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I.  Abstract 

Ductile strike-slip shear zones show a wide variation in their characteristics (length, width 

and strain-rate). These structures can form large branching or anastomosing shear zone 

networks and play an essential role in the geodynamic processes of continental collision 

zones. This thesis reports the nucleation and interconnection of strike-slip shear zones 

with associated kinematic adjustments. The research is based on detailed structural field 

mapping on two interacting strike-slip shear zones in contact with a metamorphic core 

complex, and on paired nucleated shear zones in the Arabian-Nubian Shield. To analyse 

the rheological effect of the material on the evolution of the shear zone networks and to 

gain insight into the kinematics during the interaction of the shear strands, two-dimen-

sional numerical models were developed.  

Microstructural analysis was performed on thin-sections of the shear zones and the core 

complex of the Qazaz Core Complex in Saudi Arabia to reconstruct the metamorphic 

condition of the deformation. The analysis of the structural data together with mineral 

exchange geothermobarometers provides comprehension of the mechanics of two inter-

acting strike-slip shear zones linked to a detachment structure. The simultaneously oper-

ating vertical and lateral shear components is an efficient way to exhume a lower crust, 

accommodated by a crustal shortening. This structure may be an explanation for isolated 

core complexes along crustal-scale strike-slip fault systems.  

Numerical two-dimensional experiments were performed by MILAMIN_VEP with a 

visco-elastic-plastic code to reproduce complex anastomosing or branched shear zone 

networks, improving our understanding of the rheology of the material during shear zone 

evolution. The simulations represent a large-scale model on a geological time-scale with 

constant strain-rate boundary conditions, initiating shear localization under Mohr Cou-

lomb plasticity or power-law rheology. Systematic changes to the materialôs rheological 

parameters show that the progression of strain-softening during deformation has an im-

portant effect on the geometries of shear zone networks. The context of the strain-soften-

ing and its consequences to the development of the shear zones is presented via numerical 

models. Furthermore, the interaction of anti- and synthetic shear faults in brittle as well 

as ductile regimes and the simultaneous activity of the shear strands led to a more com-

plex internal kinematic pattern. The more complex shear zone geometry caused by the 



Abstract II  

 

interconnection of the shear strands locally changed the orientation of the maximum com-

pressive stress („). This is shown by the varying orientation of the new localized shear 

zones towards the bulk stress. In addition, the numerical experiments indicate that shear 

zones nucleate along a heterogeneous contrast of the material, induced in the simulations 

by a difference in the rheology of the material.  

To expand the current knowledge of possible types of nucleation of shear zones, parallel 

propagated shear zones in Jordan were studied by structural and microstructural analysis 

(Fabric Analyser). The investigation shows an association of the development of paired 

shear zones with a lithological effect of the material by reactivation and overprinting. 

Differences in grain-size lead to a strict limitation of the deformed zone by high strain, 

exhibiting a sharp boundary with the undeformed surrounding rocks at the millimeter-

scale. This leads to the conclusion that the nucleation and interaction of shear strands can 

form complex geodynamic structures in the crust, which lead locally to a change in the 

kinematic pattern. The similarity of the results of numerical experiments with natural ex-

amples adds support to the proposed explanations discussed in this thesis for variations 

in the orientation of shear zones in networks, and the evolution of the kinematics within 

the shear zone. 
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II.  Zusammenfassung 

In dieser Studie liegt der Fokus auf einer Geländearbeit-basierenden Untersuchung zweier 

interagierender Scherzonen in Saudi Arabien. Des Weiteren wird ein neuer Typ einer 

Scherzonenbildung in Verbindung mit einer prä-existierenden Struktur beschrieben. Zu-

dem werden 2-dimensionale numerische Modelle erstellt, um den Einfluss der rheologi-

schen Eigenschaften des Materials auf die Entwicklung von Scherzonen zu untersuchen. 

Duktile Scherzonen sind Deformationsflächen, die sich in ihrer Breite, Länge oder Ver-

formungsrate unterscheiden. Solche Strukturen können groß-maßstäbliche komplexe, a-

nastomosierte, vernetzte Störungsflächen aufbauen, die in Verbindung zu geodynami-

schen Prozessen an kontinentalen Kollisionszonen stehen. Solche Scherzonen durchzie-

hen die gesamte Erdkruste und sind ein entscheidender Faktor bei der krusteninternen 

Bewegung des Gesteins. Das Vernetzen solcher krustenmaßstäblicher Blattverschie-

bungszonen führt zu einer Interaktion, die die Kinematik des Gesteins intern verändert.   

Die interagierenden Scherzonen und die hochgradig metamorphen Gesteine (Gneiss) 

wurden mikrostrukturell und geothermobarometrisch untersucht und mit Hilfe einer Tem-

peratur-Druckrekonstruktion der unteren Kruste zugeordnet. Die Kombination aus einer 

Blattverschiebungsstörung mit einer Abscherungsstörung bildet eine neue Mechanik aus 

einer horizontalen und vertikalen Scherkomponente. Die in dieser Studie neu beschrie-

bene Struktur stellt ein neu entwickeltes Modell dar, um Krustengesteine aus größerer 

Tiefe an die Erdoberfläche zu exhumieren. Durch die kontinentale Kollision entwickeln 

sich Scherzonen, die miteinander interagieren. Sie stellen die treibende Kraft für die Auf-

wärtsbewegung der unteren Kruste dar und liefern eine neue Erklärung für diese geody-

namischen Prozesse.  

Simulationen mit 2-dimensionalen numerischen Modellen wurden durchgeführt, um die 

Entwicklung von vernetzten, groß-maßstäbliche anastomosierenden Scherzonen in der 

oberen und unteren Kruste in geologischen Zeitaltern zu verdeutlichen. Die Resultate 

zeigten, dass das weicher werdende Verhalten des Materials während der Verformung 

den größten Einfluss auf die Entwicklung der verschiedenen Geometrien von Scherzonen 

ausübt. Duktile Scherzonen können innerhalb einer schmalen Zone oder verteilt in einem 

Bereich von mehreren Kilometern Breite lokalisieren. Durch eine Testreihe wurden diese 

verschiedenen Charakteristika klassifiziert und dargestellt. Neu entwickelte Visualisie-
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rungsskripte halfen, die Interaktion von Scherzonen genauer zu studieren. Die Auswer-

tungen zeigen, verbinden sich zwei Scherzonen im spröden oder im duktilen Regime, 

bleiben beide Scherzonen in den meisten Fällen simultan aktiv. Die Interaktion einzelner 

Scherzonen zu einem komplexeren Netzwerk führt zu einer Veränderung der Bewegungs-

richtung des zwischen den Scherzonen liegenden Gesteins. Zudem übt die zusammenlau-

fende Scherzonengeometrie eine interne Verschiebung der maximalen prinzipalen Span-

nung innerhalb des Materials aus. Die neu entstehenden Scherzonen zeigen aufgrund die-

ser Veränderung eine unterschiedliche Orientierung zur festgelegten Hauptspannung. 

Dieser interessante Einblick in die Verteilung der internen Spannung ist eine mögliche 

Erklärung für die größeren Variationen von Scherflächenorientierungen der im Gelände 

vorgefundenen Strukturen.  

Geländearbeiten und numerische Modelle verdeutlichen die wichtige Rolle von Hetero-

genitäten innerhalb des Materials zur Erzeugung von Scherzonen. Bekannt ist, dass sich 

Scherzonen entlang von Bereichen lokalisieren, die sich weicher verhalten als das umlie-

gende Gestein. Untersuchungen der parallel wachsenden Scherzonen in Jordanien bestä-

tigten diese Studie und lieferten einen detaillierten Einblick in die Entstehungsprozesse.  

Schlussfolgernd, führen die Interaktion von verschiedenen Scherzonen und die gleichzei-

tige Aktivität der Scherkomponente zu Veränderungen der Kinematik des Gesteins. Zu-

dem ergeben die numerischen Modelle mögliche Erklärungen für die unterschiedlichen 

Entwicklungen von Scherzonen und deren interne Strukturen. 
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IV.  Nomenclature 

 

† 

 

shear stress 

ὅ 

 

cohesion 

‘ 

 

coefficient of internal friction 

„ 

 

normal stress 

 

‰ angle of internal friction 

„  second invariant total stress tensor 

„  normal stress in x-direction 

„  normal stress in y-direction 

„  shear stress 

„ yield stress 

Ὂ yield function 

‐ÉÊ deviatoric strain-rate 

Ὃ elastic shear modulus 

ʐÉÊ deviatoric stress 

ʇ plastic multiplier 

ὗ associated plastic flow potential 

ʂÅÆÆ effective viscosity 

– specified material viscosity at the initial stage for Ὕ  

     n stress exponent 

Ὡ a reference strain-rate 

Ὧ Arrhenius type temperature dependency of viscosity 

ὃ factor to reduce the effective viscosity 
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Ὕ temperature 

    T0 a reference temperature 

‐  overall strain-rate 

Ὕ shear heating 

… efficiency of shear heating 

‎ critical strain 

„ maximum compressive stress 

„ minimum principal stress 
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1. Introduction  

The subject of this thesis is the study of complex geometries of ductile strike-slip shear 

zones. The aim of the introduction is to give a general overview of previous field- and 

numerical-based research into the development of ductile shear zones, with a focus on 

their geometries and characteristics (more detailed introductions can be found in chapters 

2, 3 and 4). The aim of the study and associated methods are explained in the second part 

of this introduction. In a third part, an overview of the organization of this thesis is pre-

sented. Since the chapters are organized in independent sections, this part is a guideline 

to link individual parts within the framework of the study. 

1.1 Previous work and background on branching ductile 

shear zones 

Ductile strike-slip shear zones are deformation structures characterized by a steeply 

oriented plane of high strain surrounded by less deformed rocks. Ductile strike-slip shear 

zones have been the subject of numerous studies (e.g. Hull, 1988; Lamouroux et al., 1994; 

Means, 1995; Passchier & Trouw, 2005; Platt & Behr, 2011; Schrank et al., 2008). The 

ideal shear zone as would be present in fairly isotropic rock and with a simple shear flow 

regime, shows an increase in strain towards the highest strain zone from development of 

a foliation at an angle of 45 ° in zones of lowest strain (Ramsay, 1980; Ramsay and Huber, 

1983). Such shear zones with approximately simple shear regimes are most commonly 

described, but there are also operating systems where high-strain zones develop in 

transtension, transpression, stretching or shortening regimes (e.g. Harland, 1971; Sander-

son and Marchini, 1984; Kligfield and Crespi, 1989; Paterson and Wainger, 1991; Fossen 

and Tikoff, 1993; Krantz, 1995, Jones and Tanner, 1995; Jiang and White, 1995; Tikoff 

and Greene, 1997; Jones et al., 1997). As for typical shear zones, they similarly involve 

displacement along a high-strain zone, whereas the lowest strain foliation orientation, and 

the orientation of lineations may be different. Ductile shear zones can form isolated single 

structures (Fig. 1.1a), e.g. those in plutonic rocks described by Ramsay and Graham 

(1970); Burg and Laurent (1978); Simpson (1983); Vauchez (1987); Selverstone et al. 

(1991); Dutruge et al. (1995); Christiansen and Pollard (1997); Arbaret and Burg (2003)  
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Figure 1.1 Types of nucleation of ductile shear zone - diagonal lines represent the foliation, the horizontal 

lines the high-strain zones; a) Single and branched shear zone nucleation in a homogeneous plutonic rock; 

b) Reactivations of pre-existing structures by overprinting of ductile shearing; Illustration of paired ductile 

shear zones in association to a border of a bleached halo (i.) or a dike (ii.) (Mancktelow and Pennacchioni, 

2005), and the single development of a shear zone related to a brittle fracture (e.g. Passchier et al., 1990) 
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and Rolland et al. (2003), but can also be more complex: subparallel, anastomosing or 

branching structures commonly occur (Fig. 1.1a) and are the main subject of this thesis.  

The nucleation and interconnection of shear zones influences the geometry. In most 

cases shear zones localize along zones of weakness. Strain-softening is a further process 

of weakening of the material during the deformation, and is associated with a decrease in 

grain-size, a change in mineral composition, or the presence of fluids. A further influence 

on the nucleation of shear zones is the existence of pre-existing structures, e.g. brittle 

faults, veins or dikes (Fig. 1.1b). These fabrics represent a weakness of the material in 

comparison to the surrounding rocks, and in a later stage the pre-existing structures can 

be reactivated and overprinted by a brittle or ductile shear zone (e.g. Passchier et al., 1990; 

Christiansen and Pollard, 1997; Pennacchioni and Mancktelow, 2007). According to the 

work of Mancktelow and Pennacchioni (2005), the aforementioned structures form sim-

ple geometries - either single or paired, depending on the pre-existing rock structure. Field 

studies of small- and large-scale shear zones give examples of a more complex patterns, 

which can form a networks of shear zones (e.g. Mitra, 1978; Bell, 1981; Choukrone and 

Gapais, 1983; Gapais et al., 1987; LaFrance et al., 1998; Imber et al., 2001; Arbaret and 

Burg, 2003; Fusseis et al., 2006; Pennacchioni and Mancktelow, 2007; Carreras et al., 

2010). Such a system of different shear zone strands can form an anastomosing pattern 

(Fig. 1.2a, b). 

Anastomosing shear zone patterns can develop in different ways. Relatively sub-par-

allel shear strands may connect to each other by a small variation in the orientation deter-

mined by a pre-existing structure (Carreras, 2001). Alternatively different shear sets may 

develop, which start to join and form a more complex anastomosing pattern (e.g. Marquer 

et al., 1996; Martínez et al., 1996; Arbaret et al., 2000; Brum da Silveira et al., 2009). 

Experimental studies of shear zone networks  have focused on kinematics and strain dis-

tribution (e.g. Cobbold et al., 1971; Harris and Cobbold, 1985; Dennis and Secor, 1987; 

Williams and Price, 1990; Herwegh and Handy, 1996; Huddleston, 1999), whereas nu-

merical modeling studies have presented the effects of rheology on the development and 

nucleation of shear zones (e.g. Huisemans and Beaumont, 2003; Regenauer-Lieb and 

Yuen, 2003; Montési, 2013; Guyedan et al., 2014; Jammes et al., 2015). 
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Figure 1.2 a) Example of the anastomosing pattern of a shear zone network, showing the Ajjaj, Hamadat 

and Hanabiq shear zones in the Arabian Shield (Saudi Arabia); b) Illustration of the 3-dimensional complex 

geometry of branched crustal-scale strike-slip shear zones 

The interaction and evolution of different shear zone sets are still an active area of 

study. Field observations have given us an insight into the evolution of shear zone net-

works (Carreras, 2001; Fusseis et al., 2006), and results indicate that the development of 

complex shear zone geometries is greatly influenced by pre-existing structures. A recent 

publication on anastomosing shear zone networks (Carreras et al., 2010) shows that sin-

istral and dextral shear strands can occur in a single deformation event in a non-coaxial 

regime. Generally, anastomosing shear zone networks exhibit shear plane orientations 

relative to the bulk stress, and these variations are explained in the described examples as 

being due to either the influence of pre-existing structures or a change in the ratio of the 

shortening and the strike-slip component in a transpression regime. An additional theory, 

proposed by Bell (1986) and Ham and Bell (2004) is that multiple deformation events 

exist, during which the stress field changes. 
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1.2 Aim of the study and methods 

Strike-slip shear zones form some of the largest structures on Earth, especially in col-

lision zones, and play an essential role in plate tectonics. Previous studies (e.g. Mitra, 

1978; Ramsay, 1980; Ramsay and Huber, 1983; Simpson, 1983; Arbaret and Burg, 2003; 

Baird and Hudleston, 2007) have focused on the development and the classification of 

shear zones to define their structure and to characterize their typical features. The inter-

pretation of such strike-slip shear zones is important for the reconstruction of the local 

geological history, and subsequent identification of conditions at the initial stage. In most 

cases, detailed and quantitative studies have focused on straight shear zones since these 

are easier to remodel with numerical finite element or practical experimental methods. 

Satellite observations of large-scale strike-slip shear zone systems on earth, however, 

show them to be more complex: the shear zones can form anastomosing geometries.  

A previous study into anastomosing shear zones (Carerras et al., 2010) has indicated 

that antithetic and synthetic shear zones can develop in a single deformation event, where 

single shear strands grow at different stages. The described example displays a complex 

pattern of geometry by reactivation of pre-existing structures and by an overprinting of 

new localized shear zones. This study was focused on the evolution of shear zones, to 

explain how these structures developed and to reconstruct single deformation events. The 

simultaneous activity of differently- or parallel-oriented shear strands in a network has a 

significant influence on the kinematics of the material, and therefore on the geodynamics 

of the crust. Furthermore the interaction of strike-slip shear zone strands and their effect 

on the surrounding rocks, especially at the junction zone, is not well known. It is also not 

clear how the activity of the shear strands are impaired by the interconnection (Fig. 1.3).  

Therefore this study is mostly focused on the interaction of branching to anastomosing 

shear zones, with a special focus on the junction zone.  

In order to increase our understanding of branching shear zones, it is necessary to con-

sider both natural shear zones, and numerical shear zone models. Three fundamental 

questions are addressed: 

1) How do crustal-scale strike-slip shear zones interact, and how does this affect their 

kinematics? 

2) Which rheological parameters control the development of shear zone networks? 

3) What role does lithology play on shear zone nucleation? 
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Figure 1.3 Illustration of the interconnection of shear strands with a dextral shear sense, showing possible 

variations in the activity (strain-rate) of the shear strands  

For field examples, a study was made of shear zones in the Arabian Nubian Shield. De-

tailed observation of the Najd shear zone in the Arabian-Nubian Shield (Johnson and 

Woldehaimanot, 2003; Stern and Johnson, 2010) indicates a complex geology where iso-

lated gneissic domes (metamorphic core complexes) are present along a NW-SE trending 

network of anastomosing shear zones. In that context, the study focuses on the strike-slip 

shear zones in the Arabian-Nubian Shield, where one structure stands out: the Qazaz 

Dome complex. This structure consists of two strike-slip shear zones with a metamorphic 

high-grade gneissic rock in the center and a detachment structure to the South, described 
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in Chapter 2. In addition, theoretical and experimental studies have shown that strain lo-

calizations are related to pre-existing anisotropies, e.g. foliations, veins or dikes (e.g. Car-

reras, 2001; Mancktelow and Pennacchioni, 2005), or by mechanical properties e.g. vis-

cosity contrast (Biot, 1964). We present a field example of a new type of ductile shear 

zone nucleation, which develops through reactivation of a pre-existing structure, shown 

in Chapter 4. 

The second direction in this study was the use of numerical modeling to improve un-

derstanding of rheology in the evolution of complex branched or anastomosed strike-slip 

shear zones. Previous publications regarding numerical simulation of shear zones have 

shown that strain-weakening during deformation has a strong effect on the localization of 

shear zones, and that shear planes can rotate during bulk deformation (e.g. Mancktelow, 

2002; Huismans and Beaumont, 2003; Mancktelow, 2006). A recently published paper 

shows the influence of polymineralic rock composition, in relation to temperature, on the 

development of anastomosing shear zones (Jammes et al., 2015). Following question (2), 

our study utilizes simulations of complex networks of branched or anastomosed strike-

slip shear zones to systematically test the influence of certain rheological material prop-

erties on the development of strike-slip networks, reported in Chapter 3. The interaction 

of shear strands and the effects on the junction zones between two shear zones were stud-

ied with specific visualization scripts, to compare the results with natural examples. 

Methods used 

The fieldwork-based study used Discover Mobile, a portable geographic information 

system (GIS) on a Trimble microcomputer, and subsequently a special GIS related map-

ping program (MapInfo) to create the structural and geological maps. The microstructural 

analysis performed to classify the temperature of the deformation was based on the work 

of Stipp et al., (2002) and Passchier & Trouw, (2005). The calculation of the peak meta-

morphic condition was realized with the Al-in-hornblende barometer (Johnson and Ruth-

erford, 1989) together with mineral exchange thermobarometers of garnet-biotite 

(Hodges and Crowley, 1985), muscovite-plagioclase (Green and Usdansky, 1986) and 

hornblende-plagioclase (Holland and Bundy, 1994).  

The numerical modeling of branched shear zones in a brittle and ductile regime was 

contributed to by a MATLAB-based finite element method (FEM), which solves millions 

of unknown dimensional problems, called MILAMIN_VEP (Crameri and Kaus, 2010; 

Kaus, 2010). This code applies a range of plastic deformation laws to simulations of shear 



Introduction 8 

 

 

zones in brittle (Drucker-Prager or Mohr-Coulomb plasticity) or ductile regimes (power-

law rheology) by using equations described by Kaus (2010). The program enables the 

simulation of 2-dimensional structures on a geological timescale, providing both an in-

sight into and a visualization of the localized shear zones. Furthermore, the codes were 

modified to be applicable to a horizontal model to obtain some perspective on the devel-

opment of strike-slip motioned shear zones, with a focus on the geometries of the shear 

strands. However, the most importance equations are shown in Chapter 3. 

The analysis of the c-axis contributions in quartz was realized by a Microfabric Ana-

lyser. The analytical method is described in detail in Wilson et al., (2007). The instrument 

uses eight white light emitting diodes (LED) which are polyaxial with a vertical axis, to 

focus the light arrays on the thin section. With the aid of the data set from the polarized 

light images, the c-axis of each quartz grain can be presented with an axial distribution 

diagram (AVA-ñAchsenverteilungsanalyseò) with a resolution of 5ɛm/pixel. The prepa-

ration of the data sets was realized by the software INVESTIGATOR (Peternell et al., 

2010). 

1.3 Organization 

This work, based on a research project at the Johannes Gutenberg University in Mainz, 

was funded for one years by Geocycles (scholarship) and for two years by the Center for 

Computational Sciences (SRFN). The project was funded for a further year by DFG Grant 

PA578/16-1.  

The thesis itself is organized in five chapters. These chapters are self-contained stud-

ies, each one subdivided into abstract, introduction, geology / results, discussion and con-

clusion. 

Chapter 1 is the introduction;  

Chapter 2 shows an example of the interaction of strike-slip shear zones in the Arabian 

Nubian Shield. A new structure was found, related to two sinistral strike-slip shear zones 

linked to a detachment which form a new mechanism to exhume deeper crustal rocks. 

This new model represents an effective way in which small metamorphic core complexes 

can develop linked to a crustal-scale strike-slip system. This chapter is published in Terra 

Nova (Meyer et al., 2014).  
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Chapter 3 describes 2-dimensional numerical simulations on the development of a 

network of brittle and ductile shear zones. The numerical experiments contains also sim-

ulations in the brittle regime, to understand how the geometries of shear zone networks 

are influenced by different plastic regimes related to crustal-scale structures described in 

Chapter 2. The focus of this study was the influence of rheology on the development of 

branched or anastomosing shear zones over a geological timescale. The application of 

new visualization scripts helped to show the effect of different rheological parameters on 

the development of shear zones. Furthermore, the simulation indicated that strain-weak-

ening strongly affects the geometry of shear zone networks and the interaction of shear 

strands. The interaction of the shear strands - and therefore the development of a more 

complex geometry - leads to a change in the kinematic patterns of the junction zone and 

exerts an influence on the nucleation of new shear zones. Finally, the results give new 

insight into the development of branched or anastomosing shear zones in comparison to 

natural field examples. This Chapter was in review to Geochemistry, Geophysics, Ge-

osystems. 

Chapter 4 presents two examples of a localization of ductile shear zones through the 

reactivation of a pre-existing structure, in Jordan and Egypt. In the Wadi Filk (Jordan), 

paired ductile shear zones have developed along the chilled margins of a rhyolite dyke, 

with a steep strain-gradient to the wall rock and with no evidence of deformation. The 

trend of the dike is favorably oriented for a stress field associated with simple shear re-

lated to the active phase of the East-West Gondwana collision. This is an example of a 

lithology-driven shear zone, where a grain-size gradient leads to a weaker zone by aniso-

tropic behavior and therefore to localization of a ductile shear zone. The development of 

the Wadi Filk mylonites show the influence of pre-existing structures on the nucleation 

and propagation of shear zones, and suggest our numerical observations that a change of 

the rheology initiate shear zones. This chapter is in preparation for publication in the near 

future. 

Chapter 5 presents the final conclusion of the work and a short outlook on future re-

search. 
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1.4 Contributions  

My contribution for Chapter 2 was in field work, including the collection of structural- 

geological field data, satellite imaging, the sampling and processing of the data with GIS 

mapping software (MapInfo) and thin section studies. Fieldwork was carried out together 

with colleagues from the Saudi geological Survey, and Prof. Cees Passchier. The prepa-

ration and the interpretation of geothermobarometry data was realized by Dr. Tamer Abu-

Alam and Prof. Kurt Stüwe. 

The work for Chapter 3 was realized with a MATLAB-based finite element program 

of the Geophysics group under the supervision of Prof. Boris Kaus, at the University of 

Mainz. My contributions were to modify the codes for the simulation of strike-slip shear 

zones and the creation of a new setup. All experimental runs were implemented by my-

self, as were the compilation of codes for the visualization of the results.  

To the work for Chapter 4 was the preparation of the samples for thin section, micro-

structural analysis and the determination of the c-axis distribution of the quartz grains 

using a Fabric Analyser. Dr. Mark Peternell supported the work with the Fabric Analyser. 

The field work was carried out by Prof. Cees Passchier and Prof. Ghaleb Jarrar from the 

University of Amman (Jordan), who also helped organize the samples. The field study in 

Egypt was carried out in cooperation with Prof. Cees Passchier, whereas the collection of 

the field data and samples was my work.  

My overall contribution to this thesis is 90%. 
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2. A strike-slip core complex from the Najd 

fault system, Arabian Shield 

Abstract 

Metamorphic core complexes are usually thought to be associated with regional crustal 

extension and crustal thinning, where deep crustal material is exhumed along gently dip-

ping normal shear zones oblique to the regional extension direction. We present a new 

mechanism to exhume metamorphic core complexes along crustal-scale strike-slip fault 

systems that accommodated crustal shortening. The Qazaz metamorphic dome in Saudi- 

Arabia was exhumed along a gently dipping jog in a crustal-scale vertical strike-slip fault 

zone that caused more than 25 km of exhumation of lower crustal rocks by 30 km of 

lateral motion. Subsequently, the complex was transected by a branch of the strike-slip 

fault zone, and the segments were separated by another 30 km of lateral motion. Strike-

slip core complexes like the Qazaz Dome may be common, may have an important local 

effect on crustal strength. 

 

This chapter was published as: 

Meyer, S. E., Passchier, C., AbuȤAlam, T., and Stüwe, K., 2014. A strikeȤslip core complex 

from the Najd fault system, Arabian shield. Terra Nova, 26 (5), 387-394. 

2.1 Introduction  

Metamorphic domes surrounded by low-grade metamorphic rocks are commonly 

formed by the exhumation of medium to high-grade metamorphic rocks from lower crus-

tal levels (Davis and Coney, 1979; Crittenden et al., 1980). The most common mecha-

nisms of exhumation is thought to be regional-scale extension (Davis et al., 1986; Wer-

nicke, 1981) and crustal thinning, where higher grade rocks are brought up in the footwall 

of gently dipping shear zone systems oblique to the regional extension direction (often 

termed ñlow angle detachmentsò) forming so-called core complexes (Lister et al., 1984; 
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Tirel et al., 2008; Huet et al., 2010; Fig. 2.1a). Here, we present evidence that core com-

plexes can also be locally exhumed along major vertical strike-slip shear zones in areas 

of crustal shortening without regional scale crustal thinning, using an example from the 

Najd shear zone system in Saudi Arabia (Abdelsalam and Stern, 1996; Fig. 1b). 

 

Figure 2.1 a) Typical metamorphic core complex formed in regional extension; b) Strike-slip core complex, 

formed in regional constriction by local extension associated with a jog in a strike-slip shear zone 
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2.2 The Najd shear zones system 

The Arabian Nubian shield (ANS) in Egypt, Saudi Arabia and Sudan is composed of 

~870 - 630 Ma Neoproterozoic juvenile arc terranes and remains of ophiolite belts which 

amalgamated during the closing of the Mozambique ocean and the associated assembly 

of Gondwanaland (Johnson et al., 2004; Stern, 1994; Stern and Johnson, 2010). Most of 

the ANS consists of low-grade metavolcanics, metasediments with scattered intrusive 

arc-type and few A-type granitoids. All units are affected by the Najd fault System (NFS), 

a network of crustal-scale sinistral strike-slip zones 2000 km long and 400 km wide, 

which cut and partly reactivate older tectonic elements in the shield (Stern, 1994; Fig. 

2.2). Development of this shear zone network during and following the collision of West- 

and East Gondwana resulted in E-W shortening with a northwards trend of escape tec-

tonic (Abdelsalam and Stern, 1996; Burke and Sengör, 1986; Stern, 1994). This was ac-

companied by the exhumation of metamorphic domes (e.g. Fritz et al., 2002; Blasband et 

al., 2000; Brooijmans et al., 2003; Abd El-Naby et al., 2008; Abu-Alam and Stüwe, 2009). 

We studied one of these domes in NW Saudi Arabia: the Qazaz Dome, which is associated 

with the sinistral Qazaz strike-slip shear zone, one of the largest Najd structures with a 

length of at least 140 km (Stern and Johnson, 2010; Genna et al., 2002; Figs. 2.2, 2.3). 

 

Figure 2.2 Overview map of the Najd shear zones and the gneiss complexes in the Arabian-Nubian Shield; 

modified after Abu-Alam and Stüwe (2009) 
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2.3 Qazaz metamorphic complex 

The Qazaz Dome developed in a low-relief area with nearly continuous exposure in 

the desert of Saudi Arabia. It is a triangular dome of medium- to high-grade gneisses 

surrounded by low-grade mylonite zones and very low-grade metapelite, conglomerate 

and volcanic rocks of the Neoproterozoic Thalbah and Bayda Groups (Fig. 2.3a, b). The 

Thalbah group sediments have been deposited unconformable on the Imdan plutonic 

complex (660 ± 4 Ma) and were intruded by the Liban complex (621 ± 7 Ma), which 

appears to bracket deposition between 660 - 620 Ma (Johnson et al., 2011). However, the 

age of the group is debated, and new U-Pb dates of detrital zircons from two of the three 

formations that make up the Thalbah group (Bezenjani et al., 2014) suggest depositional 

ages of Ò 596 Ñ 10 Ma (Hashim Formation) and Ò 612 Ñ 7 Ma (Zhufar Formation). The 

Qazaz shear zone is locally 3 - 4 km wide with a dominance of vertical foliations and 

gently plunging stretching lineations. It is an anastomosing complex of high-strain 

branches with high-grade mylonitized rocks in the core (Fig. 2.3a). Adjacent to the Qazaz 

Dome, the shear zone splits into two strike-slip zones with similar sinistral shear sense, 

which flank the dome as described below. The activity of the Qazaz shear branches is 

bracketed between ~630 and 580 Ma (Calvez et al., 1984; Kennedy et al., 2009) based on 

displacement of dated granitoids. 

The Qazaz Dome is characterized by a dominant gently SW-NE-dipping mylonitic 

foliation with NW-SE or NS trending gently plunging stretching lineations developed in 

granitic gneisses (Fig. 2.3c). The age of gneisses (protolith) in the dome itself is given by 

SHRIMP zircon dating as 725-696 Ma (Johnson and Woldehaimanot, 2003). Towards 

the southern detachment, the gentle southern dip of the mylonitic foliation increases to a 

maximum of 40° (Fig. 2.3c, 2.4). The detachment includes parts of the Qazaz gneisses 

and metasediments of the Thalbah group with a strong south-dipping mylonitic shape 

fabric (Fig. 2.3c). The footwall contains high-strain migmatites, high metamorphic grade 

mylonites with ů-type feldspar clasts and garnet clasts with strain shadows, giving a dom-

inant top to the south shear sense (Fig. 2.5). These high-grade shear sense markers and 

shape fabrics are overprinted by lower grade S-C shear bands and chlorite veins repre-

senting the same movement direction and shear sense, suggesting synkinematic exhuma-

tion of the dome. The hanging wall of the Qazaz Dome to the south and west is composed 

of rocks of the Thalbah Group. These are weakly to moderately deformed with 
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Figure 2.3 a) Lithological and metamorphic map of the Qazaz complex; b, d) Inset maps showing the shear 

zone northwest of the Qazaz Dome; c) Structural map of the Qazaz complex 

open upright folds south of and alongside the dome and the Qazaz shear zone, but unde-

formed further away (Fig. 2.3c, d). To the SE, the Thalbah group is invaded by small, 

mostly undeformed monzogranite bodies that are not affected by the main strike-slip or 

detachment mylonitization, although some minor shear zones occur at the contact of the 
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granite and the metasediments. The gently dipping mylonitic foliation in the Qazaz Dome 

is affected by km-scale folds with NNW-SSE trending steep axial planes, which are open 

in the SE but become increasingly tight to the NW (Fig. 2.3c, 2.6c-e). In the NW apex of 

the Dome a single tight to isoclinal antiform dominates the mylonite zone and grades into 

the Qazaz shear zone. Up to 20 km north of the Qazaz Dome, this fold is still recognizable 

since the strike-slip Qazaz shear zone has gently plunging lineations throughout, but a 

foliation that changes from subvertical in the shear zone limbs, to horizontal in the centre 

(Fig. 2.3d, 2.6e, 2.7 inset). Further NW, only vertical foliations are present in the Qazaz 

shear zone. The west side of the Qazaz Dome is flanked by a sinistral strike-slip shear 

zone, which overprints the high-grade mylonitic fabrics in the western part of the gneiss 

dome with a lower grade shear band cleavage.  

 

Figure 2.4 Profiles through the Qazaz Dome, marked in Fig. 3c 

The western shear zone shows a steep mylonitic foliation with a westwards dip and 

stretching lineations are gently plunging with a NW-SE to N-S trend (Fig. 2.3c). In the 

SW corner of the Dome, the strike-slip shear zone changes direction and grades into the 

extensional detachment described above, while the stretching lineations in both segments 
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have the same orientation with a plunge of 10 to 35 degrees (Fig. 2.3c). There is no indi-

cation of any overprint, suggesting that the strike-slip and detachment segments operated 

simultaneously as one continuous shear zone. The gently dipping mylonitic fabric in the 

central parts of the dome gradually steepens and grades into the western shear zone and 

southern detachment without overprint and without a significant change in orientation of 

the main lineations (Fig. 2.3c, 2.7).  

The eastern branch of the Qazaz shear zone is a sinistral shear zone with steep folia-

tions and gently plunging stretching lineations similar to the western branch; it likewise 

has a greenschist facies mylonitic fabric with prominent shear band cleavage that over-

prints the gently south dipping amphibolite-grade mylonites of the central dome. Locally, 

the older mylonitic foliation is folded, and two parallel stretching lineations of different 

age can be found. The eastern branch is therefore younger than the detachment and 

formed later than the other structures. The eastern branch also transects the contact of the 

dome with the Bayda group in the south, interrupted by a sinistral brittle fault in the wadi 

(Fig. 2.3c). 

2.4 Depth of Emplacement 

Mineral exchange thermobarometers (i.e. garnet-biotite of Hodges and Crowley, 1985; 

muscovite-plagioclase of Green and Usdansky, 1986 and hornblende-plagioclase of Hol-

land and Blundy, 1994) and the Al-in-hornblende barometer of Johnson and Rutherford 

(1989) were used to calculate peak metamorphic conditions for several samples across 

the shear zone to determine the maximum depth of burial. The hornblende-plagioclase 

thermometer and the Al-in-hornblende barometer are based on calibrations of igneous 

systems, but can be used for the metamorphic system (e.g. Mancini et al., 1996; Schärer 

and Labrousse, 2003). The calculated pressure and temperature conditions based on horn-

blende-bearing assemblages agree with the conditions that were calculated by the garnet-

biotite and the muscovite-plagioclase thermobarometers. A sample from the core of the 

Dome (Fig. 3a, P1: 26.6956° N, 36.6996° E) attained peak metamorphic conditions of 

560 - 640 °C and 7.5 ± 0.5 kbar (crustal depth of 24 - 28 km; for an overburden density 

2850 kg/m3 and assuming lithostatic conditions). A high-grade gneiss sample near the 

periphery of the Dome (P2: 26.7455° N, 36.6193° E) gave a pressure-temperature range 

of 570 - 630 °C and 7.0 ± 0.5 kbar (crustal depth of 22 - 26 km). A schist sample from 
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the western Qazaz shear zone branch (P3: 26.7347° N, 36.6034° E) reached peak condi-

tions of 400 - 460 °C and 4.4 - 5.0 kbar (crustal depth of 15.5 - 17.5 km). A sample from 

the base of the Thalbah group at a distance of ~120 m from P3, SW of the western Qazaz 

shear zone branch (P4: 26.7331° N, 36.6004° E), shows greenschist facies conditions of 

430 - 450 °C and 0.7 ± 0.2 kbar (crustal depth of 1.5 - 3.5 km). Clearly, the local meta-

morphic gradient is telescoped with significant uplift of the dome with respect to the 

Thalbah group due to movement on the shear zones. 

 

Figure 2.5 a) Quartz (qtz) with irregular grain boundaries with lobate structures, developed by grain bound-

ary migration (GBM) recrystallization. Amphibolite facies, Centre of the Qazaz Dome; b) feldspar (fsp) 

porphyroclasts replaced by epidote (ep). Quartz shows a typical dynamical recrystallization fabric of sub-

grain rotation (SGR). Upper greenschist facies, Western shear zone; c) quartz with subgrain rotation (SGR) 

recrystallization and garnet crystals with irregular rims of plagioclase. Lower amphibolites facies, Western 

shear zone; d) relicts of GBM recrystallization, overprinted by lower temperature bulging recrystallization 

(BLG). Gneiss, detachment, S-side Qazaz Dome 

The metamorphic grade of mylonitization in the Qazaz Dome and the shear zones was 

assessed from the microstructure using recrystallization characteristics of quartz and feld-

spar as an indicator (Stipp et al., 2002; Passchier and Trouw, 2005). The microstructure 

varies consistently with the barometry (Fig. 2.3a). The highest grade fabrics are found in 

the central and southern parts of the dome, with typical high temperature grain boundary 

migration (GBM) recrystallization of quartz with lobate grain boundaries, coarse grained 
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( >350ɛm) recrystallization of feldspars, and bulbous feldspar-quartz boundaries (Stipp 

et al., 2002; Fig. 2.5a). These fabrics grade to the south and to west into greenschist facies 

mylonitic fabrics, with subgrain boundary rotation or even bulging recrystallization of 

quartz; recrystallization to fine grain-size and brittle deformation of feldspar, and abun-

dant development of shear band cleavage (Stipp et al., 2002; Fig. 2.5b-d).  

 

Figure 2.6 a-e) Proposed sequence in the development of the Qazaz complex along the Qazaz strike-slip 

shear zone 
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The greenschist facies mylonites along the western, eastern and southern side of the core 

complex show remains of an earlier high temperature fabric (Fig. 2.5d). The overprinting 

of coarse-grained quartz bands with lobate grain boundaries by shear band cleavage and 

bulging recrystallization indicate exhumation and cooling during ongoing mylonitization 

(Fig. 2.5d). Garnet crystals in samples from close to P3 in the western shear zone show 

irregular rims of plagioclase (Fig. 2.5c) in a primary volcanic rock, an indicator for de-

compression during the growth of the crystals. Calculated peak metamorphism of P3 clas-

sify this part as a middle crustal segment, which could be the deeper part of the Thalbah 

group. The kinematics of the shear zone and a steep metamorphic gradient of over 200 

°C and 4.0 kbar in an E-W profile between the gneiss and the metasediments of the Thal-

bah group show that the southern Qazaz complex is a typical extensional detachment 

structure. 

2.5 Discussion 

Field and microstructural evidence shows that the Qazaz Dome is a high-grade meta-

morphic dome that has been brought into contact with adjacent low-grade metasediments 

by movement on ductile shear zones. The emplacement of the footwall high-grade dome 

by exhumation along a gently S-dipping detachment and emplacement against low-grade 

hanging wall metasediments is typical of a metamorphic core complex (Tirel et al., 2008; 

Huet et al., 2010). However, the relationship with strike-slip shear zones is different from 

other core complexes (Fig. 2.1).  From field and microstructural data, we envisage the 

following scenario for development of the Qazaz Dome (Fig. 2.6). During development 

of the crustal scale vertical strike-slip Qazaz shear zone between ~630 - 580 Ma, a 10 km 

size jog formed as a gently south-dipping detachment, probably in response to a local pre-

existing fabric (Fig. 2.6a). Progressive strike-slip after the jog formed led to exhumation 

of the middle and lower crust underlying the jog zone (Fig. 2.6b), which in turn consid-

erably changed the local strength profile of the crust. The developing core complex is 

affected by regional shortening oblique to the strike-slip shear zone segments. The up-

lifted high-temperature dome underwent ductile E-W internal shortening leading to fold-

ing of previously gently-dipping planar fabric of foliation in the dome, at some distance 

from the detachment (Fig. 2.6c). Since the earlier exhumed part underwent lateral con-

striction for a longer time, folding is tightest furthest away from the detachment zone 

leading to a triangular shape of the dome (Fig. 2.6e; 2.7).  This process created an unusual 



A strike-slip core complex from the Najd fault system, Arabian Shield 27 

 

 

strike-slip shear zone segment with an internal antiformal folded foliation in its core (Fig. 

2.3c, 2.7 inset). If the detachment shear zone has a dip of 40º throughout, as observed at 

the surface, 25 km of vertical exhumation may have been accommodated by 30 km of 

horizontal slip on the Qazaz shear zone. The triangular core complex that formed in this 

way alongside the strike-slip zone was subsequently transected by a newly developing 

eastern branch of the Qazaz shear zone, which separated and displaced its NE side (Fig. 

2.6d-e). This may have happened in reaction to cooling and strengthening of the distal 

side after slip on the western shear zone ceased. Sinistral displacement on the eastern 

branch is estimated to be at least 30 km, based on strain intensity in the shear zone, and 

displacement of marker horizons in satellite images (Fig. 2.6d). The accumulated dis-

placement along the Qazaz shear zone can therefore be at least 60 km including the esti-

mated 30 km of strike-slip displacement associated with exhumation of the central Qazaz 

Dome. Finally, a brittle sinistral strike-slip fault offset the eastern branch itself in a late 

stage of Najd shear zone activity (Fig. 2.3c, 2.6e).  

 

Figure 2.7 Annotated satellite image and 3-D cartoon of the present structure of the Qazaz complex. Black 

dashes indicate the orientation of the stretching lineation in the mylonites. Folding in the internal part of 

the dome is highlighted by an EW section 
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The deformation pattern in the low-grade Thalbah and Bayda Group metasediments sur-

rounding the Qazaz Dome (Fig. 2.3c) also support a model where the Qazaz Dome formed 

in a regime of strike-slip linked detachment, accommodating regional E-W crustal short-

ening (Fig. 2.2, 2.3c). It is even conceivable that deposition of part of these metasediments 

is connected with development of the extensional jog. The most likely candidates that 

may show a similar development to the Qazaz Dome are other gneiss domes in the Najd 

Fault system such as and Hafafit complex (Fowler and Osman, 2009) and the Kirsh gneiss 

Dome (Al-Saleh, 2012, Fig. 2.2). The Shaôit-Nugrus shear zone of the Hafafit dome 

shows an identical transition from a strike-slip to a detachment fault as in the Qazaz Dome 

(Fowler and Osman, 2009).   

Gneiss domes superficially similar to the Qazaz Dome also occur in a number of other 

tectonic settings. A-type domes in the Aegean (Jolivet et al., 2004b, 2010; Le Pourhiet et 

al., 2012) and the gneiss domes in the central Pyrenees (van den Eeckhout and Zwart, 

1988;  Denèle et al., 2007) superficially resemble the Qazaz Dome, but have a more com-

plex history and no permanent link to crustal-scale strike-slip shear zones. Core com-

plexes along the Lewis and Clark fault zone in the Rocky Mountains (Foster et al., 2007) 

differ from the Qazaz Dome in that the core complexes are the dominant structure, with 

strike-slip faults playing an accommodating role. The Niĵde massif along the Central 

Anatolian fault zone in Turkey (Whitney et al., 2007) and domes along the Red River 

Shear Zones in Southern China and Indochina may have formed in a similar way as the 

Qazaz Dome, but are reported to have formed with a more complex history including a 

transtension phase (Jolivet et al., 2001). Further research on these structures, and along 

major strike slip fault systems will have to show if other isolated metamorphic domes 

formed in a similar way to the Qazaz Dome. 

2.6 Conclusions 

The development of metamorphic core complexes is generally thought to involve crus-

tal scale extensional processes of crustal thinning with exhumation of the lower crust. The 

Qazaz Dome shows that core complexes can form along crustal-scale strike-slip shear 

zones which accommodated crustal shortening. The synchronous activity of strike-slip 

shear zones and a detachment-jog is an extremely effective way to exhume deeper crustal 

rocks under constrictional conditions. Strike-slip core complexes similar to the Qazaz 
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Dome may therefore be present unrecognized along many other crustal scale strike-slip 

shear zones where they have been transposed by ongoing strike-slip deformation. Devel-

opment of a strike-slip core complex will locally change the thermal profile of the crust 

and can have far reaching effects on local crustal strength and the functioning of crustal-

scale strike-slip shear zones. 
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3. Numerical models of branching brittle and 

ductile shear zones 

Abstract 

Continental collision zones are usually associated with large-scale strike-slip shear 

zones. In most cases these shear zones are complex and consists of multiple branches of 

varying width, length, and total displacement. Here, we present 2-D numerical models to 

simulate the formation of such branching brittle and ductile shear localization on geolog-

ical timescales for different rheological rock properties. The numerical models reproduce 

branching shear zone patterns starting from a relatively homogeneous initial setup and 

demonstrate that different kinds of strain weakening results in different types of shear 

zones. We show that during its evolution towards a complex brittle shear zone system, 

local-scale changes occur in the kinematics of the host rocks, which affect the develop-

ment of the shear zones through affecting the orientation of new brittle shear localization. 

Our simulations show, the development of antithetic faults in a brittle shear zone system 

is closely linked to the decreasing of the angle of friction during the deformation. Fur-

thermore, the characteristic of ductile shear zones to localize in a wider or in a narrow 

zone is strongly dependent of the reduction of the effective viscosity during the defor-

mation. In addition, the interaction of syn- and antithetic ductile shear zones within the 

main shear fault results in complex shear-related structures, consistent with observations. 

 

This chapter will be submitted: 

Meyer S., Kaus B.J.P., and Passchier C. (in review). Numerical models of branching brit-

tle and ductile shear zones. Geochemistry Geophysics Geosystems. 
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3.1 Introduction  

Crustal scale strike-slip shear zones play an essential role in accommodating the 

Earthôs plate tectonic displacement pattern and are locations where earthquakes occur. 

Crustal-scale shear zones operated in either brittle or ductile regimes predominantly de-

pending on the depth within the crust at which they formed. Well known examples are 

the San Andreas, North-Anatolian and Dead Sea Faults. The San Andreas Fault is such 

an example for a shear zone in a brittle regime with a complex geometry of synthetic and 

antithetic faults, in that the weakening of the shear fault by the frictional behavior is still 

under debate (Scholz, 2000; Zoback, 2000; Carpenter et al., 2011). However, previous 

numerical models showed that the weakening behavior has a highly effect on the locali-

zation of shear zones (Huismans and Beaumont, 2003). But still it is not clear how that 

process controls the development of brittle shear faults in a strike-slip motion to form a 

complex network of shear zones, which are observed on several places on earth.  

There are also numerous fossil crustal scale shear zones, mostly in Precambrian ter-

ranes, where the deeper edifice of such structures can be studied (ductile shear zones). 

Although detailed and quantitative studies have usually been limited to simple, straight 

planar shear zone segments (Passchier, 1990a, b, 1998; Grujic and Mancktelow, 1998; 

Piazolo et al., 2001; Schrank et al., 2008), field work shows that in most cases the straight 

segments form part of a complex systems of kilometers-wide anastomosing and branch-

ing shear zones (Passchier et al. 1997; Faure et al. 2005; Archanjo, 2008; Culshaw et al., 

2011). Ductile shear zones differ in their characteristics in length, width, shear sense and 

amount of displacements. Field studies on high-temperature shear zones indicated that 

shear localization is often associated with a weakening processes, which can be grain size 

reduction, dynamic recrystallization, chemical alterations of minerals and shear heating, 

among others (Etheridge and Wilkie, 1979; Brun and Cobbold, 1980; Regenauer-Lieb 

and Yuen, 1998; Braun et al., 1999; De Bresser et al., 2001; Kaus and Podladchikov, 

2006; Bürgmann and Dresen, 2008; Platt and Behr, 2011a, b, Sullivan et al., 2013; Mon-

tési, 2013). Most previous theoretical studies focused on lithospheric extensional, trans-

form faults or on the behavior of single ductile and brittle shear zones (Mancktelow, 2002; 

Huismans and Beaumont; 2003; Hieronymus, 2004; Mancktelow, 2007; Choi et al., 2008; 

Gerya, 2010a, 2012, 2013). The research on this topic showed that the rheological prop-

erties, especially the weakening mechanism, exert an influence on the shear localizations. 

No work has been carried out on how individual shear zone strands interact in a strike-
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slip regime, how they form a larger branching shearing system and what the effect of 

strain weakening is on the geometry of branching shear zones.  

Here we present a 2-D forward model to study in a systematic way the influence of 

different rock rheological regimes on the development of complex strike-slip shear zone 

systems at different crustal depths. 

3.2 Modeling approach (Methology) 

The numerical model is based on a visco-elastic-plastic (VEP) code named MILA-

MIN_VEP (Kaus, 2010; Thielmann and Kaus, 2012), which solves the incompressible 

Stokes equations for VEP rocks in combination with the energy conservation equation 

(see Thielmann and Kaus (2012) for a more extensive description). For the upper crust 

we employ a Drucker-Prager yield criterion which is the 2-D simulation equivalent with 

the Mohr-Coulomb plasticity for incompressible deformation with the general equation 

for shear stress (Ű): 

† ὅ  ‘ „ 

‘ ÔÁÎ ‰           (1) 

where C is the cohesion, ɛ the coefficient of internal friction, „ the normal stress and ◖ 

the angle of internal friction described by Vermeer and De Borst (1984). We computed 

the second invariant total stress tensor („ ): 

 „ πȢυ„ „ ς„       (2) 

where „ ȟ„  are the normal stress in x and y-direction and „  the shear stress. Shear 

zones are interpreted as a weaker zone in comparison to the surrounding undeformed rock 

(Chéry et al. 2001; Provost and Houston, 2003; Carpenter et al., 2011). The strain-weak-

ening in a brittle-plastic regime is controlled by frictional processes in the Mohr-Coulomb 

plasticity (Huismans and Beaumont, 2007). We use the friction angle and the cohesion to 

control the weakening of the material by ongoing deformation in our numerical models 

(Poliakov and Buck, 1998; Lavier et al., 2000). The relation of the friction angle and the 

cohesion is described by the yield stress: 

„ πȢυ„ „ ÓÉÎ‰ ὅ ÃÏÓ ‰       (3) 
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Brittle strain localizations occur where the plastic yield stress („) is reached by the sec-

ond invariant of the total stress tensor („ ):  

„  „                                                                       (4) 

Ὂ „ „          (5) 

where F is the yield function with the term F Ò 0 for brittle deformation. The initial rheo-

logical properties of the matrix are 30° for the friction angle and 35 MPa for the cohesion, 

which linearly weakens with increasing critical strain at stated intervals (Fig. 3.1b). This 

leads to weakening represented by a lower yield stress value („) (3).  

The mechanical code for simulating ductile shear zones is based on a power-law rheology, 

which is strongly viscosity-dependent. The rheology is a Maxwell VEP system: 

‐ÉÊ ‐ÉÊ
ÖÉÓÃÏÕÓ‐ÉÊ

ÅÌÁÓÔÉÃ‐ÉÊ
ÐÌÁÓÔÉÃ

ÅÆÆ
ʐÉÊ

ÉÊ
ʇ

ÉÊ
    (6) 

where  ‐ÉÊ is the deviatoric strain-rate, G the elastic shear modulus, ʐÉÊ the deviatoric stress, 

ɚ →  the plastic multiplier and Q the associated plastic flow potential. Natural ductile shear 

zones are characterized by a fine-grained matrix, where the high-strain zone regards to 

the P-T field lead to crystal-plastic processes and dynamic recrystallization. The reduction 

of the grain-size results in a weakening of the material within the shear zone in compari-

son to the neighbor host rock. In our numerical models we used the physical law that a 

decrease in effective viscosity leads to an increase of the strain-rate. ʂÅÆÆ is the effective 

viscosity and can be described by power-law creep:    

–ÅÆÆ– ὩȾὩ  ÅØÐὯ
 

      (7) 

where –, n are the specified material viscosity at the initial stage for Ὕ (Tab. A1) and 

the stress exponent. Ὡ))  is the second invariant of shear strain rate, Ὡ a reference strain-

rate, k is the Arrhenius type temperature dependency of viscosity, T the temperature, and 

T0 a reference temperature.   

We implement a factor (A) to reduce the effective viscosity from an initial value of 1 to 

a linked end-value related to the critical strain (Fig. 3.1c), shown by the equation: 

– ὃ –           (8) 
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3.3 Model setup 

The models constructed in this study represent a horizontal large-scale piece of the 

crust that is 300 km in length and 150 km wide at different crustal levels, simulating 

brittle shear localization in the upper crust (5-12 km), and ductile shear zones in the lower 

crust (20-25 km) with Mohr Coulomb plasticity and viscous power-law rheology, respec-

tively (Fig. 3.1). We implement two different rock properties in the models: a dry upper 

crust to simulate brittle localization, and a lower crust to simulate the ductile shear zones 

(Burg and Schmalholz, 2008; Tab. A1). To initiate the shear zones, we use heterogeneities 

that have a granitic composition (Tirel et al., 2008) and a round shape in the center of the 

model. The effect of the shape, the size and the number of initial heterogeneities on the 

results will be discussed in section 4.1.1.  

The boundary conditions for the velocities are as follows (Fig. 3.1a): The right and left 

boundaries are periodic, the bottom is fixed in the reference frame and the top boundary 

has a prescribed horizontal velocity such that the overall strain-rate (‐ ) is constant 

throughout the simulation. This generates a dextral shear flow (simple shear), where the 

maximum compressive stress is oriented with an angle of 40 - 45° to the imposed shear 

direction (Fig. 3.1a) and lies parallel to the plane of the model. The model represents a 

horizontal segment of the crust with a uniform temperature, and a total lithostatic pressure 

that is added to the dynamic pressure of the model. The boundary condition for the tem-

perature consists of heat flow through the sides (periodic boundary), while the top and 

bottom are isothermal. The heat source is given by the initial temperature and during the 

simulation by shear heating (Ὕ , which transforms the elastic and plastic deformation 

into thermal energy, 

Ὕ … † ‐ ‐        (9) 

where †  is the deviatoric stress, ɢ the efficiency of shear heating and  ‐ÉÊ the deviatoric 

strain-rate. In all model runs we used ɢ = 1 as a standard. Shear heating is present in all 

brittle and ductile shear zone simulations as an additional weakening parameter. We em-

ployed a lower and upper viscosity cutoff of ρπ and ρπ Pa s to avoid numerical in-

stabilities. The numerical Lagrangian mesh consists of about 1.4 million quadrilateral fi-

nite elements with linear shape functions for velocity, temperature and discontinuous lin-

ear function for pressure (checkerboard pressure field, Q1-P0). During the simulation pe-

riodic remeshing is applied if elements are too distorted and we use particles to track 

material properties and stresses. 
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Figure 3.1 a) Setup of the large-scale models for different crustal levels, simulated by a bulk simple shear; 

b) brittle weakening; friction angle and cohesion decrease with progressive critical strain (ɔ), start value of 

friction angle is 30 °. The cohesion decreases by 35 MPa to 1 MPa; c) ductile weakening, the viscosity 

decreases with progressive strain by a factor A with a start value of 1. 

In the following model runs we will change the rheological parameters in equations (4-8) 

to understand how these values affect the localization of brittle / ductile shear zones, and 

if the parameters have an influence on the geometry of complex branching strike-slip 

shear zones. 
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3.4 Results 

3.4.1 Brittle strain localization  

For sufficiently large stresses, the upper crust is brittle which can be described by 

Mohr-Coulomb plasticity. In the first simulation (reference model) we use standard rock 

properties (Tab. A1) for the upper crust, to show in different time-span the development 

of brittle shear zones. We employ an overall strain-rate of ρπ Ó  with a lithostatic 

pressure of 264.9 MPa and 300 °C, which represent the pressure-temperature conditions 

for a horizontal model in the upper crust (10 km depth). Furthermore we implemented 

two anomalies in the center of the matrix and we used a specified material viscosity of 

ρȢςχφψ Ø ρπ 0Á Ó for the upper crust (Burg and Schmalholz, 2008) and 

χȢτψωσ Ø ρπ 0Á Ó for granite in the intrusion used to nucleate the shear zones (Tirel et 

al., 2008).  

The top of the model moves to the right, where the maximum compressive stress is 

oriented to an angle of 40-45° to the imposed shear direction (dextral shear sense, Fig. 

3.1a). In all simulations (we performed more than ~100 in total) the first brittle shear 

zones grow at an angle of 5-8° to the imposed shear direction with a dextral shear sense 

(Fig. 3.2a). The main faults (R - faults) spread to the sides of the model and join at the 

center at 0.11 Ma (Fig. 3.2b), which leads to a complex geometry of the branches in the 

form of a ñbridge structureò. The term ñbranchò is used for an active shear zone, which 

is connected by joining or splitting with a further shear localization. In a later stage, two 

new shear zones develop that have a different shear sense (Fig. 3.2c), namely one set of 

synthetic faults with an orientation of 166-168° (P - faults) and a second set of antithetic 

faults at 20-75Á to the imposed shear direction (Rô - faults). The shear zones in our simu-

lation have orientations that are typical for Riedel structures, described by Cloos (1928) 

and Riedel (1929), with the exception of the Rô-faults which have a larger variation in 

orientation. In the early model stages, the Rô-faults grew at an angle between 40-50°. 

After 13% strain, new Rô-faults developed at a higher angle (between 70-75°) to the ap-

plied shear direction (Fig. 3.2c). 
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Figure 3.2 Model development for a case with reference parameters in the brittle regime (Tab. A1) and two 

anomalies in the center with an overall strain-rate of ‐ ρπ  ί , showing; a) The development of 

the main faults in the strain rate field; b) The interaction of the main faults and weak growth of synthetic 

faults; c) The development of a complex shear zone system with anti- /synthetic faults; d-f) Shows the 

evolution of the total pressure [in MPa] at the same time steps. In a-c, vertical white and red lines are 

originally vertical passive strain markers that show deformation in the model 

The simulation of shear zones in the model is based on a pressure dependent brittle-plastic 

regime, therefore we plotted the pressure distribution including the lithostatic pressure 

during the run. During early stages, the shear zones exhibit a decrease of pressure relative 

to the surrounded matrix, which is a feature of shear bands in a pressure-dependent rhe-

ology (Mohr-Coulomb plasticity, Fig. 3.2d-e, Mancktelow, 2006). The center of the 

model is dominated by a low-pressure zone attributable to the anomaly at the starting-

point of the model. The higher position of the left anomaly, and therefore the higher po-

sition of the initiated shear zone on the left side of the model, related to the dextral shear 

movement initiate a new shear band in an extensional setting. The increasing number of 

variously-oriented shear branches (relative to the imposed shear direction) results in a 

more complex geometry and simultaneously to a further change in the pressure distribu-

tion in a later stage. The gentle bending trend of the newly developed syn- and antithetic 
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faults shows high-pressure zones with a difference of 400 MPa to the low-pressure zones 

along the straight part of the shear branches (Fig. 3.2f). A further observation is that the 

shear zone branches, which connect to the opposite side of the imposed shearing, show a 

high pressure zone of the material between the shear branches (junction zone). In sum-

mary, the results show that the more complex geometry of shear branches subsequently 

affects the nucleation of the newly-initiated shear zones (e.g. Rô-faults) and the pressure 

distribution of the rocks. 

3.4.1.1 Influence of heterogeneities and material properties on shear 

localization 

In a homogeneous model with identical rock parameters and rheology, no brittle local-

ization occurs. For the previous simulation, we used values of – ρȢςψ Ø ρπ 0Á Ó for 

the matrix (upper crust, Burg and Schmalholz, 2008) and – χȢτω Ø ρπ 0Á Ó for the 

anomaly, which is a typical value for granite (Tirel et al., 2008). How heterogeneous does 

the material of the anomaly have to be in comparison to the matrix in order to localize 

brittle shear zones? It is therefore interesting to test the effect of various model parameters 

on shear zone development. We ran several numerical models that employ different vis-

cosities, friction angles and cohesion of the anomaly to simulate brittle shear zones under 

different rock properties or rock types. Simulations in which we reduced the specified 

material viscosity difference between matrix and anomaly suggest that even a small dif-

ference of > 0.1 % leads to shear localization. Furthermore, we performed 10 model runs 

with the identical rock parameters for the anomaly and the matrix but with a variation in 

the strain weakening. The results show, that a tiny difference in the friction angle (> 1°) 

between the matrix and the anomaly leads to heterogeneous behavior and initiate a shear 

zone nucleation. In comparison to the previous runs, the localized main faults show no 

connection by Rô-faults and P-faults, whereas the shear zones stayed at the final stage 

parallel and isolated (similar to Fig. 3.2a). In the previous simulations, we used anomalies 

as an appropriate method to simulate heterogeneous conditions, within an otherwise ho-

mogeneous matrix. Supplying the models with a different anomaly shape showed that this 

does not play a significant role in the development of brittle shear zones. The variation of 

the size of the anomaly indicate a similar result to the previous observation except that 

the anomaly exhibits enough particles to form a rheological contrast to the surrounded 

matrix. Therefore we decided to use a standard round shape with a size of 100 meter 

radius, which represents a rheological variation of the material in the case of a granite 
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intrusion. The position of the anomaly determined the nucleation site of shear localiza-

tion. In models with only one anomaly a single shear zone occurs, whereas the periodic 

boundary conditions lead to further heterogeneous influences which eventually a more 

complex network of R, Rô and P-faults (Fig. 3.3a). The models with two anomalies can 

have two different configurations. In the case of an upper position of the left anomaly in 

comparison to the right anomaly by a dextral shear sense, the new shear branch grows 

with an extensional component in the center of the model (Fig. 3.2a-c). 

 

Figure 3.3 Setup with different numbers of anomalies under a constant overall strain-rate of ‐

ρπ  ί  and with reference rock properties (Tab. A1); a) One anomaly; b) Two anomalies; c) More 

than 12 anomalies; d) Boundary effect ïstarting-point of the anomaly is very close to the lower boundary 

The opposite starting position simulates a fault in a compressional setting, which indicates  

similar orientations of R, Rô and P-faults (Fig. 3.3b).The runs with more than two anom-

alies show that only one dominant shear zone was formed (Fig. 3.3c). Shear localization 

affects the surrounding matrix as well, and if the anomalies are close together, one shear 

zone develops and the neighboring point remains inactive. In further tests, we initiated 

shear zones close to the boundaries. Based on the boundary effect at the top and bottom 

of the model, the shear zones close to both of these boundaries were strongly active and 

disturbed the shear localization within the model (Fig. 3.3d). Therefore it is important to 

have anomalies that are sufficiently far from the top / bottom boundary in order to avoid 
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the boundary effect. We conclude that the number of anomalies does not play an im-

portant role in the geometry of the shear branches network. We therefore use two anom-

alies to control the initial localization and to form a complex network of brittle shear 

zones to understand the rheological effects on these geometries. 

3.4.1.2 Effect of crustal depth on shear zone patterns 

Shear zones can be formed in different crustal depths, and with increasing depth, the 

rheology of the material changes due to increasing temperature and pressure. Such fault 

zones can form crustal-scale structures which pass through the ductile as well as the brittle 

regime of the crust. Our following numerical models show the influence of different pres-

sure-temperature conditions on the development of brittle shear zones. The three dimen-

sional effect of a continuous shear zone through the crust cannot be simulated in our 2-D 

models. We ran a total of 25 numerical models with reference properties (Tab. A1) to 

regulate the overall strain-rate (‐), pressure (P) and temperature (T). We varied the depth 

of the models from 2 to 14 km in 2 km steps under a constant overall strain-rate of ‐

ρπ  ί  (Tab. A1). The temperature change with depth is based on a geotherm of 

Tå273 K+ (25z), where z is the depth in km. The results show that variations in pressure 

do not have a significant effect on the geometry of shear localization. Increasing the tem-

perature over 330° C, which simulates a depth of 12-14 km, led to a viscous behavior of 

the material and no shear localization occurs. Increasing the lithostatic pressure to a value 

comparable to the depth of a lower crust (>14 km depth) with a temperature of 330 °C, 

showed no localizations of brittle shear zones. In a system of constant overall strain-rate, 

the shear stress is proportional to the effective viscosity (7, 10). 

„ ς ‘ ‐z                                                                  (10) 

An increase of temperature reduces the effective viscosity and the shear stress („ ) until 

it is less than the yield stress („), which occurs when the temperature exceeds 330° C in 

our model.  An increase in overall strain-rate results in shear localization even at temper-

atures over 330°C, consistent with the fact that according to eq. 10, this results in larger 

shear stresses. The reference models have no shear localization if ‐  ρπ ί . At 

a higher value of overall strain-rate ‐  ρπ ί , the shear geometry is similar to 

those in the previous models but with a significant increase in the numbers of shear 

branches. To summarize, the models show that the variation of the lithostatic pressure 

have no influence on the development of brittle shear zones, whereas the temperature has 

an indirect effect of the shear localization. Furthermore we confirm with our models that 
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the brittle-ductile transition zone depends on many factors including rheology, tempera-

ture and strain-rate (Sibson, 1980; Hobbs et al., 1986; Handy et al., 2007). 

3.4.1.3 Effect of initial viscosity on rheology 

In the previous simulations, we used the rock properties of the upper crust (Burg and 

Schmalholz, 2008) for the matrix with a stress exponent (n) of 3.3, a viscosity (ɖ) of 

ρȢςψzρπ and a reference strain-rate of Ὡ ρπ ί  (eq. 7). To simulate a brittle 

fracture, we used the Mohr Coulomb yield plasticity (eq. 3) in relation to the elasto-visco 

behavior. This implies that the localization of a brittle shear zone in the code is determined 

by a reduction of the effective viscosity (eq. 7). The results of section 3.4.1.2 describe the 

effect of effective viscosity on shear localization. 

 

Figure 3.4 Effect of rheological parameters with a constant overall strain-rate on the geometry of shear 

zones in the models; a-b) Effect of increasing the stress exponent (n); c) Increasing the viscosity, similar 

shear localization; d) decreasing the viscosity, no shear localization ï viscous behavior 

We performed 6 additional simulations in which we varied the initial matrix viscosity 

from ρπ ρπ 0Á Ó. The resulting deformation geometries indicate that an initial vis-

cosity lower than ρπ 0Á Ó leads to a viscous model behavior with no shear localization, 

whereas viscosities between ρπ ρπ 0Á Ó show a similar geometry with main, syn-

thetic and antithetic faults. The main faults have a stronger activity with an increase in 



Numerical models of branching brittle and ductile shear zones 45 

 

 

viscosity, and simultaneously, the synthetic and antithetic faults have lower strain rates, 

resulting in a simpler geometry (Fig. 3.4c-d). 

3.4.1.4 Effect of strain softening 

With ongoing deformation, grain-size reduction through damage results in a weaker 

behavior of the cataclastic zones. Previous studies have indicated the importance of strain 

softening on plate tectonics (Gueydan et al., 2014), which includes cohesion loss (Buck, 

1993), frictional strength reduction (Bos and Spiers, 2002) and fluid pressure variations 

(Sibson, 1990; Chester, 1993; Rice 1992; Faulkner and Rutter, 2001; Carpenter et al., 

2011). Strain softening can be simulated in a strain-rate (Behn et al., 2002) or strain de-

pendent weakening (Huismans and Beaumont, 2003), while the former represents the 

fault weakness on a seismic timescale, the latter does so on a geological timescale. Pre-

vious studies on lithospheric extensional and on transform fault models showed that strain 

softening has a strong effect on the development of shear zones (Lavier et al., 2000; Huis-

mans and Beaumont, 2003; Hieronymus, 2004; Choi et al., 2008; Gerya, 2010a, 2012, 

2013; Alken et al., 2011, 2012). In contrast to the previous studies, our numerical models 

represent a horizontal profile within the crust with a constant lithostatic pressure. We 

simulated shear zones in a strike-slip motion with a focus to understanding the influence 

of the strain-softening on the development of complex network of shear zones. A further 

point is the interaction of the branched shear zones in relation to the weakening behavior 

of the material. Therefore we tested the effects of a decrease of the friction angle and 

cohesion in relation to variation of the critical strain (ɔ) on the geometry of branching 

shear zones. We focused the first models on the friction angle and the cohesion with a 

constant critical strain of 0.6 under reference properties (Tab. A1). The results of the de-

crease in cohesion from an initial value of 35 MPa can be subdivided into three groups: 

(1) localization of parallel main faults for a reduction of the cohesion to Ó 20 MPa, (2) 

joining of the main faults for a value of 4 < C < 20 MPa and (3) localization of weak 

synthetic faults together with the main faults for a cohesion Ò 3 MPa (Fig. 3.5a, b). The 

next set of models focused on the friction angle, while cohesion was kept constant, with 

a critical strain of 0.6. An initial value of ◖ = 30° is a close approximation for a dry upper 

crust and the Beyerleeôs law. We ran 15 models, in which we decreased the initial value 

friction angle of 30° down to a value of 10°. The results indicate shear localization of 

main faults accompanied by synthetic faults for a friction angle of 12° < ◖ < 30°. Anti-

thetic faults developed only if the friction angle is reduced to Ò 12° (Fig. 3.5c, d). 
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Figure 3.5 Effect of strain weakening on shear zone geometry; a-b) Effect of decreasing the friction angle 

by various amounts with ongoing critical strain; c-d) Effect of a decrease in the cohesion 

Next, we varied the critical strain to simulate different softening behavior of the material. 

We employed models with a simultaneous reduction of the friction angle (◖) by 30° to 

10° and cohesion (C) by 35 MPa to 1 MPa, the reduction of the yield stress „ led to a 

weaker behavior of the material. In the first models, we used a critical strain of 0.01, 

which results in a very rapid weakening of the matrix. The weak rheological behavior of 

the material leads to a high number of brittle shear localizations in a short amount of time, 

which formed a complex system of main, syn- and antithetic faults. Furthermore the syn-

thetic faults show a stronger variation in the displacement along the branches and a more 

bending trend (Fig. 3.6a). By increasing the critical strain to 0.6, the geometry of shear 

zones is more compact and has a stronger concentration of strain on a smaller number of 

shear zones. The main faults are characterized by a thinner zone of localization in com-

parison to the soft models (Fig. 3.6b). The connection of shear branches formed by sim-

ultaneously active antithetic and synthetic faults over a longer period of time. In the fol-

lowing models, we employed a critical strain Ó 2, which resulted in main faults that were 

active for a longer period of time and in synthetic faults with weak antithetic shear zones. 

To clarify the difference in shear zone geometry, we computed the proportion of synthetic 

and antithetic faults in the models. In order to do this in a controlled manner, we defined 
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a ñshear zoneò, as any zone where the strain-rate is at least twice the overall strain-rate, 

while the vorticity characterized the shear sense of the shear zone. 

 

Figure 3.6 Weakening controlled by the reduction of friction angle and cohesion with ongoing strain. In all 

models the friction angle and the cohesion is decreased from 30 to 10° and 35 to 1 MPa under different 

critical strain; a) Rapid strain weakening with ɔ = 0.01; b) Intermediate conditions with ɔ = 0.6; c) Slow 

weakening with ɔ = 2, d) Activity of syn- and antithetic faults under different critical strain 

The results after 0.35 Ma show a maximum proportion of antithetic faults with a critical 

strain between 0.3 - 0.6, where 22% of the shear zones have a sinistral shear sense (anti-

thetic faults). A higher or lower value of the critical strain shows a reduction of the pro-

portion of antithetic faults (Fig. 3.6d). During the analysis we observed a variation in the 

activity (strain-rate) of the shear zones; the interaction of the shear branches affects the 

surrounding shear localization and leads to a change in activity. The proportionality of 

the faults at an early stage (0.20 Ma) of development indicates a change of the percentage-

amount of antithetic faults in comparison to a later stage. The activity of the antithetic 

faults is relatively high at a low critical strain, and increases for a higher critical strain. 

The maximum proportionality of antithetic faults occurs at a critical strain of 0.3 - 0.6. 

The models with a critical strain of 0.01 - 0.1 exhibit a trend of a higher activity of anti-

thetic faults during early stages of the simulation, and a reduction with increasing strain 

(Fig. 3.6d). 
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Summarizing, the implementation of strain-weakening in the models showed that the 

complexity of brittle branching shear zones patterns is more dependent on the friction 

angle than on the cohesion and that antithetic faults occur with a friction angle lower than 

12°. Furthermore computing the proportionality of the faults indicated that the rate of 

decrease of the frictional strength strongly influences the activity of antithetic faults. 

3.4.2 Ductile shear zone localization 

Our simulations of ductile shear zones differ from previous simulations in crustal pro-

file depth, deformation mechanics and rock properties. We employed as a matrix the 

properties for a lower crust (Burg and Schmalholz, 2008) with a viscosity of –

σȢπτψτzρπ0Á Ó, a stress exponent of n = 3 and for the anomaly a granite rock type 

with the viscosity of – χȢτψωσzρπ 0Á Ó (Tirel et al., 2008) with a stress exponent 

of n = 3.2. The models were performed at a depth of 20 km in the lower crust with a 

lithostatic pressure of 530 MPa, a temperature of 500° C and an overall strain-rate (‐) of 

ρπ  ί . Strain weakening is initiated by reducing the initial viscosity by a factor of 1 

to 0.01, over a strain (ɔ) of 0.6 (Fig. 3.1c) in a power-law rheology. The positions of the 

anomalies are similar to the setup of the previous brittle runs (Fig. 3.1a, 2).  

 

Figure 3.7 a-d) Evolution in different time-steps of ductile shear localizations, constant strain-rate 
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The first ductile shear zone develops at a strain of 34.4 % after 1.09 Ma along the two 

anomalies in the center of the model. The shear zones are first oriented parallel to the 

imposed shear direction in a narrow zone and fan out towards at their termination (Fig. 

7a). After 1.29 and 1.54 Ma, the tip of the main shear zone changes its orientation by 25° 

to join the upper shear branch (Fig. 3.7b-d). In the zone of interaction, the shear zones 

widen considerably. In general, the shear branches vary in shear zone thickness. The main 

faults feature a dextral shear sense with some minor sinistral shear zones at 115° to the 

imposed shear direction. The shear branches differ in their displacement, and the interac-

tion of the lower branch with the upper shear localization led to a decrease in the activity 

of the lower shear branch. Every branch remained active over the duration of the simula-

tion. 

3.4.2.1 Effect of heterogeneous material (number of anomalies) 

The presence of heterogeneities is important in the development of localized ductile 

shear zones, and as in the brittle simulations, a small variation in viscosity or in the weak-

ening parameters is sufficient to produce localized shear zones along the boundary of the 

anomaly and matrix. Simulations with only one anomaly led to a single shear zone paral-

lel to the imposed shear directions with a uniform shear sense (Fig. 3.8a).  

 

Figure 3.8 Shear localization under a constant overall strain-rate for different number of initial anomalies; 

a) One anomaly; b) Two anomalies with a different starting position and in which the left anomaly has a 

lower position; c-d) More than 6 anomalies after a time-step of 1.2 and 1.5 Ma 
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In subsequent simulations, we implemented two anomalies in the center and varied the 

vertical positions of the left anomaly to simulate extensional and compression conditions 

for the interaction of the shear branches. The results show that the model with a lower 

position of the left anomaly (compression setting) leads to new branches of synthetic 

shear zones with an angle between 125° to 140° and 35° to the bulk shear direction (Fig. 

3.8b). The combination of a dextral shear sense together with the orientation of 125° of 

the side shear branches increases the local differential stress by compression and leads to 

new shear zone localizations. In comparison to the previous cases (Fig. 3.7d) with a lower 

position of the anomaly, the shear zone is more stable. In a subsequent simulation, we 

employed more than 7 anomalies in the model and the results initially showed a simulta-

neous activity of all shear zones (Fig. 3.8c). After 1.26 Ma the activity of the shear zones 

changed, and the upper shear branches became the dominant structures and formed a sys-

tem of branching shear zones (Fig. 3.8d). In comparison to previous simulations, the shear 

zones are parallel to the imposed shear direction and are connected at angles of 25-30° 

and 135°. The geometry of the ductile shear zone branches are similar to the results of 

simulations with two anomalies, it differs only in the number of branches. We decided to 

use two anomalies during the following simulations, consistent with the earlier brittle 

simulations. 

3.4.2.2 Internal and External influence of material behavior 

The numerical modeling of ductile shear zones based on power-law rheology, as a 

consequences the shear localization are zones of a reduced effective viscosity. In terms 

of the eq. 10, the stress exponent and the initial viscosity are variables of the effective 

viscosity. We were interested in the influences of these parameters on the development 

of ductile shear zones. In general rock types differ in their initial viscosity (‘) and stress 

exponent (n), for the models we used the reference setup (Tab. A1) with an overall strain-

rate of ρπ Ó  and a constant value for the anomaly (granite; Tirel et al., 2008) with a 

viscosity of – σȢπτψτ Ø ρπ 0Á Ó and a stress exponent of n = 3.2. In the following 

simulations, we changed the stress exponent, and in subsequent model the initial viscosity 

of the matrix. The stress exponent describes the creep law of the deformation. A linear 

viscous material (Newtonian) has a stress exponent of n = 1, for a fine-grained material 

the grain boundary sliding can be controlled by diffusion (n = 1) or by dislocations (n = 

2) (Bürgmann and Dresen, 2008; Hansen et al., 2011). These deformation mechanisms 

are grain-size dependent. The climb-controlled dislocation creep has a stress exponent 
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between n = 3-6, which is a grain-size intensitive creep. Numerical studies with an expo-

nential flow law showed that the regulation of the stress exponent to a larger value can 

simulate pinch-and-swell structures similar to experiments which based on power-law 

regimes for diffusion creep or dislocation creep (Schmalholz and Fletcher, 2011). In ad-

dition to the results of Schmalholz and Fletcher (2011) we decided to use a constant value 

for the grain-size and by varying the stress exponent to simulate different power-law rhe-

ological regimes. Deformation experiments on fine-grained quartz showed that a flow 

regime of dislocation creep leads to the development of a crystallographic preferred ori-

entation with a grain flattening fabric of quartz, together with typical microstructures of 

recovery creep (Rutter and Brodie, 2004). In general the study of quartz in a plastic flow 

are reported with a stress exponent lower than 3 (Paterson, 1989; Paterson and Luan, 

1990; Rutter and Brodie, 2004). High-strain tests on olivine showed that the main flow 

mechanism during the deformation is the dislocation accommodated grain-boundary slid-

ing with a stress exponent between n = 4.1 (Hansen et al., 2012). In our numerical models 

we used in the previous runs a stress exponent of n = 3 for the matrix, to predict a dislo-

cation creep as a main flow mechanism for the material of the lower crust (Burg and 

Schmalholz, 2008).  

 

Figure 3.9 Influence of stress exponent and viscosity on the development of ductile shear zones; a-b) Var-

iation of the stress exponent n = 2, 6 under constant overall strain-rate, time-step of ~1.8 Ma; c-d) Influence 

of the initial viscosity, time-step ~1.8 Ma 
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To understand the effect of the stress exponent on the development and on the interaction 

of the shear zones, we employed values of n between 1 and 10. The results showed that 

models with n = 1 result in weak shear localization that fans out in a narrow zone around 

the anomaly after 1.8 Ma. The simulation with n = 2 formed a system of two shear 

branches and a wide zone of the model was affected by deformation. The width of single 

shear branches varies between 2 and 6 km and the connected zone is more than 35 km 

wide (Fig. 3.9a). Models with a stress exponent between 4 and 10 differ in the width of 

the ductile shear localization relative to the previous runs. The upper shear localization 

develops into a strong active shear branch with a width of 2-6 km, whereas the lower 

shear localization concentrates in a narrow zone with less slip motion. After 1.2 Ma, the 

shear branches joined at an angle of 40-45° and 160° to the bulk shear direction (Fig. 

3.9b). As a summary, for n < 3 the shear zones are wider and more regular in shape. For 

stress exponents n > 3, the strain is concentrated in a narrower zone, while the main shear 

branch has an larger amount of displacement in comparison to the models with a lower n. 

As matrix viscosity has an influence on the power-law rheology (eq. 9), we varied this 

parameter to simulate different crustal strengths. The results show that a decrease of vis-

cosity (–) results in more splays fanning outwards from the main shear zone while a 

wider zone is affected by deformation (Fig. 3.9c). An initial viscosity smaller than 

ρπ0Á Ó results in viscous flow of the model and no shear localization occurs. For initial 

viscosities with a value larger than ψ Ø ρπ 0Á Ó normal shear localization occurs with a 

typical geometry and stronger localization along the shear branches (Fig. 3.9c, d).  

Summarizing the results, our simulations show that the initial viscosity has an effect 

on the shear zone geometry whereby a lower viscosity leads to a weaker behavior of the 

material. The width of the ductile shear branches and the zone of connection is wider in 

comparison to the models with a higher initial viscosity. 

3.4.2.3 Effect of strain weakening 

Field observation showed that the rock behavior of the sheared zones is weaker in 

comparison to the surrounded host rock. The study of ductile shear zones indicate that 

high strain zones are associated with strain-softening due to grain size reduction, crystal-

lographic preferred orientation, or metamorphic reactions (Poirier, 1980; Gueydan et al, 

2003; Park et al., 2006; Platt and Behr, 2011a, b; Rennie et al., 2013). Gueydan et al., 

(2003, 2014) implement the two level mixing theory (Montési, 2007) in their numerical 

models to study the effect of a strain-weakening by a feldspar to mica reaction. Thielmann 
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and Kaus (2012) used shear heating to simulate a strain-softening in the lower crust to 

occur shear zones, whereas Jammes et al. (2015) implement a low-temperature linear 

strain-weakening by decreasing the cohesion. In contrast to the previous investigations, 

we focused our study on understanding the relation of the rate and amount of effective 

viscosity (strain-weakening) reduction on the characteristics of branched ductile shear 

zones. In order to-systematically analyze different values for the change of the effective 

viscosity, we used a factor described in eq. 8 (Fig. 3.1c). We perform this weakening in 

a linear fashion with ongoing critical strain (ɔ). In order to test the effect of this weakening 

on model outcome, we ran a total of 6 models with a constant background strain-rate of 

ρπ Ó  and with a constant weakening for the anomaly with a critical strain of 0.1 to 

1.5 and a factor that varied between 1-0.1. The initial viscosity of the matrix with 

σȢπτψτ Ø ρπ0Á Ó (lower crust; Burg and Schmalholz, 2008) was decreased by a factor 

which has the initial value of 1 to an end value between 1-0.01 with a constant critical 

strain of 0.6 over a time-span of 1.8 - 2 Ma (55 - 63% strain, Fig. 3.10a, b). The results 

showed that the weakening process during the deformation is crucial for the development 

of shear localizations. In the numerical models with a factor higher than 0.55 appeared 

no ductile shear zones appeared (Fig. 3.11).  

 

Figure 3.10 Comparison of the models with a different factor and critical strain under constant overall 

strain-rate of ρπ ί for a time-step 1.8 ï 2 Ma; a-b) Changing of the factor by constant critical strain 

0.6; c) Critical strain ɔ = 0.1 with a factor 1 - 0.01; d) Increasing of the critical strain to ɔ = 0.3 
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Weak single shear zones develop when a factor between 0.55 - 0.25 was applied in addi-

tion the shear zones were active only for a small time period. The shear localization is 

limited to a small zone with a length of 10 - 20 km, the reason is the rapid inactivity of 

the shear zones. A decrease of the factor to a value between 0.25 - 0.12 leads to a more 

stable activity of the shear branches with the result that the shear zones form a weak 

connection of the shear strands. The shear zones are more intensely localized close to the 

anomaly and have a more disperse strain to the junction zone. With a critical value of Ò 

0.12 as a factor, the shear zone strands showed a continuous activity during the entirety 

of the simulations (Fig. 3.11), unlike the previous runs. The characteristics of these shear 

zones are that at a distance from the anomaly the strain fans out and affects a wider zone, 

whereas the width of the shear zone strands and the junction zone varies between 3 - 30 

km (Fig. 3.10a).  

 

Figure 3.11 Influence of strain-weakening on ductile shear localization by decrease in viscosity by a factor 

linked to a critical strain (ɔ) under constant overall strain-rate ρπ ί , after a time-step of 1.8 to 2 Ma 
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A further decrease of the factor to a value between 0.03 and 0.01 leads to constricted 

shear branches with high strain, whereas the width of the shear zone branches and the 

junction zone varies between 3-10 km (Fig. 3.10b). Strain-softening of the material has a 

significant influence on the characteristics of the development of shear zones and the 

width of the shear strands. A weak behavior of the material with a reduction of more than 

1/100 of the initial viscosity by ongoing strain leads to narrow high strain zones (Fig. 

3.11, constricted shear localization).  

Next, we employed different critical strain values (ɔ) under a constant reduction of the 

factor to 0.01 for a time-span of 1.8-2 Ma (55-63% strain, Fig. 3.10c, d). The results show 

that shear zones develop in a limited field for a critical strain of 0.1 and 2 (Fig. 3.11), 

whereas the maximum limit can be extended for values of ɔ Ó 2 in an advanced stage with 

a strain of 94%.  The results show that the localized shear zones for a factor of 0.01 in a 

critical strain field of 0.1-2 differ in thickness of the strands, in the geometry and in in-

tensity of localization. The shear localization for ɔ = 0.1-0.3 is characterized by a wide 

junction zone with a width of more than 30 km and by development of internal synthetic 

faults between the main faults.  

 

Figure 3.12 a) Constricted shear zones with internal shear-related folds, initiation of synthetic faults; b) 

Inactive shear zones, unsheared zones are surrounded by high-strain zones; c-d) Evolution of undeformed 

blocs and shear-related folds. Example of a dispersed shear zone with a different movement of the unde-

formed blocs (A, B, C, D), development of shear-related folds. Black lines represent the high strain zones 

to illustrate the anastomosing trend 
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The new synthetic faults with an angle of 160° to the imposed shear direction form an 

anastomosing network of shear zones (Fig. 3.10c, d), whereas the material between the 

high strain zones stay undeformed (unsheared zones). An increase of the critical strain to 

Ó 0.6 led to a stronger localization in a thinner zone, and a thinner junction zone with a 

width of 5-10 km (Fig. 3.10a). These constricted shear zones show a strong localization 

with a simplified geometry in comparison to the previous results. The overview of the 

distribution of the shear localization indicates a maximum of development of shear zones 

even with a higher value for a factor > 2 for the model runs with a critical strain of 0.6 to 

0.8. Summarizing we found only the constricted shear zones in a limited range for a crit-

ical strain value Ó 0.6 and a factor of Ò 0.01.   

Extension of the numerical models over a time-span of 3.18 Ma with a strain of more 

than ~100 % gives similar geometries compared to previous runs, but these differ in the 

width and the number of shear zones. During advanced stages of the constricted models, 

new antithetic and synthetic shear zones develop with an angle of 140°-115° and 45° to 

the imposed shear direction between the shear branches (Fig. 3.12a), whereas the dis-

persed models show a similar trend in an earlier stage of the runs. In an advanced stage 

of the modeling of dispersed shear zones (critical strain 0.1-0.3), the new developed syn-

thetic and antithetic high strain branches form an anastomosing structure (Fig. 3.12c, d). 

The junction zone display transition of unsheared zones to highly strained domains, indi-

cated by asymmetric shear-folds of the strain-markers with a complex geometry. The var-

iations of geometry are associated by an initiated shape of open shear-related late folds to 

tightening shear -induced flattening folds. These shear related folds differ by their wave-

length and amplitudes whereby the disperse shear zones (critical strain 0.1-0.3) indicate 

a higher number of large-scale folds. 

3.5 Discussion and applications to field examples 

Most of the crustal-scale strike slip shear zones exhibit a complex network of shear 

zone branches in a brittle (e.g. San Andreas Fault; Wallace, 1990) or ductile (e.g. Nadj 

shear zone; Stern,1994) regime. The rheological behavior of the material is the key to 

better understanding the variations in the geometry of such shear zones. Examples of 

large-scale shear zones show a straight as well as a curvy trace of the fault at the earthôs 

surface, furthermore the slip motion can be right-lateral or left-lateral according to the 
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orientation of the shear localizations to the imposed shear direction. One of the well ex-

posed classical examples of a complex network of brittle shear zone is the San Andreas 

Fault (SAF). Studies on the SAF have illustrated that the material within the shear zone 

is weaker than the surrounding rocks (Brune et al., 1969; Lachenbruch and Sass, 1980; 

Zoback et al., 1987; Zoback, 2000; Carpenter et al., 2011), but the weakness is still under 

debate (Scholz, 2000). Research on foliated cataclasis has given us an overview regarding 

values for a decrease in frictional coefficient from 0.6 to 0.1 (Collettini et al., 2009, Faulk-

ner et al., 2010) by ongoing strain. Previous work on the San Andreas Fault confirmed 

the weaker theory of the shear zone with a measurement of the frictional coefficient of 

0.21 at 2.7 km depth (Carpenter et al., 2011). In general the explanation of the small value 

of the frictional strength can be related to different variables, pore pressure for example 

may be one of the important factor (Chester, 1993; Rice 1992; Faulkner and Rutter, 2001; 

Carpenter et al., 2011). Numerical 3-D simulation of the strike-slip deformation in the 

upper crust and modeling with thin plates indicate a much lower value of the friction 

coefficient of the sheared zone in relation to the surrounding rocks if a best fit to the  

 

Figure 3.13 a) Network of anastomosing ductile shear zones - Qazaz, Ajjaj, Hanabiq and Hamadat shear 

zones, Najd shear zone system in Saudi Arabia; b) Riedel shear zones in foliated cataclasite, Güney De-

tachment, Aydin, Turkey; c) 10-20 km wide shear zones with F3 folds in quartzo-feldspathic granulites, 

southern Madagascar (Martelat et al., 1999; De Witt et al., 2001); d) Shear related folds of quartz veins in 

a graphitic marble, Brandberg-West-Fm, Goantagab, Namibia 














































































































