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Abstract 
 
Field and microstructural data of the Pfahl shear zone in northeastern Bavaria (Germany) 
and the Rusey fault zone in northwestern Cornwall (United Kingdom), reveal the intimate 
spatial–temporal connection between fragmentation, quartz precipitation, and material 
transport during tectonic activity. These processes and their repeated interaction led to 
various complex-structured quartz units at both study sites. 

The Pfahl shear zone is situated in Variscan basement rocks of the Bohemian massif. It 
has a long syn- to post-Variscan deformation history. The fault rocks described in this thesis 
most possibly formed during late Permian to late Cretaceous times. In the massive quartz 
lode of the Pfahl shear zone these structures are characterized by: (i) a dense conjugate 
network of early mm–cm-thick quartz veins, (ii) two main phases of fine-grained reddish to 
grayish quartz masses, (iii) an extended central zone of voluminous massive white quartz, 
and (iv) late cross-cutting closely spaced parallel fractures and partly open quartz veins. The 
fine-grained quartz domains result from repeated and coeval cataclasis, fluidization and 
quartz precipitation. The material transport in these quartz masses is at least partly governed 
by the flow of mobile fluid-quartz-particle suspensions, which are characterized by fluidal 
textures. The complex internal meso- to microstructures of the massive white quartz are 
generated by repeated processes of deformation and grain growth.  

The Rusey fault zone is situated within Carboniferous sandstones, siltstones, mudstones 
and slates of the Culm basin, and is likely to have had a long deformation history during 
Variscan to post-Variscan times. The fault rocks described here formed during younger 
events, possibly due to Tertiary deformation. In the Rusey fault zone, various structures are 
representing the complex interaction of processes such as fragmentation, quartz 
precipitation, and material transport. The structures are characterized by: (i) fragments of 
early sets of mm–cm-thick partly ductilely deformed prefault quartz veins, (ii) gouge, (iii) 
voluminous cementation of cockade-like mm–dm-sized angular to sub-rounded gouge and 
wall rock fragments, (iv) two different types of deformation bands, and (v) late crosscutting 
µm-to dm-wide quartz veins. The complex meso- to microstructures are generated by the 
interaction of various processes such as fragmentation, quartz precipitation, hydraulic 
fracturing, wear abrasion, and corrosive wear. The deformation bands result from cataclasis 
followed by hydrothermal overgrowth of fine particles, leading to acicular quartz grains with 
shape and crystallographic preferred orientation. Material transport in the Rusey fault zone is 
accompanied by particle fluidization characterized by the occurrence of fluidized cataclasites 
and cockade-like breccias. These fluidized fault rocks are characterized by fluidal textures. 
Fragments of the cockade-like breccias are separated by hydrothermal quartz cement that 
contains mm–cm-sized voids. Based on the widespread occurrence of feathery textures and 
locally observed textures that indicate polymerization relics, a silica gel precursor is 
discussed. 

In general, the Pfahl lode and the Rusey fault zone represent key examples of repeated 
fragmentation, quartz precipitation and material transport during fault activity. Both study 
areas are evidence for mass and heat transfer during fault activity within the Earth’s crust. 

 
 
 

 



	   IV 

Acknowledgements 
 
First of all I like to sincerely thank my PhD supervisor Prof. Dr. Jörn H. Kruhl for offering the 
possibility to graduate at the Tectonics and Material Fabrics Section of the Technical 
University of Munich and for being a constant inspiration. He was continuously supporting 
and motivating me, and we had numerous important and fruitful discussions during the 
course of study.  
 
Furthermore, I like to express gratitude to my mentor Prof. Dr. Soraya Heuss-Aßbichler, who 
always supported me with ideas, and thesis guidelines.  
 
I am very thankful to Prof. Dr. Stephen Cox, Prof. Dr. Domenico Liotta and Prof. Dr. Cristian 
Suteanu for being advisory board members. 
 
I greatly appreciate the effective and smooth scientific collaboration with Prof. Dr. Giacomo 
Prosser, Prof. Dr. H. Albert Gilg, Prof. Dr. Tom G. Blenkinsop, Prof. Dr. Domenico Liotta and 
Florian Duschl. 
 
Special thanks go to Prof. Dr. Bruce Hobbs, Prof. Dr. Alison Ord, Prof. Dr. Alfons M. van den 
Kerkof, Dr. Axel Vollbrecht, Dr. Kai-Uwe Hess, Dr. Ottomar Krentz, Dr. Danilo Di Genova, 
Christian Stäb, Sakawat Hossain and Klaus Mayer for invaluable advice, and discussions, 
which largely contributed to the success of this study. 
 
For reviewing parts of this thesis I wish to thank Dr. Stefan Gottschaller and Prof. Dr. 
Domenico Liotta, who both highly contributed to upgrade the manuscript. 
 
Funding for the project was provided by: (i) the Leonhard Lorenz Foundation (grant 826/12), 
(ii) the joint German-Italian VIGONI 2009-2011 program (grant 0815186 - German Academic 
Exchange Service DAAD and Ateneo Italo-Tedesco), (iii) the German-Australian Joint 
Research Cooperation Scheme (project 56267246) by the DAAD, and (vi) by the TUM 
Graduate School (TUM GS).  
 
I am very happy that my wife Sandra Forster constantly condoned my moods at all time and 
mentally supported me together with my friends Mario Weber and Klaus Mayer. 
 
Above all, I thank my parents Edeltraud and Musa Yilmaz who never hesitated to support me 
both, morally and financially. During all my university education they have been a constant 
source of motivation. 
 
 
 
 
 
 
 
 



	   V 

Table of contents 

 

Abstract - - - - - - - - - - - - - - - - - - - - - - - - - - - -    III 

Acknowledgements - - - - - - - - - - - - - - - - - - - - - - - -    IV 

Table of contents - - - - - - - - - - - - - - - - - - - - - - - - -     V 
 

1. Introduction - - - - - - - - - - - - - - - - - - - - - - - - -   1 

 1.1 Faults and shear zones of the brittle crust: pathways for fluid flow - - - - - -   2 

 1.2 Silica-rich hydrothermal fluids: quartz dissolution - - - - - - - - - - - -   5 

1.3 Quartz precipitation - - - - - - - - - - - - - - - - - - - - -   7 

1.4 Quartz crystallization precursors - - - - - - - - - - - - - - - - -    9 

1.5 Fault rocks - - - - - - - - - - - - - - - - - - - - - - - - 11 

1.6 Material transport in fault zones - - - - - - - - - - - - - - - - - 12 

 1.7 Study areas - - - - - - - - - - - - - - - - - - - - - - - - 12 
 

2. Methods - - - - - - - - - - - - - - - - - - - - - - - - - - 15 

 2.1 Light microscopy and U-stage - - - - - - - - - - - - - - - - - - 15 

 2.2 Cathodoluminescence (CL) microscopy - - - - - - - - - - - - - - - 15 

 2.3 Fabric Analyser - - - - - - - - - - - - - - - - - - - - - - - 15 

 2.4 Image digitalization, Euclidian distance mapping (EDM) and Bootstrapping - - - 18 

 2.5 Box-counting - - - - - - - - - - - - - - - - - - - - - - - - 18 

 2.6 Intercepts - - - - - - - - - - - - - - - - - - - - - - - - - 19 

 2.7 X-ray diffraction (XRD) - - - - - - - - - - - - - - - - - - - - 20 

 2.8 LA–ICP–MS - - - - - - - - - - - - - - - - - - - - - - - - 21 

 2.9 Raman spectroscopy - - - - - - - - - - - - - - - - - - - - - 21 
  

3. Repeated hydrothermal quartz crystallization and cataclasis in the Bavarian Pfahl 

shear zone (Germany) - - - - - - - - - - - - - - - - - - - - - 23 

 Abstract - - - - - - - - - - - - - - - - - - - - - - - - - - - 23 

 3.1 Introduction - - - - - - - - - - - - - - - - - - - - - - - - 23 

 3.2 Geological setting - - - - - - - - - - - - - - - - - - - - - - 24 

 3.3 Structure and evolution of the Pfahl quartz - - - - - - - - - - - - - - 26 

  3.3.1 Granitoid basement rocks - - - - - - - - - - - - - - - - - - 32 

  3.3.2 Fine-grained quartz masses A and B - - - - - - - - - - - - - - 34 

  3.3.3 Massive white quartz - - - - - - - - - - - - - - - - - - - 36 



	   VI 

  3.3.4 Cataclastic veins of fine-grained quartz - - - - - - - - - - - - - 42 

  3.3.5 Late structures - - - - - - - - - - - - - - - - - - - - - 44 

  3.3.6 Low-temperature crystal-plastic deformation of quartz - - - - - - - - 44 

 3.4 Discussion and conclusions - - - - - - - - - - - - - - - - - - - 45 
 

4. Fragmentation and silicification structures in fault zones: Repeated fragmentation 

and quartz crystallization in the Rusey fault zone (Cornwall/UK) - - - - - - 51 

 Abstract - - - - - - - - - - - - - - - - - - - - - - - - - - - 51 

 4.1 Introduction - - - - - - - - - - - - - - - - - - - - - - - - 51 

 4.2 Geological Setting - - - - - - - - - - - - - - - - - - - - - - 52 

  4.2.1 Variscan tectonics - - - - - - - - - - - - - - - - - - - - 54 

  4.2.2 Post-Variscan tectonics - - - - - - - - - - - - - - - - - - 55 

 4.3 Macro- and mesostructures of the Rusey fault zone - - - - - - - - - - - 56 

 4.4 Quantification of fragmentation structures - - - - - - - - - - - - - - 62 

 4.5 Microfabrics - - - - - - - - - - - - - - - - - - - - - - - - 65 

  4.5.1 Low-grade metasedimentary wall rocks with prefault deformation structures - 65 

  4.5.2 Wall rock fragments in the fault zone - - - - - - - - - - - - - - 66 

  4.5.3 Gouge - - - - - - - - - - - - - - - - - - - - - - - - 67 

  4.5.4 The quartz zone - - - - - - - - - - - - - - - - - - - - - 70 

  4.5.5 Deformation bands - - - - - - - - - - - - - - - - - - - - 72 

  4.5.6 Late quartz veins - - - - - - - - - - - - - - - - - - - - - 75 

 4.7 Discussion and conclusions - - - - - - - - - - - - - - - - - - - 76 
 

5. Special textures of hydrothermal quartz - - - - - - - - - - - - - - - 79 

 5.1 Feathery textures - - - - - - - - - - - - - - - - - - - - - - 79 

  5.1.1 Results - - - - - - - - - - - - - - - - - - - - - - - - 80 

 5.2 Network-like filamentous and/or dendritic textures - - - - - - - - - - - 84 

 5.3 Discussion and conclusions - - - - - - - - - - - - - - - - - - - 85 
 

6. Discussion and conclusions - - - - - - - - - - - - - - - - - - - 87 
 

7. References - - - - - - - - - - - - - - - - - - - - - - - - - 89 
 

8. Appendix  - - - - - - - - - - - - - - - - - - - - - - - - - - 107 



	   1 

CHAPTER ONE 
 

1. Introduction 
 
Aqueous fluids appear especially within the brittle zone of the Earth’s crust (Fyfe et al., 

1978), where they play an important role in ore deposition processes (Cox, 2005), 
geothermal energy production (Barbier, 2002), volcanic activity (Mayer et al., 2015), and on 
favoring seismic events (Sibson, 2007; Talwani et al., 2007; Horálek and Fischer, 2008; 
Lindenfeld et al., 2012). Brittle deformation can induce large pathways such as faults and 
shear zones for fluid migration and circulation in upper crustal levels (Cox et al., 2001). The 
fluid movement within faults and shear zones is accompanied by numerous processes such 
as deformation, alteration, and mineral dissolution and precipitation (just to mention a few), 
which generate various rock fabrics on mega- to nano-scale recording process interplays. 

This study aims to obtain further insight in such processes. In particular, the quantification 
of two-dimensional (2D) fabric patterns on macro- to micro-scale, the chemical analysis of 
various quartz generations and quartz crystallographic orientation measurements to unravel 
the complex interaction of fragmentation, quartz precipitation, and material flow in brittle 
shear zones. 

Faults and shear zones may act as pathways or barriers for hydrothermal fluid flow during 
the seismic cycle (Sibson, 1990) (chapter 1 – 1.1). Fluids within the brittle crust are 
frequently enriched in silica due to its solubility in water (Fournier and Potter, 1982) and its 
abundance in crustal rocks (chapter 1 – 1.2). The changes in fluid parameters such as 
pressure or temperature may lead to hydrothermal mineral precipitation. The crystallization 
from these fluids is frequently accompanied by the precipitation of quartz or other SiO2 
phases (chapter 1 – 1.3). The crystallization precursors of SiO2 can be fluids such as liquids 
or gases but may also be in the form of sols or coagulated silica gels (chapter 1 – 1.4). The 
fragmentation of wall rock produces brittle fault rocks (chapter 1 – 1.5), which may contain 
clasts of various precipitates originating from the previous stages of fault activity. These 
clasts can interact with fluids and silica gel to form a new material (e.g. fluidized cataclasites 
and hydrothermal breccias), which may be transported during fault activity (chapter 1 – 1.6). 
The Pfahl shear zone in Bavaria (Germany) and the Rusey fault in Cornwall (UK) are two 
excellent areas for investigating the abovementioned processes and related textures 
(chapter 1 – 1.7). 

To obtain mega- to meso-scale fault or shear zone development and obtain fault 
kinematics, it is necessary to reveal fault and shear zone histories with structural 
characteristics (Faulkner et al., 2003). These tasks require an implementation of classical 
field techniques of structural geology including detailed mapping and measuring of planar 
structures such as foliation and fault planes and linear structures such as fold axes and 
striations (Suppe, 1985; Rowland et al., 2007). 

In addition to detailed fieldwork investigations, several laboratory techniques are applied 
in this study to obtain further insight in mineralogy, fabrics, and chemistry. Light microscopy, 
universal-stage (U-stage) microscopy, hot-cathode cathodoluminescence (CL) microscopy, 
and Fabric Analyser are used to determine the mineralogical composition, quartz formation 
textures, and deformation fabrics (chapter 2 – 2.1–2.3). Fractal analysis techniques 
specifically Euclidean distance mapping (EDM) and Box Counting are employed for 
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quantifying meso- to micro-scale fabrics (chapter 2 – 2.4–2.5). In addition, the intercept 
method is used to measure anisotropy from brecciation textures (chapter 2 – 2.6). X-ray 
diffraction (XRD), laser ablation inductively coupled mass spectrometry (LA–ICP–MS), and 
Raman techniques are applied to study the chemistry of altered silicified wall rock and the 
various quartz generations (chapter 2 – 2.7–2.9). 

Results published in a scientific journal are presented in chapter 3 (Repeated 
hydrothermal quartz crystallization and cataclasis in the Bavarian Pfahl shear zone 
(Germany)). Preliminary results, which will be submitted for publication after finalizing this 
thesis are presented in chapter 4 (Fragmentation and silicification structures in fault zones: 
Repeated fragmentation and quartz crystallization in the Rusey fault zone (Cornwall/UK)). 

Special textures of hydrothermal quartz that might indicate the presence of a silica gel 
precursor are discussed in chapter 5. An overall discussion and concluding remarks are 
presented in chapter 6. 

In summary, this study focuses on (i) silica-rich hydrothermal fluids (gases, liquids, and 
gels) (ii) channelized in fault zones within Variscan host rocks leading to (iii) the precipitation 
of various quartz types and generations as well as (iv) the repeated fragmentation, 
(v) fluidization, (vi) subsequent transport of the fault material during fault activity and (vii) the 
complex interplay of fabric-forming processes. It is beyond the scope of this thesis to provide 
a comprehensive introduction to faults, brittle shear zones, fluids, fluid flow, silica, quartz, 
and fluid–wall rock interactions. Therefore, the reader is referred to publications such as 
Yardley and Bodnar (2014) (fluids), Flörke et al. (2008) (silica and quartz), Pirajno (2010) 
(hydrothermal processes and the role of H2O), and many papers regarding faults and shear 
zones compiled by Alsop et al. (2004). 

 
1.1 Faults and shear zones of the brittle crust: pathways for fluid flow 

 
Faults and their deeper-level equivalents, i.e., shear zones, are approximately planar to 

curviplanar structures in the Earth’s crust. These structures are created by inhomogeneous 
deformation within the lithosphere driven by plate tectonics that result in discontinuities 
between relatively undeformed rock units. On the basis of fault plane orientation and 
kinematic indicators, faults can be categorized as dip-slip (normal and reverse), strike-slip or 
oblique-slip. In many cases, faults and shear zones occur as a complicated interlinked 
network forming strike-slip duplexes (Woodcock and Fischer, 1986). Faults and brittle shear 
zones consist of protolith, damage zone and fault core (Evans et al., 1997). The damage 
zone and fault core, indicating low and high strain, respectively, are collectively referred to as 
the fault zone. The variations in the formation depth and prevailing temperature, pressure, 
differential stress, and fluid input conditions can cause differences in the type of deformation, 
whether brittle with a frictional regime or ductile with a plastic regime. The deformation type 
leads to various types of fault rocks including cataclasites, mylonites, pseudotachylites and 
breccias (Sibson, 1977) (Fig. 1.1a). Concerning predominant deformation mechanisms and 
structures (brittle versus ductile), four types of shear zones occur, i.e., brittle shear zones 
(faults), brittle–ductile shear zones, ductile–brittle shear zones, and ductile shear zones 
(Ramsay, 1980; Hancock, 1985) (Fig. 1.1b). 

Because the main focus of this study is the upper crustal level, brittle failure and frictional 
sliding are the predominant deformation mechanisms that are examined. Therefore, the 
faults and shear zones described and discussed in this thesis are all brittle type.  
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Within the frictional deformation regime, the fault strength generally increases toward 
deeper crustal levels where increasing effective pressure generates higher fault strength and 
shear resistance (Sibson, 1983) (Fig. 1.1b). However, with increasing depth, fluid pressure of 
trapped crustal fluids increases, leading to a crustal weakening, until either a favorable 
oriented fault is reactivated or a new pathway is created (Sibson and Scott, 1998). Crack 
formation or propagation is followed by depressurization, followed by mineral precipitation, 
and a sealing of previously opened pathways. This leads to a renewed pressure build-up 
followed by hydrofracturing. Several processes leading to the cyclic formation of hydraulic 
fractures such as (i) seismic pumping or fault-valve behavior (Sibson et al., 1975; Sibson, 
1990) and (ii) rapid ascent of fluids in mobile hydrofractures (Bons, 2001) or fluid-filled 
fracture propagation (Dahm, 2000) have been proposed. 

 

 
 
Fig. 1.1: Classification of faults and shear zones. (a) General graphs and sketches from left to right 
include shear resistance as a function of depth, deformation regimes and their typical fault rocks, and 
strain rate graphs. Modified after Alsop and Holdsworth (2004). (b) Four shear zone types: (A) brittle 
shear zone (faults); (B) brittle–ductile shear zone (C) ductile–brittle shear zone, and (D) ductile shear 
zone. Modified after Ramsay (1980) and Hancock (1985).  
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Because faults and shear zones are frequently long-lived systems with multiple 
reactivations (Holdsworth et al., 1997), several intermittent processes may act coevally or 
successively (Yilmaz et al., 2014). The main fault- and shear-zone-related processes include 
(i) fragmentation, (ii) fluid flow, (iii) mineralization in pathways, (iv) dissolution–precipitation, 
and (v) silicification. These processes are accompanied by numerous sub-category 
processes such as wear abrasion, corrosive wear, fluidization, hydraulic brecciation, 
cataclasis, mineral overgrowth, and hydrothermal cementation. The development of faults 
and shear zones is thereby controlled on three different scales, i.e., lithospheric-scale, 
network geometry-scale and grain-scale (Alsop and Holdsworth, 2004). For effective 
comprehension of the processes occurring in faults and shear zones and their controls, it is 
essential to study the interactions of all processes throughout all scales. 

The shallow frictional deformation regime is a region of frequent seismic activity 
associated with high strain-rate episodes (Alsop and Holdsworth, 2004); fluid pressure 
cycling and tectonic shear stress (fault-valve behavior; Sibson, 1992) may be the major 
parameters controlling the slip mechanisms operating within faults and shear zones (Sibson, 
1990; Hardbeck and Hauksson, 1999) during the seismic cycle (Power and Tullis, 1989). 
Conversely, faults and shear zones control the mechanics and the fluid flow properties of the 
deforming crust, thus controlling the crustal fluid migration (Lonergan et al., 1999; Cox et al., 
2001). 

Depending on the predominant processes such as crystallization versus fragmentation 
(Tenthorey and Gerald, 2006) and the relative proportion of fault core to damage zone 
(Caine et al., 1996), faults and shear zones can act as major pathways or barriers for fluid 
flow within the Earth’s crust (Sibson, 1990; Sibson, 1994; Evans et al., 1997; Cox, 2007). 
Fluid–rock interactions during fluid flow may affect the physical properties of rocks such as 
porosity, density, permeability, as well as mechanical properties such as strength (Masuda, 
2001). Therefore, hydrothermal fluids may have a significant influence on the mechanical, 
physical, and chemical properties of rocks (Scholz, 1990), all of which are important 
understanding deformation, failure, and slip processes in nature (Faulkner et al., 2003). 

The most important factors influencing fluid migration and circulation within the Earth’s 
crust are gradients in hydraulic potential created by topographic variation, heat sources, 
sediment compaction during diagenesis, metamorphic dehydration, and degassing of the 
mantle (Sibson, 1994). 

Fluid flow is generally controlled by the interaction of fluid properties and rock properties 
such as fluid density and viscosity, ambient pressure, temperature, and permeability. The 
fluid density is one of the most important factors controlling the migration through the crust, 
especially the fluid density in relation to the density of its surrounding rock. The decreasing 
density of a fluid increases the ability of migration within rocks with higher density (Yardley 
and Bodnar, 2014). The fluid density generally decreases with increasing temperature. The 
pressure changes can trigger temporary fluctuations in permeability in specific sites within 
fault zones that are spatially correlated (Do Nascimento et al., 2005). The fault permeability 
can be extremely heterogeneous spatially and temporally (Faulkner et al., 2010). Spatial 
heterogeneity can occur when fault plane parallel discrete structures with relatively high 
permeability are located within damage zones (Fairley and Hinds, 2004). Other discrete 
structures influencing heterogeneity within faults may develop over time (Dockrill and 
Shipton, 2010). In general, low permeability of rocks causes low fluid flow rates, whereas 
high permeability relates to high flow rates. In this context, rocks generated by brittle shear 
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zones such as breccias, can induce high permeability (Hulin, 1929). 
The highest permeability of a natural fault zone is generally focused within the damage 

zone parallel to the fault plane, whereas the protolith and the fault core in general exhibit 
lower permeability (Evans et al., 1997) (Fig. 1.2). The fluid flow within the damage zone is 
generally localized in fracture networks producing hydrothermal veins (Gudmundsson et al., 
2001). Nevertheless, fluid flow may occur within the fault core in fault rocks e.g. cataclasites. 
Even undeformed protoliths may be affected by increased fluid flow either through pore 
networks such as those in sandstones (Wood and Hewett, 1982) or along grain boundaries 
(Kruhl et al., 2013) such as those in crystalline rocks. 

 

 
 

Fig. 1.2: Sketch of an idealized fault zone. This simplified graph indicates the spatial distribution of 
fault permeability in regard to the protolith, damage zone, and fault core. The lowest fault permeability 
occurs in the protolith and the highest permeability in the damage zone. The dashed lines indicate that 
permeability in the fault core can be very variable, thus acting as a barrier or a conduit for fluid flow. 

 
Fault zone permeability data can range from 4.0 × 10−8 m2 to ~1.0 × 10−22 m2 (Smith et al., 

1990; Evans, 1997; Noir et al., 1997; Shapiro et al., 1997; Caine and Forster, 1999; 
Tadokoro et al., 2000; Miller et al., 2004; Talwani et al., 2007; Faulkner et al., 2010; Seebeck 
et al., 2014). This extreme data variation highlights the importance of the physical properties 
of fault rocks in the mechanism of fluid flow within shear zones. 

Studying macro- to micro-scale structures of fault and shear zone rock material is 
essential to gain insight into the mechanical behavior as well as the hydraulic and seismic 
properties of these materials (Faulkner et al., 2003).  

 
1.2 Silica-rich hydrothermal fluids: quartz dissolution 

 
Hydrothermal crustal fluids generally include (i) meteoric fluids originating from the surface 

or upper crustal levels, (ii) metamorphic fluids derived from mid-crustal levels, and (iii) 
magmatic or juvenile fluids from deep crustal or mantle regions. Meteoric fluids can be 
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subdivided into water infiltrated from the surface, such as ground water or seawater, and 
connate water, which develops during diagenesis. Metamorphic fluids are generally derived 
from dehydration reactions during prograde metamorphism. Magmatic or juvenile fluids 
originate from the degassing of magma chambers (Fyfe et al., 1978). The main components 
of these fluids can be represented by a simplified H2O–salt–gas system (Kesler, 2005), the 
composition of which is controlled by the complex interaction of temperature, pressure, 
chloride content, cation exchange with wall rock, pH, redox environment, gas solubility, metal 
complexation, kinetics, and mass limitation (Yardley and Bodnar, 2014). 

Hydrothermal fluids are hot (~50 °C to >500 °C), and solute-rich aqueous solutions that 
include various chemical compounds. Major anions such as Cl−, HCO3−, HS− or SO4

2−, major 
cations such as Na+, Ca2+, K+, Fe2+, Mg2+, and neutral species such as CO2, CH4, H2S, N2, 
and H4SiO4 are dissolved in H2O. Solute enrichment as well as high temperature and 
pressure conditions induces chemical reactiveness, which in combination with high mobility 
leads to the dissolution and transportation of large quantities of mineral components through 
the crust. 

Quartz (SiO2) is one of the most abundant minerals in the Earth’s continental crust and is 
generally the only phase crystallizing over the complete lifetime of a hydrothermal system 
(Dong et al., 1995).  Quartz owes its abundance to its solubility in water such as crustal fluids 
and the input of these fluids in rock-forming processes. The solubility of quartz in water has 
been theoretically and experimentally studied under a wide range of pressure and 
temperature conditions (Kennedy, 1950; Morey et al., 1962; Crerar and Anderson, 1971; 
Seward, 1974; Fournier and Potter, 1982; Shock et al., 1989; Manning, 1994; Rimstidt, 
1997), which are the two main controlling parameters affecting this process. Increasing 
pressure–temperature conditions in the brittle regime lead to dramatic increases in the 
concentrations of aqueous Si in equilibrium with quartz. However, from 374 °C to ~600 °C 
(not relevant for this study), the solubility of quartz may decrease (Fig. 1.3), leading to a 
retrograde behavior of quartz solubility due to changes in the isobaric expansivity of H2O at 
its critical point (Dolejš and Manning, 2010). 

Other fluid parameters affecting quartz solubility are alkalinity (Henderson et al., 1970) 
and salinity (Loucaide et al., 2008). Both have complex effects on quartz solubility that 
depend strongly on temperature, pressure, and involved chemical compounds (Dove and 
Nix, 1997; Newton and Manning, 2000). Additional important factors influencing the silica-
enrichment of hydrothermal fluids include wall rock properties, such as permeability, and wall 
rock mineralogical composition. The fluid migration requires pathways such as fracture 
networks of fault zones, to leach silica from rocks. Wall rocks as suitable sources for silica 
include silicic sandstones, quartzites, and granitic rocks with high degrees of fracturing and 
permeability. These Si sources may be situated in enormous distances from their 
precipitation sites (Yardley, 1984) where Si can precipitate as various SiO2 polymorphs. 
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Fig. 1.3: Diagram showing quartz solubility in H2O as a function of temperature and pressure. The 
vertical line indicates the critical temperature of H2O at ~374 °C. In addition two 2-phase regions and 
the 3-phase (quartz + liquid + gas) region of quartz and water are indicated. Modified after Kennedy 
(1950). 

 
1.3 Quartz precipitation 

 
Dissolved components in hydrothermal fluids can precipitate due to variations in 

temperature, pressure, and changes in composition due to fluid–rock interaction or mixing of 
fluids. Boiling of the hydrothermal liquid (by decreasing P or increasing T) also leads to 
precipitation of dissolved chemical components if their concentration increases and reaches 
saturation. Temperature variations can be caused by the infiltration of relatively cold surface 
water that mixes with hot, deeper-seated fluids. In addition, hot fluids are commonly injected 
in relatively cold permeable wall rock. The rapid adiabatic decompression also causes 
changes in temperature (Wood and Spera, 1984). The pressure variations control the boiling 
of fluids, which may have crucial effects on mineral precipitation in hydrothermal 
environments (Drummond and Ohmoto, 1985). These pressure changes may be linked to 
tectonic activity such as earthquake rupturing. Within hydrothermal systems, various mineral 
phases can occur, and important economic deposits may be generated. SiO2, one of the 
most frequent chemical compounds precipitating in hydrothermal systems, can precipitate as 
crystalline or non-crystalline silica phases under a wide range of pressure and temperature 
conditions (Fig. 1.4). In the brittle crust, SiO2 dissolved within hydrothermal solutions may 
precipitate as low quartz (α-quartz) or one of its polymorphs such as moganite, chalcedony, 
quartzine, opal-C, opal-CT, or opal-A (Pirajno, 2010). 
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Under ambient conditions, low quartz (α-quartz) is the thermodynamically stable phase. It 
is widely accepted that quartz polymorphs may re-organize (re-crystallize) under low 
pressure and temperature conditions in the following sequence: opal-A (with amorphous 
silica and nanocrystalline quartz) → opal-CT → opal-C → microcrystalline quartz 
(chalcedony (length-fast/length-slow)) → α-quartz (Williams and Crerar, 1985; Rodgers et al., 
2004; Lynne et al., 2005; Moxon and Carpenter, 2009). This succession is proposed for the 
re-crystallization of metastable quartz polymorphs to low-quartz at sub-greenschist facies 
conditions (Duhig et al., 1992) within hydrothermal systems (Betterman and Liebau, 1975; 
Götze et al., 2009; French et al., 2013). Discriminating properties of the successions 
members are the degree of crystallinity, the crystal orientation, and their water content 
(Tab. 1.1). A possible reason for the re-crystallization is the large surface area of e.g. 
amorphous silica (Williams and Crerar, 1985). To avoid misunderstanding the term 
"re-crystallization" within this thesis refers to the transformation process of metastable SiO2 
polymorphs to low quartz by increasing crystallinity, and the term "recrystallization" refers to 
the process of crystal-plastic deformation including subgrain formation. 

The abovementioned silica polymorphs may originate from different precursors such as 
gas, liquid, and gel. 

 

 
 

Fig. 1.4: Phase diagram illustrating the stability fields of quartz modifications under a wide range of 
temperature and pressure conditions. The hatched field in the lower left corner represents the 
pressure–temperature conditions dealing within this study. Modified after Schreyer (1976).  
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Table 1.1: Low-temperature quartz polymorphs, corresponding general crystal sizes, microstructures 
and water content shown from top to bottom with decreasing crystallinity. Modified after French et al. 
(2013). 

 
Mineral or 

phase  
Species Crystal 

size 
Microstructure Total water 

(H2Otot) 
Additional references 

Quartz Macroquartz >50 µm Crystalline, e.g., 
blocky quartz, 
comb quartz 

0.5–2.5 wt% Murata and Norman, 1976; 
Hesse, 1989; Hendry and 
Trewin, 1995; Flörke et al., 
2008 

Microquartz 
 

<20 µm Granular, 
randomly oriented 

Hesse, 1989; Graetsch, 
1994; Knauth, 1994 

Length-fast 
chalcedony 
 

Typically 
50–350 nm 
but up to 
several 
hundreds 
of µm in 
length 
 

Parabolic fiber 
bundles (wall-
lining) 
Radiating 
spherulites 
(horizontally 
banded)  
Both c-axis 
perpendicular to 
length axis 

Pelto, 1956; Murata and 
Norman, 1976; Flörke et al., 
1982; Miehe et al., 1984; 
Heaney, 1993; Gíslason et 
al., 1993; Graetsch, 1994; 
Cady et al., 1996; 1998; Xu 
et al., 1998; Parthasarathy et 
al., 2001; Moxon et al., 2006; 
Flörke et al., 2008; Fukuda 
and Nakashima, 2008; 
Moxon and Carpenter, 2009; 
French et al., 2013; Schmidt 
et al., 2013 

Length-slow 
chalcedony 
(quartzine) 

Typically 
100–200 
nm 

C-axis parallel to 
length axis 

Moganite   Crystal blades  Flörke et al., 1976; Heaney 
and Post, 1992; Gíslason et 
al., 1997; Parthasarathy et 
al., 2001; Hardgrove and 
Rogers, 2013 

Opal 
(micro-
crystalline) 

Opal-C 
 
Opal-CT 

10–100 nm 
 
10–100 nm 

Platy (length-fast) 
 
Fibrous (length-
slow) 

1–3 wt% 
 
3–10 wt% 
 

Jones and Segnit, 1971; 
Williams and Crerar, 1985; 
Graetsch, 1994; Knauth, 
1994; Cady et al., 
1996,1998; Alexandre et al., 
2004; Lynne and Campbell, 
2004; Lynne et al., 2005 

Opal (non-
crystalline) 

Opal-A <10 µm Nano- to 
microspheres 

10–12 wt% Darragh et al., 1966; 
Graetsch, 1994; Herdinita et 
al., 2000; Lynne and 
Campbell, 2004 

 
1.4 Quartz crystallization precursors 

 
Debate continues on whether low-temperature phases of SiO2 such as amorphous silica, 

agate, chalcedony, and microcrystalline quartz (<20 µm) originate from a fluid (liquids and 
gases) or from silica gels (Duhig et al., 1992; Saunders, 1994; Dong and Zhou, 1996; Götze 
et al., 2009). The topic of silica gel as a quartz precursor under a wide range of geological 
conditions has been extensively discussed. For example, the mechanism has been proposed 
for quartz deposits in cherts (Oehler, 1976), in hydrothermal veins (Herrington and Wilkinson, 
1993; Dong and Zhou, 1996), at hydrothermal vents (Duhig et al., 1992) and geysers 
(Fournier et al., 1991), and in pegmatites (Thomas and Davidson, 2012). Moreover 
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coagulated colloidal silica (gel) has been experimentally formed in hydrothermal fluids 
(Williamson et al., 2002). 

Silica gel within hydrothermal systems forms when supersaturation or oversaturation of 
SiO2 occurs (Stel and Lankreyer, 1994, Williams and Crerar, 1985). In addition silica gel 
lubrication (Goldsby and Tullis, 2002) is widely accepted to occur within many natural fault 
zones (Smith et al., 2011, Nakamura et al., 2012; Kirkpatrick et al., 2013; Rowe et al., 2012 
and Faber et al., 2014), which might cause coseismic weakening. Thus far, however, the 
mechanism of silica gel lubrication has been proposed for layers only at the micrometer to 
millimeter scale. Supersaturation can be a response to rapid decompression associated with 
fracturing and contemporaneous temperature decrease (Henley and Hughes, 2000) in 
addition to sudden changes in pH or temperature. Within such supersaturated solutions, 
silica tends to polymerize significantly (Gerya et al., 2005), producing colloidal particles that 
either remain in suspension as sols or agglomerate by gelling or coagulation (Iler, 1979). 
This process results in metastable solid phases exhibiting gel structures, such as 
polymerization structures, that tend to vanish during the crystallization to α-quartz at 
geological time scales, hence leading to the absence of primary gel textures within the 
studied material (Pirajno, 2010). In the case of hydrothermal silica gel crystallization, primary 
growth textures such as spherulitic, filamentous and/or dendritic textures can be destroyed 
by re-crystallization to microcrystalline anhedral quartz (Oehler, 1976; Duhig et al., 1992) 
with well-ordered crystal structures (Williams et al., 1985). The investigations of hydrothermal 
chalcedony (microcrystalline quartz) and macrocrystalline quartz have shown that both can 
originate from the same silica source and the same precursor by ripening and grain-size 
coarsening processes (Götze et al., 2009; Moncada et al., 2012). CL investigations suggest 
that this crystallization may initiate from a non-crystalline material such as silica gel or from 
amorphous silica (Götze et al., 2009). Common microfabrics of hydrothermal quartz are so 
called feathery textures, which might indicate quartz crystallization from chalcedony (Sander 
and Black, 1988), thus indicating a silica gel precursor. 

The shear strength of brittle shear zones can be reduced by the presence of silica gel, 
enabling non-seismic slip (Stel and Lankreyer, 1994). Furthermore, whether low-temperature 
quartz phases precipitate from silica gel or fluid has a significant impact on the volume of the 
crystallized SiO2 phase and therefore on the dilation of fault zones (Onasch et al., 2010). 
This concept is based on the following factors: volume increases with decreasing density and 
high amounts of SiO2 can be dissolved within supersaturated fluids.  

The density of silica gel is only known from theoretical and experimental studies in which 
a density of ~2.20 g/cm3 is reported (Karmakar et al., 2000). The density range of low-
temperature SiO2 polymorphs include 2.27 g/cm3 for amorphous silica (Vollmayr et al., 1996), 
2.55 g/cm3 for moganite, 2.56–2.64 g/cm3 for chalcedony (Frondel, 1982), and 2.65 g/cm3 for 
α-quartz. In general, SiO2 density increases with an increase in crystallinity and a decrease 
in porosity (Herdianita et al., 2000). The dramatic variation in solubility of low-temperature 
quartz phases (Fig. 1.5) result in variety in the amount of SiO2 dissolution within a fluid and 
therefore precipitation. For example, a fluid at the temperature of ~300 °C may carry ~500 
ppm of SiO2 in respect to quartz, whereas supersaturated fluids may carry up to ~1700 ppm 
of SiO2 with respect to amorphous silica.  

As a consequence of quartz crystallization from either a gel or quartz polymorphs the 
density increases and the volume decreases. Hence, volumetric equilibration after 
re-crystallization of hydrothermal phases is expected. 
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Fig. 1.5: Temperature–concentration diagram representing the solubility of various low-temperature 
silica phases in water including amorphous silica, β-cristobalite, α-cristobalite, chalcedony, and 
α-quartz. Modified after Walther and Helgeson (1977). 

 
1.5 Fault rocks 

 
"Because changes in textural type tend to be gradational and some fault rocks retain 

mixed textures resulting from polyphase deformation under different crustal conditions, 
attempts to classify the textures of fault rocks in a pigeon-hole manner that can never be 
entirely satisfactory." - Richard H. Sibson (Sibson, 1977). 

 
Fault rocks result from the interaction of many processes such as brittle deformation, wall 

rock alteration, and mineralization and are generally composed of gouge, mineral fragments, 
and rock fragments in various sizes and shapes (Blenkinsop, 1991; Heilbronner and Keulen, 
2006). Within this study, the term fault rocks is used to describe material originated by brittle 
deformation. Each fault rock in this thesis is described by distinct structures, textures, 
mineralogical compositions, mineral- and particle-sizes on a macro- to micro-scale. 
Nomenclatures such as cataclasite, breccia, or gouge are used when observations agree 
with specified characteristics adapted from Brodie et al. (2007). Where formation processes 



	   12 

can be clearly identified (e.g., fluidized cataclasite) publications are cited that highlight the 
results of this study. 

 
1.6 Material transport in fault zones 

 
Brittle deformation in the crust is characterized by the fracturing of rocks, which creates 

fault rocks composed of fragments of any shape on all scales (Heilbronner and Keulen, 
2006). As mentioned above, the brittle zone of the Earth’s crust may be accompanied by the 
input of fluids, thus leading to the fluidization of fault rocks such as fluidized cataclasite, (Lin, 
1996; Monzawa and Otsuki, 2003; Smith et al., 2008; Niemeijer et al., 2012; Lin et al., 2013; 
Yilmaz et al., 2014) fluidized breccias, or cockade-like breccias (Frenzel et al., 2014). 

Within this thesis, the term 'fluidization' denotes the process by which a granular material 
is converted from a solid-like state to a dynamic fluid-like state by the contribution of a fluid 
(liquid, gas, or gel), leading to a viscous dispersion/suspension (Stel and Lankreyer, 1994).  

During the last decade, numerous studies have focused on the transportation of granular 
materials and suspensions attempting to reveal their rheology, viscosities, flow rates, and 
shear effects under various conditions (Ojha et al., 2004; da Cruz, et al., 2005; Huang et al., 
2005; Campbell, 2006; Müller et al., 2009; Boyer et al., 2011). In natural faults, the properties 
of such materials remain poorly understood (Niemeijer et al., 2012). The resulting fluidal 
macro- to microscopic textures are of significant interest in understanding the physical and 
chemical properties of brittle shear zones. 

The abovementioned viscous materials can be oversaturated with respect to silica and 
can be accompanied by a silica gel. The deformation and transport of such materials can 
lead to flow textures (Stel and Lankreyer, 1994), as observed within both the Rusey fault as 
well as the Pfahl shear zone. 

Material transport within brittle shear zones may be driven by the release of 
overpressurized low-viscosity fluids such as gases (Smith et al., 2008), covering flow 
velocities from 0.01 ms−1  (Eichhubl and Boles, 2000) to more than 20.00 ms−1 (Oliver et al., 
2006), thus representing an example of fault-valve behavior (Sibson, 1992). Another model 
suggests transport in a gel-accompanied high-density or high-viscosity fluid with thixotropic 
characteristics (Spurr, 1926; Dill, 1988; Dill and Weber, 2010). Jobson et al. (1994) 
suggested a combination of the following two models: i) high-velocity fluids drag fragments 
and ii) a sudden decompression occurs, leading to supersaturation and immediate deposition 
of amorphous silica. This silica is then re-crystallized to quartz due to an elevated geothermal 
gradient. 

However, fluidized granular materials can significantly affect the dynamics of faults and 
shear zones. Their presence may lead to a very low shear resistance (Brodsky et al., 2009); 
consequently, slip zones can become nearly frictionless (Monzawa and Otsuki, 2003). 

 
1.7 Study areas 

 
Countless brittle shear zones are located within the Earth’s upper crust. Many of them are 

exposed at the Earth’s surface, but only a fraction of them were accompanied by 
hydrothermal fluid flow and hence by the crystallization of hydrothermal minerals. A main part 
of this thesis is based on the analysis of macro- to microstructural patterns that developed 
during the precipitation and fragmentation of quartz in pathways created by repeated brittle 
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deformation. Minerals precipitating within fractures and fracture networks trace these 
pathways. To study such patterns, high quality outcrops are necessary. Because quartz has 
a strong resistance to weathering, hydrothermal quartz formations are generally well 
preserved in many excellent outcrops that allow formation patterns to be studied in detail. 

Research in such areas may lead to relevant information on active geothermal fields, 
seismic activity, and hydrothermal ore deposition (Caine and Forster, 1999). 

 
The Bavarian Pfahl 
 
The Bavarian Pfahl is a massive quartz lode in an approximately NW–SE-trending 

Variscan shear zone located at the southwestern margin of the Bohemian Massif. A dike 
~150 km long and up to 100 m wide, best exposed between Regen and Harrling was 
investigated for this thesis at the Großer Pfahl at Viechtach and at the Waschinger quarry at 
Arnetsried. The lode is characterized by a complex arrangement of multiple brittle 
deformation structures accompanied by the hydrothermal precipitation of various quartz 
generations such as (i) µm- to mm-thick quartz veins cross-cutting kaolinized granitoid wall 
rock, (ii) two fine-grained quartz masses, (iii) massive white quartz with low-temperature 
crystal-plastic deformation fabrics, and (iv) late N–S-trending mm- to dm-thick quartz veins 
cross-cutting all other quartz generations.  

 
The Rusey fault zone 
 
The Rusey fault zone is an approximately NW–SE-trending quartz mineralization oriented 

sub-parallel to the Rusey fault which dips ~50–30°/~30°. This zone located at the west coast 
of northern Cornwall ~5 km northeast of Boscastle, and is exposed over an area of 
~50 m × 5 m at Rusey Headland. It is made up by a complex arrangement of multiple 
deformation structures accompanied by hydrothermal fluid input and crystallization of various 
quartz layers and generations such as (i) early prefault quartz with low-grade crystal-plastic 
deformation fabrics, (ii) two sets of µm- to cm-wide quartz veins within the wall rock 
fragments, (iii) fine-grained acicular quartz grains with shape preferred orientation (SPO) and 
crystallographic preferred orientation (CPO) in the gouge, (iv) blocky, subhedral to locally 
euhedral µm- to mm-sized quartz grains from quartz coatings of cockade-like breccias, (v) 
fine-grained quartz in two deformation band end-members, and (vi) late cross-cutting µm- to 
dm-wide quartz veins. 

 
At both study areas quartz veins, quartz lenses and layers at various extents provide 

evidence for the circulation of significant amounts of hydrothermal fluids and material 
transport in brittle shear zones. Both localities represent ideal study areas for investigating 
textures generated by multiple events of brittle deformation and hydrothermal fluid influx 
within the upper crust. Furthermore, the occurrence of various quartz generations is suited 
for the chemical analysis and subsequent comparison of chemical differences. 
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CHAPTER TWO 
 

2. Methods 
 
This section discusses the state-of-the-art-methods applied to analyze the complex 

macro-, meso-, and micro-structures as well as quartz and wall rock chemistries of the Pfahl 
shear zone (Bavaria/Germany) and the Rusey fault zone (Cornwall/UK): 

 
2.1 Light microscopy and U-stage 

 
This study is based on mineralogical and textural analysis conducted with a standard 

petrological microscope. In addition universal stage (U-stage) measurements have been 
obtained to examine the emerging incipient quartz crystal-plastic deformation by measuring 
quartz c-axes. Quartz c-axes can be measured by the U-stage. For this purpose the U-stage 
is fixed on the disk of a standard petrological microscope and the thin section is mounted 
between two glass hemispheres. The device including the glass hemispheres and the thin 
section can be rotated on several axes. This enables a single crystal rotation until it lies in a 
specific orientation with respect to the petrological microscope axes. For obtaining the 
orientation of a particular quartz c-axis, the crystal, i.e., the entire device, must be rotated so 
that its c-axis is either horizontal or vertical. 

 
2.2 Cathodoluminescence (CL) microscopy 

 
CL microscopy is a well-established analysis method used for the microfabric 

characterization and identification of minerals in rocks. It is also used to determine element 
distribution in minerals (Marshall, 1988; Götze and Magnus, 1997). CL is generally applied in 
a qualitative descriptive manner to classify and distinguish different minerals by their 
emission colors (Götze, 2002). CL emission is affected by lattice defects such as electron 
defects on broken bonds, vacancies, or radiation-induced defects and is related to trace 
activator ions such as Fe3+, Cr3+, Al3+, Mn2+, Pb2+, Cu2+, Sn2+ in addition to uranyl groups. To 
visualize the internal structures and the growth and alteration features and to detect different 
quartz types and generations, optical hot CL microscopy investigations were conducted 
using a CL microscope (HC3-LM Simon-Neuser; Neuser et al., 1995) coupled with a Kappa 
PS 40C-285 (DX) camera system with a resolution of 1.5 mpx attached to an Olympus BH-2 
microscope at the University of Göttingen. An electron gun operated at 14 keV under a high 
vacuum of 10−4 bar with a filament current running at 0.18 mA was used in which the electron 
beam diameter was ~0.4 cm. The uncovered and highly polished thin sections of 
representative samples were coated with a carbon layer for CL imaging. The exposure times 
were 4.9–22.2 s for the 5× objective, 12.6–22.2 s for the 10× objective, and 37–46.5 s for the 
20× objective. The detailed description of this method is given by Marshall (1988). 

 
2.3 Fabric Analyser 

 
The fully automated Fabric Analyser (FA), a modified optical microscope, was used to 

obtain crystallographic c-axis orientations of quartz in petrologic thin sections. The G60, the 
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latest version of the FA, was adapted from the instrument described by Wilson et al. (2003). 
The FA generates complete Achsenverteilungsanalyse (AVA) of petrologic thin sections by 
acquiring 200 unidirectional digital images using polarized light. Eleven light emitting diodes 
(LEDs) are used as light sources. Three of these LEDs are arranged precisely along the 
optical axis of the microscope normal to the thin section and emitting almost monochromatic 
light in red, green, and blue. Eight LEDs are mounted in a circular arrangement around the 
optical axis 45° apart and are obliquely tilted 12.5° from the vertical axis. The arrangement of 
the LEDs focuses a conical light beam on the analyzed thin section. The crossed polarizers 
are situated beneath and above the thin section, which remains fixed on a stage while the 
two polarizers synchronously rotate (Fig. 2.1a). Consequently, each point within a grain is 
registered to the same pixel at all positions of the polarizers. A digitally encoded motor 
rotates the polarizers synchronously at 90° by intervals of 11.25°. The emitted light from the 
LEDs crosses a λ/4 retarder plate with two motorized polarizers and the thin section before 
reaching a four megapixel high-resolution (2048 × 2048 pixels) charged-coupled device 
(CCD) camera fixed above the objective lens. This camera generates a stack of 16 images 
from each of the eight inclined LEDs, which includes images with and without retarder plate 
for every position of the polarizers, and another stack of 24 images from each of the three 
vertical, colored LEDs. The spatial resolution of the images was ~5µm/px. The standard 
discrete Fourier transform methods were used to determine the extinction angle for each 
axis; the light amplitude values for each position of the polarizers were transformed to a 
sinusoid curve. The information from the digital images was combined to produce a 
composite data set (Fig. 2.1). The recordings on the c-axis crystallographic orientation at any 
pixel within a thin section can be on a disk for examination at any time. A complete AVA color 
map covering a complete thin section was compiled from square tiles of 1000 × 1000 px in 
which gradational shades of color represent the variable orientations of the crystallographic 
c-axis (Wilson et al., 2003; Wilson et al., 2007; Peternell et al., 2009). 

 
Software-based determination of c-axis orientation 

 
The INVESTIGATOR software program enables the analysis of the composite AVA data 

by determining the trends of the c-axis as an azimuthal orientation from north and the 
plunges as colatitudes. Vertical c-axes are equivalent to colatitude of zero (0 ≤ azimuth ≤ 
360°; 0 ≤ colatitude ≤ 90°). This program delivers two empirically determined values, i.e., 
geometric quality (gq) and retardation quality (rq), which allow the verification of the 
measurement quality. The azimuth is established on the extinction plane for the c-axis with 
the nine light directions including one for the vertical near-monochromatic LEDs and one for 
each of the eight inclined white LEDs. Thus, each c-axis determination is based on eight 
oblique planes and one vertical plane. The geometric quality (Fig. 2.1b) is dimensionless and 
depends on the tightness of the extinction plane intersection, thus revealing the c-axis 
colatitude value. A perfect measurement is represented by a value of 100 and corresponds 
with all planes cross-cutting in a single line of the c-axis. A poor measurement is represented 
by a value of zero, which indicates a poor match of the extinction planes. The extinction 
plane generated from the three vertical LEDs determines the azimuth of the c-axis. The 
intersection of the two outermost oblique planes with the plane from the vertical light source 
determines the colatitude of the c-axis (Peternell et al., 2009). The rq (Fig. 2.1b) is a 
dimensionless measure of how well the phase values of the almost monochromatic red, 
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green, and blue lights (the three vertical light sources) match the theoretical interference 
sinusoid curves of Newton’s colors (I, II, and III). An excellent measurement is represented 
by a value of 100 and corresponds to a perfect match of red, blue, and green retardations, 
whereas a value of zero corresponds to a combined red and blue phase error of 100° (IV, V, 
and VI). The value of rq cannot be determined for areas that do not show birefringence, such 
as grain and phase boundaries (Peternell et al., 2009). 

 

 
Fig. 2.1: Flowchart showing the two stages of the process for determining c-axis orientation. (a) 
Stage 1: The image is acquired, in which the traces of extinction planes are determined and recorded. 
The intersection of the extinction planes defines the c-axis orientation and is represented in an AVA 
image. The example shown is from oriented sample TY31E1B. (b) Stage 2: Obtained data are 
examined by using INVESTIGATOR software. The variations of c-axis orientations can be analyzed 
using the geometric quality (gq) map, in which colors represent c-axes colatitudes indicated by the 
circles. Colors in the retardation map represent retardation quality (rq) for each pixel. The small black 
lines indicate the azimuth of c-axis orientation (modified after Peternell et al., 2009). 
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2.4 Image digitalization, Euclidean distance mapping EDM and Bootstrapping 
 
Image digitalization 

 
Field photographs were digitalized using Photoshop CS5 with a 2 px outline to apply 

fractal analysis in order to investigate the Rusey breccia formation processes. In the next 
step, ImageJ was used to separate different zones by stepwise increase of the equivalent 
diameter of the fragment sizes. When an equivalent diameter of 14.8 mm was reached, zone 
3 was displayed clearly, whereas zones 2 and 4 covered only a few large fragments. Thus, 
14.8 mm was determined as the grain size threshold.  

 
Euclidean distance mapping 

 
Boundary fractal analysis (BFA) describes the ruggedness or complexity of a particle 

outline or boundary. This method is based on the concept that an irregular outline can be 
characterized by a dimension related to its ruggedness (Richardson, 1961); this dimension 
was linked to the fractal concept by Mandelbrot (1967). The Euclidean distance mapping 
(EDM) method is an image processing algorithm proposed by Danielsson (1980). 

Analysis was conducted on single fragment outlines to determine the morphological 
roughness (Dr) of each clast by using the EDM method as applied by Jébrak (1997) and 
Berubé and Jebrak (1999). The EDM analysis of clasts with areas <10.000 px provides 
inaccurate results (Lorilleux et al., 2002). For this reason, all fragments were increased 10 
times from 72 to 720 dpi. Those fragments still <10.000 px, in which the original size was 
<~3.3 mm in equivalent diameter, were erased by using ImageJ. For a non-biased pick of 
samples from all three zones, a 30 mm × 30 mm grid was added.  

 
Bootstrapping 

 
The EDM analysis led to skewed (non-Gaussian) EDM datasets. To calculate the 95% 

confidence interval for the median value of the Dr for skewed datasets, the Bootstrapping 
method (Efron, 1977) was used. Each dataset was processed by using SPSS 22 statistics 
software, and the results were plotted.  

 
2.5 Box-counting 

 
For analyzing complex patterns or inhomogeneity, the box-counting method (Mandelbrot, 

1982) is a well-established quantification method used in many research fields e.g. for 
analyzing fault-related aftershocks of earthquakes (Nanjo and Nagahama, 2000). 
Box-counting is a powerful tool for analyzing complex 2D patterns in numerous materials at 
the micro- to mega-scale (Kruhl, 2013), and the results can be easily programmed (Gonzato, 
1998). The self-similarity of a pattern, a characteristic feature of fractal geometries (Kaye, 
1989), can be investigated by various box-counting methods and is expressed by the fractal 
dimension (D). Box-counting obtains D by superimposing a grid of square boxes with side 
length S on a digitalized binary image that contains a pattern (e.g. a pattern of fragments). 
Before starting the analysis, the largest and the smallest S values must be defined 
depending on the geometry of the pattern within the image to be analyzed.  In the first step, 



	   19 

the number of boxes that accommodate the parts of the pattern is counted. This procedure is 
repeated by decreasing the S value. This method plots the determined number of boxes, 
which are measured against S on a log–log scale. If the resulting plot is a linear function with 
a slope m, D will thus be -m (D = -m) (Kaye, 1989). 

Investigations within this study were conducted on digitalized 2D fragmentation patterns of 
field photographs by using Benoit® fractal analysis software. The datasets were plotted on a 
double-logarithmic scale as a function of S and the number of occupied boxes. D was 
determined from the slope of the resulting linear functions. 

 
2.6 Intercepts 

 
The intercept method, which is equal to a short-distance autocorrelation/covariance 

analysis, is a suitable technique for numerical fabric analysis (e.g., anisotropy) of objects 
such as fragments and particles with unique features that can be classified in a digitalized 
image as a phase X (Launeau et al., 1990; Launeau and Robin, 1996). The analysis of the 
orientation distribution of boundaries is based on the counts of intercepted object sections by 
using parallel scan lines (j) along various directions (α) to generate the intercept number (N) 
(Fig. 2.2a,b).  

The mean length of intercepts in various directions is calculated by dividing the total area 
of the objects in an analysis window by the counts of intercepts on each specific direction 
(Launeau and Cruden, 1998). The resulting rose diagram (Fig. 2.2c) of the mean length is a 
value of anisotropy, shape preferred orientation, and fragment size. The anisotropy R is 
obtained by the ratio of long axis a and short axis b of the rose diagram (Launeau et al., 
2010) (Fig. 2.2c). 

A detailed methodical description and a discussion of all options of the intercept software 
has been reported by Launeau et al. (2010). Moreover, a guide with examples and 
applications, in addition to the latest software version, can be downloaded at 
http://www.sciences.univ-nantes.fr/geol/SPO/. 
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Fig. 2.2: Counting grids on a gray object of a phase X. Analysis points are indicated by open circles 
outside of the object and with black circles inside the object. The counts of intercepts N1 on a line j, 
N1(j, α), is the quantity in the boxes. The arrows indicate the direction of movement out of a phase X 
(gray phase). For several parallel lines in the same direction, the total number of intercepts is N1(α). 
Figure (a) shows the case of lines arranged at 90° with nine intercepts. Figure (b) shows the case of 
lines arranged at 145° with seven intercepts. (c) An example of a rose diagram from the intercepts 
software in which a represents the length of long axis of the fit ellipse (0.0087 cm), b the length of the 
short axis (0.0081 cm) and R the resulting anisotropy (1.077); the long axis of the fit ellipse is the 
general direction of the maximum pattern complexity or anisotropy (in the example 89.02°) (modified 
after Launeau and Robin, 1996). 

 
2.7 X-ray diffraction (XRD) 

 
In the present study (chapter 3), clay-rich samples were ground into a powder by using an 

agate mortar and were fixed with acetone on a silica glass sample holder. The XRD analyses 
were performed using a Philips-Panalytical PW 1800 X-ray CuKα XRD instrument with a 
graphite monochromator, 10 mm automatic divergence slit, and step-scan of 0.02° at 2θ 
increments with a counting time of 10 s per increment operating at 40 mA, 40 kV. XRD scans 
were also performed on glycolated samples for 24 hours in saturated glycol vapor at 80 °C. 
The crystalline mineral phases were identified on the basis of characteristic diffraction lines 
and their d-values in addition to their changes through glycol intercalation. The crystalline 
phases were quantified using the Rietveld BGMN program (Bergmann et al., 1998). 

 
2.8 LA–ICP–MS 

 
Trace element compositions of SiO2 minerals, covering 66 elements, were determined 

from in situ investigation of 40–50-µm-thick thin sections using a PerkinElmer Sciex Elan 
DRC2 ICP–MS. The apparatus was combined with a Lambda Physics Compex 110 
ArF-Excimer laser ablation element working at 193 nm containing a low-volume sample 
chamber and an optical imaging system; Ar was used as the carrier gas. Before and after 
every laser ablation line measurement, the background setting was recorded for 20 s. The 
laser spot diameter was set to 60 µm, and the laser pulse repetition rate was 8 Hz. All data 
were calibrated using the National Institute of Standards and Technology (NIST) external 
standard 610 (Pearce et al., 1997). 

 
2.9 Raman spectroscopy 

 
Since the Raman effect was discovered in 1928 in scattered light from liquids, numerous 

studies have published the analyses of the effect in several materials. Raman spectroscopy 
is a structural characterization technique that relies on the inelastic scattering of 
monochromatic light, known as Raman scattering. This technique is largely used to 
investigate chemical fingerprints and is a useful tool for identifying various mineral phases 
(Kieffer, 1979).  

In comparison with other analytical methods such as X-ray fluorescence and infrared 
spectroscopy, Raman spectroscopy offers several advantages in that it is non-destructive 
and requires little sample preparation. The obtained Raman spectra can be used for rapid 
and precise identification of various compounds such as organic material, minerals, and 
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volatiles with a high resolution of >1 µm2. Due to its high spectral and spatial resolution, 
Raman spectroscopy is widely used for generating detailed chemical maps of heterogeneous 
samples.  

Raman spectra were obtained using a micro-Raman spectrometer (HORIBA; 
XploRa-Raman-System) equipped with three lasers including red, green, and near-infrared 
(NIR). A green Ar ion laser with a 532 nm beam provided an energy of ~2.5 mW focused 
within a 100× objective on a point ~0.7 µm. The laser was set with a power of 1200T grating 
with 50% attenuation with respect to the total laser power, an exposure time of 5 s (three 
pulses), a confocal hole of 300 µm, and a slit of 200 µm. The spatial resolution was <1 µm, 
and the spectral resolution was 1.1 cm−1/pixel. Backscattered Raman radiation was collected 
from 50 to 2600 cm−1. The elastically scattered photons were suppressed using a sharp edge 
filter. The system was calibrated using a silicon standard. No background correction was 
applied to the acquired spectra because the Raman signal showed no fluorescence 
background. 
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CHAPTER THREE 
 

3. Repeated hydrothermal quartz crystallization and cataclasis in the 
Bavarian Pfahl shear zone (Germany). 

 
Published in Journal of Structural Geology: Yilmaz T.I., Prosser G., Liotta D., Kruhl, J.H., 
Gilg, H.A., 2014: Repeated hydrothermal quartz crystallization and cataclasis in the Bavarian 
Pfahl shear zone (Germany). Journal of Structural Geology 68 A, 158-174. 
 
The underlying research project was designed by T.I. Yilmaz and J.H. Kruhl, with input from 
G. Prosser and D. Liotta. These four authors also shared the field work. A. Gilg performed 
the X-ray diffraction measurements and analysis. T.I. Yilmaz performed the microscopy 
investigations and the cathodoluminescence measurements (at Göttingen University) and 
wrote the manuscript. He brought it into its final shape, with comments from the coauthors. 

 
Abstract 

 	  

Field and microstructural data of the Pfahl shear zone in northeastern Bavaria (Germany) 
reveal the intimate spatial-temporal connection between fragmentation, fluid influx and quartz 
crystallization. These processes and their interaction led to complex-structured quartz units: 
(i) a dense network of early quartz veins, (ii) two domains of fine-grained reddish to grayish 
quartz masses, (iii) an extended central zone of massive white quartz, and (iv) late cross-
cutting closely spaced parallel fractures and partly open quartz veins.  

The fine-grained quartz domains result from repeated and coeval cataclasis, fluidization 
and quartz precipitation. Material transport in these domains is at least partly governed by 
the flow of mobile fluid-quartz-particle suspensions. The complex internal meso- to 
microstructures of the massive white quartz are generated by repeated processes of 
fragmentation and grain growth. In general, the brittle part of the Pfahl shear zone represents 
a key example of cyclic dissolution/precipitation and fragmentation on large scale.   

 
3.1 Introduction	  

 

Influx of large fluid volumes leading to precipitation of massive quartz and ore may result 
from several processes, generally connected to fluctuations of fluid pressure within fault 
zones (Nguyen et al., 1998; Robl et al., 2004; Sibson, 2004). In this setting dilatant fracture 
networks are produced by large volumes of uprising pressurized fluids. Crack formation or 
propagation is followed by depressurization that promotes quartz or ore precipitation sealing 
the previously opened fractures. This triggers renewed pressurization and subsequent 
hydrofracturing. Different processes leading to the cyclic formation of hydraulic fractures 
have been proposed, namely: (i) seismic pumping or fault-valve behavior (Sibson et al., 
1975; Sibson, 1990) and (ii) rapid ascent of fluids in mobile hydrofractures (Bons, 2001) or 
fluid-filled fracture propagation (Dahm, 2000). Quartz veins are widespread in fault zones, 
which developed under diagenetic to low-grade greenschist facies conditions within the lower 
level of the seismogenic zone (200–450 °C and 2–4 kbar) (Sibson, 1984; Bons, 2001). 
Such exhumed veins represent a source of information on quartz precipitation and fluid 
migration in relation to the deformation of wall rocks under brittle conditions. 
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The cataclastically deformed segments of the ~150-km-long and up to 100-m-wide brittle 
Pfahl shear zone in the Bavarian Forest (Germany) represent ideal examples where quartz 
crystallization in the frame of the relationships between long-term fluid migration and ongoing 
deformation in the upper crust can be studied in detail. The quartz lodes within this shear 
zone are evidence of an important fossil hydrothermal system deriving from the circulation of 
large volumes of fluid, comparable with the volume of the Baltic Sea, during an estimated 
period of ~160.000 years (Peucker-Ehrenbrink and Behr, 1993). The formation and 
evolution of such a large vein system pose questions on how permeability is maintained over 
such a long time and large distance (Hofmann, 1962; Horn et al., 1986). This topic is 
relevant for the exploitation of geothermal energy in active hydrothermal systems and for 
receiving further information about fluid involvement in brittle deformation and earthquake 
nucleation. Particularly, the interaction between permeability-enhancing brittle 
fracturing/hydrofracturing and permeability-reducing mineral precipitation is crucial for the 
sustainable use of geothermal systems and for research on earthquake triggering. 	  
	  

3.2 Geological Setting 
 

The Bavarian Pfahl shear zone represents an approximately NW–SE-trending dextral 
strike-slip shear zone at the southwestern margin of the Bohemian Massif (Fig. 3.1). It is part 
of a syn- to post-Variscan crustal-scale system of conjugate shear zones, which separate 
Variscan domains with different tectono-metamorphic characteristics. These shear zones 
were formed during the collisional evolution of the Variscan orogeny. Along the Pfahl, at the 
late stages of the Variscan orogeny syntectonic emplacement and crystallization of 
granodiorite generally occurred at 342–327 Ma (Siebel et al., 2005, 2006). Younger granites 
and granodiorites were emplaced between Regen and Patersdorf at 329–321 Ma (Fig. 3.2a) 
(Siebel et al., 2006). Granitoids were later mylonitized down to greenschist-facies conditions 
leading to a mylonite belt with a maximum width of ~1 km (Brandmayr et al., 1995; Galadí-
Enriquez et al., 2006). Mylonitization was followed by dextral brittle deformation in the 
presence of hydrothermal fluids (Brandmayr et al., 1995). These fluids led to the 
crystallization of quartz, which forms an up to 100-m-thick, nearly vertical and ~150-km-long 
giant lode, the so-called "Bavarian Pfahl" located in the center of the shear zone. Fluid 
inclusion microthermometry on latest-stage subhedral druse quartz yielded in trapping 
temperatures of 290–180 °C at ~160 MPa to 210–120 °C at ~50 MPa (Oppermann, 1990; 
Peucker-Ehrenbrink and Behr, 1993). Fluid salinities increase strongly (from less than 5 to 
more than 20 wt% NaCl-equivalent) with decreasing homogenization temperature indicating 
the involvement of distinct fluids in the waning stage of the vein formation (Gerler, 1990; 
Peuker-Ehrenbrink and Behr, 1993). Based on Rb-Sr whole-rock analyses it was 
suggested that the Pfahl quartz was formed during late Permian to early Triassic (247 ± 21 
Ma; Horn et al., 1986) consistently with geochronological data on the Wölsendorf fluorite-
barite vein deposits (Fig. 3.1) at the northwestern section of the Pfahl zone (Brockamp and 
Zuther, 1985; Lippolt et al., 1985; Dill et al. 2011). These fluorite-barite veins formed from 
fluids showing strong geochemical similarities with those responsible for precipitation of the 
Pfahl quartz (Horn et al., 1986; Gerler, 1990; Reutel, 1992). Later deformation along the 
Pfahl shear zone took place in the late Cretaceous to Paleocene during reactivation of the 
southwestern Bohemian border zone (Schröder et al., 1997), evidenced by Upper 
Cretaceous SW-directed thrusting along the northern extension of the Pfahl zone in 
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Mesozoic rocks of the South German Basin near Amberg (Gudden, 1956) (Fig. 3.1), along 
the Danube (Siebel et al., 2010) and the Rodl shear zones (Brandmayr et al., 1995). 

 

 

 
Fig. 3.1: Geological sketch map of the Bohemian Massif with main tectonic structures. White: 
undifferentiated, mostly post-Variscan rocks around the Bohemian Massif. The dashed rectangle 
indicates the position of Fig. 3.2a. Modified after Siebel et al. (2010). 

 
The Pfahl quartz is best exposed between Regen and Harrling (Fig. 3.2a). The initially 

decameter-wide quartz lode was heavily quarried for glass production during earlier centuries 
and later also for the silicon and aluminum industry. Only a few ridges survived. However, in 
several large quarries relics of the quartz lode are present and the original structure of the 
Pfahl is still visible. The quartz exposures highlight that the Pfahl is not a single unit but is 
composed of a locally complex system of veins and numerous smaller massive lodes. In the 
Regen-Harrling segment, the Pfahl is ~30 to 100 m thick and trends ~125°. Detailed mapping 
of the Pfahl northwest of Viechtach (Hofmann, 1962) revealed that smaller sections are 
arranged as en-échelon tension gashes consistent with the dextral shearing along the Pfahl 
shear zone in the brittle/ductile regime. However, these shear structures are not visible 
further towards the SE. The wall rocks NE of the Pfahl consist of biotite-plagioclase 
paragneiss with leucocratic gneiss layers. The wall rocks SW of the Pfahl consist of 
granodiorite with diatexites (Schreyer, 1967) and biotite-hornblende syenites (durbachites), 
respectively (Finger et al., 2007), with ages of intrusion and anatexis of 320 Ma and 335–
309 Ma (Grauert et al., 1974). 
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Fig. 3.2: (a) Geological sketch map of the central part of the Pfahl shear zone. The white stars mark 
the two study sites "Großer Pfahl" at Viechtach and the Waschinger Quarry west of Regen. The map 
is based on Hofmann (1962) and Teipel et al. (2008). (b) Photograph of the central part of the 
"Großer Pfahl" at Viechtach; view to the N on the SW rock face, which represents the boundary 
between the quartz ridge and the (eroded) wall rocks. The ridge is transected by late, cm–dm-spaced, 
planar, vertical and N–S-oriented fractures.	  
	  

3.3 Structure and evolution of the Pfahl quartz 
 

In this chapter we present macro- and microstructures of the Pfahl, exemplified by the 
quartz ridge "Großer Pfahl", west of Viechtach (Fig. 3.2a,b) and the Waschinger Quarry 
outcrops (Fig. 3.3a,b).  
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Fig. 3.3: (a) Geological map of the Waschinger Quarry with NW–SE-trending units of the Pfahl. See text for detailed description. (b) Overview photograph of 
the NW part of the Waschinger Quarry, with mainly massive white quartz in the center and brownish altered wall rocks to the right; the black rectangles 
indicate the position of Fig. 3.6a and Fig. 3.6f. 
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The map of the Waschinger Quarry shows that the different quartz and silicified units are 
exposed as m-thick layers that follow the NW–SE trend of the Pfahl shear zone. Locally, they 
may also form cm–dm-thick and up to several-meters-long lenses. These lenses consist of (i) 
kaolinized and silicified granitoid basement rocks with a dense network of partly conjugate 
µm- to mm-thick quartz veins, (ii) µm-grained mostly dark gray to reddish and light gray 
quartz masses, and (iii) massive white quartz that contains up to several-decameter-long 
layers and lenses of the other units. The Pfahl-parallel layers are transected by steep about 
N–S-trending parallel fractures (Fig. 3.2b) and mm–dm-thick quartz veins of the same 
orientation (Fig. 3.3a). Based on the geological map of the Waschinger Quarry, volume 
estimation leads to approximately 40% kaolinized basement rocks with quartz veins, 10% 
fine-grained quartz masses and 50% massive white quartz. The kaolinized granitoid 
basement rocks occur as 10- to 30-m-long and 1- to 5-m-thick lenses within the massive 
quartz in the southeastern part of the Waschinger Quarry.  

Based on inclusions and on cross-cutting relationships on the outcrop- to specimen-scale, 
a relative chronology of the different units as well as of additional structures can be 
established. Presently kaolinized basement rocks with the network of quartz-veins are older 
than the fine-grained dark gray to reddish and light gray quartz masses because they are 
transected by and enclosed as fragments in the latter (Fig. 3.4c). The dark gray to reddish 
quartz mass (henceforth quartz mass A) is older than the light gray quartz mass (henceforth 
quartz mass B) because it is enclosed in the latter (Fig. 3.4a,b). The massive white quartz (D 
in Fig. 3.4c) locally transects the fine-grained quartz masses as mm-thin, partly gray veins 
but mostly includes mm- to dm-sized irregularly shaped pieces of the fine-grained masses 
(Fig. 3.4a–c) and, consequently, is younger. The youngest structures are the steep N–
S-trending fractures and mm–dm-thick veins, together with some variably oriented µm–mm-
thick quartz veins, because they transect all other units. In summary, a rough sequence of 
main events of deformation and quartz-formation can be established as (i) formation of a 
network of quartz veins in basement rocks, (ii) fragmentation of these basement rocks 
together with quartz veins and formation of fine-grained quartz masses A and B, (iii) 
fragmentation and formation of massive mostly white quartz and (iv) formation of N–S-
trending parallel fractures and quartz veins (Fig. 3.5). 
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Fig. 3.4: (a, b) Massive white quartz type D transecting light gray quartz mass A with enclaves of fine-
grained dark gray to reddish quartz mass B ("Großer Pfahl" at Viechtach). (a) Photograph of the SW 
rock face; boundaries between the three quartz types marked by thin dark-gray lines. (b) Line drawing 
of the same area, with quartz mass A in dark gray, quartz mass B in light gray and massive quartz 
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type D in white. Broken lines indicate the probable orientation of two sets of early fractures. The steep 
open fractures belong to the late N–S-trending fracture system. (c) Sample scan of fine-grained quartz 
masses transected by mm–cm-thick quartz veins. A: dark gray to reddish quartz mass A; B: light gray 
quartz mass B; C: enclaves of kaolinized basement rock in quartz mass A; D: network of mm–cm-thick 
veins of massive white quartz transecting the quartz masses A and B; E: µm-wide quartz veins 
transecting all the structures described above. Non-oriented sample KR5097X, Waschinger Quarry. 
(d) Box-counting analysis of the boundaries between quartz masses A and B and the massive white 
quartz, as shown in Fig. 3.4a. In the two length intervals 8–30 pixel (~0.64–2.4 mm) and 80–350 pixel 
(~6.4–28 mm) the boundary follows a power law, i.e. shows fractal behavior. D: fractal dimension, sd: 
standard deviation, solid circles: data points used for analysis; solid lines highlight linear trend of data 
points. Box-counting analyses performed with the software “Benoit” from “TrueSoft”. 

 
The different units with their various structures, geometries and chronology are not 

restricted to the Waschinger Quarry but occur also at the Viechtach and Harrling Pfahl 
sections (Fig. 3.2a) and at other sites (Radling, Weißenstein and numerous outcrops along 
the federal highway B85), over a distance of at least 55 to 60 km. This documents that the 
different units and their features represent general phenomena of the brittle sections of the 
Pfahl zone. However, as described below, observations on the micro-scale prove a higher 
variability of structures and events than observable on macro-scale.   	  

Previous authors (Oppermann, 1990; Peucker-Ehrenbrink and Behr, 1993) already 
regarded the Pfahl silicification as the result of different events of deformation and fluid flow. 
In our work we present the high complexity of fragmentation and silicification structures and 
provide indications that these structures reflect specific systematics of tectonic and fluid-flow 
activities, including cyclicity of events. Moreover, we will argue that flow of granular material 
played an important role during the development of the Pfahl quartz zone and its micro- to 
macro-scale structures. The structures of the different units are described in detail as follows.
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Fig. 3.5: Schematic 3D sketch illustrating the relative chronology of units and structures in the Waschinger quarry from old to young: granitoid basement (1 – 
chapter 3.3.1), kaolinized basement with mm–cm-wide early quartz veins (2 – chapter 3.3.1), fine-grained quartz masses A and B (not distinguishable on this 
scale) (3 – chapter 3.3.2), massive white quartz D (4 – chapter 3.3.3), cataclastic veins of fine-grained quartz (5 – chapter 3.3.4), late structures such as N–S-
oriented cm–dm-wide narrow-spaced fractures, mm- to cm-thick partly open quartz veins and µm-thin variably oriented quartz veins (6 – chapter 3.3.5).
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3.3.1 Granitoid basement rocks 
	  
According to the local geological map (Teipel et al., 2008) the basement rocks that form 

the wall rock of the Waschinger Quarry as well as certain zones within the quarry (Figs. 3.3a, 
and 3.5) are composed of sheared granitoids and biotite-plagioclase paragneiss. Within and 
close to the Pfahl quartz, the basement rocks are transected by a network of mm-thick quartz 
veins that form a partly conjugate system symmetrical to the local strike and dip of the Pfahl 
shear zone (Fig. 3.6a). Without considering younger, approximately vertical and mostly wider 
quartz veins (for details see chapters 3.3.3 and 3.3.5), the volume of the quartz vein network 
amounts to ~20% of the affected wall rock.	  

The sheared granitoids also occur as µm- to dm-sized fragments within the various quartz 
units. The fragments are composed of ~10-µm-sized quartz and feldspar grains and ≤ 1-µm-
small flakes of kaolinite. Quantitative X-ray diffraction analysis of wall rocks clasts using a 
Philips PW1800 with CuKα radiation indicates 38 to 72 wt% quartz, 8–27 wt% K-feldspar and 
12–35 wt% kaolinite (Fig. 3.6d) determined using the Rietveld software BGMN (Bergmann et 
al., 1998). No mica minerals have been detected by XRD in the investigated samples. 
Locally, quartz and feldspar show a grain-shape preferred orientation (Fig. 3.6c), which 
represents the foliation of the granitoids. 
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Fig. 3.6: (a) Field photograph of a vertical section of kaolinized basement rock with a network of gray 
mm- to cm-thick quartz veins. Broken lines indicate the partly conjugate orientation of veins. Locally 
the veins are transected by mm-thick, sub-vertical, dark-gray quartz veins (arrow). The double arrow 
points to geographic top. 2-Euro coin for scale. (b and c) Photomicrograph (crossed polarizers (X pol) 
(b) and cathodoluminescence (c)) of the granitoid wall rock. Non-oriented sample PFQK-1/2; 
Waschinger Quarry. (b) Fine-grained kaolinized wall rock, transected by a 200-µm-thick quartz vein 
(1), composed of blocky quartz grains with numerous fluid inclusions. A second set of only a few µm 
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thin veins (2) transects the wall rock as well as the earlier vein (dotted lines). The younger veins are 
sealed growth of the transected grains and are free of fluid inclusions. (c) Cathodoluminescence 
picture of area (b). The younger veins (arrows) show blue to purple color. Quartz appears in red, 
K-feldspar in bright blue and kaolinite of the wall rock appears in dark blue. The larger orange colored 
area (double arrow) in the early quartz vein probably contains Uranium. In the wall rock K-feldspar and 
quartz veins are locally elongate and oriented (broken line). (d) X-ray powder diffraction pattern 
analysis of kaolinized wall rock (oriented sample KR5095A) from the NW-part of the Waschinger 
quarry, indicating the presence of kaolinite (K), K-feldspar (F) and quartz (Q). (e) Photomicrograph of 
kaolinized wall rock. The ~5- to 15-µm-small roughly isometric quartz and feldspar grains are mantled 
by less than 1-µm-thin films of kaolinite, mostly visible as Becke lines because of their higher refractive 
index. Parallel polarizers (ll pol); non-oriented sample PFQK-1/2, Waschinger Quarry. (f) Field 
photograph of the massive white quartz, composed of an array of mm- to cm-thick veins (D), with a 
cm-sized fragment of quartz mass A (A) including fragments of mm- to 1-cm-large kaolinized wall rock 
(black arrows) with 1- to several-mm thick early quartz veins. 

 
The kaolinite was formed by replacement of K-feldspars most probably in a weathering 

environment. Hydrothermal kaolinite would require acidic conditions (or very low K+/H+ 
ratios) that are not indicated by fluid inclusion studies (Peucker-Ehrenbrink and Behr, 1993) 
and generally forms at temperatures below ~130 °C (Inoue, 1995). As no other mineral 
characteristic for acidic hydrothermal alteration, such as alunite, dickite, pyrophyllite, 
dumortierite, andalusite, topaz, zunyite, or corundum (e.g. Hedenquist et al., 1996) is known 
in the Pfahl vein system, a supergene origin of kaolinite is suggested. The kaolinite mostly 
occurs as films on quartz-feldspar grain and phase boundaries (Fig. 3.6e). Assuming that 
these boundaries are open with widths of up to ~1 µm at temperatures below ~300 °C and 
form a connected network (Kruhl et al, 2013), the kaolinite may have infiltrated the rocks from 
sub-surface weathering zones (Delvigne, 1998). This process may have occured before 
veining, but possibly also after cessation of hydrothermal activity. 	  
	  

3.3.2 Fine-grained quartz masses A and B 
 
The fine-grained dark gray to reddish and light gray quartz masses A and B (Figs. 3.3a, 

and 3.5) are clearly distinguishable on the outcrop- and specimen-scale. The boundary 
between them is partly lobate on the mm-scale (Figs. 4a,b, and 7a,d,e) indicating local 
mobility of the quartz masses. Both masses contain numerous up to mm-large enclaves 
(Fig. 7a), which are usually angular and partly composed of several quartz grains of variable 
size on the µm-scale, as well as of fine-grained quartz aggregates similar to the quartz 
masses A and B (Figs. 7b–e, and 8b).	  

The fragment-bearing matrix of quartz mass A is composed of a compact aggregate of 
polygonal approximately isotropic grains with locally weakly sutured grain boundaries. The 
average grain size is ~5-8 µm, determined by the program CIAS (Liu et al., 2013). The grains 
are crystallographically randomly oriented, as optically estimated by gypsum plate. The 
matrix of the quartz mass B, again, is composed of a compact aggregate of polygonal 
approximately isotropic grains with locally weakly sutured grain boundaries. The grain size is 
~9–14 µm on average and, therefore, slightly larger than that of quartz mass A. The weak 
grain-boundary suturing is consistent with pore-space cementation by overgrowth on small  

quartz fragments. Numerous opaque granules of <1 µm diameter, located mostly along 
grain boundaries, contribute to the dark gray to reddish color of quartz mass A. In quartz 
mass B the number of opaque granules is clearly lower. Larger grain size and smaller 
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amount of opaques account for the lighter appearance of quartz mass B on specimen- as 
well as thin-section scale. 
	  

  
Fig. 3.7: Thin-section scan of quartz masses A and B, which are transected by an up to 1-mm-thick 
quartz vein; non-oriented sample KR5179X2; Waschinger Quarry. (a) The fine-grained relatively dark 
quartz mass A (A) contains densely distributed dark granules and fluid inclusions and numerous 
angular quartz fragments of variable size. Quartz mass B (B) contains relatively few inclusions but an 
even higher number of angular fragments. The boundary between both quartz masses (broken line) is 
lobate. The quartz vein transects fragments within both quartz masses. The displacement in the range 
of 1 mm indicates shearing during vein formation; II pol. (b) Details of (a). A quartz vein (broken lines) 
transects an enclave in quartz mass A. The two halves of the enclave (dotted lines) are displaced by 
~1 mm (half arrows). The vein center is enriched in fluid inclusions; ll pol. (c) Area (b) with crossed 
polarizers. It is evident that the large enclave consists of quartz grains of highly variable size ranging 
from ~10 to more than 300 µm. In the vein the large elongate quartz grains are oriented obliquely to 
the vein boundaries, in the sense of displacement. Along the boundaries, the vein is locally composed 
of irregular areas of small quartz grains; X pol. (d) Details of (a). A ~50- to 100-µm-thin vein transects 
the lobate boundary (white broken line) between fine-grained quartz masses A (A) and B (B) and two 
angular fragments in quartz mass A (black solid and broken lines); II pol. (e) Area (d) with crossed 
polarizers. The thin vein and the two transected enclaves (1 and 2) are hardly visible. The larger 
enclave (1) consists of coarse quartz grains and a fine-grained quartz matrix and most probably 
derives from an earlier already fragmented quartz vein. The thin quartz vein was sealed by growth of 
the transected grains grains, as exemplified by the vein sections in the transected enclaves; X pol.  

 
Based on these observations, we interpret the two fine-grained quartz masses as the 

results of fragmentation of earlier coarser-grained quartz veins. This fragmentation led to a 
cataclasite composed of larger fragments within a matrix made up of fine-grained fragments 
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that underwent subsequent pore-space cementation. These features also indicate that more 
than two fine-grained quartz masses exist (as shown also in chapter 3.3.4) even though the 
quartz masses A and B are the most prominent ones with respect to volume and visibility on 
specimen- and outcrop-scale.  
	  

	  
 
Fig. 3.8: Photomicrographs (II pol (a) and X pol (b)) of massive white quartz (vein accumulations – D) 
and fine-grained quartz masses A (A) and B (B). (a) Elongate angular enclave of quartz masses A and 
B marked by broken line. Quartz mass A, dark due to numerous dark granules and fluid inclusions, is 
transected by light quartz veins and contains an angular quartz enclave (within the rectangle). (b) 
Details of figure a; photomicrograph of quartz mass A with an angular enclave, outlined by broken line. 
A consists of quartz grains of ~10 to 30 µm size and numerous fluid inclusions and dark granules of <5 
µm diameter, mostly along grain boundaries. The enclave is composed of quartz grains of ~10 to 200 
µm size. Vesicles = preparation artifacts. Non-oriented sample KR5097X2, Waschinger Quarry. 
	  

3.3.3 Massive white quartz 
	  
Massive white quartz forms the major part of the Pfahl quartz lodes (Figs. 3.3a, and 3.5). 

Despite its homogeneous appearance on outcrop- and specimen-scale, micro-scale 
investigations reveal a complex internal structure. The massive quartz locally transects the 
kaolinized wall rock as well as both quartz masses A and B as mm–dm-thick white to gray 
veins (Figs. 3.4c, 3.6f, and 3.7b,c) or contains irregular-shaped enclaves of them (Fig. 3.8a). 
The veins are oriented predominantly vertical, locally forming en-échelon structures, 
consistent with the dextral shear sense of the Pfahl shear zone (Fig. 3.9). 
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Fig. 3.9: Geographically horizontal specimen section with quartz masses A and B (here not distinguishable on specimen scale), which are transected by veins 
of the massive white quartz D. Thin broken lines indicate the vein orientations. Half arrows mark dextral shear sense, indicated by the en-échelon structure of 
the veins, in agreement with the dextral shear sense along the Pfahl. Thick broken is parallel to the general NW–SE-orientation of the Pfahl. Oriented sample 
KR5180, "Großer Pfahl" at Viechtach. 



	   38 

Where quartz masses A and B are enclosed in the massive quartz (type D), evidence of 
further fragmentation of A and B is still visible on the cm-scale (Fig. 3.4a,b). On the mm-
scale, the boundary between the massive white quartz and the fine-grained quartz masses is 
partly lobate. This is also reflected by a different fractality of the boundary on different scales, 
as discussed below in more detail.	  

The veins of massive white quartz are composed mostly of blocky quartz grains on a 
scale of µm to a few mm, which locally form "comb" or "palisade" quartz grains with their long 
axes oblique in the sense of shear (Fig. 3.7c; Bons et al., 2012). In contrast, larger compact 
zones of the massive quartz show a highly heterogeneous microstructure. Four main "end 
member" classes of structures can be distinguished: (i) class 1 – areas with accumulations of 
µm–mm-thick veins with blocky quartz (Figs. 3.6f, and 3.8), (ii) class 2 – µm–mm-thick zones 
with a mixture of µm-large angular and partly elongate grains and of µm-sized more isometric 
grains (Fig. 3.10b), (iii) class 3 – a mixture of fine-grained (a few µm) areas, with up to 
several-mm-large grains that are locally subhedral but mostly blocky (Fig. 3.10a), (iv) class 4 
– areas in the cm-range with mostly several mm up to 1 cm large subhedral to blocky quartz 
grains with only few inclusions of µm-sized grains (Fig. 3.11a,b). Later extensional veins and 
fractures cross-cut these "end member" classes and the transitions among them (see further 
below). 

 

 
 
Fig 3.10: (a) Thin-section scan of massive white quartz; oriented sample KR5096; NW-part of 
Waschinger Quarry. The fine-grained quartz masses are most probably generated by strong 
fragmentation of large quartz grains and subsequently overgrown by large blocky quartz; X pol. (b and 
c) Details of (a). Photomicrograph (X pol) (b) and cathodoluminescence (c) of a brittle micro-shear-
zone in the massive white quartz. (b) 1.2-mm-thick micro-shear-zone with a µm-sized matrix and 
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angular ~20- to 230-µm-large quartz fragments. White broken lines mark the shear-zone boundaries. 
Healed microcracks (white arrow, right upper corner) and quartz micro veins (white arrow, left lower 
corner) parallel to the shear zone boundaries occur. (c) Cathodoluminescence picture of area (b). The 
angular fragments display red colors. The matrix is blue to dark blue. Locally, fragment outlines are 
possibly arranged into sets of conjugate micro-shear-planes (white short-dashed lines). (d) Rose 
diagram showing the axis orientations of angular quartz fragments with an axial ratio of ≥ 1.5. The 
slightly asymmetric distribution with respect to the shear zone boundary (broken lines in figure b and 
c) possibly indicates a sinistral shear component. 

 
The local accumulation of µm–cm-thick veins with blocky quartz (class 1) widely 

contributes to the composition of the massive white quartz. The class 2 zones (Fig. 3.10b,c) 
most probably represent small-scale brittle shear zones. This is indicated by (i) the sharp and 
parallel boundaries of the zones with sub-parallel fractures (Fig. 3.10b,c), (ii) the angular and 
partly strongly elongate shape of grains with partly slightly curved faces typical for 
fragmented quartz (Fig. 3.10b), (iii) the orientation of the long axes of these grains oblique to 
the boundaries of the zones (Fig. 3.10d), interpreted as the result of moderate rotation of 
elongate fragments in the sense of shear and (iv) the internal fracturing of the zone, partly 
reflected by the presence of conjugate sets of shear planes (Fig. 3.10c). Fragmentation is 
most clearly demonstrated by relics of formerly euhedral and zoned quartz crystals 
(Fig. 3.11e,f).	  

The cumulative particle size distribution shows different fractality in two different scale 
intervals (Fig. 3.12a,b). The lower D-values are below the range of fractal dimensions of 
~2.5–2.8 obtained for particle size distributions in cataclasites (Blenkinsop, 1991), whereas 
the higher values are above that range. The presence of two fractal dimensions is generally 
seen as evidence for two different processes that act coevally or subsequently (Kruhl, 2013). 
In the instant case, the two processes are most probably represented by fragmentation and 
growth. Fragmentation generated a power-law, i.e. fractal, size distribution of fragments. 
Subsequent growth, i.e. cementation of fragmentation-generated pore space with quartz (Fig. 
3.10c) and the overgrowth of fragments by quartz, led to an increase in fragment size and, 
consequently, to a decreasing number of small particles and increasing number of large 
particles. This possibly caused the two ranges of lower and higher fractal dimensions for 
smaller and larger particles. The quartz overgrowth is indicated by the frequent occurrence of 
inclusion-rich angular grains with inclusion-free mantles (Fig. 3.11e). 

The class 3 structures (Fig. 3.10a) can be interpreted as the result of broad and irregular 
fragmentation of older quartz veins, together with the fine-grained quartz masses A and B, in 
combination with an intensive growth of quartz, which not only filled the 
fragmentation-generated pore space but also led to overgrowth and replacement of small 
fragments by larger grains of up to several mm size. Again, overgrowth is indicated by 
inclusion-free rims around inclusion-rich cores. 
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Fig. 3.11: (a and b) Thin-section scan of massive white quartz. Non-oriented sample KR5179X3, 
Waschinger Quarry. (a) The overview shows numerous up to several-mm-large blocky crystals with 
random crystallographic and shape orientation within finer-grained quartz mass. These grains contain 
angular inclusion-rich areas, which most probably represent fragments of a older quartz veins. Locally, 
the large grains include linear-aligned small quartz grains (q). The fine-grained quartz mass is 
composed of angular dark (A) and light (B) regions most probably representing the quartz masses A 
and B (see text for further explanation). (b) The II-pol image of area (a) shows features not or only 
weakly visible with crossed polarizers. The large quartz crystals are partly fragmented in conjugate 
sets of fractures (dotted lines). The areas of fine-grained quartz masses A and B become even more 
obvious. Mass A forms enclaves in mass B. Both masses, again, contain small quartz enclaves. 
Locally mass B shows vein-like geometry (v). (c) Photomicrograph of the massive white quartz. 
Coarse quartz grains with fluid-inclusion-poor probably former veins (broken lines) and inclusions of 
µm-sized partly round and elongate quartz grains. Locally, these small grains are grouped along 
bands (arrows) related to offsets of the large grains (half arrows). X pol; oriented sample KR5096, 
NW-part of Waschinger Quarry. (d) Cathodoluminescence picture of area (c) illustrates the 
fragmentation of the massive quartz. The irregular light red lines, oriented roughly from upper left to 
lower right, represent fluid-inclusion-rich and healed fractures. The dark red bands are interpreted as 
micro-shear-zones, partly overgrown by the large quartz grains, with the small rounded grains as relics 
of fragmentation and mechanical rotation along the shear zone. White broken line: outline of large 
quartz grain. (e) Photomicrograph of a micro-shear-zone within a late N–S-oriented steep vein. 
Variably sized quartz grains often show fluid-inclusion-rich cores and fluid-inclusion-free rims. Some 
grains display subhedral to euhedral shape. X pol; Non-oriented sample PFQK-1/2; Waschinger 
Quarry. (f) Cathodoluminescence picture of area (e) shows zoning (arrows) and illustrates that at least 
some of the grains are fragments of formerly euhedral quartz crystals. Specifically the large euhedral 
grain at the center of the figure indicates growth over highly fragmented and fluid-inclusion-rich older 
quartz. 
	  
The class 4 areas with large subhedral to blocky quartz grains (Fig. 3.11a,b) are 

interpreted as resulting mostly from fragmentation of the relatively light quartz mass B and 
earlier mm–cm-thick veins and overgrowth with subhedral and blocky quartz grains (class 1). 
Fragmentation and overgrowth structures in class 4 are the same as in class 3. Linear 
alignments of µm-sized quartz grains represent either thin veins or micro-shear-zones, which 
transect the large quartz grains and are, subsequently, are overgrown (Fig. 3.11c,d).  

The four classes of quartz structures are intimately spatially connected and a clear relative 
chronology cannot be established. This suggests that the structure-forming processes, i.e. 
fragmentation and growth of quartz, occurred repeatedly and to various extents in different 
domains. The important contribution of quartz overgrowth is also illustrated by the lobate 
boundaries between the massive white quartz and the older fine-grained fragmented quartz 
veins, already visible on specimen-scale (Fig. 3.4a,b). This reflects the extensive 
replacement of fine-grained quartz masses by coarser-grained ones due to 
dissolution/precipitation (Landmesser, 1995). 
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Fig. 3.12: (a) Cumulative fragment size distribution of the micro shear zone shown in Fig. 3.10b,c 
presented in a double-logarithmic diagram. The two slopes of linear point arrangement D1 = 4.016 and 
D2 = 2.253, with a switch at a fragment size of ~140 µm, indicate power-law distribution of the 
fragment sizes on two different scales. R2 = correlation coefficient. (b) Cumulative fragment size 
distribution a micro-shear-zone shown in Fig. 3.11e,f presented in a double-logarithmic diagram. The 
two slopes of linear point arrangement D1 = 3.116 and D2 = 2.077, with a switch at a fragment size of 
~115 µm, indicate power-law distribution of the fragment sizes on two different scales. 
 
3.3.4 Cataclastic veins of fine-grained quartz 
	  
At a few locations, the massive white quartz is fragmented and transected by a network of 

mm-thick quartz veins with irregular and partly diffuse outlines. The veins are composed of 
fine-grained dark gray to reddish quartz (Fig. 3.13a,b), containing numerous µm-sized quartz 
fragments, and emit feather micro-veins (Friedman and Logan, 1970; Passchier and Trouw, 
2005) into the massive white quartz, also containing µm-sized fragments. The presence of 
fluidal textures (Fig. 3.13a,b) allows interpreting the vein-filling material as derived from 
injection of fluidized cataclasites (Lin et al., 2013). After solidification, these cataclastic veins 
are fragmented and transected by a network of up to several-100-µm-thick veins (Fig. 
3.13b,c) filled with polygonal µm-sized quartz grains (Fig. 3.13d). 
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 Fig. 3.13: (a and b) Thin-section scan of massive white quartz transected by dark fine-grained veins; 
non-oriented sample KR5179X4, Waschinger Quarry. (a) The veins exhibit irregular and partly diffuse 
outlines and prominent fluidal textures and contain numerous µm-sized enclaves (white arrow). The 
veins emit feather micro-veins (double arrow) into the massive white quartz, also with µm-sized 
enclaves. The massive white quartz and the veins are transected by a network of up to several-100-
µm thin veins (black arrow); II pol. (b) Crossed polarizers show that the dark fine-grained veins consist 
of fine-grained quartz and that the enclaves are composed of quartz and, therefore, are fragments of 
earlier quartz masses. The width of the late thin veins within the dark fine-grained veins varies strongly 
and the vein boundaries are irregular. The thin veins are filled with polygonal µm-sized quartz crystals. 
(c and d) Detail of figure 3.13a and b. (c) The dark fine-grained vein is transected by an array of thin 
veins with irregular geometry (black double arrow). Locally, micro-feather-veins are developed (white 
arrow); ll pol. (d) Crossed polarizers show that the veins are filled with polygonal quartz crystals in the 
range of 20 µm up to 250 µm. X pol. 
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3.3.5 Late structures 
	  
Subsequently to the formation of the massive white quartz, numerous veins and fractures 

developed. However, these late structures only weakly reshape the previous units. Most 
prominent are sub-vertical, N–S-oriented, approximately planar, and cm–dm-spaced 
fractures (Figs. 3.3b, and 3.5). They transect all rock units of the Pfahl quartz lode over the 
entire extent of exposure and are best visible at the NE or SW walls of the few large Pfahl 
ridges, such as Weißenstein or Viechtach (Fig. 3.2b). The orientation oblique to the Pfahl 
trend and the occurrence of occasionally visible sub-horizontal striations and rare 
slickensides on the fracture planes indicate that fragmentation took place during dextral 
strike-slip movement along the Pfahl.	  

Millimeter to decimeter thick and partly open quartz veins are developed parallel to these 
fractures. They locally widen to open geodes of cm to dm size, which are decorated with 
µm–mm-large blocky and partly euhedral quartz crystals. Local fragmentation of the quartz 
crystals points to movements along these veins and, therefore, indicates a genetic 
connection to the fractures. The veins may extend up to 20 m into the wall rock (Fig. 3.3a). 	  

A last generation of irregularly oriented quartz veins transects all other quartz generations. 
The veins are ~10- to 20-µm-thin and contain quartz crystals of ~5 to 10 µm size, which are 
nearly inclusion-free (Fig. 3.6b,c). 	  
	  

3.3.6 Low-temperature crystal-plastic deformation of quartz 
	  
Indications of low-temperature crystal-plastic deformation of quartz are present mostly in 

the massive white quartz. Large grains show arrays of variably oriented subgrain boundaries 
with c-axis misorientations between the neighboring subgrains of up to several degrees, 
measured by universal stage. 

The angles between c-axes and subgrain boundaries (again, measured by universal 
stage) indicate that rhombohedral planes dominate, with a few prism- and basal plane-
parallel boundaries. Weak serration of the grains points to limited mobility of the grain 
boundaries. Along micro-shear-zones but also in mm-sized patchy areas ~10-µm-large 
grains occur (Fig. 3.14). The transitions between these small grains and the subgrains and 
their arrangement along thin conjugate micro-shear-zones indicate that the small grains 
originated from recrystallization. At least incipient crystal-plastic deformation in the range of 
the quartz annealing and recrystallization can be envisaged at a temperature of ~280-300 °C 
(Voll, 1976) was present during an important part of the Pfahl history. 
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Fig. 3.14: Photomicrograph of massive white quartz and quartz mass A (lower left part of the figure). 
The massive white quartz shows strong polygonization (subgrains) with transitions to recrystallized 
grains along thin zones in conjugate orientations (broken lines). Vesicles = preparation artifacts. X pol, 
non-oriented sample KR5179X4, Waschinger Quarry. 

	  
3.4 Discussion and conclusions 

 
Post-Variscan hydrothermal activity during shearing and fragmentation led to the up to 

100-m-thick, nearly vertical and ~150-km-long Pfahl quartz zone in northeastern Bavaria. 
The Variscan initial high-temperature dextral strike-slip shearing (Brandmayr et al., 1995) is 
followed by exhumation and brittle deformation during post-Variscan time, as indicated by (i) 
the large-scale en-échelon fracturing of the northwestern section of the Pfahl (Hofmann, 
1962), (ii) quartz-filled en-échelon tension gashes in the early fine-grained quartz masses 
(Fig. 3.9) and (iii) late N–S-oriented fractures and quartz veins oblique to the Pfahl trend 
(Figs. 3.2b, and 3.3a).	  

 The Pfahl quartz zone in the studied area is by far not as homogenous as it appears, as 
already shown by previous authors (Oppermann, 1990). The Pfahl quartz lode contains 
complex internal structures on the macro- and micro-scale generated by various 
fragmentation and fluid-flow processes and their interaction. Our study provides new aspects 
of the structural development which varies from the formation of (i) early partly conjugate 
sets of mostly mm–cm-thick quartz veins, (ii) two main phases of fine-grained quartz masses, 
(iii) voluminous massive white quartz, partly together with steep and Pfahl-parallel trending 
cm–dm-thick veins of coarse-grained quartz to (iv) late cross-cutting closely spaced fractures 
and partly open quartz veins (Fig. 3.5). The first three stages developed veins and quartz 
masses mostly parallel to the Pfahl trend. In contrast, the last stage led to oblique structures.	  
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Kaolinized wall rocks with partly conjugate sets of mm–cm-thick quartz veins (Fig. 3.6a) 
not only occur at both sides of the Pfahl quartz zone but also as lenses and layers 
throughout the inner parts (Fig. 3.3a) summing up to approximately 40 vol%. Because the 
fine-grained quartz masses and the massive white quartz probably rework parts of the early 
quartz veins (see below), 40 % of the current width, i.e. ~20 m of the 50 m width of the Pfahl 
in the Waschinger Quarry, represent the minimum width of the Pfahl zone after the first stage 
of wall-rock fracturing and quartz precipitation. Roughly 20% of these 20 m, i.e. 4 m in total, 
are quartz veins. No indications of silicification of the wall rock, neither on macro- nor on 
micro-scale, have been found so far and, therefore, the first stage of the Pfahl development 
appears solely as fracturing and widening of the wall rock, by a minimum of 4 m in the 
Waschinger Quarry. 	  

The subsequently developed fine-grained quartz masses (A and B) occur in lenses and 
layers parallel to the Pfahl trend and contain numerous fragments of single quartz grains or 
grain aggregates (Figs. 3.7, and 3.8). Consequently, for the most part they are not formed by 
precipitation from a fluid but by cataclasis of already existing quartz veins and/or lodes. The 
Pfahl-parallel orientation of the lenses and layers are in agreement with fragmentation during 
dextral strike-slip movements along the Pfahl. The fluid inclusions and opaque granules in 
both quartz masses (high in quartz mass A and lower in quartz mass B) argue for the 
presence of fluids during fragmentation. These fluids were silica-rich, as indicated by the 
observation that the fragmentation-induced pore-space is cemented with quartz.	  

The high mobility of the fine-grained material in the cataclastic veins is documented by (i) 
lobate boundaries between different fine-grained fragmented veins (Figs. 3.7a, and 3.8a), (ii) 
fluidal textures within some of the masses (Fig. 3.13) and (iii) examples of feather micro-
veins with an infill of fluidized cataclasite (Fig. 3.13a,b). The high mobility was most probably 
supported by the presence of fluid during fragmentation leading to a fluidization of 
cataclasites (Lin, 1996; Lin et al., 2013). 	  

The complex internal structure of the massive white quartz points to repeated processes 
of fragmentation and quartz precipitation. Fragmentation occurred mostly along micro-shear-
zones (Fig. 3.10) and affected (i) the quartz masses A and B and (ii) syntaxial quartz-veins, 
as indicated by fragments of the fine-grained quartz masses (Figs. 3.4, and 3.8) and by 
fragments of euhedral and zoned quartz crystals (Fig. 3.11e,f). Overgrowth of fragments 
point to the presence of a fluid phase during and/or after fragmentation, which leads to 
precipitation of quartz, coarsening of fragments and, consequently, to different power-law 
relationships of the fragment-size distributions on different scales (Fig. 3.12). Precipitation of 
quartz and coarsening of fragments increase the massive appearance and strength of the 
material. In contrast to the fine-grained quartz masses, the new quartz veins of the massive 
white quartz contributed to an additional widening of the Pfahl lode. In addition to the 
crystallization of quartz from fluids in open planar fractures and pore-space, leading to quartz 
veins and to cementation and solidification of cataclastic material, indications of a 
widespread formation of new quartz at the expense of old quartz are numerous, mainly in the 
massive white quartz (Figs. 3.11a,b, 3.15, and 3.16). This is mostly indicated by coarse 
quartz grains replacing fine-grained quartz (Fig. 3.15). 
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Fig. 3.15: Photomicrograph of quartz mass A and massive white quartz. A euhedral quartz crystal (q), 
attached to quartz mass A, indicates growth into a fluid-filled vein. The large vein crystal contains 
numerous fluid inclusions arranged in two sets of planar alignment in conjugate orientation, indicating 
fragmentation and healing. The massive quartz contains relics of quartz mass A (arrow). An inclusion-
free rim is developed against quartz mass A (double arrows). Both observations indicate overgrowth of 
the fine-grained quartz mass by massive quartz. Non-oriented sample KR5179X3, Waschinger 
Quarry, X pol.	  

 
The fine-grained recrystallization of quartz at several locations in the massive white quartz 

and the widespread occurrence of subgrain patterns indicate that temperatures of 280–
300 °C, the threshold for quartz crystal-plasticity (Voll, 1976), were reached at least during 
and after the formation of the quartz lode. It is not settled if this temperature reflects the 
regional geothermal gradient or if it was a local effect generated by uprising hydrothermal 
fluids. Peucker-Ehrenbrink and Behr (1993) assume temperature conditions for the fluids of 
the "massive Pfahl quartz" of about 300 °C. The suggested depth of Pfahl quartz formation of 
4–6 km (Gromes, 1980) would lead to about 300 °C only in combination with an extremely 
high geothermal gradient as suggested by Möller et al. (1997), Zulauf (1993) and Zulauf and 
Duyster (1997) for late-Variscan times.  

The widespread fracturing of the fine-grained quartz masses and the massive white 
quartz, in addition to the formation of various sets of partly open quartz veins, indicate 
deformation with a dilatational component during the final stage of the Pfahl development 
with less over-pressured fluids and reduced silica content.  
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Fig. 3.16: Photomicrograph of the massive white quartz. Coarse relatively fluid-inclusion-rich grains 
are transected by an array of µm-thin veins (one of them marked by a broken lines), visible because of 
the low fluid-inclusion density. The veins are sealed by overgrowth of neighboring coarse quartz 
grains. X pol, non-oriented sample PFQK-1/2, Waschinger Quarry. 

 
In general, the Pfahl brittle shear zone developed in response to fragmentation, fluid flow 

and silicification. After an initial period of fracturing and formation of quartz veins, intense 
fragmentation, together with fluid infiltration and quartz precipitation in pore space, leads to 
fine-grained cataclastic and silicified masses, followed by probably numerous events of 
fragmentation and quartz dissolution-precipitation resulting in a massive quartz zone. During 
the final stage of development, fracturing and formation of quartz veins are again dominant. 
Detailed investigation on the micro-scale reveals an intimate spatial connection of all quartz 
structures and the lack of a simple and clear chronology of events. This suggests that the 
structure-forming processes, i.e. fragmentation, dissolution and growth of quartz, occur 
repeatedly and to various extents at different locations. Moreover, material transport during 
movements along the Pfahl appears to be at least partly governed by flow of highly mobile 
fluid-particle suspensions. 	  
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CHAPTER FOUR 
 

4. Fragmentation and silicification structures in fault zones:  
Repeated fragmentation and quartz crystallization in the Rusey fault zone 

(Cornwall/UK). 
 

In preparation for submission to Lithos: Yilmaz, T.I., Blenkinsop, T.G., Kruhl, J.H., Duschl, F., 
2015: Fragmentation and silicification structures in fault zones: repeated fragmentation and 
quartz crystallization in the Rusey fault zone (Cornwall/UK). 
 
The underlying research project was designed by T.I. Yilmaz and J.H. Kruhl. Field work was 
shared by T.I. Yilmaz, T.G. Blenkinsop and J.H. Kruhl. T.I. Yilmaz performed the microscopy 
investigations, the fractal-geometry analyses and the X-ray spectroscopy, Raman 
spectroscopy and Laser-Ablation ICP-MS measurements. T.G. Blenkinsop wrote the 
tectonics sub-chapter (4.2.1 & 4.2.2). The cathodoluminsecence measurements were 
performed by T.I. Yilmaz and F. Duschl at Göttingen University. T.I. Yilmaz wrote the 
manuscript. He brought it into its present shape with comments from the coauthors. 
 
Abstract 

 
The spatiotemporal connection among fluid flow, quartz crystallization, and deformation 

along the Rusey fault zone in Cornwall (UK) has been investigated based on field and 
microstructural data. Various fragmentation and fluid flow processes and their interactions 
lead to complex structured quartz units such as (i) fragments of early sets of mm-cm-thick 
partly ductile deformed prefault quartz veins, (ii) gouge, (iii) voluminous cementation of 
cockade-like angular to sub-rounded gouge and wall rock fragments, (iv) two different types 
of deformation bands to (v) late crosscutting µm-to dm-wide quartz veins. Feathery textures 
indicate that quartz crystallized from chalcedony and originally may have precipitated from a 
silica gel. 

Material transport along the brittle shear zone is at least partly governed by the flow of 
mobile fluidized suspensions. The complex meso- to microstructures are generated by the 
repeated processes of fragmentation, quartz precipitation, and grain growth. The brittle 
Rusey fault zone generally represents a zone of multiple fragmentation, fluid flow, 
recrystallization, and quartz dissolution and precipitation; thus, it is considered as an 
important example of large-scale cyclic interactions among these processes.  

 
4.1  Introduction 

 
Pathways for fluid flow and mineralization are usually generated by tectonics, fluctuations 

in fluid pressure, or a combination of the two (Cox et al., 1987; Sibson, 1987). Aqueous fluids 
appear, especially within the brittle zone of the Earth's crust (Fyfe et al., 1978). The origins of 
these fluids may be metamorphic, magmatic, and meteoric, or a mixture of the three (Bons 
and Gomez-Rivas, 2013). Quartz is the most abundant mineral crystallizing in hydrothermal 
environments (Adams, 1920). Its solubility and precipitation highly depend on pressure–
temperature conditions (Fournier and Potter, 1982). Quartz solubility and precipitation along 
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with the corrosive nature of its supersaturated precursor material are of great economic 
interest in areas such as geothermal energy production (Meier et al., 2014). 

Different mechanisms leading to repeated quartz mineralization have been proposed: (i) 
seismic pumping or fault-valve behavior (Sibson et al., 1975), (ii) rapid ascent of fluids in 
mobile hydrofractures (Bons, 2001), or (iii) propagation of fluid-filled fractures (Dahm, 2000). 
Such events are accompanied by multiple fragmentation, fluid flow, and quartz dissolution–
precipitation or by the cyclic interactions among these processes. 

A common feature within fluid-saturated brittle to semi-brittle regimes is 'hydrothermal 
brecciation' (Phillips, 1972; Caine et al., 2010; Cas et al., 2011). Many authors have 
classified fault breccias genetically and non-genetically. For example, non-genetic 
classifications were achieved using textural distinction among crackle, mosaic, and chaotic 
breccias (Laznicka, 1989; Mort and Woodcock, 2008). The genetic classifications are based 
on characteristics such as matrix and clast composition, clast size distribution, and texture 
and internal clast deformation (Sibson, 1986). Other authors used clast roughness and 
fractal dimensions of particle size distributions (Jébrak, 1997; Lorilleux, 2002; Ross et al., 
2002; Clark and James, 2003). In general, two main types of hydrothermal brecciation, i.e., 
physical and chemical, can occur. According to Jébrak (1997), up to eight major mechanisms 
can be distinguished: tectonic comminution, fluid-assisted brecciation, wear abrasion, volume 
reduction, volume expansion, impact, collapse, and corrosive wear.  

Previous investigations on various hydrothermal fault zones have shown (Jobson et al., 
1994; Stel and Lankreyer, 1994; Bons, 2001; Gudmundsson et al., 2001; Cox, 2007) that the 
flow of material during fault activity is governed by several main processes: cataclastic flow, 
granular flow, fluidization, and fluid flow in open fissures. These processes can act 
individually or coevally (Yilmaz et al., 2014). However, they are certainly not sufficiently 
investigated. More comprehensive information is required to better understand the slip 
mechanisms of large-scale faults and shear zones, heat transfer and formation of ores along 
such zones (Micklethwaite et al., 2010), and earthquake triggering (Lindenfeld et al., 2012). 

The Rusey fault zone (Cornwall, UK), which is 5 m wide and 50 m long, and the related 
quartz zone represent ideal sites where quartz precipitation can be comprehensively 
examined in the context of the relationship between fluid migration and ongoing deformation 
in the upper crust. The quartz zone is evidence for interactions among fluid flow, 
fragmentation, and mass transport.  

The development of such quartz zones raises questions regarding material properties 
(e.g., viscosity and velocity) during transport and deformation. This topic is relevant for 
exploiting geothermal energy in active hydrothermal systems, the development of economic 
mineralization and gaining further insight in fluid involvement in brittle deformation and 
earthquake nucleation. 

 
4.2  Geological setting 

 
The Rusey fault is a ca. 80 km long E–W-trending structure situated in the Culm basin of 

Cornwall, (UK) (Fig. 4.1). The Rusey fault zone is located on the northern coast of Cornwall 
within the metasedimentary rocks of the Variscan foreland (Shackleton et al., 1982) 
(Fig. 4.2). The Rusey headland lies at the contact between the Crackington and Boscastle 
Formations of the Culm basin (Isaac and Thomas, 1998). The Crackington Formation 
consists of cycles of sandstones, siltstones and mudstones interpreted as the lower parts of 
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the Bouma sequences, whereas the Boscastle Formation consists of dark grey to black 
slates with a moderately strong, gently dipping cleavage that has been interpreted as the 
upper parts of the Bouma sequences (Thompson and Cosgrove, 1996; Isaac and Thomas, 
1998). The Boscastle Formation is probably Dinantian-Lower Namurian to the south of the 
Culm basin, whereas the Crackington Formation is Namurian-Westphalian (Isaac and 
Thomas, 1998).  

 

 
 
Fig. 4.1: Geological sketch map of Cornwall showing Devonian to pre-Devonian mica and amphibolite 
schists, Devonian to Carboniferous basins (indicated by short dashed lines) and Upper Carboniferous 
to Lower Permian granitic intrusions. Furthermore two structures, the Rusey fault (RF) and the 
Sticklepath-Lustleigh fault (SP) are indicated. The dashed rectangle indicates the position of Fig. 4.2. 
Modified after Leveridge and Hartley (2006). 

 
However, the two formations have been considered as Namurian lateral equivalents within 

the Culm basin, with the Boscastle Formation being more distal (Thompson and Cosgrove, 
1996). Both the British Geological Survey 1:50.000 geological map (British Geological 
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Survey, 2013) (Fig. 4.2) and Thompson and Cosgrove (1996) suggest that there are 
additional fault-bounded lithological units of intermediate nature between the Crackington 
Formation and the Boscastle Beds at the Rusey headland. 

 

 
 
Fig. 4.2: Geological and structural map of the Rusey fault zone area showing the Boscastle Formation 
to the south and Crackington Formation to the north of the Rusey fault zone. Most faults have an NW-
SE to WNW-ESE trend only a few faults have a NE-SW to ENE-WSW orientation. The position of the 
Rusey fault zone is indicated by the black arrow. Modified after British Geological Survey 1: 50.000 
geological map (British Geological Survey, 2013). 

 
4.2.1  Variscan tectonics 

 
The Namurian rocks of the Devon and Cornwall basins were generally folded 

asymmetrically and thrust to the north during the main phases of the Variscan orogeny 
(Sanderson and Dearman, 1973; Shackleton et al., 1982); however, the Rusey headland lies 
in a zone of south-facing structures between Tintagel and Widemouth and is interpreted as a 
backthrust zone (Shackleton et al., 1982) juxtaposed with northerly facing structures at the 
'Polzeath confrontation zone' (Roberts and Sanderson, 1971). Coward and Smallwood 
(1984) modified the backthrust model by proposing that the backthrust completely 
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overprinted the original north vergence. However, the importance of the south-facing zone 
was modulated by Selwood and Thomas (1985). The comprehensive work of Andrews et al. 
(1988) resolves contradictions in interpreting the tectonics. That work confirmed the 
existence of the south-facing backthrust zone along with the Polzeath confrontation zone and 
assigned this deformation to D1. The major phase of deformation is northerly directed 
thrusting in D2. The Rusey fault is attributed to a special significance as a post-peak 
metamorphism, south-directed thrust. This timing explains the paradox that lower grade 
metasedimentary rocks are found in the hanging wall of the fault. The Rusey fault lies near a 
transition from upright to recumbent folds within the south-facing zone, as described by 
Sanderson (1979). The transition is attributed to the rotation of fold hinge surfaces from initial 
upright positions to recumbent orientations during south-directed simple shear. In addition, 
the transition corresponds to an increase in strain intensity, as seen from cleavage 
development (Sanderson, 1979). Andrews et al. (1988) also indicated differences in folds 
and cleavages on either side of the Rusey fault. In the Crackington Formation to the north of 
the fault, there are large recumbent chevron folds; to the south of the fault in the Boscastle 
Formation, which has less thick sandstone layers, the folds have more rounded hinges. The 
S1 axial planar cleavage is strongly developed south of the fault as a pervasive axial planar 
cleavage with a NNW trending stretching lineation. Andrews et al. (1988) inferred that there 
must be significant displacement on the fault from these changes. The metamorphic contrast 
across the fault has been measured using illite crystallinity and oxygen isotopes (Primmer, 
1985). Illite crystallinity records a sharp increase from the lower part of the anchizone to the 
north of the fault to the anchizone/epizone boundary to the south. Oxygen isotopes indicate 
temperatures from 161 °C to 197 °C north of the fault and a minimum temperature of 287 °C 
to the south. Andrews et al. (1996) demonstrated a sharp decrease in vitrinite reflectance 
with distance to the south of the fault, corresponding to a decrease in temperature from 
370 °C to 300 °C over a distance of 170 m. This is demonstrated in the footwall rocks by a 
darkening in color toward the fault plane. 

 
4.2.2  Post-Variscan tectonics 

 
Post-Variscan extensional deformation is widely described in the Varsican of SW England. 

It was initiated in the Carboniferous and controlled base metal mineralization as well as 
granitic plutonism (Warr, 1988; Shail and Wilkinson, 1994). The Rusey fault is implied to 
have participated in this movement (Andrews et al., 1998). NW to NNW major strike-slip 
faults are a prominent feature of the geology of SW England (e.g., Cambeak-Cawsand fault 
and Cardinham-Portnadler faults: Isaac et al., 1998; Andrews et al., 1998), and faults with 
similar orientations have been mapped offshore (Nixon et al., 2012). These faults have 
dextral separations and may have initiated in the Devonian and been reactivated as transfer 
faults in the Variscan (Coward and Smallwood, 1984) and still later in the Tertiary (Dearman, 
1963). Faults with similar orientations are prevalent throughout Cornwall and some host base 
metal mineralization (Dearman, 1963). As mapped in this study, the Rusey fault strikes 
parallel to this system of faults. Freshney et al. (1972) have mapped the Rusey fault as cut 
by a steep fault located a few tens of meters to the NW of the Rusey fault at the coast. The 
NW system of faults imparts dextral separations to the Culm stratigraphy, and its faults are 
densely mapped around the study area (Freshney et al., 1972). Kim et al. (2001) described 
steeply dipping faults trending 160° at Crackington Haven, 3.5 km NNW of the Rusey fault. 
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These faults are dextral strike-slip faults that have been reactivated as sinistral faults. The 
sinistral reactivation is usually less than the earlier dextral offset; thus, the faults generally 
remain dextral like the regional-scale faults with this orientation. 

The Sticklepath-Lustleigh fault in Devon may have originated as one of the Variscan 
dextral strike-slip faults described above. Early Tertiary basins developed along the 
Sticklepath fault in left-stepping jogs during the sinistral movement (up to 6 km) of the 
Eocene-Oligocene (Holloway and Chadwick, 1986; Arthur, 1989). The Sticklepath-Lustleigh 
fault has been mapped offshore in the Bristol Channel, where a rhomb-shaped graben 
formed at a left step in the fault. The graben was intruded by the Tertiary Lundy igneous 
complex, which included the Lundy granite, and was filled by Eocene to Oligocene sediments 
(the Lundy pull-apart: Arthur, 1989). Sinistral offset (28–40 km) is suggested for the rhomb 
graben, which was subsequently inverted, possibly by dextral reactivation (Arthur, 1989). 
Ruffel and Carey, (2001) also described NW–SE faults in the St. George’s Channel basin 
with a similar history of Mesozoic and Cenozoic reactivation; one of these faults is linked to 
an extension of the Sticklepath-Lustleigh fault. 

In summary, the Rusey fault is a significant structure within southwest England that has 
probably had a long and complex history. It is suggested to have started as an extensional 
fault during the Culm basin formation (Andrews at al., 1996). Subsequently, it may have been 
a post-peak metamorphic backthrust before becoming an extensional fault again at the end 
of the Variscan (Andrews et al., 1988; Thompson and Cosgrove, 1996). Alternatively, dextral 
separations mapped on the Rusey fault suggest that it might have originated as a Variscan 
transfer fault. Tertiary reactivation of NW–NNW-trending faults is well known in Devon and 
Cornwall; the major phase of reactivation was sinistral followed by lesser dextral movement. 

 
4.3  Macro- and mesostructures of the Rusey fault zone 

 
In this chapter, we present macro- and mesostructures of the Rusey fault zone at the 

Rusey Headland outcrop exposed over an area of ~50 m × 5 m (Fig. 4.3).  
 

 
 
Fig. 4.3: Field photograph of the Rusey breccia outcrop (cliff in foreground). Below Carboniferous dark 
shales (Crackington Formation) with dm-wide sedimentary layers, locally isoclinal folded (white 
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stippled line), a several-meters-thick damage zone that is bound by a several-meters-thick quartz zone 
at the bottom. The boundary is oriented 30-50°/~30°. The box marks the position of Fig. 4.4, and the 
star marks the position of Fig. 4.5. 
 

The zone can be subdivided into (i) hanging wall, which is made up by folded 
metasedimentary Carboniferous dark shales and sandstones, (ii) a ~10-m-wide damage 
zone with gouge, cataclasites, and foliated cataclasites as well as wall rock fragments with 
sizes ranging from mm to several dm, (iii) a quartz zone with numerous cm- to dm-wide 
bands and lenses with partial internal layering (Fig. 4.4), (iv) up to ~1-m-wide gouge layers 
intercalated in the quartz zone (Fig. 4.5) and (v) late crosscutting mm- to dm-wide quartz 
veins (Fig. 4.6). 

 

 
 
Fig. 4.4: Field photograph of a vertical cut of the upper part of the quartz zone. The zone is composed 
of cm- to dm-wide layers with variable amounts of quartz, fragments, and wall rock. The boundaries 
between the layers are sharp but irregular and locally undulating. The fragment sizes range from µm 
to several cm. (a) This zone is made up of dark shale gouge with a few mm–cm-sized sub-angular 
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fragments of quartz (white arrow). (b) This zone is composed of quartz and shows internal structuring 
based on variable amounts of µm–mm-sized wall rock fragments. Within this zone, dark layers with 
thicknesses reaching a few mm occur, leading to a banded appearance. Furthermore, this zone 
contains mm- to several-cm-sized quartz-coated wall rock and gouge fragments embedded in a 
fine-grained quartz matrix. The coating is up to 1 cm thick. Note the wavy boundary between (b) and 
(c), irregular curving around quartz-coated fragments (white double arrow) with locally strong 
embayment (black arrow). Zone (c) is made of 95% quartz and mm–cm-sized gouge and/or wall rock 
fragments coated by up to 1-cm-thick quartz rims. Zone (d) is made of brecciated gouge with mm–cm-
sized quartz fragments. 

 

 
 
Fig. 4.5: Field photograph of the upper part of the Rusey fault zone. The dark damage zone is 
intercalated in the quartz zone, exhibiting an orientation of (~50/28). A gouge layer is wedged within a 
Riedel (52/74) shear system. 
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Fig. 4.6: Field photograph showing structural details of the boundary between the quartz zone and the 
gouge. The section shown is roughly perpendicular to the dip and parallel to the strike of layering; coin 
for scale. Approximately 10-cm-thick quartz band with quartz-coated angular to sub-rounded wall rock 
fragments obliquely transects gouge layers, other quartz bands of mostly quartz-coated fragments, 
and several mm thick layering parallel deformation bands (white arrows). The boundaries to the gouge 
layers are sharp but diffuse and undulating to the quartz bands (stippled white lines). The gouge zone 
(between the two bold broken white lines) is made up by dense and dark material and quartz 
fragments. At the bottom the zone is confined by Rusey fault sub-parallel slickensides, which dip 
50/34 and 46/40; it is slightly dextrally offset at the transecting quartz band and contains slickenlines 
(indicated by the short stippled white line). The dashed black line traces the outline of the late quartz 
vein cross-cutting all other structures. 

 
The metasedimentary wall rocks exhibit a well-developed slaty cleavage made up by 

alternating µm- to mm-wide layers of (a) quartz with sizes of ~10–50 µm and (b) white mica, 
kaolinite, chlorite, and organic matter cross-cut by quartz veins ranging in thickness from mm 
to cm. The damage zone is made up by a gouge consisting of a dark mass of µm-sized 
quartz, mica, and organic material with wall rock and quartz fragments (Fig. 4.7a,b). The 
fragment sizes usually vary from mm to several cm with local variations up to several dm. 
Bands and lenses in the quartz zone and their internal layering are oriented sub-parallel to 
the boundary between the quartz zone and damage zone. The hydrothermal quartz contents 
of the layered and lenticular zones vary from 50–70 vol%, and their fragment contents vary 
from 30–50 vol%. They locally contain mm- to cm-sized irregular cavities (Figs. 4.4, 4.8, and 
4.9), which are estimated to take up <10 vol%. The contacts between these zones are mainly 
sharp but irregular and locally undulating (Figs. 4.4, 4.7, 4.8, and 4.9). Up to ~1 m wide 
gouge layers with Riedel shear systems are intercalated in the quartz zone (Fig. 4.5). 
Locally, late cm- to dm-sized quartz veins with quartz-coated wall rock fragments transect 
gouge layers with sharp contacts as well as other quartz bands of mostly quartz-coated 
fragments with diffuse contacts (Fig. 4.6). 
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Fig. 4.7: (a) Field photograph of a beach boulder of a gouge zone (A), a transition zone (B) and a 
quartz zone (C). The gouge zone is made of a dark dense material and contains angular mm–cm-
sized quartz fragments. It has a smooth diffuse boundary to the adjacent transition zone (short-broken 
line). The transition zone contains ~95% gouge and quartz fragments and ~5% quartz matrix. The 
mm–cm-sized fragments are angular to sub-rounded. The boundary between zones (B) and (C) is 
diffuse and slightly undulating (broken line). The quartz zone (C) is composed of ~60% quartz matrix 
and of ~40% mm- to several cm-sized fragments of gouge and wall rock, which contain quartz 
fragments. The fragments are angular to sub-rounded. Many fragments show outlines with 
embayments (black double arrows) and are non-coated. Furthermore, fragment size grading occurs 
from top to bottom as the grains change from large to small. (b) Enlarged area (white box in a) 
showing the details of the transition zone, most notably is that fragments only in rare exceptions (white 
double arrow) are in contact with their neighbors. 
 

Several slip planes with slickensides and slickenlines occur within the quartz layers as 
well as at their contacts. Some slickensides are developed on the margins of zones of comb 
quartz (Fig. 4.10), which may also be the margins between distinct breccia units. These 
planes dip roughly parallel to the general orientation of the fault. The slickenlines have low 
plunges, indicating dominantly strike-slip movement. The slickenlines are mm-amplitude 
depressions and ridges on the slickenside surface, and do not show any prominent steps or 
clear slip sense indicators. 

The contacts between the gouge of the damage zone and the quartz zone are locally 
diffuse and irregular and form transition zones (Fig. 4.7a). The transition is represented by a 
change from gouge with quartz fragments to gouge with fewer and smaller quartz fragments, 
to quartz with a high number of small fragments, and finally to a quartz band with a lower 
number of larger fragments (Fig. 4.7b).  

 

 
 
Fig. 4.8: Field photograph of a boulder of the quartz zone. The boulder is composed of mm- to several 
cm-sized angular to sub-rounded fragments of gouge and/or wall rock, mostly coated by quartz and 
cemented by fine-grained quartz. Larger fragments contain matrix and smaller fragments, again 
composed of smaller fragments, indicating a multifold-fragmentation–quartz-precipitation history. The 
sizes, amounts, and packing densities of the fragments vary throughout the boulder. The stippled line 
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marks the irregular outline of an area with relatively small and densely packed fragments. The 
boundary appears partly diffuse and sharp. Locally, mm- to several cm-sized voids are observed 
(indicated by the white arrows). Coin for scale. 

 
Compared to the surrounding quartz mass, certain quartz layers with different fragment 

amounts and sizes (different packing-density) show irregular boundaries with interdigitating 
terminations (Fig. 4.8), possibly indicating the 'mingling' of different masses. Furthermore, the 
grading of fragment sizes can be observed in some zones (Fig. 4.7a). However, due to the 
scarcity of in situ samples, the grading direction cannot be related to a geographic up or 
down. Fragments size may vary systematically from one to the next layer. The undulation of 
boundaries between different quartz layers and truncation are common phenomena 
(Fig. 4.9a); this probably indicates the movement of these layers relative to each other 
accompanied by shearing along the contacts. Furthermore, shearing is indicated by the 
truncation of fragments along the boundaries of the layers as well as along layer internal 
deformation bands (Fig. 4.9a,b).  
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Fig. 4.9: Field photographs of boulders from the Rusey beach. (a) Several cm- to dm-thick quartz 
layers of different compositions and structures. From top to bottom: (i) layer, built by dark, fault gouge 
with mm- to cm-sized white quartz fragments; (ii) variably thin layer with slightly undulating boundaries 
(short broken lines), which contains mm-sized, relatively densely packed, partly quartz-coated 
fragments of gouge and wall rock; (iii) mostly quartz-coated angular to sub-rounded mm- to cm-sized 
fragments of wall rock, with several cavities (white double arrows) and undulating boundaries (short 
broken lines); (iv) darker layer with several quartz-coated mm- to cm-sized angular to sub-rounded 
fragments of gouge and wall rock in a matrix of fine quartz gouge material; this layer represents a 
transition to the next layer (v); (v) layer with even less quartz-coated fragments in a quartz gouge 
matrix that is transected by wavy and partly blind ‘shear planes’ (dotted lines) along which several 
quartz-coated fragments are truncated (white single arrows); this layer is truncated by the lowermost 
layer (vi); and (vi) layer composed of ~90% quartz and mm-sized fragments. Coin for scale. (b) Details 
of a quartz layer composed of partly quartz-coated mm- to several-cm-sized wall rock and gouge 
fragments in a quartz matrix. Two mm–cm-wide dark deformation bands with partly diffuse and sharp 
boundaries truncate one fragment with up to three quartz coatings (white arrow) separated by thin 
films of fine dark material and wrap around another fragment (white double arrow). One large angular 
fragment (black arrow) is clearly not coated. 

 

 
 
Fig. 4.10: Field photograph of a slickenside with well-developed slickenlines on the surface of 
euhedral palisade quartz, which is growing into a vug. The slickenlines are mm-amplitude depressions 
and ridges on the slip plane surface and do not show any prominent steps or clear slip sense 
indicators. 

 
4.4  Quantification of fragmentation structures 

 
To investigate the processes of breccia formation at the Rusey fault, two-dimensional (2D) 

quantification methods such as particle size distribution (PSD) analyses coupled with fractal-
geometry-based Euclidean distance mapping (EDM) (Danielsson, 1980) have been applied. 
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In particular, quartz layers within the Rusey fault quartz zone and a quartz vein from the wall 
rock have been measured (Fig. 4.11). 

Within the quartz vein, angular fragments with minor offset and sizes of up to 10 cm are 
developed (Fig. 4.11a, zone 1). Elongate shapes with typically cuspate tips and random 
orientations are dominant. The PSD analyses of these fragments indicate one linear trend in 
the data, i.e., one fractal dimension Ds = 1.49 (Fig. 4.11b,c). The presence of one fractal 
dimension is generally accepted as evidence for generation from a single process 
(Merceron and Velde, 1991). In the instant case, this process is represented by hydraulic 
brecciation. The EDM analysis indicates relatively low Dr values between 1.165 and 1.184 
suggesting the low complexity of fragment outlines. 

The PSD analyses on three quartz layers with different fragment amounts and sizes from 
the Rusey quartz zone (zones 2A–2C, Fig. 4.11d,e) show different fractal dimensions in two 
different scale intervals (Fig. 4.11f–h). For fragment sizes between ~10 and 30 µm, the lower 
Ds values range from 0.452 to 1.248, and the higher ones range from 2.639 to 3.123. The 
lower Ds-values are below the values of approximately 2.5–2.8 given for PSD from data 
gained by three-dimensional measurements of particles from cataclasites (Blenkinsop, 
1991), while the higher values are above this range. The EDM analyses of these zones 
indicate Dr values between 1.145 and 1.258 (Fig. 4.11i), suggesting an only limited variation 
in outline complexity. The combined fractal dimensions determined by the PSD and EDM 
analyses show that brecciation was generated within both fields of chemical and mechanical 
brecciation, but relatively close to the transition zone (Fig. 4.11i). The fractal dimensions of 
the fragment-filled quartz vein in the wall rock mark a position relatively close to the field of 
hydraulic brecciation, indicating that outside the Rusey fault quartz zone, neither wear 
abrasion nor corrosive wear was active.  

The presence of two fractal dimensions is most probably related to two different 
processes that acted coevally or subsequently (Kaye, 1989; Kruhl, 2013). However, based 
on the two distinguished fractal dimensions from the PSD of zone 2A–2C, two subsequent 
fragmentation processes are considered to be most likely. In the instant case, the two 
processes are probably mechanical and chemical brecciation. The initial fragmentation 
generated a power-law (i.e., fractal size distribution of fragments). The subsequent chemical 
and mechanical brecciation decreased the fragment size and consequently increased the 
number of small particles relative to large particles. This possibly caused the two ranges of 
lower and higher fractal dimension for smaller and larger fragments. 

If the D values of 2.5–2.8 are assumed to result from initial cataclasis, wear abrasion 
along with corrosive wear, respectively, may have changed these values. 

In addition, the fragment shape orientation in zones 2A–2C (Fig. 4.11d, e) was quantified 
by the intercept method using the software Intercepts (Launeau and Robin, 1996). The 
intercept method is comparable to a short-distance autocorrelation analysis, which examines 
the orientation of fragment boundaries. The axial ratios of the fit ellipses of 1.07 (zone 2A), 
1.03 (zone 2B), and 1.06 (zone 2C) indicate nearly isotropic fragment shape orientation in all 
three zones. Consequently, the processes during fault zone activity did not lead to a 
significant fragment alignment. 
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Fig. 4.11: Fractal geometry analyses of different types of brecciation in the Rusey fault zone. (a) Field 
photograph of a wall rock boulder showing wall rock with quartz veins and a quartz-filled brecciation 
zone (zone 1) with angular wall rock fragments. (b) Binary image of (a), with fragments of the 
brecciation zone in black. (c) The cumulative size distribution of fragments of zone 1, presented in a 
double-logarithmic plot. Data points represented by open circles are subjected to truncation and 
censoring effects and therefore not used for fractal analysis. D = fractal dimension = slope of linear 
best fit (solid line); R2 = correlation coefficient. (d) Photograph of a beach boulder showing three layers 
with mostly quartz-coated fragments with different amounts, sizees, and shapes. (e) Binary image of 
(d). On the basis of the amount and size of fragments, three different zones (2A, 2B and 2C) are 
qualitatively separated. Their boundaries (broken lines) are partly strongly undulating. Different gray 
scales are shown for better visual distinction. (f–h) Results of particle size distribution (PSD) analyses 
for the three zones (2A, 2B and 2C). In the double-logarithmic plots, the cumulative frequency–size 
distributions show two linear trends with switches at different fragment sizes for the different zones. 
Open circles are not used for analysis. Ds = fractal dimension inferred from the slopes of the linear 
trends; R2 = correlation coefficient. (i) Fractal dimensions Ds from PSD analyses (figures f–h, both D-
values in each case) plotted versus fractal dimensions Dr of fragment roughness for each of the four 
zones based on Euclidean distance mapping (EDM). The bars represent bootstrapped 95% 
confidence intervals (Efron, 1977) for the median values of EDM results for the zones (Dr 1 95% = 1.165, 
Dr 2A 95% = 1.190–1.245, Dr 2B 95% = 1.156–1.160, and Dr 2C 95% = 1.205–1.228). The diagram, modified 
after Jébrak (1997) and Barnett (2004), represents the correlation between chemical disequilibrium 
and mechanical energy and shows the various fields of brecciation, wear, and abrasion along with the 
positions of the different fractals dimensions of the four zones relative to these fields. The stippled 
lines represent the transition zone between chemical and mechanical brecciation and its possible 
extension to lower Ds-values. 

 
4.5 Microfabrics 
 

In this chapter, we present the microscopic textures of various fault zone components: (i) 
low-grade metasedimentary wall rocks with prefault deformation structures, (ii) wall rock 
fragments in the fault zone, (iii) gouge, (iv) the quartz zone, (v) deformation bands and (vi) 
late quartz veins.  

The low-grade metasedimentary wall rocks are characterized by prefault deformation 
textures in quartz, such as grain boundary suturing, polygonization and beginning 
recrystallization. The wall rock fragments show foliation and are cross-cut by two different 
generations of quartz veins. In general, the gouge is made up of acicular quartz grains with 
15–50 µm length and 3–10 µm width along with clay minerals, phyllosilicates, Fe-oxides, 
pyrite, and fragments of wall rock and quartz. The quartz zone is a complex breccia zone 
made up of fragments of deformation bands as well as wall rock and quartz fragments that 
are surrounded by quartz coatings (infill/cement). Micrometer- to centimeter-wide, sharply 
bordered grey deformation bands cross-cut the gouge, and the quartz zone and late µm- to 
cm-wide quartz veins cross-cut all other components. 

 
4.5.1 Low-grade metasedimentary wall rocks with prefault deformation structures 

 
Quartz from the wall rock was investigated to compare it with quartz from the quartz zone. 

As mentioned above, the wall rock is cross-cut by µm- to cm-wide quartz veins (Fig. 4.12a). 
These quartz veins consist of µm- to mm-sized blocky to subhedral, partly comb-shaped 
quartz grains. Several µm-wide quartz veins are preferentially oriented perpendicular to the 
cleavage (Fig. 4.12a). Locally quartz grains within the veins show distinct signs of low-grade 
crystal-plastic deformation such as wavy extinction, small-scale grain boundary suturing, 
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polygonization, and beginning recrystallization with grain sizes <5 µm (Fig. 4.12b). These 
quartz fabrics indicate deformation temperatures slightly above ~280 °C to 300 °C, the 
minimum temperature of quartz recrystallization (Voll, 1976). 

 

 
 
Fig. 4.12: Thin section scan (a) and a photomicrograph (b) of the wall rock cross-cut by several quartz 
veins, which show low-grade crystal-plastic deformation features. Oriented sample TY31B2; X pol. (a) 
Wall rock composition is highly variable in content of quartz and organic material. The wall rock shows 
a cleavage made up by fine-grained quartz and dark organic-rich layers and is crosscut by quartz 
veins of varying widths, ranging from several µm to >0.5 cm. (b) Deformation in early quartz veins 
within wall rock. The partly elongated quartz grains, together with mica flakes (black arrow), define a 
foliation (indicated by the white dashed line). Crystal-plastic deformation is indicated by grain 
boundary suturing and polygonization, and beginning recrystallization (white arrow). 

 
4.5.2 Wall rock fragments in the fault zone 

 
 Angular to sub-rounded wall rock fragments (Fig. 4.13a) vary in size from several µm to 

dm. They are composed of fine-grained quartz, mica, and organic particles with sizes ranging 
from 5 µm to 15 µm. Locally mm–cm-sized quartz fragments are observed within the wall 
rock fragments. Furthermore, fragments with mm-wide quartz coatings occur (Fig. 4.8). Fine-
grained most possibly sedimentary quartz in the wall rock fragments appears red to reddish-
brown in cathodoluminescence (CL) (Fig. 4.13b). The fragments are cross-cut by two types 
of quartz veins (A and B). Type A veins (Fig. 4.13a,b) are several µm to mm in width and 
consist of anhedral quartz grains. Most of these quartz veins are oriented perpendicular to 
the sedimentary bedding and are restricted to the wall rock fragments. Consequently, they 
are generated prior to the Rusey fault and probably result from the compaction and bedding-
parallel extension due to overburden during subsidence. These veins show weak reddish 
and also short-lived blue CL with yellow CL patches and are restricted to the wall rock 
fragments. 

Type A veins are cross-cut by younger veins (Type B veins) with variable orientation, 
Type B veins consist of subhedral quartz with rhombohedral faces and prominent zoning 
(Fig. 4.13a,b). These veins stretch out in the surrounding coating. They are dominated by a 
short-lived intense blue luminescence ('initial blue') (Götze et al., 2001) that disappears after 
~40 s of electron irradiation and changes to reddish-brown CL. This short-lived emission is 
usual for quartz growth in a hydrothermal environment (Ramseyer and Mullis, 1990; Perny et 
al., 1992; Götze et al., 2001). 

Within these veins, yellow quartz appears as irregular streaks and patches and also along 
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micro-fracture networks in blue quartz. Yellow quartz also cross-cuts growth/sector zoning 
features. Bright yellow quartz turns red after ~30 s of irradiation. Similar quartz CL 
characteristics are described by Takahashi et al. (2008), where corresponding luminescence 
occurred in quartz related to hydrothermal brecciation, probably due to sudden 
decompression. Small amounts of dispersed kaolinite show intense blue colors, while 
organic-rich material and oxides remain black. 

Low-temperature crystal-plastic deformation textures of quartz, such as wavy extinction, 
small-scale grain boundary suturing, polygonization, and beginning recrystallization are 
observed in quartz fragments within the wall rock fragments, indicating an early 
fragmentation of prefault veins (discussed in chapter 4.5.1).  

 

 
 
Fig. 4.13: Photomicrographs of a wall rock fragment, partly with a quartz mantle and a transecting 
quartz vein (Type A). Oriented sample TY37X1. (a) The fragments are composed of fine-grained 
quartz, mica, and organic particles with sizes ranging from <5 µm to 15 µm. The vein (indicated by the 
white dashed line) and the mantle are made up of blocky subhedral quartz with sizes ranging from 5 to 
200 µm; X pol. (b) CL image of figure (a) reveals that the quartz vein transects both metasedimentary 
wall rock (red CL, lower part) and surrounding mantle (upper part). Vein quartz shows blue CL, which 
is characteristic of hydrothermal origin. Larger crystals contain additional reddish-brown zoning 
(growth and sector zoning – white arrow). Yellow CL marks healed inclusion trails (black arrow). White 
spots: holes in the thin section. Type B veins, which are mentioned in the text are not shown in this 
figure. 

 
4.5.3  Gouge 

 
The gouge is characterized by acicular quartz grains with 15–50 µm length and 3–10 µm 

width, clay minerals, phyllosilicates, Fe-oxides, and pyrite (Fig. 4.14a). The gouge contains 
fragments of wall rock and quartz. The wall rock fragments can have distinct long axis 
orientations (Fig. 4.14b). Some fragments show so-called cobweb textures (Fig. 4.15a–c) 
indicating dissolution and/or corrosion processes (Rusk and Reed, 2002). Many wall rock 
fragments and quartz fragments are sub-rounded and show dark irregular rims and mica 
seams, most probably caused by pressure solution (Fig. 4.15a) (de Boer, 1977). 
Furthermore, some quartz-rich rock fragments are associated with minor distribution of micas 
at these rims. Along deformation bands (chapter 4.5.5), bundles or clusters of acicular quartz 
grains are observed; these grains have a boundary-parallel shape preferred orientation 
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(SPO) and crystallographic preferred orientation (CPO) (Fig. 4.15d). Locally acicular quartz 
grains have a perpendicular alignment to the major quartz grain orientation (Fig. 4.15d). 

In CL mode the gouge quartz usually exhibits an intense blue color ('initial blue') in the 
core regions of single crystals, again demonstrating the hydrothermal nature of this material; 
the red cores are overgrown by fine rims that appear blue. The crystals show growth zoning 
features toward the edges. The irregularly distributed voids within the gouge are filled with 
subhedral hydrothermal quartz with similar CL characteristics as the surrounding gouge 
quartz. 

 

 
 
Fig. 4.14: Microstructures of brecciated quartz zone and gouge. Sample (boulder) TY34X4. (a) Thin 
section scan with compact quartz (lower left) and dark gouge (upper right). The compact quartz is 
composed of mostly columnar to acicular crystals with µm to mm sizes. Diffuse banding and a end-
member A deformation band (indicated by broken line in the left upper corner) can be observed. The 
gouge contains numerous µm- to mm-large wall rock fragments, clay minerals, phyllosilicates, pyrite, 
and fine-grained quartz, which locally formes diffuse µm-thin zones of preferred orientation of acicular 
grains (short dashed lines). (b) The enlargement of gouge (box in figure a). The several 100-µm-sized 
elongate shaped wall rock fragments are embedded in a quartz-pigment matrix. Their flat faces are 
preferentially oriented parallel to the orientation of acicular quartz (dotted line in figure a). 
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Fig. 4.15: Microstructures of brecciated quartz zone and gouge. Sample boulder TY34X4. (a) The 
enlargement of a quartz fragment within fine-grained gouge (box in Fig. 4.14a) composed of clay 
minerals, phyllosilicates, pyrite, and fine-grained clear quartz; ll pol. The outline of the fragment is 
irregular and coated with organic material (as shown by Raman spectroscopy) and Fe-rich particles 
(white arrows). (b) The fragment is composed of several smaller quartz grains with sutured 
boundaries, polygonization, and beginning recrystallization (double arrow). Linear arrangements of 
fluid inclusions mark healed cracks (white arrow). (c) CL highlights the internal structure of the 
fragment, different from the X pol view. Slightly dark red to orange colors mark quartz regions with 
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low-grade crystal-plastic deformation structures. These regions are transected by µm thin veins, which 
show yellow luminescence. Blue luminescence represents the last quartz generation, which is of 
hydrothermal origin and overgrows fragmented parts of the old quartz, leading to cobweb textures 
(Rusk and Reed, 2002). Broken line = outline of quartz fragment; dotted line = outline of single quartz 
grain. (d) The enlargement of zone of preferred orientation within gouge (box in Fig. 4.14a). The 
elongate grains show preferred orientation (dashed line) and mostly irregular boundaries. Some grains 
are oriented perpendicular to the general trend of the grain axes. 
 
4.5.4  The quartz zone 

 
Within the quartz zone breccias with coated and non-coated fragments exist. The amount, 

size, and spacing of fragments may significantly vary. The fragments are mostly made up of 
quartz, cataclasites, gouge, and wall rock. In general, the fragments do not contact the 
neighboring fragments, but locally they do (Fig. 4.7b). The fragment sizes vary from mm to 
dm, and the shapes vary from angular to sub-rounded (Fig. 4.9b), often with irregular to 
ameboid outlines (Fig. 4.5). These outlines might be generated by dissolution and/or 
corrosion processes (Fig. 4.16a–c). Different fragment shapes can occur within one zone 
(Fig. 4.9b). Quartz-coated fragments occur (up to three coatings) in some zones (Fig. 4.9b), 
and the outlines of the fragments are angular to sub-rounded. The coatings thicknesses 
range from mm to 1.5 cm. Where more than one rim exists, the coatings are prelayered with 
a fine, dark rim (<50 µm) (Fig. 4.9b). Thin section analysis revealed that this rim consists of 
fine-grained quartz, phyllosilicate, Fe-oxide particles and pyrite. 

These breccias are generally called cockade-like breccias (Frenzel et al., 2014; Cox and 
Munroe, 2015). Fragments of cockade-like breccias in the Rusey fault zone normally show 
cores made up of different quartz types, primarily fragments showing various CL 
characteristics, while the seams are composed of fine-grained quartz crystals with reddish 
and weak orange to yellow CL. The quartz crystals along the surrounding coating are blocky 
to subhedral grains (Fig. 4.13) with local comb crystals. The quartz grains of the coating are 
traversed by an irregular networks of bright yellow CL that demonstrate a late brittle 
deformation event associated with fluid input (Fig. 4.16d,e). 

Another common micro-scale feature are the so-called feathery textures (or plumose 
textures) (Fig. 4.16f), which make up between 60 to 85% of the quartz within the quartz zone. 
In crossed polarized light feathery textures are characterized by a patchy appearance of 5–
20-µm-sized quartz crystals within fringes of mostly subhedral quartz grains with locally 
euhedral faces. The patchy appearance results from optical differences in maximum 
extinction positions. The feathery textures can occur in oscillating zones within a quartz grain 
(Fig. 4.16f), indicating episodic changes of the crystallization parameters, most possibly 
caused by tectonic activity. Furthermore, µm-sized cavities along grain boundaries of blocky 
to subhedral quartz grains with feathery textures are observed. The CL of feathery textures is 
mainly weak red to reddish-brown, which are surrounding the intense blue cores of subhedral 
quartz cores; sections parallel to the c-axis demonstrate that feathery textures only affect 
prism faces, while pyramidal faces only show blue CL. Their texture is noticeably patchy in 
CL, confirming the irregular growth impression observed under cross-polarized light, which is 
correlateed with the positions of undulose extinction. These patchy textures also show 
oscillatory zoning in the CL mode. The oscillatory zoning textures are always intragranular, 
demonstrating the primary growth character of both the blue cores and the irregular and 
patchy reddish seams. Similar features were described by Heaney (1993) and Flörke et al. 
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(1991) in chalcedony and quartzine; it seems that these so-called 'phenofibers' (i.e., bundles 
of microcrystalline fibers), which are oriented perpendicular to the zoning or growth surface, 
are the result of SiO2 precipitation under saturated conditions, probably from a non-
crystalline precursor. Feathery textures are arranged along the c-axes of the quartz crystals, 
the orientation of these bundles being <90° from the axis (in growth the direction). 

 

 
 
Fig. 4.16: Photomicrographs of a wall rock fragment within the quartz zone (a–c) and blocky to 
subhedral to euhedral quartz crystals from the quartz coating (d–f). (a) The wall rock fragment is rich 
in organic material (black shale) and transected by quartz veins, which have irregular diffuse outlines 
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and vary in width; IIpol. (b) The quartz veins are made of blocky quartz. X pol (c) CL reveals that the 
quartz veins are made up of hydrothermal quartz with blue CL and the wall rock by low-grade 
metamorphic quartz with red CL. (d) Photomicrograph of blocky to subhedral quartz grains of the 
quartz zone showing euhedral faces and fluid inclusion trails; the white line marks a linear zone, which 
is only visible by CL. (e) CL shows four different quartz types with characteristic luminescence 
features (blue, violet, yellow, and non-luminescent/black) and reveals a healed crack (white arrow), 
with an orientation parallel to the acicular quartz grains and the end-member A deformation band in 
Fig. 4.14a. The yellow quartz is correlated with secondary fluid inclusion trails along microckracks in 
the X pol image. (f) Photomicrograph of subhedral comb quartz with feathery textures. The feathery 
textures are characterized by a patchy appearance of fine 10–50-µm-long and several µm-wide quartz 
subgrains. Their c-axes have relatively the same orientation as the host grain. Within this image the 
feathery textures show three different zones (A, B, C). Between the zoned areas, non-feathered quartz 
exists. Positions with non-feathered textures have only one distinct c-axis orientation. Furthermore, 
µm-sized cavities occur along grain boundaries and as micro-fractures (indicated by white arrows). 
Non-oriented sample TY34X4. 

 
4.5.5 Deformation bands 
 

Two deformation band end-members exist: Both end members are planar structures and 
sharp-bordered zones with width ranging from 0.1 mm to <5 cm. One is characterized by 15–
50-µm-long and 5–10-µm-wide acicular quartz crystals with CPO (end-member A); the other 
one typically shows angular fragments and locally µm-wide fluidized cataclasites (Lin et al., 
2013) (end-member B). Both end-members are made up by smaller quartz grains than the 
surrounding material, indicating grain size reduction due to fragmentation. 

 
End-member A 
 
End-member A deformation bands are characterized by irregular wavy (Figs. 4.14a, and 

4.17a) to straight and sharp boundaries (Fig. 4.17a). They are mostly made up by 15–50-µm-
long and 5–10-µm-wide acicular quartz crystals (Figs. 4.15d, and 4.17b) with aspect ratios 
(long axis to short axis) of 10:1 to 3:1. The CPO analysis using the Fabric Analyser G60 
shows that quartz c-axes in the shear zone have Rusey fault sub-parallel orientations with 
lineation arranged in the maxima of the measured c-axis orientations (Fig. 4.17c). This 
implies that the CPO of quartz crystal in the deformation band could have formed within the 
same stress field as the lineation. The c-axes of acicular quartz grains and their long axes 
(axial ratio ≥ 1.5) have inclined orientations with respect to the deformation band 
(Fig. 4.17d,e). The angles between the c-axis and long axis orientations show an increased 
distribution toward 0°, again indicating that the c-axis and long-axis orientations are 
consistent (Fig. 4.17g). The measured end-member A deformation band has a sub-parallel 
orientation with respect to the Rusey fault (Fig. 4.17f).  

The CL microscopy demonstrated that acicular quartz crystals within end-member A 
deformation bands are usually made up of a red core overgrown by a blue ('initial blue') 
hydrothermal quartz (Fig. 4.17h), suggesting partly euhedral overgrowth of pre-existing fine-
grained quartz fragments in a solution. We suggest that the acicular crystals developed by 
overgrowth of anhedral quartz nuclei (Fig. 4.17h), which were probably created by cataclasis 
before hydrothermal overgrowth. 
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Fig. 4.17: (a) Thin section scan of oriented sample TY31E2 showing a end-member A deformation 
band cross-cutting the quartz zone. The white arrow indicates a wall rock fragment, and the white 
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rectangle indicates the area of (b). (b) Zoom-in area of the end-member A deformation band, which is 
composed of 15–50-µm-sized acicular quartz grains indicated by blue colors; X pol + γ. (c) C-axis 
orientations (measured with Fabric Analyser G60) of zone A, showing a main maxima around the 
lineation (indicated by a white dot and L); the solid line indicates the orientation of the deformation 
band; the dashed black lines indicate a possible measurement error of 5° of the deformation band.  (d) 
C-axis orientations of quartz grains measured within zone B, resulting in a distribution that indicates 
one maximum at +/− 150° (dashed black line indicates a possible measurement error of 5° of the 
deformation band). (e) Rose diagram showing the axis orientations of acicular quartz grains with an 
axial ratio of ≥1.5 (the same quartz grains have been measured as quartz grains of which c-axes 
orientations have been measured within (d)). (f) Orientation plot of the Rusey fault (bold black great 
circle) and the deformation band (fine black great circle, with 5° error in fine dashed lines). The 
lineation L is within the 5° error of the deformation band which is indicated by the dashed lines and is 
arranged in shear direction; the dots represent the 174 c-axis orientations with respect to the Rusey 
fault orientation. (g) Histogram showing a unimodal distribution of the angles between the c-axis and 
the long-axes of all grains shown in (e) and (d) (174 measuremets). (h) CL image of an acicular quartz 
grain (blue CL), which contains a core made up by a small quartz grain with red CL (dotted outline). 
The white line indicates the c-axis orientation of both, acicular quartz and the core (determined with 
the gypsum plate).  

 
End-member B 
 
End-member B deformation bands are characterized by straight boundaries to adjacent 

breccia zones (Fig. 4.18a,b). They are made up by a fine-grained quartz mass (5–15 µm) 
and quartz fragments up to 150 µm in size (Fig. 4.18c,d).  

 

 
 
Fig. 4.18: Photomicrograph of blocky to angular quartz grains of the quartz zone crosscut by an end-
member A deformation band. (a) The image shows a high density of fluid inclusions and Fe-oxide 
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pigments, indicating µm-wide fluidized cataclasites within the blocky matrix/cement of the quartz zone 
(black arrow); II pol. (b) Photomicrograph of the same positions as (a); along a sharp boundary of 
larger quartz grains (indicated by the white arrow) µm-sized quartz grains are arranged; X pol. (c) Is 
showing a zoom into (b) where euhedral crystal faces (white arrow) and intergrowth of quartz grains 
(black arrow) occurs and where large anhedral quartz grains are surrounded by a fine-grained quartz 
mass. (d) Cathodoluminescence of (c) reveals that the large quartz grain is a fragment of the adjecent 
blocky quartz, indicated by the same CL colors (blue with yellow veinlets); non-oriented sample 
TY34X4. 

 
Crystals in end-member B deformation bands have frequently been fractured and then 

healed. Occasionally, yellow quartz CL occurs in irregular patterns, especially in areas of 
blue quartz; yellow quartz is accompanied by fluid inclusions, indicating a separate fluid 
input. CL revealed that subhedral quartz crystals related to end-member A deformation 
bands (Fig. 4.18d) usually consist of grains with intense blue CL streaked with healed 
microcracks characterized by intense yellow CL. Bigger anhedral grains with blue cores 
appear to have grown under stable conditions and were fragmented subsequently 
(Fig. 4.18d). In these end-members, yellow CL is restricted to otherwise blue CL particles. 
Furthermore, these deformation bands are accompanied by µm-wide fluid- and pigment-rich 
textures, which indicate mobile fluid-particle suspensions (fluidized cataclasite) (Fig. 4.18a). 
These fluidization textures indicate a fluid-saturated brittle deformation regime (Yilmaz et al., 
2014). 

 
4.5.6 Late quartz veins 

 
The last event is characterized by cm-to dm-sized quartz veins, which cross-cut all older 

units and locally contain µm–cm-sized quartz-coated wall rock and gouge fragments 
(Fig. 4.6). These quartz veins are partly open and form geodes with sizes reaching several 
cm, indicating a decreasing fluid pressure. These veins are made of blocky to subhedral 
quartz grains with sizes ranging from µm to several mm that show feathery extinction 
patterns. These quartz veins may be connected to a final brecciation process (Fig. 4.13). 

This late generation of quartz veins shows CL characteristics similar to those observed in 
the breccia itself; the quartz crystals again consist of cores with blue CL. In contrast to the 
older breccia-type quartz, this younger vein-filling quartz generation shows less reddish 
seams with patchy patterns. These seams are sometimes clearly zoned areas with feathery 
textures that show less dominant zoning; blue streaks are also present. In addition, blue 
cores show distinct and regular zoning that is continued by reddish-brown quartz. The 
irregular bright yellow CL marks areas of late fluid input in vein material along with matrix 
material. Quartz grains with fractured characteristics are also present, showing brecciated 
blue cores within a fine-meshed irregular network of bright yellow quartz surrounded by 
reddish quartz seams along the grain boundaries. The secondary character of quartz with 
yellow CL is again confirmed by the fact that the 'spider-like' fabric known from plutonic and 
hydrothermal quartz (Boggs and Krinsley, 2006) cross-cuts the zoning in the quartz with blue 
CL. As Müller (2000) indicated, the decrepitation of fluid inclusions might explain the 
formation of microcracks after quartz precipitation with blue CL. The cracks were then healed 
with a fluid of a different composition, resulting in yellow quartz CL. 
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4.6. Discussion and conclusions 
 
Tectonic activity along the fault zone modified the fluid properties that are responsible for 

quartz precipitation (P/T/pH/X). Variscan hydrothermal activity during shearing and 
fragmentation led to the ~30-m-thick and at least 100-m-long silicified Rusey breccia zone, 
which has a sub-parallel arrangement with respect to the Rusey fault. The chronological 
structural development of the Rusey fault zone varies due the (i) fragmentation of early sets 
of mm–cm-thick partly ductile deformed prefault quartz veins, (ii) gouge, (iii) voluminous 
cementation of angular to sub-rounded gouge and wall rock fragments, (iv) two different 
types of deformation bands to (v) late crosscutting µm–dm-wide quartz veins, which can 
contain angular to sub-rounded wall rock fragments. Structures, which developed during 
stages ii–iv are predominately parallel to sub-parallel to the Rusey fault. In contrast, 
structures, which developed in stage v led to oblique oriented veins, which cross-cut 
structures of stages ii–iv. 

Macroscopic features such as wavy undulating boundaries between breccia zones 
(Figs. 4.4, and 4.9a) indicate a high-viscositiy fluid medium, allowing shearing of fragments 
(Fig. 4.9a,b). Furthermore, certain quartz layers show irregular boundaries with interdigitating 
terminations (Fig. 4.8), possibly indicating the 'mingling' of different masses exhibiting 
different viscosities. Angular to sub-rounded wall rock and gouge fragments are surrounded 
by a quartz coating (cement) of a relatively constant thickness. These so-called cockade-like 
fragments indicate that they existed in a floating state within a viscous medium during the 
crystallization of the coatings.  

The two most likely models explaining the generation of cockade-like textures are (i) the 
transport of granular material within brittle shear zones driven by overpressurized low-
viscosity fluids (gas) (Farmin, 1938; Smith et al., 2008), which, when released, reach flow 
velocities from 0.01 ms−1(Eichhubl and Boles, 2000) to more than 20 ms−1 (Oliver et al., 
2006) and (ii) the transport in a gel-accompanied high-density or high-viscosity fluid with 
thixotropic characteristics (Spurr, 1926; Dill, 1988; Dill and Weber, 2010). We suggest the 
combination of both models, similar to Jobson et al. (1994) (i) high-velocity fluids with 
0.1 ms−1 to 1 ms−1 (Cox and Munroe, 2015) dragging fragments accompanied by wear 
abrasion and (ii) a sudden decompression leading to supersaturation and an immediate 
deposition of amorphous silica, which then re-crystallized to quartz due to an elevated 
geothermal gradient (Jobson et al., 1994) in Cornwall during Variscan times (Davison et al., 
2004). 

The presence of feathery textures in quartz (plumose textures) indicates crystallization 
from a chalcedonic precursor (Sander and Black, 1988; Duhig et al., 1992; Marinova et al., 
2014), and chalcedony might be the result of re-crystallization from a silica gel derived 
metastable quartz phase (e.g., amorphous silica) (Oehler, 1976). Yellow quartz CL, which is 
observed in the Rusey samples, is controlled by chemical composition (e.g., Ge-content) 
(Trukhin, 2000) or, more likely, by growth conditions (Götze et al., 1998). Furthermore, yellow 
luminescence emission bands, which might correlate with the yellow CL in our samples, 
indicate the high concentrations of lattice defects generated by rapid crystallization from a 
non-crystalline precursor (Götze et al., 1999). Microcracks with yellow luminescence cross-
cut growth zoning features indicating brecciation caused by sudden decompression 
(Takahashi et al., 2008). 

At the Rusey fault, locally mm- to cm-sized cavities occur in the quartz zone, which make 
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up <10 vol% (Figs. 4.4, 4.8, and 4.9) of the quartz within the quartz zone. Furthermore, 
micro-cavities are observed along quartz grain boundaries (Fig. 4.16). As it is often stated 
that the drying and dehydration of silica gel induces shrinkage and volume reduction (Smith 
et al., 1995; Scherer, 1999). Due to a volumetric calculation:  

 
(1 - ρ1/ρ2) x 100 = vol% 

 
the crystallization from a gel with a density of ρ1 = 2.20 g/cm3 (e.g. Karmakar et al., 2000) 

to low-quartz with a density of ρ2 = 2.65 g/cm3 results in a decrease of ~17 vol%. This value 
is not consistent with the amount of voids observed at the Rusey quartz zone. Considering, 
that only feathery textures might originate from a gel precursor, and that the quartz zone 
consists of quartz that exhibits 60 to 85% feathery textures (chapter 5.1.1), the theoretical 
value for the volume loss of ~17% may be reasonable. Therefore meso- to micro-scale 
cavities may result from the crystallization of a coagulated colloidal silica gel precursor. 

Mineral growth was significantly influenced by cyclic fault activity, as revealed by CL. 
Rhythmic changes in fluid properties are reflected by growth zoning (oscillatory zoning), 
where activating elements are enriched or depleted within the crystal lattice (Jourdan et al., 
2009). Oscillatory zoning in combination with initial blue CL and euhedral to subhedral 
growth (chapter 5.1.1) suggests a hydrothermal origin under slow cyclic growth conditions 
(Mullis, 1987). 

Planar deformation bands (end-members A and B) are sharp-bordered zones with widths 
of µm to several mm made up by quartz grains that are smaller than the surrounding 
material. Quartz grains in end-member A deformation bands are predominantly acicular and 
show a shape preferred orientation (SPO) (Fig. 4.16e) and a crystallographic preferred 
orientation (CPO) of c-axes sub-parallel to the deformation band (Fig. 4.16d). The inclined 
SPO (relative to the deformation band) shows an asymmetric distribution of long axes 
orientations, possibly indicating a dextral shear component due to grain rotation of pre-
existing quartz grains (Fig. 4.17e), and subsequent hydrothermal overgrowth leading to 
acicular quartz grains with SPO (Fig. 4.17h). The maximum temperature conditions in the 
Rusey fault area reached 370 °C (Andrews et al., 1996). Under these conditions, low-
temperature crystal plastic deformation might be active (Voll, 1976). However, dynamic 
recrystallization can be excluded because fabrics such as bulging recrystallization (BGR), 
subgrain rotation (SGR), and grain boundary migration (GBR) (Stipp et al., 2002) are not 
observed in deformation bands. Furthermore, low-temperature crystal-plastic deformation of 
quartz would result in c-axes orientations inclined at high angles with respect to the 
deformation band (Passchier and Trouw, 2005), if a basal <a> slip system would have been 
active. Therefore, the observed fabrics are possibly a result of grain size reduction due to 
localized brittle deformation. This fragmentation possibly produced small quartz grains (red 
CL) that were subsequently syntaxially overgrown by hydrothermal quartz (blue CL) 
(Fig. 4.17h). The growth of quartz under stress may lead to a preferred orientation of quartz 
c-axes perpendicular to the greatest principal pressure axis (Kamb, 1959). The syntaxial 
overgrowth is dominant in grains with c-axis orientations sub-parallel to the end-member A 
deformation band (i.e., sub-perpendicular to the main principal pressure axis). This 
combination of quartz fragmentation and subsequent overgrowth in a stress field would lead 
to predominantly acicular quartz grains with CPO and SPO concentration in the plane of the 
deformation band. A few acicular quartz grains tend to align with a shape and lattice 
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preferred orientation perpendicular to (Fig. 4.15) the principal SPO and CPO of quartz in the 
deformation bands. Textures such as angular fragments and the presence of µm-wide 
fluidized cataclasites indicate that brittle deformation processes are associated with the 
deformation bands. Furthermore, the presence of two different deformation band end-
members (i.e., A and B) with a close spatial relationship indicates strong inhomogeneity and 
fluctuations in fluid amounts and strain rate during brittle deformation.  

Low-temperature crystal-plastic deformation features observed in quartz fragments of the 
gouge and the wall rock most possibly originate from brittle fragmentation of partly ductile 
deformed quartz veins from the wall rock, as described by Davies (1993). 

In general, the Rusey fault zone developed in response to fragmentation, quartz 
precipitation and material flow. An initial period of fragmentation and intense fluidization 
(possibly accompanied by the input of a silica gel) leads to cokade-like breccias, followed by 
cataclasis accompanied by fluid input, generating two deformation bands end-members. 
During the final stage of development, fracturing and renewed fluidization of particles 
produces cross-cutting veins. Detailed investigations on the macro- to micro-scale reveal an 
intimate spatial connection of all structures and the lack of a simple and clear chronology of 
events. This leads to the suggestion that structure-forming processes, i.e., fragmentation, 
quartz precipitation, and material transport, occur repeatedly and to various extents at 
different locations within the fault zone. Moreover, material transport during movements in 
the Rusey fault zone appears to be governed by the flow of fluidized and highly mobile fluid-
particle suspensions and by viscous silica-gel-accompanied material. Thus, leading to a very 
low shear resistance (Brodsky et al., 2009), and shear strength (Stel and Lankreyer, 1994) 
during nearly frictionless (Monzawa and Otsuki, 2003) slip events. 
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CHAPTER FIVE 
 

5. Special textures of hydrothermal quartz 
 
This chapter discusses the special textures of hydrothermal quartz precipitated in the 

Rusey fault zone. (i) Feathery textures and (ii) network-like filamentous and/or dendritic 
textures occur in quartz coatings from the quartz zone. Feathery textures generally appear in 
blocky to subhedral quartz grains (Gebre-Mariam et al., 1993; Moncada et al., 2012; Henry et 
al., 2014) and network-like filamentous and/or dendritic textures in general occur in 
microcrystalline chalcedony (Duhig et al., 1992; Grenne and Slack, 2003; Little et al., 2004), 
both precipitated under hydrothermal conditions. 

 
5.1 Feathery textures   
 
Feathery textures, microstructures commonly occurring in many hydrothermal quartz 

deposits, were first reported in quartz veins in Kingman, Arizona (Adams, 1920). Similar 
structures have been called plumose textures (Sander and Black, 1988). Two models exist to 
explain the origin of feathery textures: (i) epitaxial overgrowth of small quartz crystals on 
large existing quartz crystals (Dong et al., 1995) and (ii) crystallization from former fibrous, 
water-rich chalcedony (Sander and Black, 1988). Recent research indicates that feathery 
textures are generally accepted as being a re-crystallization product from chalcedony in the 
context of having a gel precursor (Marinova et al., 2014). However, no concrete evidence 
has been reported to explain the origin of this texture. 

The feathery textures in the present samples are frequently arranged on the intragranular 
growth zoning of both, anhedral to subhedral quartz grains and locally comb-shaped crystals 
(Fig. App. 5.1a). They are characterized by 5–20-µm-sized subgrains, which appear as 
splintery or feathery patterns under a standard petrological microscope with crossed 
polarizers due to slight optical differences in maximum extinction positions (Fig. 5.1). 
Subgrains of the feathery textures are arranged along the c-axes in a sub-parallel 
arrangement to each other forming filamentous bundles; the subgrain long-axes orientation 
within these bundles being <90° from the c-axis of the core. Locally they are restricted to 
growth zones and are accompanied by a high amount of fluid inclusions (Fig. 5.1). Rare 
positions show zoned feathery textures (up to three zones) within one quartz grain 
(Fig. 4.16f).  

There is still lack of published data on feathery textures and their origin remains unclear. 
Therefore optical hot-cathodoluminescence (CL), LA-ICP-MS and Raman investigations on 
quartz crystals from the Rusey fault have been carried out to obtain chemical insight into 
these microstructures. 
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Fig. 5.1: Photomicrograph of blocky anhedral to subhedral quartz crystals of the quartz coating from 
the quartz zone (Rusey fault) showing feathery textures as indicated by the white arrow. The red arrow 
indicates feathery textures appearing within a zone in which a high amount of fluid inclusions is 
situated (non-oriented sample TY33X4; X pol). 

 
5.1.1 Results 
 
Cathodoluminescence (CL) 

 
Optical cathodoluminescence (CL) can be used to detect or describe quartz and to reveal 

the processes of crystal growth, deformation, recrystallization, and alteration (Götze et al., 
2001). Within hydrothermal quartz, this method can reveal zoning features within quartz 
crystals and can help to identify various quartz generations (Ramseyer et al., 1988; 
Ramseyer and Mullis, 1990). 

The CL of quartz crystals from coatings exhibiting feathery textures is generally 
characterized by an intense blue (initial blue) core (~20–40%), which is surrounded by a 
purple to weak red to reddish-brown patchy area. The blue core of the quartz grain shows 
locally euhedral faces (Fig. App. 5.1b) whereas the patchy area represents feathery textures 
made up by quartz fibres (Fig. 5.2a,b). Note that CL colors strongly depend on the duration 
of electron radiation (Ramseyer et al., 1988). In particular, within hydrothermal quartz, short-
lived blue luminescence may disappear after several seconds of radiation (Fig. 5.2a–d). The 
estimated percentage of quartz exhibiting feathery textures is ~60 to 85% (Fig. 5.2b,d). 

The patchy appearance of the feathery textures represents observed filamentous bundles 
under crossed polarized light. Grains with feathery textures locally show blue cores of 
hydrothermal quartz, which are locally highlighted by oscillatory growth zonings. These 
growth zonings appear in various shades of blue (Fig. 5.2d). Furthermore red zoning features 
were observed, which are located within the feathery textures and in the blue cores 
(Fig. 5.2d). The zoning features are always intragranular, demonstrating the primary growth 
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character of both the blue cores and the irregular and patchy reddish seams. The quartz 
grains of the coating are traversed by fine irregular networks exhibiting bright yellow CL 
(Fig. 5.2b,d). 

 

 
Fig. 5.2: Photomicrographs (a and c) and CL images (b and d) of anhedral to subhedral quartz grains 
exhibiting feathery textures. (a) Splintery or fibrous appearance of feathery textures, as indicated by 
the white arrow. The outer dashed line indicates the grain boundaries of one quartz grain, and the 
inner dashed line indicates a core with no feathery textures; X pol. (b) CL in which the patchy area of 
the feathery textures is shown by purple to reddish-brown colored with bright blue patches; the core is 
show by intense blue luminescence. The patchy violet area makes up ~70–80% of the image. (c) 
Photomicrograph of subhedral quartz grains locally showing feathery textures. The white dashed lines 
indicate zoning features (revealed in CL mode within (d)) X pol. (d) CL reveals red zoning features, 
which are indicated by black arrows. White arrows indicate growth zoning features within blue cores 
appearing in various shades of blue. The patchy violet area representing positions of feathery textures 
makes up ~60–75% of the image (non-oriented sample TY39X2). 

 
LA–ICP–MS 

 
A laser ablation line within one thin section (Fig. 5.3) was defined to examine the 

chemistry of the grains of the quartz coatings including locally well-developed feathery 
textures.  
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Fig. 5.3: Thin-section scan of sub-rounded and quartz-coated gouge fragments from the quartz zone 
the Rusey fault. The fine line shows the analyzed LA–ICP–MS line. The white rectangle indicates the 
position represented in the lower part of Fig. 5.4, in which quartz grains with and without feathery 
textures have been investigated. Oriented sample 5198B1, X pol. 

 
As reported by several authors (Rusk et al, 2008; Flem and Müller, 2012; Rusk, 2012), the 

main substituent for Si4+ in quartz is Al3+ with Li+ or Na+ balancing the missing positive charge 
in the crystal lattice. Moreover, various other trace elements such as B, Ge, Fe, H, K, Na, P 
and Ti tend to be incorporated as lattice-bound impurities. Sb may also play a role, 
particularly in hydrothermal quartz (Rusk et al., 2011). Other commonly occurring elements 
including Ca, Cr, Cu, Mg, Mn, Pb, Rb, and U are suggested to be input from fluid or solid 
inclusions, which may occasionally influence mass spectrometric analysis (Müller et al., 
2003; Flem and Müller, 2012). 

Within the laser ablation line shown in Fig. 5.4, the Si content remained constant 
throughout the measured part of the thin section. The intensities of Sb vary strongly but 
essentially remain stable over the entire line. Elements such as Ca, As, Na, Mg, and K show 
a significant increase in quartz grains with feathery textures. Furthermore, the peaks of these 
elements correlate locally. At some positions, the intensities increase dramatically, although 
these variations are probably related to solid inclusions. 

The increase in Mg as well as Na is exceptionally high and therefore cannot be influenced 
only by fluid inclusions (Müller et al., 2003). In addition, only small volumes of fluid inclusions 
are visible in the thin section. Furthermore, a decrease in Si content should be expected 
where fluid inclusions affect the ablation current (Müller et al. 2003); this result was not 
observed. Other important elements such as Ti, Li, and B are below the detection limit and 
were therefore not considered in the results. 
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Fig. 5.4: Laser ablation of quartz with and without feathery textures indicated by the red line within the 
photomicrograph and its corresponding spectra. The laser ablation line is cross-cutting three quartz 
grains. The bright quartz grain on the left does not exhibit feathery textures. The large central grain 
contains feathery textures but only at the indicated positions (feathery textures/no feathery textures). 
This grain contains a euhedral core, which is not visible in this extinction position. The quartz grain to 
the right is completely made up by feathery quartz, which is not visible in this extinction position. 
Element spectra of Si, K, Na, Al, Mg, As, Sb, Fe, and Ca shown are indicated in the legend below the 
photomicrograph. From left to right, the intensities of Ca, As, Mg, K, Al, and Na within the feathery 
texture increase. The dark line above the red line represents an earlier laser ablation line, which is not 
considered in this chapter. Oriented sample 5198B1, X pol. 

 
Raman spectroscopy 

 
As mentioned above, one model explaining the origin of feathery textures is the 

re-crystallization of former fibrous, water-rich chalcedony. Chalcedony is microcrystalline 
silica composed of nano-scale intergrowths of α-quartz and moganite (Heaney, 1993). Within 
chalcedony and other microcrystalline silica, varieties between 5 wt% and 20 wt% of 
moganite may crystallize (Heaney and Post, 1992). Many Raman studies on SiO2 samples 
from hydrothermal deposits, cherts, and flints have shown that moganite in microcrystalline 
quartz/chalcedony can be detected using Raman spectroscopy (Kingma and Hemley, 1994; 
Hopkinson et al., 1999; Götze et al., 1998, 1999; Rodgers and Cressey, 2001; Rodgers and 
Hampton 2003; Pop et al., 2004; Rodgers et al., 2004; Heaney et al., 2007; Schmidt et al., 
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2012; Sitarz et al., 2014). The main symmetric stretching–bending vibrations have positions 
of 462–465 cm−1 for α-quartz and 501–505 cm−1 for moganite. 

To examine the origin of the feathery textures, a thin section from the quartz zone of 
Rusey fault, specifically the quartz coatings surrounding wall rock and gouge fragments, was 
analyzed. Over the entire thin section, 40 measurements were conducted in the quartz grains 
exhibiting feathery textures. Three representative measurements are shown in Figs. App. 
5.2a,b and 5.3a. The main quartz band shifted between 462 and 464.5 cm−1 in all 
measurements (Figs. App. 5.2a,b and 5.3a,b). All other bands correlating with each other 
within different measurements were detected at ~124–127, ~200–203, 259–263, 351–354, 
396–399, 694, 805–807 cm−1. In addition, a weak shoulder of the main band, ~465 cm−1, was 
detected between 507 and 509 cm−1 (Figs. App. 5.2b and 5.3a). This weak contribution was 
found within feathery textures but not within the crystal cores (Fig. App. 5.2a). This weak 
shoulder was also observed in the measurements of a pure quartz sample (Fig. App. 5.3b) 

As mentioned above, moganite occurs with α-quartz in chalcedony. A comparison of 
results from measurements on Rusey samples with those performed on pure quartz crystals 
revealed that the band at ~503 cm−1

 mentioned within published literature for moganite in 
chalcedony (Pop et al., 2004) also appears in α-quartz (Fig. App. 5.3b). Within α-quartz, 
these peaks might indicate the substitution of Si by Al. The weak peaks or shoulders (Pop et 
al., 2004) at 507 and 509 cm−1

 measured within the Rusey samples may indicate moganite 
within the feathery textures; however, the reliability for the guaranteed determination remains 
questionable. Therefore, a more detailed and comprehensive Raman study needs to be 
conducted to investigate feathery textures. 

 
5.2 Network-like filamentous and/or dendritic textures 

 
Network-like filamentous and/or dendritic textures are exhibited locally in quartz of the 

quartz coatings surrounding wall rock fragments (Fig. 5.5a–c). They are localized within a 
zone confined by a smooth irregular outline (Fig. 5.5a) and are characterized by fine (<5 µm) 
irregular-shaped pigment inclusions probably composed of Fe-oxides (Fig. 5.5c). The 
pigment inclusions are not restricted by grain boundaries and occur within quartz exhibiting 
and not exhibiting feathery textures. These textures are similar to those described by Duhig 
et al. (1992) in chalcedony. 

The similarity to gel polymerization textures (Brinker and Scherer, 1985; Shih et al., 1989; 
Scherer, 1999) might indicate the relics of a polymerized material before overgrowth by 
blocky to subhedral and partly euhedral hydrothermal quartz. These relic polymerization 
textures might be an evidence of a silica gel precursor but further investigations need to be 
conducted. 

 



	  

	   85 

 
 

Fig. 5.5:  Photomicrographs of blocky anhedral to subhedral quartz from the quartz coating in the 
Rusey samples. (a) Network-like filamentous and/or dendritic textures are made up by dark pigments 
most possibly µm-sized Fe-oxides, which are restricted by a irregular and diffuse boundary (indicated 
by the black arrow); the rectangle indicates the position of (c); II pol. (b) Quartz is made up by blocky 
anhedral to subhedral quartz; X pol. (c) A zoom into the dense distribution of the particles reveals that 
the inclusions form a network-like or dendritic texture (black arrow); II pol. Oriented sample TY31C1. 

 
5.3 Discussion and conclusions 
 

Laser ablation measurements indicate that the incorporation of elements such as Ca, Mg, 
As, Na, and K within feathery textures may exhibit red to purple CL colors and are most likely 
caused by point defects (Götze et al., 2009). The increased incorporation of various 
elements might be related to increased growth rates (Müller, 2000) controlled by changes in 
temperature or pressure (Ramseyer et al., 1988; Götze 1996) or pH conditions (Ramseyer 
and Mullis, 1990; Perny et al., 1992). An increased growth rate leads to an increase in 
element intake (Müller, 2000), indicating that feathery textures may have precipitated faster 
than their blue CL cores. The Ti-values, which are below the detection limit, indicate 
precipitation temperatures below 400 °C (Götte and Ramseyer, 2012). Those and other 
values such as those of B and Li, which also fell below the detection threshold, indicate a 
crustal origin of formation fluids (Götte and Ramseyer, 2012). Furthermore, yellow 
luminescence emission bands, which may correlate with yellow CL in the Rusey samples, 
indicate high concentrations of lattice defects probably generated by the rapid crystallization 
of a non-crystalline precursor (Götze et al., 1999). 

Raman measurements revealed the occurrence of a weak peak or shoulder at 507 and 
509 cm−1 (Fig. App. 5.2b and 5.3a), which might be related to the presence of moganite 
within the feathery textures. The presence of moganite could be a direct link to chalcedony 
within the feathery textures (Heaney, 1993). However, Schmidt et al. (2012) reported that the 
band at 503 cm−1 might be connected with Si–O vibrations of silanole rather than with 
moganite. Therefore, Raman measurements remain a promising tool to distinguish 
chalcedony from α-quartz but further studies need to be conducted. 

The presence of locally occurring network-like filamentous and/or dendritic textures 
(Fig. 5.5a–c), which have appearances similar to polymerization structures (Scherer, 1999), 
may indicate a polymerization stage of a possible silica gel phase (Duhig et al., 1992).  
In summary, the presence of feathery or plumose textures and network-like filamentous 
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and/or dendritic textures may indicate the crystallization of a chalcedony precursor (Sander 
and Black, 1988; Duhig et al., 1992; Marinova et al., 2014), thus indicating the result of re-
crystallization from a silica gel derived metastable SiO2 phase (e.g. amorphous silica) 
(Oehler, 1976).  

Determining the origin of feathery textures is important for future investigations related to 
the presence of a silica gel phase during the hydrothermal precipitation of quartz within fault 
zones. Future studies should focus on a detailed LA–ICP–MS and CL investigation of 
feathery textures from different geological settings. LA–ICP–MS studies could reveal 
possible systematical element uptakes and substitution with regard to blue CL cores and 
feathery textures. CL on feathery textures from different geological settings is necessary to 
compare luminescence characteristics with the LA–ICP–MS results, thus leading to a 
possible system of element incorporation with respect to CL colors. 

In addition, electron backscatter diffraction (EBSD) analysis and a Fourier transform 
infrared spectroscopy (FTIR) investigation should be conducted to address questions on the 
growth mechanisms and water content of these feathery textures. 
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CHAPTER SIX 
 

6. Discussion and conclusions 
 
The Bavarian Pfahl lode and the Rusey fault zone represent two ideal examples to 

investigate the interaction of fragmentation, quartz precipitation, and material flow within 
brittle shear zones of the upper crust. Both structures were onset during the Variscan 
orogeny but in different kinematic frameworks. The Bavarian Pfahl shear zone developed 
during the collisional phase between the Bavarian Terrane and the Ostrong Terrane (Siebel 
et al., 2008). It represents a strike-slip structure of a conjugate shear zone system. The 
Rusey fault developed during collisional and extensional phases. It was initiated as a normal 
fault and underwent multiple reactivations by underthrusting, strike-slip and, normal faulting 
(Warr, 1989). The wall rocks of the Pfahl shear zone are represented by Variscan basement 
rocks and numerous granitoid intrusives. While, the wall rocks of the Rusey fault are 
represented by Carboniferous low-grade metasediments. Both structures are accompanied 
by hydrothermal quartz deposits, which most possibly precipitated in depth of 4–6 km and at 
temperatures ~300 °C (Peucker-Ehrenbrink and Behr, 1993; Cox and Munroe, 2015). These 
conditions indicate elevated geothermal gradients during quartz precipitation (Pfahl: Möller et 
al., 1997; Rusey: Davison et al., 2004). Quartz precipitation in the Pfahl shear zone led to a 
up to 100-m-wide, nearly vertical and ~150-km-long lode located in the center of the shear 
zone, which is represented by huge outcrops locally quarried for glass production (e.g. 
Waschinger quarry). Whereas, the Rusey fault which is a 40-km-long structure, is not 
accompanied by such large amounts of quartz. The quartz zone of the Rusey fault is most 
possibly restricted to an area of 5 × 50 m.  

The massive quartz occurrence of the Pfahl shear zone may be related to the combination 
of high amounts of hydrothermal fluids derived from brines and meteoric water (Peucker-
Ehrenbrink and Behr, 1993) and the presence of suitable wall rocks as SiO2 sources, e.g. 
granitoids (20–60% quartz) (Bates and Jackson, 1987). The considerably lower quartz 
mineralization in the Rusey fault zone may be related to lower total amounts of fluids mainly 
derived from metamorphic reactions and the late input of meteoric fluids (Davies, 1993) and 
it may be related with less suitable wall rocks as SiO2 sources (e.g., shale <20% quartz; 
Yaalon, 1962). However, the question regarding the quantity of fluid circulating in the Rusey 
fault zone, as well as which rocks contributed as SiO2 sources remains unsolved. 

Both, the Pfahl lode and the Rusey fault zone exhibit characteristic structures that can be 
observed on the macroscopic scale. The Pfahl lode is characterized by complex structured 
quartz units, which form (i) a dense network of early mm-cm quartz veins, (ii) two domains of 
fine-grained reddish to gray quartz-masses which appear as Pfahl sub-parallel lenses, (iii) a 
wide central zone of massive white quartz, and (iv) late cross-cutting closely spaced parallel 
and partly open quartz veins. These structures are accompanied by kaolinized wall rocks, 
which occur on both sides of the Pfahl lode and as lenses and layers throughout the inner 
parts. The Rusey fault zone is characterized by (i) a hanging-wall, made up by folded 
metasedimentary wall rocks, (ii) a ~10-m-wide damage zone with gouge, cataclasites, 
foliated cataclasites as well as mm–dm-sized wall rock fragments, (iii) a quartz zone with 
numerous cm- to dm-wide bands and lenses with locally cockade like breccias, (iv) mm–cm-
wide dark deformation bands, and (v) late cross-cutting quartz veins. 
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At both localities textures occur, which most probably are generated by the fluidization of 
particles generating fluidized cataclasites and cockade-like breccias. Fluidized cataclasites 
(Lin et al., 2013) are observed at the Rusey fault zone and at the Pfahl shear zone. These 
fluidized cataclasites occur locally as µm-wide structures in end-member B deformation 
bands at the Rusey fault zone where they represent only a small fraction of the total quartz 
volume. Whereas cm–dm-wide lenses of fluidized cataclasites (fine-grained quartz masses A 
and B) make up to 10% of the Pfahl lode at the Waschinger quarry. The fluidization of 
cataclasites seems to be a predominant process within the Pfahl shear zone but may only 
play a minor role in the Rusey fault zone. Thus, most possibly reflecting an intense fluid 
accompanied frictional phase during quartz fragmentation in the Pfahl lode in contrast to the 
Rusey fault zone. In the Rusey fault zone quartz coated wall rock and gouge fragments and 
locally cockade-like breccias are most possibly generated by abrasion and corrosion followed 
by quartz precipitation, thus indicating particle transport in a flowing medium.  

The widespread occurrence of feathery textures within the quartz that forms the coating 
around the fragments could indicate the previous presence of chalcedony (Sander and 
Black, 1988) thus comprising a silica gel or amorphous silica as a crystallization precursor 
(Oehler, 1976; Sander an Black, 1988). However, feathery textures are not observed in the 
Pfahl quartz. Hence, three explanations may be suggested: (i) either they never developed 
due to different formation conditions with respect to the Rusey fault zone, (ii) they were 
destroyed by pervasive brittle deformation, or (iii) they re-crystallized under an elevated 
geothermal gradient. However, a complete obliteration of feathery textures is unlikely at least 
relics of feathery textures should be observable. Therefore different formation conditions are 
the most probable reason that feathery textures do not occur in quartz of the Pfahl lode. 
Silica gel or amorphous silica develops due to supersaturation in hydrothermal systems (Stel 
and Lankreyer, 1994). Assuming feathery textures in the Rusey fault zone evolved from a gel 
or from amorphous silica, quartz exhibiting feathery textures may have crystallized under 
supersaturated conditions possibly generated by rapid decompression. Thus, inferring that 
fast pressure drops probably did not lead to the quartz precipitation in the Pfahl shear zone. 

Low-temperature crystal-plastic deformation textures of quartz are observed at both 
localities, the Pfahl lode and the Rusey fault zone, which indicate deformation temperatures 
of at least 280 °C (Voll, 1976). At the Pfahl lode these textures occur in the hydrothermal 
Pfahl quartz, whereas similar textures observed in the Rusey fault zone occur only in quartz 
fragments. Crystal-plastic deformation textures in the Pfahl quartz developed due to a local 
effect generated by hydrothermal fluids or due to an elevated geothermal gradient (Yilmaz et 
al., 2014). Quartz fragments showing crystal plastic deformation textures in the Rusey fault 
zone are most possibly generated by the fragmentation of prefault low-grade quartz veins of 
the metasedimentary wall rocks. 

The investigation of the two study areas led to important insight into processes during the 
development of hydrothermal systems. Both study sites show patterns of a complex 
interaction of repeated fragmentation, quartz precipitation, and material flow. Similar 
characteristics such as slickensides, quartz fragmentation, and fluidized cataclasites are 
generated by brittle deformation. Furthermore fluidization of fault rocks can be observed at 
the Pfahl shear zone as well as at the Rusey fault zone indicating significant fluid input during 
fault activity.  
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Appendix 
 
Appendix 1 (chapter 5); Photomicrographs of a Rusey fault zone sample: 
 

 
 
Fig. App. 5.1: Photomicrographs of a quartz coating surrounding a wall rock fragment from the Rusey 
quartz zone; (a) X pol; (b) CL. (a) A wall rock fragments is surrounded by quartz, which increases in 
size from the fragment toward the left. The large comb quartz shows zones with densely distributed 
fluid inclusions (black arrow). (b) The CL image reveals that the comb quartz is made up by a core 
with partly euhedral faces. That core shows initial blue luminescence colors, a patchy area with violet 
luminescence is representing feathery textures, and yellow CL represents fluid inclusion trails. 
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Raman spectra for quartz of the Rusey quartz zone: 
 

 
 
Fig. App. 5.2: Raman bands of SiO2 samples. (a) Raman spectrum of a euhedral core of a quartz 
grain from a quartz coating in the Rusey fault zone showing no shoulder. (b) Raman spectrum from 
feathery textures from a quartz coating in the Rusey fault zone showing a shoulder at ~507 cm−1. 
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Fig. App. 5.3: (a) Raman spectrum from feathery textures from the quartz coatings at the Rusey fault 
zone showing a shoulder at ~509 cm−1. (b) Raman spectrum from a α-quartz sample from the LMU 
archive shows a shoulder at ~503 cm−1. 
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