al. (2020) showed that a network of secondary 

faults can develop at high angles to a pre-existing fault, based on results from quasi-static sliding 

experiments. In their experiments, damage accumulated in the surrounding volume as the main fault 

slipped, which led to coalescence of tensile microfractures that ultimately induced dynamic slip on a 

network of secondary faults oriented at an angle to the preexisting fault. Their results are similar to 

what has been observed in several earthquake sequences that occurred along structures orthogonal 

to the main faults (e.g. Ross et al., 2017, 2019), indicating that strain partitioning occurs between the 

main fault and the surrounding rock volume (Renard et al., 2020). Furthermore, seismicity recorded 

near the San Jacinto Fault zone, California, shows the presence of small earthquakes along 

orthogonal faults (Ross et al., 2017). 

Wechsler et al. (2011) described several secondary faults and gouge zone up to several centimeters 

thick within pulverized rocks in drill cores adjacent to the San Andreas Fault near Littlerock. Similarly, 

pulverization of rocks away from secondary faults and gouge zones have been documented over 

length scales of 100 m or more (Wilson et al., 2005; Dor et al., 2006; Mitchell et al., 2011). Based on 

field and petrographic studies of pulverized rock from the Clark Fault southeast of Anza, Stillings 

(2007) concluded that the most highly damaged rocks are spatially related to numerous secondary 

fault splays. A rock damage survey by Wade (2018) in the area surrounding the Sagebrush Flat and 

along Alkali Wash found that on the southwestern side of the Clark Fault, rock damage is low 

compared to the northeastern side. Interestingly, the northeastern side is associated with more pre-
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existing flaws, including numerous secondary faults (Wade, 2018). This is in agreement with the 

suggestion that damage zones and extent of pulverization can grow by successive dynamic events by 

exploiting pre-existing flaws (e.g. Aben et al., 2016; Xu and Ben-Zion, 2017). Hence, networks of 

secondary faults could play a role in the generation of pulverized rock in the damage zone, 

potentially also at great off-fault distances perpendicular to the main strand. However, the outcrop 

in Alkali Wash is close to the main trace of the Clark Fault, which can probably be held accountable 

for the majority of the damage observed at the exposure, with the possibility that the secondary 

faults developed and localized in highly pulverized rocks generated by ruptures on the Clark Fault 

itself. The fact that some of the secondary faults appear to have one side that is more damaged than 

the other (pulverized versus highly fragmented, Figure 8c), is similar to what was observed in the 

damage zone at the Hakusui-kyo outcrop of the Arima-Takatsuki Tectonic Line in Japan by Mitchell et 

al. (2011). These authors found that secondary faults displaced highly pulverized rocks against 

relatively less pulverized rocks, which led them to conclude that the pulverization occurred prior to 

the secondary faulting (Mitchell et al., 2011). 

 

8.3 Particle size distribution of pulverized granites from the Alkali Wash outcrop  

Wechsler et al. (2011) measured that the mean particle size of pulverized rock samples from a 

borehole adjacent to the San Andreas Fault near Littlerock, falls between 50 and 470μm. These 

authors noted that this range of grain sizes was much coarser than originally proposed by Wilson et 

al. (2005), who suggested a very narrow distribution of fine particles. Rockwell et al. (2009) also 

reported a broad span in particle sizes, based on analyses of pulverized Tejon Lookout Granites 

(mean particle size between 26 and 208μm). These results are consistent with the observations made 

on thin section in the present study. The pulverized granites adjacent to the Clark Fault in Alkali 

Wash, appear to be characterized by fragments spanning a broad range of sizes between 

micrometers and hundreds of micrometers (Figure 13). Here, the mean particle size measured on 

two thin section of pulverized granite is 82μm (RB1) and 43μm (RB4), with an average of 66μm.  

The cross-sectional grain surface area distributions measured on the two thin sections show good fits 

to power-laws (Figure 14) over a wide range of particle surface areas (1μm2 to 0.4mm2). However, 

the power-law exponents (1.03 and 1.23) appear to be lower than those earlier reported from PSDs 

analysis of pulverized rocks. The exponent (D-values) of power-law fits to PSDs of pulverized rocks 

are commonly within the range 2.5 to 3.1 when using particle diameters (e.g. Wechsler et al. 2011; 

Muto et al., 2015).  
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In some areas of the analyzed thin sections, where the granites are severely pulverized, some 

material appears to be “missing” (Figure 45). This effect is observed as large voids and cracks 

surrounding isolated fragments. A possible explanation is that this 

occurred during sample preparation (i.e. cutting and polishing). On 

another note, Aben et al. (2020) observed fine particles that had 

been washed out in the pore fluid system after permeability tests 

performed on experimentally pulverized and dynamically 

fragmented samples. Furthermore, they observed in their X-ray 

μCT data larger aperture fractures filled with fine-grained material 

and inferred that the fragments had been transported from 

elsewhere in the sample (Aben et al., 2020). Thus, the removal of 

fine particles in highly pulverized zones during fluid circulation is 

another viable explanation for the missing material in the studied 

granites. 

The missing materials represent parts of the finer particle fraction of the pulverized granites and will 

thus influence the measured particle size distributions. A large number of small particles are usually 

associated with higher D-values (Keulen et al., 2007; Muto et al., 2015). Even so, the measured 

distribution on the two thin sections (RB1 and RB4) show very good fits to power-laws (Figure 14). 

Moreover, by transforming the power-law exponents obtained in this study into a grain radius 

distribution, the corresponding D-values are 2.0 and 2.2, values that are in fact comparable to those 

previously reported from pulverized rocks (e.g. Wechsler et al., 2011; Table 4). However, such D-

values are higher than those of cracked grains of Keulen et al. (2007) and more in line with their 

gouges. 

Keulen et al. (2007) reported that gouges always show a higher D-value than cracked grains (i.e. 

shattering to angular fragments with minimal displacement) based on analysis of rocks deformed in 

the laboratory under high-pressure conditions and analysis of fault rocks from the Nojima Fault Zone 

(see Table 4). On the other hand, Muto et al. (2015) found that the D-values of pulverized rocks are 

higher than those of fault gouges, based on particle size distributions measured on fault rocks from 

the San Andreas Fault and the Arima-Takatsuki Tectonic Line. Also, Wechsler et al. (2011) showed 

that PSDs of pulverized rocks could be fitted by power-laws, but also as the superposition of two or 

more Gaussians and they also suggested that other functional forms could fit their data. These 

authors hypothesized based on the variability in D-values (2.5–3.1) that the analyzed fault rocks are 

the product of more than one mechanism. Especially, they highlighted that shear deformation is 

likely to dominate near secondary faults (Wechsler et al., 2011).  

Figure 45: Highly pulverized zone, in which some 
material appears to be missing. Several similar areas 
are observed on the thin sections (RB1, RB2, RB3, 
RB4) of pulverized granites from the Alkali Wash 
outcrop. 
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Table 4: Summary of previously reported D-values and specific surface area of natural and experimental fault zone rocks 
from a selection of various studies. 

Authors 
(year) 

Study area Fault rock  D-values SSA (m2/m3) Method 
(D-
values/SSA) 

This study Clark Fault, San 
Jacinto Fault Zone 

Pulverized  
rock 

1.0 - 1.2 
(grain surface area, pdf) 
2.0 - 2.2 (grain radius, pdf) 

4.82 x 103 - 3.55 x 104 SEM/ X-ray μ-
CT 

Wechsler et 
al. (2011) 

Little Rock, San 
Andreas Fault 

Pulverized 
rock 

2.5 - 3.1 (grain radius, cdf) 
1.5 - 2.1 (grain radius, pdf) 

2.06 x 108  
(min, D-value) 

2.18 x 108 
 

(max, D-value) 

Laser particle 
analyzer/  
PSD 

Chester et al. 
(2005) 

Punchbowl fault Fault core 
gouge 

3 (grain volume, pdf) 
2 (grain radius, pdf) 

a1.51 x 109  

b6.80 x 108 
TEM/ 
PSD 

cKeulen et al. 
(2007) 

Experimental Cracked  
 
Gouge 

D> 1.5 - 1.6 
D< 1 
D> 2.04 - 2.26 
D< 1 
(grain radius, pdf) 

1.30 x 106  
 
6.00 x 106 

SEM/ 
PSD 

Keulen et al. 
(2007) 

Nojima Fault zone Cracked 
 
Gouge 

D> 1.64 
D< 1 
D> 2.02 
D< 1 
(grain radius, pdf) 

 SEM 

Muto et al. 
(2015) 

San Andreas Fault 
and Arima-
Takatsuki Tectonic 
line 

Variably 
damaged 
fault zone 
rocks 

d1.86 - 2.92 
(grain radius, cdf) 
0.86 - 1.92  
(grain radius, pdf) 

 Thins sections 

Barber and 
Griffith 
(2017) 

Experimental 
(Westerly Granite)  

Dynamically 
fragmented 

2.65 
(grain radius, pdf) 
 

2.02 x 105 

(0.076 m2g-1) 
Sieving/ 
BET 

Reches and 
Lockner  
(2010) 

High speed friction 
experiments 

Gouge  x4.32 x 107 

(16 m2g-1) 
/BET 

Olgaard and 
Brace  
(1983) 

Boksburg, South 
Africa (Mining-
induced shear 
fractures) 

Fresh 
gouge 

 x1.89 x 106 

(0.7 m2g-1) 
/BET 

Aben et al. 
(2016) 

Experimental 
(Quartz-
Monzonite) 

Dynamically 
fragmented 
and 
pulverized 

 x2.70 x 104 – 2.16 x 105 
(0.01- 
0.08 m2g-1) 

/BET 

a: estimated by Wechsler et al. (2011). b: estimated by Keulen et al. (2007). c: Keulen et al. (2007) found that the particle 

size distributions of experimental and natural fault rocks, showed two distinct D-values one for the small grain fraction (D<) 

and one for the larger grain fraction (D>) in the case of both cracked grains and gouges. d: D-values dependent on mineral 

type, the distance normal to the fault core, and type of brittle fault rock (pulverized rock or gouge) (Muto et al., 2015). x: 

estimated assuming typical density of granite (2700 kg/m3). Pdf = probability density function. Cdf = cumulative distribution 

function.   

Here, the analyzed samples were collected ⁓30cm from an exposed secondary fault core (Figure 9), 

hence parts of the smaller particle fraction in the analyzed granites could possibly represent wear 
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and attrition due to localized shearing (e.g. Keulen et al., 2007), whereas the larger particle fraction 

reflects the pulverization processes (e.g. Wechsler et al., 2011). 

Regardless of the functional form of the underlying size distribution, observations on thin sections 

and measured fragment sizes highlight that pulverized granites are characterized by fragments that 

span a broad range of sizes from submicrometers to millimeter. Moreover, fragments are mostly 

angular, even at the submicron scale (Figure 12,45). Also, the microstructures of the analyzed 

granites (e.g. minimal offset of fragments, mode I (opening) cracks, original grain boundaries 

recognizable etc.) reflects the common characteristics as described in studies of pulverized rocks (Dor 

et al., 2006; Rockwell et al., 2009, Wechsler et al., 2011; Mitchell et al., 2011; Rempe et al., 2013; 

Muto et al., 2015). Thus, the extreme fragmentation observed in the analyzed granites can likely be 

attributed to in situ shattering induced by repeating episodes of dynamic dilatation and contraction 

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

8.4 Fracture surface area of pulverized rock 

Brittle damage processes control how much strain is dissipated off-fault during earthquakes. New 

surface area generated during a seismic event can be used to estimate how much of the earthquake 

energy budget that is transformed into fracturing and rock fragmentation (e.g. Chester et al., 2005; 

Rockwell et al., 2009; Wilson et al., 2005; Barber and Griffith, 2017). Previous estimates of fracture 

surface area of pulverized rocks and other fault related rock have yielded varying results (Table 4). 

Obviously, these differences occur because different fault rocks or even fault rocks of the same kind 

hold different properties and have hosted different loading histories. However, large differences 

obtained from fault rocks of the same species can also for some part be attributed to the use of 

different laboratory techniques in the estimations.  

Here, the analyzed pulverized rocks show an increase in magnitude of the cracked surface area from 

103 to 104 m-1, for samples analyzed at two different scan resolutions (Table 2). To my knowledge, 3-

D analysis of field samples of pulverized rocks has not earlier been done. However, Qi et al. (2018) 

used a similar technique to analyze cracks in shales. They found crack surface areas in the range 2.5-

3.6 x 103m-1, values that are comparable to the results obtained in this study for the metamorphic 

rock samples collected by Wade (2018) in a canyon southeast of the Sagebrush Flat (Figure 7), that 

are fractured rather than pulverized. Thus, the results presented in this thesis appear to be valid for 

the technique used at the given resolution. The key observation is that for the samples analyzed at 

the same spatial resolution (yielding internally consistent fracture data) the cracked surface area 

increases from 102m-1 to 103m-1, from undamaged (some pores/voids) to fractured. Furthermore, the 

specific surface area more than doubles from fractured to pulverized. The estimated crack surface 
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area of the rocks is however generally very low, and the values are consistently lower than values 

reported from other studies of pulverized rocks (Table 4). 

Previous estimations of the specific surface area associated with fault zone rocks, including 

pulverized rocks, have yielded values up to the order of 108-109m-1 (e.g. Wechsler et al., 2011; Wilson 

et al., 2005; Chester et al., 2005). In these estimates, the calculation of the specific surface area 

involves the particle size distribution, which commonly contains grains at the submicron-scale or 

even particles down to the nanometer-scale (e.g. Chester et al., 2005). Many tiny grains with a high 

surface area density will yield a large amount of surface area per volume of rock (e.g. Keulen et al., 

2007). Because of the micrometer spatial resolution of the tomograms analyzed here, the data do 

not allow for the rendering of fragments at the submicron-scale or fractures with apertures below 

the resolution. It follows that the actual surface area of the rock samples is underestimated. The fact 

that these features (e.g. submicron fragments) are observed in the SEM supports this conclusion.  

Several questions emerge when it comes to estimate the amount of energy necessary to generate 

new surface area during an earthquake based on fault rock analysis. How much of the fractured 

surface area in natural fault rocks can be attributed to dynamic fragmentation versus interseismic 

quasi-static damage? Also, as fault rocks typically have been through multiple dynamic events, 

possibly with varying loading conditions, it is difficult (if not impossible) to correctly decipher how 

much damage is generated in each single event. Furthermore, over a range of timescales a variety of 

recovery and sealing processes occur in nature (e.g. Aben et al., 2017; Renard et al., 2000). Thus, 

fault rocks encountered in nature represent a final wear product that cannot be attributed to one 

single process (Barber and Griffith, 2017).      

Based on studies of fault rocks, some authors have suggested that the amount of energy dissipated 

into creating fracture surfaces could represent up to 50% of the total earthquake energy budget (e.g. 

Wilson et al., 2005; Reches and Dewers, 2005), although the general consensus is that the amount is 

substantially lower (⁓1%) (e.g. Rockwell et al., 2009; Chester et al., 2005; Wechsler et al., 2011). The 

lower values are more compatible with estimates from several other methods, including rock 

mechanics experiments, seismological data, and computer simulations (Rockwell et al., 2009 and 

references therein). Fracture analysis of rocks dynamically loaded in the laboratory could help 

constrain the above-mentioned implications regarding the energy dissipated to dynamic fracturing 

and fragmentation, as contribution from other processes acting throughout the seismic cycle in 

nature can be excluded. However, replicating realistic load histories (e.g. duration of load, rapid 

cycles of loading, etc.) relevant to a passing earthquake rupture in the laboratory have not yet been 

achieved (Barber and Griffith, 2017). Even so, based on laboratory experiments, Barber and Griffith 
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(2017) and Yao et al. (2020) suggest that rock pulverization could represent a significant sink in the 

earthquake energy budget.  

8.5 Fracture porosity of pulverized rock 

It has been shown throughout this study that pulverized rocks are characterized by a profuse and 

dense network of microfractures and fragmentation on the microscale (Figure 12,16,17). 

Observations made on thin sections and results from X-ray μCT reveal that the fractures are 

characterized by dilatation and that the fracture connectivity is high. From these observations it 

follows that the rock porosity and permeability increase. The data obtained from analyzing X-ray 

tomograms indicate that the fracture porosity of pulverized rock is quite significant. As an example, 

sample SGB-SJF-C04 that appears relatively undamaged, has a porosity of 0.22%, while the pulverized 

sample SGB-SJF-C03 has a crack porosity of 5.1% (both metamorphic rocks of the Burnt Valley 

Complex). The pulverized granites from Alkali Wash show consistent crack porosity values clustered 

around 3.5%, with one extreme of 9.2% (sample SA02_B). In using a similar method to obtain rock 

porosity of a dynamically loaded (SHPB) specimen, Aben et al. (2016) found that the porosity value, 

post loading, was less than the initial rock porosity. They noted that this was related to the fact that a 

large number of fractures had apertures below the spatial sampling (24μm) of their postmortem 3-D 

data (Aben et al., 2016). Although the spatial resolution of the 3-D volumes analyzed here is higher, 

traces of fractures with apertures below the resolution were qualitatively observed in the 

tomograms. However, fractures with large apertures should contribute more to the overall porosity 

of the rock. Even so, the obtained porosity values likely represent lower bounds. The above-

mentioned study by Aben et al. (2016) found that the porosity increased considerably to at least 

5.5% with higher dissipated energy, by utilizing a more direct method to obtain porosity values post 

loading. Moreover, a recent study by Aben et al. (2020) showed that the porosity of quartz-

monzonites pulverized under dynamic compression in the laboratory increased by up to 15%.  

The higher porosities obtained from experimentally generated pulverized rocks (Aben et al., 2020) 

compared to those of the natural pulverized rock (this study), could to some extent be attributed to 

the resolution of the tomograms analyzed here. Another likely contribution is that rocks loaded in 

the laboratory do not account for subsequent sealing and/or healing of fractures that occur in nature 

throughout the seismic cycle (Aben et al., 2017; Renard et al., 2000). Healed and sealed fractures are 

indeed observed on thin sections of the granitic samples from Alkali Wash (Figure 12). Thus, the 

result of Aben et al. (2020) might better reflect the hydraulic properties of pulverized rock in the 

immediate wake of dynamic loading. Even so, the increase in rock porosity associated with rock 

pulverization appear to be considerable (Table 2, this study; Aben et al., 2016, 2020). On another 

note, it has been found that the permeability of intensely pulverized rock appears to be dramatically 
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lower than for less fragmented damage zone rocks (Morton et al., 2012). Laboratory experiments by 

Aben et al. (2020) also showed that once the rock was effectively pulverized, the permeability 

remained stable with increasing amount of damage, suggesting that the rock had effectively evolved 

into a granular aggregate (Perol and Bhat, 2016; Aben et al., 2020). The hydraulic properties of 

pulverized rock could play a key role in changing the fault strength and slip behavior, as damage zone 

rocks are pivotal in fluid-fault rock interaction. Furthermore, Aben et al. (2020) postulated that 

hydraulic properties measured for pulverized rocks could decrease the efficiency of thermal 

pressurization, when present along the principal slip zone. 

As pulverized fault zone rock are found along large strike slip faults capable of generating large 

earthquakes, its essential that more work is put into obtaining better constrains on the properties of 

these extreme damage products. Also, how the presence of pulverized rock in the damage zone 

might affect the behavior of the principle slip zone, should be subject for future research. 

8.6 Field observations and fault-vein geometries of pseudotachylytes on Moskenesøya 

The pseudotachylytes exposed on Moskenesøya are dark-colored and consist of lithic clasts 

entrained in a very fine-grained aphanitic matrix (Figure 20,29,31). At exposure-scale, 

pseudotachylytes appear with a sharp, intrusive like contact to the wall rock without any observable 

damage of the adjacent host nor alteration halos. The sharp and intrusive contact to the wall rock is 

even more profound at the micro-scale where individual mineral grains are sometimes cut in half 

(Figure 28). At exposure-scale, injections veins of pseudotachylyte have been proposed as solid 

evidence, based on their intrusive habit, for a fault rock to be classified as a pseudotachylyte (e.g. 

Sibson, 1975; Maddock, 1983). However, bodies of melts encompassing fragments of wall rock, i.e. 

pseudotachylyte breccias, might be the most distinctive exposure-scale feature of melt-generated 

pseudotachylyte (Rowe et al., 2018). Injection veins and breccias pockets of pseudotachylyte were 

frequently observed on Moskenesøya (Figure 20). The sharp offsets exhibited by pseudotachylytes 

displacing each other (Figure 21), testifies to what was postulated by Sibson (1975), that 

pseudotachylyte-generating faults are of a very brittle nature, showing virtually no viscous shear 

usually encountered in the shear zones of the lower crust. 

The dominant pseudotachylyte geometry encountered at Moskenesøya is the common fault vein-

injection vein geometry recognized by Sibson (1975). Commonly, the fault-veins are straight and 

tabular, with thickness ≤1cm. Most likely, each fault-vein documents a single earthquake (Sibson, 

1975; Grocott, 1981). Rowe et al. (2018) noted that reactivation often can be recognized by variable 

colors and clusters displayed by different generations of pseudotachylyte decorating the same fault. 

The pseudotachylytes present at Moskenesøya appear homogenous, without any evidence of 
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reactivation (i.e. several generations of melt along the same fault). It should be noted that later 

recrystallisation could have led to evidence of multiple generations of melt localized on the same 

fault being wiped from the rock record. However, Rowe et al. (2018) suggested that if two 

generations of pseudotachylyte decorate the same fault, the oldest one might be slightly more 

recrystallized and thus coarser-grained. Furthermore, the interpretation that pseudotachylytes often 

represent a single event is in agreement with previous studies (e.g. Sibson, 1975; Grocott, 1981; Di 

Toro and Pennacchoni, 2005; Mitchell et al., 2016) showing that most small offset pseudotachylyte 

bearing fault-veins appear to represent a single earthquake (melting) event. It has been proposed 

that lower crustal earthquakes are not expected to occur repeatedly on the same fault surface 

because rock melting and subsequent solidification is a strengthening process (Mitchell et al., 2016; 

Jamtveit et al., 2018). Quenching of the friction-induced melts welds the fault and favors migration of 

successive slip events. This is supported by experiments on both artificial (Di Toro et al., 2009 citing 

unpublished data from Hirose and Di Toro) and natural (Michell et al., 2016) pseudotachylytes, that 

fail along the intact rock rather than along the pseudotachylyte. 

Another fault-vein geometry encountered quite frequently are paired shear planes (Figure 20d), 

which appear to represent two individual slip surfaces that ruptured during the same event. The 

spatial relation and parallelism displayed, and the fact that they share the same reservoir system, i.e. 

connecting injection veins, supports this interpretation. It should be noted that the analyzed sample 

HAM-1, might indeed reflect this type of vein-geometry (Figure 30, thin section scan). Such parallel, 

paired slip surfaces of pseudotachylyte have been reported from other localities and are sometimes 

referred to as ladder-veins (Grocott, 1985; Sibson, 1975; Rowe et al., 2018 and references therein). 

Rowe et al. (2018) noted that such geometries are not well explained by earthquake mechanics, as 

most models do not allow for synchronous slip, on side-by-side parallel faults, except in short overlap 

zones (e.g. Harris and Day, 1993). As field observations and fault mapping in this study were 

restricted to road sections which limit observations along strike, it cannot be excluded that these 

geometries could reflect overlap zones. 

A few rare, complex and dense networks or swarms of pseudotachylyte are exposed on 

Moskenesøya (Figure 20c). These networks contain several (up to 15) individual fault-veins of 

pseudotachylyte in close spatial connection. However, it is ambiguous if they all ruptured in a single 

event or reflect multiple events. A close inspection of these swarms (⁓2m along strike) revealed that 

individual veins frequently branch/merge, albeit without any internal offset or cross-cutting 

recognized. This observation could indicate that the whole network ruptured simultaneously if so, it 

potentially reflects a large magnitude earthquake. Rowe et al. (2018) termed similar networks of 

pseudotachylytes connecting faults rather than splay faults as these authors could not confidently 
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determine whether rupture originated on a main fault and splayed or initiated on several faults and 

then coalesced. Based on field mapping of pseudotachylyte bearing faults in The Ray Corner Mylonite 

Zone, Maine, Rowe et al. (2018) concluded that multiple parallel and oblique, slip planes were active 

during a single earthquake. While the simplest model for earthquake utilizes a single planar surface, 

seismological observations indicate that earthquakes sources are sometimes geometrically complex 

(e.g. Klinger et al., 2018; Hamling et al., 2017). Field mapping of pseudotachylyte bearing faults (this 

study; Rowe et al., 2018) seems to testify to the fact that earthquake sources indeed can be 

geometrically complex. 

It should also be mentioned that I cannot exclude the possibility that several of the single fault-vein 

geometries could have ruptured simultaneously in the same event. Commonly outcrops that expose 

pseudotachylytes are decorated with a vast number (tens to thousands) of pseudotachylyte faults 

(e.g. Camacho, 1995; Hawemann et al., 2018, 2019; Rowe et al., 2018; Menegon et al., 2017; 

Campbell et al., 2020). Some studies have argued that all veins formed in one single, complex rupture 

(e.g. Allen, 2005; Grocott, 1985), whereas other have suggested that a new cluster of veins is 

generated by each earthquake (e.g. Swanson, 2006; Wenk et al., 2000). An earthquake activating 

hundreds of fault-veins simultaneously seems highly unlikely as it would require unrealistic amounts 

of energy. On the other hand, seismological data show that earthquakes do occur in swarms and can 

be multi-stranded (McGuire, 2019; Klinger et al., 2018; Hamling et al., 2017). Based on 

pseudotachylyte-pseudotachylyte offsets (Figure 21), I can confidently conclude that several veining-

events occurred in the lower crustal section exhumed on Moskenesøya. Moreover, the abundance of 

pseudotachylytes and several sets of orientations measured (Figure 22,24,25), likely reflect 

numerous events. 

The pseudotachylyte faults exposed in several road-cuts along the eastern side of Moskenesøya 

occur in four dominant sets of orientations (N-S; NE-SW; E-W; NW-SE, Figure 25) as measured in the 

field. These sets of orientations are remarkably similar to orientations measured in shear zones and 

pseudotachylytes located a few kilometers further north, on Flakstadøy, near the Nusfjord 

settlement (N-S to NE-SW; E-W; NW-SE, Menegon et al., 2017; Cambell et al., 2020). Also, these 

orientations coincide with regional tectonic lineaments. On Flakstadøy these lineaments are 

represented by large up to 1km thick shear zones (Menegon et al., 2017). Similar shear zones were 

not encountered in the study area and to my knowledge have not earlier been described in the 

literature on Moskenesøya. Even so, the corresponding sets of orientations may indicate that there 

exists a regional trend in orientations of pseudotachylyte-bearing faults, at least in the southern parts 

of the Lofoten Archipelago. 
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8.7 Petrographic and microstructural observations 

Petrographic observations of the pseudotachylytes from Moskenesøya suggest that the 

pseudotachylytes were generated without the introduction of external phases, such as fluids. That is, 

the pseudotachylyte matrix mineralogy reflects that of a dry host rock, without overprint by 

metamorphic reactions. Lithic clasts are embedded in the fine-grained matrix together with newly 

grown grains of garnet (Figures 29,31). The observed clast shapes vary from are angular to rounded 

(Figures 29b,31a). Lin (1999) suggested that rounded clasts commonly involve a higher degree of 

frictional melting (thermal rounding), whereas less rounded clasts can be attributed to fragmentation 

processes. 

The (newly grown) dendritic garnets (Figure 29b,31) found within the pseudotachylytes are similar in 

appearance and size to those reported from pseudotachylytes on Flakstadøy (e.g. Steltenpohl et al., 

2006) and pseudotachylytes from the Bergen Arcs (e.g. Austrheim and Boundy, 1994; Clerc et al., 

2018). These types of garnets were interpreted to reflect rapid cooling crystallization, likely in terms 

of tens of seconds, by Clerc et al. (2018). Here, the size of the dendritic garnets is larger (up to 

100μm) than the fine-grained pseudotachylyte matrix (≤15μm), with sizes comparable to wall rock 

survivor clasts. However, the survivor clasts are often slightly sheared whereas the garnets grown in 

the pseudotachylyte are not sheared. This observation was noted by Jamtveit et al. (2019) and was 

interpreted as a temporal development in which crystallization of melt-derived garnets was preceded 

by fragmentation and shearing during the rupture event. 

It should also be mentioned that microlite- and spherulite textures are locally preserved within 

pseudotachylytes on Moskenesøya (Valen, 2020; Jamtveit et al., 2019). However, the samples 

studied here do not preserve these types of textures indicative of rapid cooling (Di Tore et al., 2009). 

I infer that their presence may have been obliterated by recrystallization (annealing) processes, 

which are not uncommon in pseudotachylytes (Kirkpatrick and Rowe, 2013 and references therein; 

Menegon et al., 2017). The extremely fine grain size and correspondingly extreme surface area 

resulting from rapid quenching of a melt are highly susceptible to recrystallization (e.g. Kirkpatrick 

and Rowe, 2013). The microcrystalline matrix present in the studied pseudotachylytes appears 

relatively homogenous (Figure 28,31d) and do not show evidence of chilled margins, which could 

indicate equilibration of grain size across the veins. Still, I conclude that the presented field and 

petrographic observations provide enough evidence to suggest that the pseudotachylytes on eastern 

Moskenesøya are the results of partial melting and subsequent quenching of their hosts during 

dynamic slip. 



89 
 

By comparing the dry pseudotachylytes of Moskenesøya to the hydrated pseudotachylytes of 

Nusfjord, it becomes evident that brittle fracturing and seismicity may play a significant role in the 

weakening of metastable granulite-facies rocks of the lower crust. This is evident in the Nusfjord 

samples, which exhibit a variety of phase transformation reactions in the wall rock (Figure 41), 

together with the growth of hydrous phases (e.g. amphibole and micas) within the pseudotachylytes 

(Figure 44). Pseudotachylytes exposed in the Nusfjord area, a few kilometers north of the sampling 

location of those presented in this thesis (Figure 18, see stars), have been subject of detailed work 

(e.g. Menegon et al., 2017; Campbell et al., 2020). Menegon et al. (2017) constrained P-T conditions 

of deformation at 650-750°C and 0.7-0.9 GPa for both the formation and mylonitization of the 

pseudotachylytes, which testament to a coeval interplay between brittle fracturing and viscous 

creep. Furthermore, they found that the formation of pseudotachylytes was associated with fluid 

infiltration. However, the amount of H2O infiltration that resulted in rheological weakening was 

minimal (0.20-0.40 wt. %, Menegon et al. 2017). Conversely, the pseudotachylytes on eastern 

Moskenesøya appear to preserve the dry, granulite-facies mineralogy. The lack of reworking of the 

pseudotachylytes and the adjacent wall rocks favors dry conditions as deformation occurred. Hence, 

the pseudotachylytes on Moskenesøya represent a rare case, where brittle fracturing and seismic 

failure did not lead to subsequent rheological weakening and a transition to viscous creep, which is 

often the case (e.g. Austrheim et al., 2013; Jamtveit et al., 2016; Putnis et al., 2017; Menegon et al., 

2017). In that respect, the dry and relatively pristine pseudotachylytes exposed on Moskenesøya 

present a unique opportunity to study damage associated with lower crustal seismicity, without the 

contribution of subsequent wall rock alteration nor ductile shear zone localization along the brittle 

structures. 

8.8 Wall rock damage and temporal evolution of deformation 

The dramatic decrease of plagioclase grain sizes adjacent to (and between) pseudotachylyte-bearing 

fault-veins (Figure 32,33d) can likely be attributed to dynamic fragmentation induced by the elastic 

shock waves produced during melt generating earthquake events. These highly fragmented zones of 

wall rock are observed exclusively on the immediate shoulders of pseudotachylyte veins. Although 

some annealing may have occurred in the fragmented plagioclase zones, numerous micro-pores and 

unhealed fragment boundaries are still present. The micro-pores commonly occur at grain triple 

junctions and tracking unhealed fragment boundaries (Figure 33d) reveal that zones of highly 

fragmented plagioclase appear to contain a connected pore-system. The fact that pores are present, 

likely suggests that dilation was involved in the fragmentation process. Altenberger et al. (2011) 

reported fragmented plagioclase dominated zones at the rim of pseudotachylyte from lower crustal 

granulites in the Serre Massif (Calabria, Italy). They suggested that these microstructures reflect an 
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abrupt increase in strain-rate that resulted in brittle fragmentation, grain-size reduction, increase in 

grain surface area and the onset of frictional melting (Altenberger et al., 2011). A similar scenario 

seems fitting for the plagioclase microstructures observed here. However, it should be noted that I 

cannot exclude that thermal-shocking could have partly contributed to the extreme fragmentation of 

the plagioclase at the immediate rim of the pseudotachylyte veins, as was proposed by Papa et al. 

(2018).  

The micro-fractures filled with small (<5μm) grains observed within feldspars (Figure 36), resemble 

micro-fractures described by Petley-Ragan et al. (2018) within plagioclase grains in the damage zone 

of a lower crustal fault from the Bergen Arcs. Detailed analysis of the microfractures (Petley-Ragan et 

al., 2018) led these authors to conclude that these brittle microfractures likely propagated at seismic 

velocities and annealed relatively quickly after coseismic fragmentation. Interestingly, the fractures 

do not display significant shear (Figure 36a, this study; Petley-Ragan et al., 2018). The damage 

signature of wall rock orthopyroxenes in our data (Figure 32c,34,39) shows fragmentation without 

significant shear strain. This type of damage is a typical signature of rock pulverization as described in 

damage zones in shallow fault zones (Dor et al., 2006; Rockwell et al., 2009; Wechsler et al., 2011; 

Mitchell et al., 2011; Muto et al., 2015; this study). Evidence of wall rock pulverization adjacent to 

lower crustal pseudotachylytes has recently been reported in several studies (Austrheim et al., 2017; 

Petley-Ragan et al., 2018, 2019). Austrheim et al. (2017) found fragmented wall rock garnets without 

substantial shear strain, within a width of a few millimeters around a pseudotachylyte in the Bergen 

Arcs. Similarly, Petley-Ragan et al. (2019) reported fragmentation with limited shear strain of both 

garnet and orthopyroxene in the damage zone of a pseudotachylyte-bearing fault (Bergen Arcs). 

Furthermore, the fragment size surface area distributions of Petley-Ragan et al. (2019) showed a 

power-law exponent of around −2 (corresponding to an exponent of −3 for the grain radius 

distribution). Here, fragmented wall rock pyroxenes show a similar surface area distribution, with a 

slope of −2.1 (Figure 35) for the larger fragments. These types of distributions have previously been 

reported for pulverized fault zone rock in the shallow crust (Rockwell et al., 2009; Wechsler et al., 

2011; Muto et al., 2015). Power-laws with such large slopes are expected to be produced under high 

strain rates (Aupart et al., 2018), such as those induced by a propagating earthquake rupture.  

The crossover to a power-law exponent of −1.2 for the smaller fragment sizes (Figure 35), is similar 

to results reported from damage-products associated with lower crustal earthquakes. That is, the 

surface area distribution tends to display a crossover for smaller fragments (e.g. Petley-Ragan et al., 

2019; Aupart et al., 2018). Aupart et al. (2018) suggested that the change in power-law exponent 

could reflect grain growth and recovery processes (annealing), following in the wake of the 

fragmentation event. A similar break, in self-similar scaling, was reported by Keulen et al. (2007) for 
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particle size distributions measured on both dynamically fragmented grains and gouges (see Table 4). 

These authors attributed the change in power-law exponent to the grinding limit of minerals in the 

rock and inferred a different comminution process either side of the break. More precisely, they 

suggested that the larger fragments resulted from grain cracking produced by rupturing (i.e. dynamic 

fragmentation), whereas the smaller particles reflected comminution by wear and attrition (Keulen 

et al., 2007).  

Here, drawing a conclusion on what the crossover in power-law scaling reflects based on a size 

distribution measured on one sample would be over-interpretation. However, I observe that the 

orthopyroxene grains are shattered in situ (Figure 32c,34,39) and they appear pulverized. 

Accordingly, I suggest that the fragmentation observed reflects that of in situ shattering induced by 

the passing of an earthquake rupture. I do not exclude the possibility that parts of the smaller 

particle fractions of the pulverized orthopyroxene grains could have experienced annealing (Aupart 

et al., 2018) or comminution by wear and attrition (Keulen et al., 2007). 

I have also observed that a significant volume (10-20%) of the fine-grained matrix of the 

pseudotachylytes appears to contain finely comminuted particles (<10μm) of the host rock rather 

than quenched melt (Figure 14b,c). Pyroxenes, oxides and to some extent the plagioclase matrix 

show similar size and shape (angular) as the fragments observed in the damaged wall rock. Spray 

(1995) showed that fracturing and comminution are essential precursors to melting by friction, based 

on results from high-speed slip experiments. The fact that an abundance of lithic clasts and mineral 

fragments of the host rock are observed within a pseudotachylyte can be taken as evidence that 

fracturing and comminution occurred prior to melting. Moreover, the fact that injection veins of 

pseudotachylyte are observed penetrating highly fragmented zones of the wall rock (Figure 32a) 

supports this conclusion. Therefore, I propose that dynamic fragmentation induced by a propagating 

rupture tip was immediately followed by accumulation of dynamic slip and the onset of frictional 

melting along the slip surface (Figure 46). The fact that the most extensive damage of the wall rock 

(HAM-1) is found together with a reservoir-system of melt in a ⁓1.5cm central zone bounded by two 

generation-surfaces could indicate that this central zone was located in the tensile quadrant during 

the melt-generating rupture event. This observation agrees with what was advocated by Di Toro et 

al. (2005), that is, frictional melts are injected commonly into wall rock that experienced tensile 

stresses and extensive damage during the earthquake rupture. It should further be noted that the 

bounding fault-veins (generation surfaces) are significantly thinner than the veins of the reservoir-

system in the central zone (Figure 27, thin section scan). A possible interpretation is that melt 

generated on the fault-surfaces was persistently injected into the growing void in the highly damaged 
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central zone, whereas the generation surfaces themselves remained almost barren (Sibson, 1975), 

thereby retaining the frictional resistance necessary for further generation of pseudotachylyte. 

On a final note, the damage observed in the wall rock, which includes extreme fragmentation, grain 

size reduction and a system of micropores in fragmented plagioclase-domains, are features that have 

the potential to significantly weaken the granulite host, especially if fluids are introduced (e.g. 

Austrheim, 2013). The fact that lower crustal pseudotachylytes are almost exclusively reported to be 

associated with metamorphic transformation processes and localization of ductile shear zones (e.g. 

Austrheim and Boundy, 1994; Steltenpohl et al., 2006; Menegon et al., 2017; this study, Nusfjord 

samples) testament to this process. However, field and microscopical observations on 

pseudotachylyte faults and associated wall rocks from Moskenesøya document that the lower crust 

can remain strong even if subjected to brittle fracturing and seismicity in the absence of fluids. 

Steltenphol et al. (2004) suggested that the general lack of reworking of the exhumed lower crustal 

section in the Lofoten area might be attributed to the lack of fluid availability to drive metamorphic 

reactions. 

 

 

Figure 46: Synthetic sketch showing a possible sequence of events that led to the generations of the analyzed pseudotachylytes in the Lofoten area. The 

different evolution of dry pseudotachylytes (east Mosekenesøya) and hydrated pseudotachylytes (Nusfjord) are shown. (i) Earthquake propagation in which 

the processes zone around the propagating rupture tip (ii) induces dynamic fragmentation of wall rock minerals. (iii) Behind the propagating tip, accumulation 

of slip at seismic velocities promotes cataclasis and grain size reduction along the slip surface. As the slip progresses, frictional heat (iv) builds up, with the 

onset of melting. At this stage, a significant volume of the grinded and comminuted material within the fault core is melted (v) and subsequent quenching of 

the melt forms pseudotachylyte. For the pseudotachylytes on east Moskenesøya, where the conditions remained dry, no additional deformation occurred. For 

the Nusfjord case, aqueous fluids were at some stage introduced to the system. The fluid infiltration led to growth of hydrous minerals, metamorphic 

transformation processes and ductile shear localization on the pseudotachylyte precursor. These processes operated at a longer post-seismic timescale. Red 

box top right corner illustrates a scenario in which the pseudotachylyte has been mylonitzed, recorded by sheared clast, ductile foliation and dragged injection 

veins. The illustrated asymmetry in damage and one-sided injection veins is based on observations made on sample HAM-1 (see figure 32a), where dynamic 

fragmentation and fracturing is present in only one wall rock. The asymmetry observed in HAM-1 is likely the result of opposing stress fields (i.e. tensile and 

compressive domains). 
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8.9 Generation of pseudotachylyte in the lower crust 

Pseudotachylyte generation at lower crustal depths has been interpreted to result from different 

processes. Pseudotachylyte formation from plastic instabilities (Hobbs et al., 1986; White, 1996, 

2012), and self-localizing thermal runaway (John et al., 2009; Andresen et al., 2014) requires a ductile 

precursor, in which seismic slip localization and melting result from the feedback between shear 

heating and thermal softening within a ductile shear zone. If this were the case for the 

pseudotachylytes exposed on Moskenesøya, some evidence of the precursor shear zone should have 

been present within the pseudotachylyte, such as clasts of mylonite, as pointed out by Menegon et 

al. (2017). The clasts entrained in the studied pseudotachylytes are exclusively mineral and lithic 

remnants of the wall rock. Other observations in the Musgrave range in Australia and the Bergen 

Arcs in Norway have also highlighted that many pseudotachylytes occur in otherwise unsheared host 

rocks (e.g. Hawemann et al., 2018) and act as a precursor for subsequent ductile shearing 

(Austrheim, 2013), rather than the other way around. In situ amorphization (Pec et al., 2012) is 

difficult to reconcile with dendritic garnet growth, the occurrence of microlites and the presence of a 

large volume of pseudotachylytes as observed on Moskenesøya. Thus, pseudotachylyte formation by 

brittle failure and frictional seismic slip (e.g. Sibson, 1975) is the favored mechanism to explain the 

formation of the pseudotachylytes exhumed on the eastern side of Moskenesøya. 

It has been shown that locally high fluid pressures can lead to embrittlement and promote fracturing 

under elevated temperatures at lower crustal depths (e.g. Lund and Austrheim, 2003; Steltenpohl et 

al., 2006), either due to dehydration reactions or fluid infiltration. This is indeed a viable local 

weakening mechanism promoting seismicity in the lower crust. Pseudotachylytes and brittle 

fracturing in the lower crust have been closely linked to fluid activity in many cases (Altenberger et 

al., 2011; Austrheim et al., 1996; Lund and Austrheim, 2003; Maddock et al., 1987; Steltenpohl et al., 

2006; White, 2012). However, the host rock lithologies on Moskenesøya are dry granulite-facies 

rocks and I find no evidence of hydration of the pseudotachylytes with respect to their host rocks nor 

do I observe alteration haloes, or the growth of new hydrous minerals. 

In the absence of elevated pore fluid pressure, high differential stresses are necessary to fracture dry 

lower crustal rocks (e.g. Sibson and Toy, 2006). The stresses required to initiate seismic slip in the dry 

lower crust can only be sustained over short timescales (Jamtveit et al., 2018). In fact, differential 

stress levels exceeding 2 GPa are required to promote frictional failure of dry rocks at typical 

confining pressures of the lower crust (≥1 GPa) (Jamteveit et al., 2018 and references therein). In the 

absence of local weakening mechanisms, seismic deformation in the lower crust may be driven by 

transient “stress pulses” (Jamtveit et al., 2018). Pseudotachylytes generated in mid- to lower crustal 
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rocks have by many authors been attributed to the downward migration of the brittle-ductile 

transition through the transfer of stress from the upper crust following a seismic event (Ellis and 

Stöckhert, 2004; Jamtveit et al., 2018; Cheng and Ben-Zion, 2019). Jamtveit et al. (2018) point out 

that: “earthquakes in the brittle upper crust provide a natural mechanism for sustained generation of 

stress pulses and associated seismic failure in the lower crust”. Also, seismological observation 

testifies that there are indeed aftershocks located in the deeper crust following earthquakes in the 

classic seismogenic zone (e.g. Copley et al., 2011). Jamtveit et al. (2018) estimated that the annual 

production of rupture zone volume in the lower crust is 1.2 x 10-7km3yr-1 per square kilometer of the 

Earth’s surface, which they conclude to be a significant volume, and which has important 

geodynamical consequences for the hydration of the lower crust. 

On the other hand, Hawemann et al. (2018, 2019) noted that the concept of downward migrating 

stress pulses would imply a large and perhaps unrealistic amount of strong seismicity in the upper 

crust, based on the abundance of pseudotachylytes in the lower crustal Fregon Domain, central 

Australia. Hence, Hawemann et al. (2018, 2019) favor a local trigger in the dry lower continental 

crust. Recent research (Campbell et al., 2020; Hawemann et al., 2019) has suggested that networks 

of ductile shear zones could function as a local weakening mechanism that could amplify the stress in 

the lower crust, permitting dynamic rupture at depth. The mechanism proposed by Campbell et al. 

(2020) requires a network of highly localized shear zones, encompassing mechanically strong blocks 

in which seismicity and pseudotachylyte formation occur. Seismic failure within these strong blocks is 

triggered as a mechanical response to strain incompatibility across highly localized viscous shear 

zones at points of local stress amplification (Campbell et al., 2020). This model was based on detailed 

field mapping of shear zones and pseudotachylyte in Nusfjord (Lofoten, Norway), that document a 

coeval interplay between viscous creep and seismic rupture in an exhumed lower crustal section 

(Menegon et al., 2017; Campbell et al., 2020). Hawemann et al. (2019) hypothesized a somewhat 

similar mechanism for in situ generation of transient high stresses in the lower crust, based on 

studies of pseudotachylytes and shear zones in the Fregon Domain of the Musgrave Range, Australia. 

This model suggests that strong blocks within an irregular shear zone network could rupture by stress 

localization due to jostling. However, to my knowledge, there are no shear zones spatially connected 

to the abundance of pseudotachylytes on Moskenesøya.  

Accordingly, in the absence of a ductile precursor and lack of evidence for a local triggering 

mechanism, the downwards migration of transient stress pulses (aftershocks) from earthquakes 

ruptures in the shallow crust, emerges as the most likely mechanism for the generation of the 

pseudotachylytes exposed on Moskenesøya. However, this does not exclude that a local trigger could 

have existed at depth. 
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9 Conclusions 
In the present thesis, rock damage that arose during earthquake ruptures in the continental 

lithosphere has been observed, studied and analyzed. Observations include pseudotachylytes and 

associated damage generated during paleo-earthquakes in a now exhumed section of the lower crust 

exposed in Lofoten as well as rock pulverization in the damage zone of the seismically active San 

Jacinto Fault Zone in California. Separating dynamic damage from quasi-static damage in fault zones 

can be challenging. However, the occurrence of pulverized rock and pseudotachylytes represent 

imprints of dynamic earthquake ruptures, as their generation requires seismic slip velocities and 

strain rates (e.g. Rowe and Griffith, 2015).  

The main results are the following: 

• Pulverized granitic rocks collected in an outcrop in Alkali Wash adjacent to the Clark Fault 

strand, California, display the following microstructural characteristics: a dense network of 

microcracks that are present in all mineral phases; mode I opening cracks that open in all 

directions; extreme grain size reduction; fragments sizes that span a broad range on the 

micron-scale, with the fragments being mostly angular; minimal offset and rotation of 

fragments and lack of shear strain, so that the rock retains the original fabric and texture. 

The rock is highly friable, lacks cohesion, and yields rock-flour when pressed by hand. These 

features are consistent with earlier studies of pulverized rocks and are interpreted to be the 

result of in situ shattering induced by passing earthquake ruptures. 

 

• The particle size distribution measured on pulverized granites can be fitted by power-laws 

over a wide range of fragment sizes, with D-values of 1.0 and 1.2 for the surface area 

distribution (corresponding to D-values of 2.0 and 2.2 when transformed to the grain radius 

distribution). Such D-values are higher than those of cracked grains measured by Keulen et 

al. (2007) and more in line with fault gouges. Thus, further investigation of the fractal 

character of dynamically pulverized rocks is needed. 

 

• Porosity estimated on 3-D μCT tomograms of pulverized rock samples indicates that the 

process of pulverization is associated with a considerable increase in porosity (up to 9%) for 

unconfined rocks in outcrops. As damage zone rocks are pivotal in fluid-rock interaction, the 

presence of pulverized rock could play a key role in changing the fault strength and slip 

behavior when present along faults (Aben et al., 2020) and enhance weathering of outcrops. 
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• Dynamic slip can lead to in situ melting and subsequent solidification of the host rock along 

the principle slip-zone, leading to the generation of pseudotachylyte (e.g. Spray, 1995). 

Abundant faults decorated with pseudotachylyte exposed on Moskenesøya (Lofoten) within 

an exhumed lower crustal section, document not only that brittle processes can operate in a 

portion of the crust that for long was considered weak and governed by ductile processes, 

but also that the lower crust can remain strong in the absence of fluids to initiate 

metamorphic reactions. 

 

• The analyzed pseudotachylyte samples collected on Moskenesøya do not record growth of 

hydrous mineral, do not contain alteration haloes and ductile shear localization along the 

brittle structures are nonexistent. These observations indicate that the conditions were dry 

as deformation occurred. The microcrystalline pseudotachylyte matrix mineralogy reflects 

that of the dry granulite host (plagioclase, K-feldspar, pyroxenes are the main constituents) 

and the pseudotachylytes contain melt-derived dendritic- and cauliflower-shaped garnets 

that reflect rapid (likely in terms of tens of seconds) crystallization (e.g. Clerc et al., 2018).  

 

• High confining pressure prevents complete pulverization of rocks (Yuan et al., 2011); 

however, dynamic fracturing, fragmentation and pulverization-style fragmentation can be 

inflicted to wall rock minerals during the passage of a propagating earthquake rupture at 

lower crustal conditions. The damage zone of the pseudotachylyte faults from Moskenesøya 

display extreme fragmentation, grain size reduction and a system of micropores in 

fragmented plagioclase-domains. Wall rock orthopyroxene minerals appear pulverized. 

 

• If fluids are introduced to the system during brittle fracturing and seismicity at lower crustal 

depths, they promote growth of hydrous minerals, wall rock transformation processes and 

rheological weakening. This allows localization of ductile shear zones along the brittle 

structures and eventually leads to mylonitization. 

 

• Several mechanisms have been suggested for the generation of pseudotachylytes in the 

lower crust, observations made during this study excludes most of them. Downwards 

migrating transient stress pulses from shallow earthquakes emerges as a plausible triggering 

mechanism for the fossil earthquakes on Moskenesøya. 
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Supplementary information 
Some additional information regarding some of the samples collected by Wade (2018) is given in the 

following. Samples SGB-SJF-02 and SGB-SJF-03 were collected on the southwestern side of the Clark 

Fault at a distance of 100m, along a transect roughly perpendicular to the southwesternmost strand 

of the Clark Fault in the area. The rocks as observed in the field (Figure S1) appear to be highly 

weathered. The tonalitic rock sample SGB-SJF-02 could be crushed into smaller granules in the field. 

However, it did not resemble the powdery, fine-grained texture of pulverization. Furthermore, the 

exposure-scale damage signature of the rock does not resemble that of the pulverized granite 

observed at the Alkali Wash outcrop.    

The analyzed tomogram of the tonalite indicates that the rock is severely damaged, with a damage 

signature similar to that of the analyzed pulverized rocks. However, since no additional analysis of 

the rock have been carried out, and since the damage observed could to some extent be related to 

weathering, the sample was not discussed in the thesis.  

 

 

A metamorphic rock of the Burnt Valley Complex was sampled at the Burnt Valley road-cut exposure 

by Wade (2018). As observed in the field, the rock appears to be highly damaged. However, the 

scanned core shows that the rock looks relative pristine, with only a few small pores and voids 

(Figure S2). 

Figure S1: Field photographs from a road-cut, along the road down to the Sagebrush Flat site (see figure 7, for sampling location)  Left: 
tonalite of the Coahuila Valley Pluton. Right: schist of the Burnt Valley Complex. Insert in the top left corners shows the respective rock cores 
that were scanned at the European Synchrotron Radiation Facility and analyzed in this study. 
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Figure S2: Orthogonal X-ray microtomography views of a foliated metamorphic rock from the Burnt Valley Road cut 
exposure. The rock appears to be relatively pristine. Some scattered pores are present, a few of which are highlighted by red 
arrows. Insert top right corner shows a picture of the scanned core. 

 

 

 

 


