
 i 
 

RESOLVING THE THROUGH-GOING ACTIVE FAULT GEOMETRY AND FAULT 

STRENGTH PARAMETERS THROUGH STRESS MODELING: A STUDY OF THE 

NORTH ANATOLIAN FAULT (NAF) 

 

 

 

 

 

 

 

 

by 

Bobak Karimi 

BS, University of Pittsburgh, 2008 

 

 

 

 

 

 

 

 

 

 

Submitted to the Graduate Faculty of  

the Kenneth P. Dietrich School of Arts & Sciences in partial fulfillment  

of the requirements for the degree of 

Doctor of Philosophy 

 

 

 

 

 

 

 

 

 

University of Pittsburgh 

2014 

 



 ii 

UNIVERSITY OF PITTSBURGH 

Kenneth P. Dietrich School of Arts & Sciences 

 

 

 

 

 

 

 

 

This dissertation was presented 

 

by 

 

 

Bobak Karimi 

 

 

 

It was defended on 

July 15th, 2014 

and approved by 

Jeen-Shang Lin, Associate Professor, Civil & Environmental Engineering 

William Harbert, Professor, Geology & Planetary Science 

Brian Stewart, Associate Professor, Geology & Planetary Science 

Thomas Anderson, Professor Emeritus, Geology & Planetary Science 

 Dissertation Advisor: Nadine McQuarrie, Assistant Professor, Geology & Planetary Science 

 

 



 iii 

  

Copyright © by Bobak Karimi 

2014 

RESOLVING THE THROUGH-GOING ACTIVE FAULT GEOMETRY AND FAULT 

STRENGTH PARAMETERS THROUGH STRESS MODELING: A STUDY OF THE 

NORTH ANATOLIAN FAULT (NAF) 

 

Bobak Karimi, PhD 

University of Pittsburgh, 2014

 



 iv 

RESOLVING THE THROUGH-GOING ACTIVE FAULT GEOMETRY AND FAULT 

STRENGTH PARAMETERS THROUGH STRESS MODELING: A STUDY OF THE NORTH 

ANATOLIAN FAULT (NAF) 

 

 

Bobak Karimi, PhD 

 

 

University of Pittsburgh, 2014 

 

 

 

The North Anatolian Fault (NAF) was the source of the August 1999 M7.4 Izmit earthquake 

making it the focus of new research to understand its structure and processes that control 

earthquake ruptures. The zone of deformation (NAF system) widens westward, allowing for 

complications of the through-going active fault geometry of the NAF. We process simplified 2-D 

finite element models of possible through-going active fault geometries to develop a stress field. 

The stress orientations of the resulting field are compared to the maximum horizontal stress 

orientation as inferred from lineament analyses and focal mechanism data. The determined 

through-going geometry of the western NAF bifurcates into a northern and southern strand near 

Bolu, converging towards the Mudurnu Valley, through which they are linked. The northern 

strand bifurcates again in the Gulf of Izmit and bounds a principal deformation zone associated 

with the developing Marmara basin. It then converges as a single strand into the Gulf of Saros 

and the Aegean Sea. The southern strand bifurcates near Pamukova; its northern component 

follows the southern Marmara Sea coast to the Kapidag Peninsula, where it trends southwest 

across the Biga Peninsula into the Aegean Sea. The southern trace parallels the northern trace 

further south, and then converges on the northern trace through a linking structure.
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To understand fault strength and constrain ranges of static and dynamic fault parameters, 

modeled fault rupture times and total slip are compared against recurrence intervals, as a proxy 

for the time it takes stress to rupture a fault from a relaxed state, and the maximum slip following 

the 1999 Izmit earthquake. We constrained values of static fault parameters - static coefficient of 

friction (μs) and cohesion (C) - and dynamic fault parameters - kinetic coefficient of friction (μk) 

and slip-weakening distance (Dc) - that satisfy the geologic constraints. Given the 

computationally expensive processing associated with dynamic fault models, we suggest the 

application of statically weak fault conditions (μs≤0.2 and C=500 kPa) since they best represent 

laboratory experiments on the strength of fault gouge materials. 

 

 



 vi 

TABLE OF CONTENTS 

LIST OF EQUATIONS ........................................................................................................... XIII 

ACKNOWLEDGEMENTS .................................................................................................... XIV 

1.0 INTRODUCTION ........................................................................................................ 1 

1.1 THE NORTH ANATOLIAN FAULT ............................................................... 3 

1.2 DETERMINING THE STRUCTURE OF THE WESTERN NAF ................ 5 

1.2.1 East of the Marmara Sea (Chapter 2) ......................................................... 10 

1.2.2 Marmara and Biga Peninsula regions (Chapter 5) .................................... 13 

1.3 FAULT PARAMETERS AND STRENGTH OF THE NAF ......................... 19 

1.3.1 Static fault parameters (Chapter 3) ............................................................. 21 

1.3.2 Dynamic fault parameters (Chapter 4) ....................................................... 23 

1.4 IMPLICATIONS AND FUTURE DIRECTIONS .......................................... 24 

2.0 DETERMINING THE GEOMETRY OF THE NORTH ANATOLIAN FAULT 

EAST OF THE MARMARA SEA THROUGH INTEGRATED STRESS MODELING 

AND REMOTE SENSING TECHNIQUES ............................................................................. 26 

2.1 INTRODUCTION ............................................................................................. 27 

2.2 GEOLOGIC BACKGROUND ......................................................................... 32 

2.3 STRESS MODELING ....................................................................................... 34 

2.3.1 Fault parameters............................................................................................ 34 



 vii 

2.3.2 Geometry and rock properties ..................................................................... 35 

2.3.3 Plate motions .................................................................................................. 37 

2.3.4 Simplified model ............................................................................................ 38 

2.4 MODEL PROCESSING ................................................................................... 39 

2.5 INFERRING MAXIMUM PALEOSTRESS ORIENTATIONS .................. 41 

2.6 CONCLUSION .................................................................................................. 49 

3.0 THE IMPORTANT ROLE OF COHESION IN GEOPHYSICAL MODELS 

THROUGH MODELING ESTIMATES OF STATIC FAULT PARAMETERS: A STUDY 

OF THE NORTH ANATOLIAN FAULT EAST OF THE MARMARA SEA ..................... 51 

3.1 INTRODUCTION ............................................................................................. 52 

3.2 GEOLOGIC BACKGROUND ......................................................................... 55 

3.3 GEOPHYSICAL MODEL ................................................................................ 57 

3.4 METHODS ......................................................................................................... 60 

3.5 RESULTS ........................................................................................................... 61 

3.6 DISCUSSION ..................................................................................................... 63 

3.7 CONCLUSION .................................................................................................. 67 

4.0 STRESS MODELING TO CONSTRAIN THE KINETIC FRICTION AND 

FAULT WEAKENING PARAMETER: AN EXAMPLE FROM THE NORTH 

ANATOLIAN FAULT EAST OF THE MARMARA SEA .................................................... 69 

4.1 INTRODUCTION ............................................................................................. 70 

4.2 GEOLOGIC BACKGROUND ......................................................................... 75 

4.3 GEOPHYSICAL MODEL ................................................................................ 77 

4.4 METHODS ......................................................................................................... 80 



 viii 

4.5 RESULTS ........................................................................................................... 82 

4.6 DISCUSSION ..................................................................................................... 87 

4.6.1 Statically weak NAF ...................................................................................... 88 

4.6.2 Dynamic fault weakening .............................................................................. 89 

4.6.2.1 Dynamically weak NAF ...................................................................... 90 

4.7 CONCLUSION .................................................................................................. 92 

5.0 DETERMINING THE THROUGH-GOING ACTIVE FAULT GEOMETRY OF 

THE WESTERN NORTH ANATOLIAN FAULT THROUGH STRESS MODELING .... 94 

5.1 INTRODUCTION ............................................................................................. 95 

5.2 GEOLOGIC SETTING .................................................................................. 101 

5.2.1 Faulting in the Marmara region ................................................................. 102 

5.2.2 Faulting in the Biga Peninsula region ........................................................ 105 

5.3 STRESS MODELING ..................................................................................... 109 

5.3.1 Fault parameters.......................................................................................... 109 

5.3.2 Geometry and rock properties ................................................................... 110 

5.3.2.1 Marmara region ................................................................................ 111 

5.3.2.2 Biga Peninsula region ....................................................................... 113 

5.3.3 Plate motions ................................................................................................ 116 

5.3.3.1 Marmara region ................................................................................ 117 

5.3.3.2 Biga Peninsula region ....................................................................... 117 

5.3.4 Simplified models ......................................................................................... 118 

5.4 MODEL PROCESSING ................................................................................. 118 

5.4.1 Marmara region results .............................................................................. 119 



 ix 

5.4.2 Biga Peninsula region results...................................................................... 122 

5.5 INTERPRETATION ....................................................................................... 122 

5.5.1 Marmara region ........................................................................................... 122 

5.5.2 Biga Peninsula region .................................................................................. 124 

5.5.2.1 Lineament analysis ............................................................................ 124 

5.5.2.2 Focal mechanism data ...................................................................... 127 

5.6 THROUGH-GOING ACTIVE FAULT GEOMETRY ............................... 128 

5.7 CONCLUSION ................................................................................................ 129 

APPENDIX A ............................................................................................................................ 131 

BIBLIOGRAPHY ..................................................................................................................... 136 



 x 

 LIST OF TABLES 

Table 1.1 Proposed static friction and cohesion for the NAF and SAF based on rock experiments 

and numerical work....................................................................................................................... 11 

Table 2.1 Surficial geology and rock physics parameters ............................................................ 36 

Table 3.1 Rupture time and slip of static fault condition simulations. ......................................... 62 

Table 4.1 Dynamic results for constrained static fault conditions. ............................................... 84 

Table 4.2 Dynamic results at cohesions of 500 kPa ..................................................................... 86 

Table 4.3 Dynamic results at cohesions of 700 kPa. .................................................................... 87 

Table 5.1 Seismic wave velocities and rock properties determined for the three zones of the 

Marmara region ........................................................................................................................... 113 

Table 5.2 Surficial geology seen within the Biga Peninsula region for each block and rock 

physics parameters ...................................................................................................................... 116 

Table 5.3 Components of the GPS velocities for each zone in the Biga Peninsula region ........ 118 

Table A.1 Focal mechanism data east of the Marmara Sea ........................................................ 132 

Table A.2 Focal mechanism data for the Marmara Sea region................................................... 133 

Table A.3 Focal mechanism data for the Biga Peninsula region ................................................ 135 

 



 xi 

LIST OF FIGURES 

Figure 1.1 Tectonic environment of the Anatolian plate. ............................................................... 4 

Figure 1.2 A simplified expression of the NAF and its bifurcation into the northern and southern 

strands west of the town of Bolu..................................................................................................... 4 

Figure 1.3 Schematic diagram of focal mechanism data. ............................................................... 6 

Figure 1.4 Lineament analysis workflow........................................................................................ 8 

Figure 1.5 Riedel shearing for a dextral shear zone. ....................................................................... 9 

Figure 1.6 Tectonic setting and possible fault geometries of the NAF east of the Marmara Sea. 13 

Figure 1.7 Possible complexity of the northern and southern strands of the western NAF. ........ 15 

Figure 1.8 Contrasting geometries of strike-slip basins in a dextral fault system. ....................... 16 

Figure 1.9 Proposed through-going active fault geometry of the western NAF.. ......................... 19 

Figure 1.10 Simplified representation of a friction (μ) vs. displacement (D) curve from laboratory 

experiments. .................................................................................................................................. 21 

Figure 2.1 Tectonic setting and possible fault geometries of the NAF east of the Marmara Sea. 30 

Figure 2.2 Possible fault geometries, GPS velocities, seismicity, and elevation data .................. 31 

Figure 2.3 Simple geophysical model of the region of interest .................................................... 35 

Figure 2.4 Rose diagrams of the model results ............................................................................. 40 

Figure 2.5 Rose-diagrams of lineament orientation frequencies .................................................. 46 

Figure 3.1 Tectonic setting of the NAF and region east of the Marmara Sea. ............................. 56 



 xii 

Figure 3.2 Simplified fault model. ................................................................................................ 58 

Figure 3.3 Progression of slip on modeled faults. ........................................................................ 63 

Figure 4.1 Simplified representation of the variation of coefficient of friction with distance ..... 72 

Figure 4.2 Simplified representation of a friction (μ) vs. displacement (D) curve from laboratory 

experiments. .................................................................................................................................. 73 

Figure 4.3 Tectonic setting of the NAF and eastern Marmara region. ......................................... 77 

Figure 4.4 Simplified fault model. ................................................................................................ 79 

Figure 5.1 Tectonic setting of the NAF and eastern Marmara region. ......................................... 97 

Figure 5.2 Topography and complexity of the northern and southern strands in the Marmara and 

Biga Peninsula region. .................................................................................................................. 98 

Figure 5.3 Marmara region possible faults, seismicity, and GPS velocities............................... 103 

Figure 5.4 Topographic data for the Biga Peninsula and surrounding regions. ......................... 107 

Figure 5.5 Biga Peninsula region possible faults, seismicity, and velocities. ............................ 108 

Figure 5.6 Simplified fault models of the Marmara region. ....................................................... 112 

Figure 5.7 Tomographic results of a north trending line cutting through the central Marmara Sea

..................................................................................................................................................... 113 

Figure 5.8 Simplified fault models the Biga Peninsula region. .................................................. 115 

Figure 5.9 Marmara region modeled results. .............................................................................. 120 

Figure 5.10 Biga Peninsula region modeled results.................................................................... 121 

Figure 5.11 Biga Peninsula region lineament analysis results. ................................................... 126 

Figure 5.12 The geometry of the through-going NAF ................................................................ 129 



 xiii 

LIST OF EQUATIONS 

Equation 4.1 Mathematical representation of the "static-kinetic" friction model......................... 74 

 



 xiv 

ACKNOWLEDGEMENTS 

This work would not have been possible without the guidance, support, and dedication of my 

dissertation advisor, Dr. Nadine McQuarrie, and my committee members, Dr. Jeen-Shang Lin, 

Dr. William Harbert, Dr. Brian Stewart, and Dr. Thomas Anderson. I cannot thank them enough 

for participating as mentors for my graduate journey. I thank Dr. Michael Ramsey for providing 

me with satellite imagery and insight on remote sensing techniques, and Drs. Alison Graettinger, 

Rachel Lee, and Topher Hughes for their time and support. A special thanks is extended to my 

colleagues, especially Daniel Williams, Charlie Horowitz, and lab mates Michelle Gilmore and 

Adam Rak. I would like to thank my friends, who helped me remember there was a real world 

outside of my research and helped to calm my nerves: Ida Chavoshan, Drew Wnuk, Julianna 

Allen, and Andrew Topp. My family deserves one of the biggest thanks I can give for supporting 

me through all the ups and downs that come with getting a graduate degree, especially my father 

and mother for their insight and rational thinking. Finally, I would like to extend thanks to the 

Computational Infrastructure for Geodynamics (CIG) listserv, colleagues at Geo Forschungs 

Zentrum (GFZ), and the PittGrid Network. 

 

 

 



 1 

1.0  INTRODUCTION 

The North Anatolian Fault (NAF) shares many similarities with the San Andreas Fault (SAF), 

such as age, slip rate, geometry, and length (Allen, 1982). However, a major difference is that the 

NAF produces more high-magnitude earthquakes (M>5) than the SAF (Allen, 1982). The NAF 

is the source for several devastating and high magnitude earthquakes in Turkey, particularly east 

of, and along, the northern boundary of the Marmara Sea (Bohnhoff et al., 2013; Parsons, 2004), 

which is densely populated and highly industrialized. The 1999 earthquake sequence of August 

17th, located in the eastern Marmara region near Izmit, was initiated by a Mw 7.4 earthquake 

(Stein et al., 1997). This earthquake was one of the strongest earthquakes in Turkey detected by 

modern digital networks (Özalaybey et al., 2002) with a devastating death toll of over 17,000 

people (Scawthorn and Johnson, 2000). This event has become the impetus for various new 

research activities in the Marmara region to understand the active structure and kinematics of the 

NAF, which are vital in assessing the seismic hazard along the NAF (Armijo et al., 2002; Ates et 

al., 2003; Hergert and Heidbach, 2010, 2011; Hergert et al., 2011; Hubert-Ferrari et al., 2000; Le 

Pichon et al., 2003; Le Pichon et al., 2001; Okay et al., 2000; Parsons, 2004). Additionally, fault 

strength plays an important role on the magnitude and timing of stress accumulation during 

interseismic periods, ultimately affecting the timing of rupture, recurrence, and magnitude of 

earthquakes. 

 The geometry of faults strongly influences the orientations and magnitudes of both stress 

and strain, metrics that are critical for modeling earthquake recurrence intervals and determining 

seismic hazards. A critical means towards understanding the links between the structure, or 
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geometry, of faults and the resulting stress and strain fields is through stress modeling paired 

with comparisons to data that record stress (Bilham and King, 1989; Lesne et al., 1998). Fault 

strength, which greatly affects the timing and magnitude of earthquakes, can also be explored 

through stress modeling by comparing resulting stress fields to a record of known stresses pre-, 

syn-, or post-seismic event (Chang et al., 2011; Chéry et al., 2004; Hergert and Heidbach, 2011). 

Alternatively, the kinematic aspects of models, such as the slip rates and magnitudes of faults or 

velocities of tectonic blocks can be compared to known values to constrain metrics for the 

strength of the fault (Jiménez-Munt et al., 2006; Kasapoglu and Toksöz, 1983; Provost et al., 

2003). In this dissertation I constrain both the active fault geometry and fault strength of the 

NAF to provide more accurate input in future seismic hazard models. Half of my dissertation 

involves resolving the through-going geometry of the active NAF by comparing results from 

modeled stress fields to a record of stresses (Chapters 2 and 5). In Chapter 2, I discuss the 

interpretation of the active structure of the NAF east of the Marmara Sea and west of the city of 

Bolu. In Chapter 5, I address the active NAF structure in the Marmara Sea and Biga Peninsula 

and present the determined geometry for the entire western NAF for use in geophysical models 

to evaluate seismic hazard. In the second half of my dissertation I evaluate and explore the 

strength of the NAF through the use of stress models with comparison between modeled rupture 

times and total fault slip to those determined for the geologic record (Chapter 3 and 4). In 

Chapter 3, I constrain and analyze the estimates for static fault conditions, which must be 

overcome by the developing stress field for the fault to slip. In Chapter 4, I constrain the 

estimates for dynamic fault parameters that weaken the fault interface after slip has begun and 

explore fault weakness mechanisms for the NAF. Although both Chapters 2 and 5 evaluate fault 

geometry, the order of the chapters allows me to use the fault strength parameters determined in 
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Chapters 3 and 4 to more accurately model the stress field along the greater NAF system in 

Chapter 5. The introduction chapter (Chapter 1) provides a description of the NAF and its 

tectonic environment and well as an overview of the data that provide records of stress. I discuss 

how these data are compared and used to evaluate the modeled stresses in determining fault 

geometry (section 1.2) and fault strength (section 1.3). 

1.1 THE NORTH ANATOLIAN FAULT 

The NAF is a 1200 km fault contained within a dextral shear zone (known as the NAF system) 

paralleling the southern shore of the Black Sea (Șengör, 1979; Șengör et al., 2005). The NAF 

system is contained within westward-widening late Paleozoic to early Tertiary Tethyan 

accretionary complexes trapped between the Eurasian and Anatolian plates (Șengör, 1979; 

Șengör and Natal'in, 1996; Șengör et al., 2005). The sediments of these complexes were 

deposited during the open phases of the Paleo-Tethys and Neo-Tethys oceans, and were accreted 

during the Cimmeride and Alpide orogenies (Șengör et al., 2005). In Turkey, the two orogenies 

are treated as indistinct from one another due to the extreme dismemberment and width reduction 

of these accretionary complexes (Șengör et al., 2005). The relative weakness of the westward-

widening accretionary complexes to the stronger Eurasian and Anatolian plates allows the plates 

to decouple along the NAF system. The shear zone broadens across the northern Aegean Sea into 

the southern and central mainland parts of Greece (the Grecian Shear Zone) (Șengör, 1979; 

Șengör and Natal'in, 1996) terminating at the Hellenic subduction zone (Dewey and Șengör, 

1979; McKenzie and Jackson, 1983) (Figure 1.1). Due to the broad nature of the shear zone just 

west of the town of Bolu, the through-going NAF bifurcates into two main strands: a northern 
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strand bordering the northern shores of the Marmara Sea, and a poorly-defined southern strand, 

which trends towards the southern Marmara Sea edge (Șengör et al., 2005) (Figure 1.2). 

Analyses of basins resulting from pull-apart or negative flower structure associated with jogs or 

stepovers of the NAF and its strands west of Bolu provide an age for the NAF; the eastern 

through-going NAF structure initiated approximately 10-12 Ma, contemporaneously with the 

southern strand, whereas the northern strand formed in the Pleistocene (Șengör et al., 2005). 

 

Figure 1.1 Tectonic environment of the Anatolian plate. Main features are the North Anatolian Fault (NAF), 

East Anatolian Fault (EAF), and the Aegean Subduction Zone (ASZ), which is often referred to as the 

Hellenic subduction zone. Image from Hubert-Ferrari et al. (2008).  

 

Figure 1.2 A simplified expression of the NAF and its bifurcation into the northern and southern strands west 

of the town of Bolu. 
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1.2 DETERMINING THE STRUCTURE OF THE WESTERN NAF 

Fault geometry is sometimes hard to observe as a trace on the surface when little or no 

topographic expression is present, or if the fault has been covered by young sediments. One of 

the ways to understand the structure, or geometry, of faults such as the NAF is through stress 

modeling, because stress and strain fields are heavily influenced by the active fault geometry 

(Bilham and King, 1989; Lesne et al., 1998). The active fault geometry in a region can be 

evaluated by comparing modeled stress field orientations from various possible geometries to the 

known stress orientations within a region. Two methods of identifying the known stress 

orientations in a region are: (1) evaluation of earthquake focal mechanism data and (2) 

exploration of topographic data to interpret the paleostress orientation within a region.  

 Focal mechanisms are graphical representations of the observed pattern of first motions 

resulting from an earthquake (Figure 1.3). The directions of compression and tension are referred 

to as the P- and T-kinematic axes, which are oriented 45° to the fault plane and perpendicular to 

each other. An additional axis, known as the N-kinematic axis, is orthogonal to the P- and T-

axes. The P- and T-kinematic axes of a single focal mechanism are not always representative of 

the orientation of the greatest (σ1) and least (σ3) compressive stress directions to the fault plane, 

as would be expected for the initial Coulomb failure; stress conditions and directions that 

produce the fault plane (described by Coulomb failure criterion) may differ from those that are 

caused by slip reactivation (Davis et al., 2012). However, aggregating kinematic axes from focal 

mechanism data over a larger region can provide a suitable statistical interpretation for the 

orientation of the primary stresses acting on that region (Hergert and Heidbach, 2011). With 

available focal mechanism data, I employ an analysis of aggregated focal mechanism kinematic 

axes to interpret the σ1 orientation for modeled regions. Since the stress models of possible fault 
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geometries that I present are two dimensional, I model the maximum stress orientation in the 

horizontal plane. This is synonymous to the orientation of σ1 if the plunge is <5°. When plunges 

are too great to consider the primary stress orientation as representative of the maximum 

horizontal stress, I develop a general focal mechanism for the entire region from the aggregated 

kinematic axes and use the most compressive, horizontal stress orientation as the orientation of 

maximum horizontal stress. This orientation is compared to the frequency orientation of the 

modeled stress field in order to identify the possible fault geometry which is most representative 

of the active fault geometry. 

 

Figure 1.3 Schematic diagram of focal mechanism data. A) Direction of initial movement of particles around 

the focus (F) for an east-west trending dextral strike-slip fault (red). B) The zones of compression and tension. 

Maximum compression and tension occur 45° clockwise to the fault plane. Image from Davis et al. (2012) 

  

Lineament analysis is another method that can be compared to the orientations of the 

modeled stress field to identify stress orientations in a region. Tectonic features such as faults, 

fracture systems, and joints may exert a strong control on topographic patterns due to these 

features creating pathways for weathering and erosion. These linear features can be mapped 
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using digital imagery of topography and other remote sensing data. The two types of digital 

imagery used for the lineament analysis in this dissertation are: (1) Digital Elevation Model 

(DEM) images from the Global Land Cover Facility (GLCF) (USGS, 2008) and (2) an Advanced 

Spaceborne Thermal Emission and Reflection radiometer (ASTER) product (AST14DMO). The 

DEM images are processed by applying hill-shades to highlight topographic changes at 45° 

azimuthal intervals. The hill-shades are performed at a 45° vertical sun-angle, as linear features 

were most evident at this angle. For the ASTER image, the bands with the highest spectral 

resolutions (15 meters) are necessary to use in image processing and lineament picking - 

specifically band 3N in the Very-Near InfraRed (VNIR) region. I applied directional filter to the 

ASTER image at 45° increments, creating a series of filtered images. The lineaments picked in 

these images specifically highlight the differences in surface feature Digital Number (DN) 

values, which vary between materials. These DN value differences highlight the main structures 

(such as fault displacement which juxtaposes two unique materials) and larger stream valleys. 

They could also further emphasize smaller scale linear features that may not be presented by the 

DEM, such as fluvial systems that do not exhibit prominent topographic valleys, but still take 

advantage of fractures and joints. I manually pick lineaments for both sets of images (DEM and 

ASTER), allowing me to preferentially pick lineaments that are not man-made structures such as 

roads or railways. It is, however, possible to pick lineaments that do not have a tectonic source. 

These lineaments are typically outnumbered and outweighed by lineaments which are parallel to 

mapped faults (see Chapters 2 and 5). The picked lineaments can exhibit some curvature, which 

can be handled by splitting the lineaments into 10 equal segments for which the azimuthal 

orientation of each segment is calculated and averaged to express the best possible orientation of 

each lineament. The results of the lineament analysis are plotted as frequency rose diagrams both 
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unweighted and weighted by the length of the lineaments to identify prominent features. A 

simple workflow for the lineament analysis is outlined in Figure 1.4. 

 

Figure 1.4 Lineament analysis workflow. 

 

Riedel shearing is characteristic of, but not limited to, strike-slip faulting (Davis et al., 

2012; Riedel, 1929), and can be used to interpret the results of the lineament analysis to infer the 

paleostress orientation. In fault shear zones, the imposed shear, or Main Fault (MF) orientation is 

accompanied by conjugate Riedel shears, R and R' (Figure 1.5). R is synthetic to the shearing 

motion, while R' is antithetic, meaning that dextral shear zones have dextral R-shears, but 

sinistral R'-shears. The two conjugate shear sets are 60° apart and bisected by σ1, which is 45° 

clockwise from the MF, or imposed shear. An additional shear (P) is oriented 10° from the MF. 

Prominent orientations identified by the lineament analysis are compared to mapped MF 

orientations and found to share a common orientation. Secondary features also align with Riedel 

shear orientations, as well as with the orientation of σ1 suggesting the presence of extensional 

fractures. Thus, prominent lineament orientations in the NAF zone of deformation are consistent 

with Riedel shear geometries. From the most prominent lineament orientation, or MF orientation, 

we infer a σ1 orientation for the region 45° clockwise, as would be expected in fault zones with 
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Riedel shearing. I compare this inferred paleostress orientation to modeled stress field 

orientations to identify the fault geometry most representative of the active faults. 

 

Figure 1.5 Riedel shearing for a dextral shear zone. The imposed shear is also the Main Fault (MF) 

orientation. Image adapted from Davis et al. (2012).  

 

Where available, I employ an analysis of focal mechanisms and lineament analysis of 

topography or satellite imagery to determine geologic stress orientations. In Chapter 2, the active 

through-going geometry east of the Marmara Sea and west of Bolu is identified by comparing 

modeled stress field orientations to both focal mechanism data and a lineament analysis. In 

Chapter 5, the active through-going geometry in the Marmara Sea and Biga Peninsula regions 

are modeled. Focal mechanism data is available for both regions, but topographic data was only 

available for the Biga Peninsula region. From our results, I am able to propose a through-going 

active fault geometry for the western NAF structure as a working hypothesis for use in 

geophysical models by combining the determined active fault geometries for the regions studied 

in Chapters 2 and 5, and described further below.  
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1.2.1 East of the Marmara Sea (Chapter 2) 

In the region impacted by the 1999 Izmit earthquake sequence, the through-going NAF splits 

into a northern and southern strand just west of the town of Bolu, and continue westward to 

bound the Marmara Sea (Figure 1.6 A) (Barka et al., 2002; Hergert and Heidbach, 2010; Șengör 

et al., 2005). For this region, two potential geometries of the active through-going strands of the 

NAF are proposed based on an evaluation of seismicity, topographic data, and a literature review 

discussed in further detail in Chapter 2. The first geometry suggests that the two strands almost 

converge (west of Bolu) towards the Mudurnu Valley, and then diverge as distinct fault traces 

(Figure 1.6 B) (Akyüz et al., 2002; Barka et al., 2002). The second geometry is similar, except 

that the southern and northern faults described above are linked by a fault through the Mudurnu 

Valley (Figure 1.6 A). To evaluate which geometry best represents the through-going active fault 

geometry, I process simplified two-dimensional viscoelastic models for each of the fault 

geometries with a finite element method to evaluate primary horizontal stress orientations for the 

region. The faults separate blocks/zones that require rock strength properties of density (ρ), 

compression wave velocities (Vp), and shear wave velocities (Vs), which are evaluated from 

geologic maps of the surface. Necessary input for the faults are static fault conditions - static 

friction coefficient (μs) and cohesion  (C).  

 Narrowing the static fault conditions in the model proved to be very difficult, as 

numerical and laboratory experiments on the NAF and the SAF, with which the NAF shares 

many common attributes, resulted in a large range of proposed static friction coefficients (Table 

1.1) (Carpenter et al., 2011; Carpenter et al., 2012; Chang et al., 2011; Chéry et al., 2004; 

Hergert and Heidbach, 2011; Jiménez-Munt et al., 2006; Johnson et al., 2006; Kasapoglu and 

Toksöz, 1983; Lockner et al., 2011; Provost et al., 2003; Stein et al., 1997; Tembe et al., 2006). 
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Furthermore, cohesion was assumed to be 0 kPa, or is never discussed as a parameter (Carpenter 

et al., 2011; Carpenter et al., 2012; Chang et al., 2011; Chéry et al., 2004; Hergert and Heidbach, 

2011; Jiménez-Munt et al., 2006; Johnson et al., 2006; Kasapoglu and Toksöz, 1983; Lockner et 

al., 2011; Provost et al., 2003; Stein et al., 1997; Tembe et al., 2006). In Chapter 3 of this 

dissertation I discuss this non-consensus on the static fault parameters for the NAF and other 

tectonic strike-slip faults. However, for initial models, I chose μs=0.4, because it most closely 

matches rock strength experiments conducted by Byerlee (1978) while also considering a 

moderate pore pressure as a Skempton's coefficient value of 0.5. Additionally, I chose to assign 

C=0 kPa to the faults as the majority of researchers disregard the effects of cohesion from both 

numerical and laboratory experiments. I apply these values to all the faults within the region in 

both models.  

Table 1.1 Proposed static friction and cohesion for the NAF and SAF based on rock experiments and 

numerical work. 
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 To develop the stress field, I push/pull boundaries of each zone at average rates of motion 

determined for each block based on an analysis of GPS velocities in the region (Ozener et al., 

2009). The stress orientations from the two models are compared against the maximum 

horizontal stress orientation inferred from a lineament analysis and a record of focal 

mechanisms. The fault geometry that best replicates the geologic stress from focal mechanism 

data and inferred from a lineament analysis is the geometry which includes a linking fault 

between the northern and southern strands through the Mudurnu Valley. This research and its 

results have been published (Karimi et al., 2014) and are presented in further detail in Chapter 2 

of this dissertation. 
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Figure 1.6 Tectonic setting and possible fault geometries of the NAF east of the Marmara Sea. A) Tectonic 

setting of the NAF. The NAF splits near the town of Bolu and continues on as two strands around the Sea of 

Marmara; B) Possible fault geometry where the northern and southern strand converge, then diverge; C) 

Second possible fault geometry where the two strands are linked. 

1.2.2 Marmara and Biga Peninsula regions (Chapter 5) 

West of the Mudurnu Valley, there are two additional areas where the active fault geometry of 

the NAF is debated: in the Marmara Sea, and in the Biga Peninsula. These two regions, 

particularly along the coasts of the Marmara Sea, are highly populated and host key port cities 

that facilitate trade between Asia, the Mediterranean. As such, they are also highly susceptible to 



 14 

crippled infrastructures following high magnitude earthquakes, such as the August 1999 Izmit 

quake. Seismic hazard predictions and modeling, as mentioned earlier, are heavily dependent on 

the developing stress field, which is in turn affected by the active fault geometry. In Chapter 5, I 

develop stress models to determine the active fault geometry in the Marmara and Biga Peninsula 

regions and propose a through-going geometry for the western NAF. However, the stress models 

used in this chapter differ from my work in Chapter 2 in their fault strength properties. Having 

constrained static (Chapter 3) and dynamic fault parameters (Chapter 4), I utilize frictional fault 

parameters that are found to be more representative for the NAF interface to achieve my goal of 

proposing a more accurate fault geometry for the western NAF. 

 The faults modeled in Chapter 2, continue to diverge to the west, where the northern 

strand bifurcates in the Gulf of Izmit (north of the Armutlu Peninsula) (Figure 1.7). The faults in 

this region separate small crustal blocks due to fragmentation with the developing Marmara Sea 

basin (Aksu et al., 2000). Previous tectonic models attempting to describe the formation of the 

Marmara Sea adhere to classical models of pull-apart basin formation along releasing bends or 

stepovers within a dextral strike-slip fault system (Figure 1.8 A and B) (Aksu et al., 2000; Ergün 

and Özel, 1995; Okay et al., 1999; Wong et al., 1995). However, Aksu et al. (2000) suggest that 

fault patterns identified on a high-resolution bathymetric map and from seismic profiles point to 

an alternative deformation style and architecture for transtensional basins. The internal 

architecture of the flower structure above a deeply buried master fault depicts fault elements 

oriented opposite to the geometry expected for a dextral, releasing strike-slip system (Figure 1.8 

B) (Aksu et al., 2000). Additionally, a flower structure oblique to the orientation of the master 

fault, as is the case in the classic pull-apart basin (Figure 1.8 A) (Dooley and McClay, 1997), is 

not identified in seismic profiles of the Marmara basin (Aksu et al., 2000). For the Marmara Sea 
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basin, Aksu et al. (2000) suggest an unconventional negative flower structure in-line with the 

buried NAF (master fault). 

 

Figure 1.7 Possible complexity of the northern and southern strands of the western NAF. NMF is North 

Marmara fault, MMF is Main Marmara fault, and SMF is Southern Marmara fault. The regions bound in 

red are the Marmara region (in the north) and the Biga Peninsula region (in the south).  
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Figure 1.8 Contrasting geometries of strike-slip basins in a dextral fault system. A) Classic pull-apart basin 

with a negative flower structure oblique to the strike of the master fault. B) Strike-parallel basin with 

asymmetrical half-graben structures. C) Proposed Marmara-type escape basin with a flower structure in-line 

to a deep buried master fault (NAF). Image from (Aksu et al., 2000).  

 

 Through-going faults associated with the developing Marmara Sea basin are prominent 

features near the boundaries defining the basins principle zone of deformation (Aksu et al., 

2000), and three geometries of active faults in the Marmara Sea are proposed (Figure 1.7). The 

southernmost trace parallels the northern Armutlu Peninsula then extends west-northwest across 

the Marmara Sea as the Southern Marmara Fault (SMF) (Aksu et al., 2000; Armijo et al., 2002; 

Barka and Kadinsky-Cade, 1988; Hergert and Heidbach, 2010, 2011; Hergert et al., 2011; 
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Şengör et al., 2014; Straub et al., 1997). The northernmost trace continues to parallel the northern 

shore of the Marmara Sea as the Main Marmara Fault (MMF) (Flerit et al., 2003; Hergert and 

Heidbach, 2010, 2011; Hergert et al., 2011; Le Pichon et al., 2001; Şengör et al., 2014). Another 

possible active fault geometry for the northern trace could be the MMF until its intersection with 

the Northern Marmara Fault (NMF), where it continues only as the NMF (Aksu et al., 2000). 

Lastly, the MMF and NMF traces are both part of the active fault geometry (Armijo et al., 2002). 

These various faults would intersect just off the coast of the western Marmara Sea and continue 

across to the Saros Gulf as the Ganos Fault (Aksu et al., 2000; Armijo et al., 1999; Armijo et al., 

2002; Flerit et al., 2003; Hergert and Heidbach, 2010, 2011; Hergert et al., 2011; Le Pichon et 

al., 2014; Le Pichon et al., 2001; Șengör et al., 2005; Türkecan and Yurtsever, 2002). In Chapter 

5 of this dissertation, I discuss further details and evidence for these three possible active fault 

geometries of the Marmara region. 

 The southern strand bifurcates at the town of Pamukova where both of its traces parallel 

the southern shores of the Marmara Sea until to the Kapidag Peninsula. At this location, the 

traces trend southwest into the Biga Peninsula (Figure 1.7), where several through-going active 

fault geometries are proposed. In one possible geometry, the southern trace could terminate at the 

intersection with the active fault geometry following the trace of the linking fault to continue slip 

along the northern trace (Konak, 2002). In a second possible active fault geometry, the linking 

structure is absent, and the southern trace continues until it reaches the Edremit Gulf and follows 

the southern coastline of the Biga Peninsula (Barka and Kadinsky-Cade, 1988; Boztepe-Güney et 

al., 2001; Konak, 2002; Șengör and Canıtez, 1982; Straub et al., 1997; Türkecan and Yurtsever, 

2002; Yılmaz and Karacık, 2001). The third potential geometry has all faults as part of the active 

fault geometry in the Biga Peninsula region (Konak, 2002; Șengör et al., 2005; Türkecan and 
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Yurtsever, 2002). In Chapter 5, I provide further details and evidence behind these three possible 

fault geometries for the Biga Peninsula region. 

 To evaluate which geometry best represents the through-going active fault geometry, I 

develop simplified viscoelastic two-dimensional models for each of the fault geometries in both 

regions and process them with a finite element method to evaluate primary stress orientations for 

the region. As in the description of the model setup for Chapter 2, I apply velocity boundary 

conditions based on averages of GPS velocities for each fault separated block, which are 

assigned rock physics properties (ρ, Vp, and Vs) based on surficial rock maps (Biga Peninsula) 

and tomographic data (Marmara Sea). Additionally, based my prior work to constrain frictional 

parameters for the fault (Chapters 2 and 3), I applied static fault interface conditions of μs=0.2 

and C=500 kPa. The stress orientations resulting from the models of the Marmara region are 

compared against the maximum horizontal stress orientation from a record of focal mechanisms, 

as there is no available topographic data on which to perform a lineament analysis. The results of 

the Biga Peninsula region stress models are compared against the maximum horizontal stress 

orientation, as inferred from a lineament analysis and a record of focal mechanisms. The 

proposed geometry of the western NAF is shown in Figure 1.9. In Chapter 5, I discuss the details 

and interpretations of the results for this research. 
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Figure 1.9 Proposed through-going active fault geometry of the western NAF.. 

1.3 FAULT PARAMETERS AND STRENGTH OF THE NAF 

The magnitude and timing of stress accumulation during interseismic periods, is influenced by 

fault strength parameters, which also affect the timing of rupture, recurrence, and magnitude of 

earthquakes. Static fault parameters, static coefficient of friction (μs) and Cohesion (C), define 

the frictional strength of a fault that must be overcome by a particular stress magnitude, or fault 

traction, to cause rupture and subsequent slip at a steady rate. Generally, a weaker stress 

magnitude is required to maintain fault motion following rupture than is needed to initiate fault 

rupture (Rabinowicz, 1951). In the stick-slip friction model, slip begins when the static friction 

(μs) of the fault interface is overcome. Once slip motion commences, a fault loses strength, and 

this reduction of strength from static to a reduced kinetic (dynamic) (μk) friction is the most 
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simple constitutive relation used to describe a frictional interface in the classical "static-kinetic" 

friction law (Figure 1.10) (Rabinowicz, 1951; Rice and Tse, 1986). The fault strength transition 

from static to kinetic values does not occur instantaneously, but rather tends to occur over a 

window of time (Figure 1.10) (Rabinowicz, 1951). This rate of strength reduction can be 

characterized by a slip-weakening distance (Dc) (Hirose and Shimamoto, 2005). The decrease in 

friction on a fault interface is referred to as dynamic fault weakening and should not be confused 

with strain softening which refers to a material bodies (not fracture interfaces) susceptibility to 

deformation at lower stresses. The values of static and dynamic fault parameters are highly 

dependent on both the fault bounding materials and the fault gouge material, which may act as a 

lubricant to decrease the frictional coefficients (Barton, 1974; Wyllie, 1999).  

In Chapters 3 and 4 of this dissertation I focus on constraining the estimates for static 

fault parameters and dynamic fault parameters for the NAF, and evaluate the strength of the 

NAF, by developing stress models of the faults east of the Marmara Sea and west of Bolu. 

Modeled rupture times (slip >1 m along 50% of fault lengths) are compared to recurrence 

intervals of Mw>6.0 earthquakes for the Mudurnu Valley and Düzce-Karadere faults, which are 

100-150 years (Palyvos et al., 2007) and 300 years (Pantosti et al., 2008), respectively. The 

recurrence intervals are used as a proxy for the time it takes stress to build up from a relaxed 

state to fault rupture. Following the August 1999 Izmit earthquake sequence, a total maximum 

slip of 5 m was measured for the Izmit fault (Barka, 1999). When the rupture conditions are met, 

the total maximum slip on the Izmit fault is compared to this known 5 m of slip to constrain the 

data further. My work on constraining static fault parameters for the NAF is described in Chapter 

3. My work on constraining dynamic fault parameters for the NAF is described in Chapter 4. 
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Figure 1.10 Simplified representation of a friction (μ) vs. displacement (D) curve from laboratory 

experiments. 

1.3.1 Static fault parameters (Chapter 3) 

Static fault conditions define the strength of a fault interface that must be overcome by the 

developing stress, as fault traction, to rupture the fault and cause it to slip. In Chapter 2, I discuss 

the problem regarding the diversity in range of static fault conditions that have been suggested 

for the NAF and similar tectonic strike-slip faults (e.g., SAF) based on numerical and laboratory 

experiments (Table 1.1). This range of weak to strong static friction coefficients raises the 

question regarding a suitable value of μs for the NAF. Additionally, no cohesive strength further 

assumes a rough, clean discontinuity surface with rock to rock contact and no infilling due to 

weathering or grinding of rocks (Wyllie, 1999). However, cohesion is developed on fault planes 

in many conditions, and even a small cohesion can have a significant effect on the strength of a 

fault, ultimately affecting the progression of slip and rupture times of faults (Wyllie, 1999). 
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 To constrain ranges of static fault parameters for the NAF east of the Marmara Sea, I 

develop finite element stress models and simulate varying static friction coefficients and 

cohesions using rock physics parameters and velocity boundary conditions (see Chapter 2). In 

each simulation, I compare the rupture time of the Düzce-Karedere and Mudurnu faults, or when 

50% of the fault length has ruptured >1 m, to their recurrence intervals (a proxy for the time it 

takes to build up stress from a relaxed state to fault rupture). When the final fault ruptures, I 

record the total slip on the Izmit fault and compare it to the maximum slip (5 m) of the Izmit 

fault following its 1999 earthquake sequence. Two important conclusions can be drawn from this 

research. The first is that at cohesion values below 200 kPa, the Düzce-Karadere fault ruptures 

before the Mudurnu Valley fault, which does not match the expected rupture pattern based on 

recurrence intervals. At higher cohesion values, the faults rupture in a sequence that matches this 

pattern. Thus, cohesion is necessary in the model to rupture the Düzce-Karadere and Mudurnu 

faults over their documented recurrence intervals. Secondly, a range of static friction coefficients 

for each cohesion interval, with static friction decreasing with increased cohesion, was also 

constrained by the simulations. To have the maximum slip on the Izmit fault match the recorded 

5 m from the 1999 Izmit earthquake, the range of permissible cohesion decreased to C=300-500 

kPa. By comparing both static friction coefficient and cohesion with the published estimates of 

cohesion from shear strength experiments (Barton, 1974) and from the most frequently 

documented values of static friction in literature on rock or numerical experiments on tectonic 

strike-slip faults, I recommend a static friction of μ≤0.2 with a cohesion of C=500 kPa for 

geophysical models of the NAF. I discuss this research and its results in further detail in Chapter 

3 of this dissertation. 
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1.3.2 Dynamic fault parameters (Chapter 4) 

Data on fault surface heat flow (heat due to friction) and stress orientations around crustal-scale 

fault zones, such as the San Andreas Fault (SAF) in California (Lachenbruch and Sass, 1980; 

Zoback et al., 1987), and slip on low-angle normal faults (Collettini and Sibson, 2001; Sibson, 

1994) indicate that they are much weaker than expected from laboratory models of friction 

(Holdsworth, 2004). This weakness may be due to: (1) the presence of statically weak minerals 

(Lachenbruch and Sass, 1980; Lockner et al., 2011; Moore and Rymer, 2007) or (2) fault 

weakening at high slip velocity (Boutareaud et al., 2008; Di Toro et al., 2006; Lachenbruch and 

Sass, 1980). The SAF is thought to be an example of such a weak fault, as it does not exhibit a 

frictional heat flow anomaly, and the direction of maximum principal stress (σ1) is near-

perpendicular to the fault trace (Faulkner et al., 2006; Holdsworth, 2004). The NAF shares many 

similarities with the SAF; length, age, slip rates, and geometry (Allen, 1982), but it does not 

exhibit near-perpendicular angles between its fault trace and the direction of σ1, and there are no 

data regarding the stress magnitude or heat flow of the NAF, particularly west of the town of 

Bolu in the Marmara region (Dresen et al., 2007). This raises a question regarding the strength of 

the NAF, and what conditions best replicate the geologic record in stress models of the NAF. 

To evaluate the effect of dynamic fault properties on the NAF, I develop stress models 

utilizing rock physics parameters and velocity boundary conditions for fault-separated blocks 

(see Chapter 2). Additionally, I prescribe varying kinetic friction coefficients and a slip-

weakening distance for initial static fault conditions that match and exceed the geologic 

constraints (see Chapter 3). I evaluate estimates of dynamic fault parameters that produce 

modeled rupture times (Düzce-Karadere and Mudurnu faults) and total slip (Izmit fault) that best 

match the recurrence intervals (a proxy for the time it takes to build up stress from a relaxed state 
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to fault rupture) and the maximum slip of 5 m for the Izmit fault. I find that for static fault 

conditions constrained in Chapter 3, dynamic friction within 0.2 of static friction makes the fault 

too weak with lower slip-weakening distances. This changes at higher Dc, where the faults 

weaken too slowly to show significant change in rupture time with varying μk. At static friction 

and cohesion values that ruptured the faults too slowly to match the constraints, a range of 

kinetic friction weakened the faults to satisfy the rupture times. This range decreases with 

increasing Dc. From these observed trends, I am able to suggest dynamic fault parameter values 

for static frictions, μ=0.6-0.8, consistent with the results of rock strength experiments by Byerlee 

(1978). At lower cohesions, C=300 kPa, the value for kinetic friction should satisfy μs-μk≤0.2 for 

slip-weakening distances less than or equal to 1 m, but the range of acceptable values should 

grow when the value of Dc is considered to be between 1 and 5 m. At 400 kPa, I infer that kinetic 

friction coefficients of ≤0.4 with Dc between 1 and 5 m satisfy the geologic constraints. For 

lower static frictions, a wider range of slip-weakening distances and kinetic frictions are 

permissible, but would require some component of weak fault interface materials to lower the 

static friction below the classic Byerlee (1978) experiments. I suggest using the static fault 

parameters discussed in Chapter 3 for future geophysical models of the NAF, given the 

computationally expensive nature of running dynamic models. I discuss this research and its 

results in further detail in Chapter 4 of this dissertation. 

1.4 IMPLICATIONS AND FUTURE DIRECTIONS 

The research described in this dissertation contributes to future geophysical and seismic hazard 

models for the NAF by providing a more accurate through-going active fault geometry and fault 
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strength parameters. The active fault geometry influences the stress and strain field, and fault 

strength impacts the recurrence interval and magnitude of earthquakes. The geometry of the 

western NAF, proposed in Chapter 5, is a working hypothesis. Further stress modeling of the 

entire western NAF will help evaluate if the proposed through-going active fault geometry is 

valid, as well as further constrain fault strength parameters and test whether the best fit fault 

parameters for the Bolu region are correct for the rest of the NAF system. Although the 

earthquake record will not permit matching fault recurrence intervals and slip magnitudes 

through most of the system, fault modeling can predict velocity directions and magnitudes of 

trapped lozenges in the NAF system that can be evaluated against measured GPS data. The 

results of the work on the fault strength parameters in this dissertation suggest that the NAF 

could be statically weak due to clay infilling present at the fault interface, but could also be 

statically strong and weakened dynamically. While no consensus could be made on the 

mechanism behind a potentially weak NAF, the work in this dissertation makes a strong case for 

pilot drill hole projects, similar to the San Andreas Fault Observatory at Depth (SAFOD), to 

bring samples from the fault interface into a laboratory environment for further testing. 
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2.0  DETERMINING THE GEOMETRY OF THE NORTH ANATOLIAN FAULT 

EAST OF THE MARMARA SEA THROUGH INTEGRATED STRESS MODELING 

AND REMOTE SENSING TECHNIQUES 

The 1200 km long North Anatolian Fault (NAF) is part of an east-west striking dextral shear 

zone (NAF system), along the boundary between the Anatolian and Eurasian plates, that widens 

to the west. This widening zone of deformation complicates potential earthquake rupture paths 

and highlights the importance of understanding the geometry of active fault systems. In the 

central portion of the NAF system - just west of the town of Bolu - the NAF splits into two major 

faults: the northern and southern strands. These two faults diverge, almost converge, then diverge 

again to border the Marmara sea. Earthquake data from the region where the two faults converge 

indicate that they may be linked by an active fault. We model the active fault geometries with 

and without the linking fault to explore its impact on the output regional stress field (from a 

finite element model). These results are compared to focal mechanism records and lineament 

analyses to determine which geometry best simulate the stress field in a regional model. Our 

results show that a linking fault between the northern and southern strands of the NAF system is 

necessary to best match the primary stress orientations of the model with the maximum 

paleostress orientations inferred from deformation patterns, and observed in earthquake focal 

mechanisms. Furthermore, the linking fault should be a significant component in future models 

of the NAF system within the region. 
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2.1 INTRODUCTION 

Due to the effect of fault geometry on modeled stress and strain fields, accurately representing 

the active fault geometry is a critical component of the modeling process (Bilham and King, 

1989; Lesne et al., 1998). Longer, linked faults host the majority of earthquakes - particularly 

high magnitude earthquakes - in a fault system (Barka and Kadinsky-Cade, 1988; Slemmons and 

Depolo, 1986), and are the most influential in the development of the regional stress and strain 

field (Bilham and King, 1989; Lesne et al., 1998; Schwartz and Coppersmith, 1986). In strike-

slip systems, short extensional faults linking echelon fault segments allow for long-term transfer 

of fault slip, thus affecting the stress field distribution, and may also act as kinetic barriers 

impeding or arresting rupture propagation (King, 1986; King and Nábëlek, 1985; Sibson, 1986). 

Fault geometry is sometimes hard to observe as a trace on the surface when there is little to no 

topographic expression, or if the fault has been covered by young sediments. In this study we 

examine the relationship between fault geometry, and numerically determined stress and strain 

fields along a strike-slip fault in Turkey by utilizing a methodology adapted from McElfresh et 

al. (2002).  

The North Anatolian Fault (NAF) system has seen several devastating and high 

magnitude earthquakes, particularly in the Marmara Sea region (Bohnhoff et al., 2013; Parsons, 

2004). The 1999 earthquake of August 17
th

 was of particular note for being the largest recorded 

earthquake in Turkey by modern digital networks (Özalaybey et al., 2002) with a devastating 

death toll of over 17,000 people (Scawthorn and Johnson, 2000). In the region impacted by the 

1999 earthquake, the through-going NAF splits into two strands just west of the town of Bolu 

(Barka et al., 2002; Hergert and Heidbach, 2010; Șengör et al., 2005): the Düzce and Karadere 

faults (NE portion of the northern strand), which we refer to as a single fault called the Düzce-
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Karadere and the Mudurnu fault (SE portion of the southern strand) (Figure 2.1). Two potential 

geometries of the active through-going strands of the NAF are proposed. One active fault 

geometry suggests that two strands almost converge (west of Bolu) and then diverge as distinct 

fault traces (Figure 2.1 C) (Akyüz et al., 2002; Barka et al., 2002). The fault strands continue on 

to border the Marmara Sea in the north and south respectively (Figure 2.1 B): the northern strand 

as the Izmit fault, and the southern strand as the Iznik fault (Armijo et al., 2002; Șengör et al., 

2005). The second geometry is similar, except that the southern and northern faults described 

above are linked by a fault through the Mudurnu Valley (Figure 2.1 C). A study of fracture zones 

attributed to major earthquakes of the 20th century by Koulakov et al. (2010) shows this link, as 

does previous work to understand stress transfer on the NAF by Stein et al. (1997). Studies of 

dextral displacement of Eocene volcanic rocks in the region between the northern and southern 

also imply an extensional linking fault (Armijo et al., 1999; Hisarli et al., 2011; Yılmaz et al., 

1997). Seismic data from the Mudurnu Valley show a normal sense of motion, indicating that the 

link may be an extensional fault between two major echelon fault segments (Mudurnu and Izmit 

faults) (Heidbach et al., 2008; International Seismological Centre, 2011; Neugebauer et al., 

1997). A 100 year record of earthquakes (KOERI-UDIM, 2012) clusters around the northern 

strand, but also illustrates that the Mudurnu Valley is seismically active, suggesting a connecting 

fault and supporting the second geometry (Figure 2.2 A). Additionally, it is proposed that the 

rupture of the 1967 M7.1 Mudurnu earthquake, the most recent of a series of historical 

earthquakes at its location (Palyvos et al., 2007), reached Lake Sapanca (along the Izmit fault) as 

distributed deformation (Ambraseys and Zatopek, 1969; Muller et al., 2003). Elevation data from 

a 10 meter Digital Elevation Model (DEM) - courtesy of the (GLCF) (USGS, 2008) – highlight 

pronounced topographic features that are a result of the southern and northern fault strands. The 
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southern strand is located along narrow river valleys, whereas the northern strand controls the 

sharp transition from high to low topography (Figure 2.2 B). This fault-controlled topography 

has led to the inference of no connecting fault between the two segments. A potential linking 

fault from the Mudurnu fault to the Izmit fault can be traced through a narrow river valley, but 

loses any topographic expression as it nears the northern strand. Previous studies evaluating 

earthquake ruptures on this segment of the NAF system identify the Mudurnu fault in the 

southern Mudurnu Valley, but terminate the fault trace before it links to the northern strand 

(Akyüz et al., 2002; Barka et al., 2002). This raises a question regarding the significance of a 

fault linking the two strands as part of the through-going NAF geometry within the region, and 

which geometry will best duplicate the regional stress and strain in geophysical models.  
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Figure 2.1 Tectonic setting and possible fault geometries of the NAF east of the Marmara Sea. A) Tectonic 

setting of the NAF. The NAF splits near the town of Bolu and continues on as two strands around the Sea of 

Marmara; B) Possible fault geometry where the northern and southern strand converge, then diverge (model 

1); C) Second possible fault geometry where the two strands are linked (model2).  
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Figure 2.2 Possible fault geometries, GPS velocities, seismicity, and elevation data. A) A 100-year record of 

earthquakes (KOERI-UDIM, 2012) along the NAF sized according to magnitude with GPS vectors as arrows 

(Ozener et al., 2009), and location of focal mechanism data (Heidbach et al., 2008; International Seismological 

Centre, 2011) as stars. B) A 10 m resolution DEM of the region (USGS, 2008). The inferred linking fault can 

partially be traced along a river valley, but as it approaches the northern strand, the nature of the structure 

remains ambiguous.  

 

Determining the geometry of the active fault system would allow for more detailed and 

accurate models of the stress accumulation along the NAF, one of the world's largest and most 

hazardous active strike-slip faults. Stress accumulation can be used to define a region with a 

higher probability for seismic risk (Bowman and King, 2001; Stein et al., 1997). This study 

utilizes simplified fault geometries and friction values, surficial geology, rock physics 

parameters, and GPS velocities as model inputs. We created simplified two-dimensional models 

for each of the fault geometries and processed them with a finite element method to evaluate 

primary stress orientations for the region. The stress orientations from the two models are 

compared to lineament analyses and a record of focal mechanisms from the region to determine 
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which geometry of active faults best reproduces the inferred stress field within an 85 km wide by 

111 km long region centered around the Mudurnu Valley. We evaluate the accuracy of the 

generated stress field from the finite element model (FEM) by comparing it to regional focal 

mechanisms, and inferred paleostress orientations determined from relating lineaments to 

potential structures. 

We utilize PyLith - a finite element code tectonic deformation software - (Aagaard et al., 

2012) to calculate the stress field in the region of interest for both models and compare the σ1 

orientation frequency and magnitude of the stress field to the principal stress orientations 

suggested from lineament analyses and focal mechanisms. The overall goal of this study is to 

identify the active fault geometry of the NAF within the region of interest, which best duplicates 

the regional stress field as determined from focal mechanism data and lineament analyses. 

2.2 GEOLOGIC BACKGROUND 

The NAF forms the most prominent part of a strike-slip dominated belt of deformation between 

the Eurasian and Anatolian plates (Șengör et al., 2005). It extends from the junction of the NAF 

at the East Anatolian Fault (EAF) near the town of Karliova Turkey (Figure 2.1 A) to the north 

Aegean region (Șengör et al., 2005) nearly 1200 km, paralleling the southern margin of the Black 

Sea. East-west widening of a dextral shear zone associated with the NAF system continues 

across the northern Aegean sea, broadens across the northern and central mainland parts of 

Greece (the Grecian Shear Zone) (Șengör, 1979), and is postulated to link up with the Hellenic 

subduction zone (Dewey and Șengör, 1979; McKenzie and Jackson, 1983). The NAF system is 

mostly contained within late Paleozoic to early Tertiary age Tethyan accretionary complexes 
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(Șengör and Natal'in, 1996), which also widen from east to west (Șengör et al., 2005). The 

accretionary complex is bound by more resistant pan-African and Hercynian magmatic or 

metamorphic assemblages (Kröner and Stern, 2004): the Menderes and Kirşehir Massifs to the 

south, and the Istanbul zone and Eastern Pontides to the north (Șengör et al., 2005; Yılmaz et al., 

1997). Magnitudes of fault displacement are not the same along the through-going NAF and 

generally decrease from east to west (Hubert-Ferrari et al., 2002; Șengör and Canıtez, 1982; 

Șengör et al., 2005). This implies that total displacement must be taken up by smaller faults 

within the greater NAF system that are not part of the through-going NAF. In addition, the age of 

fault initiation is older in the east than the west (Șengör et al., 2005). The bifurcation of the NAF 

west of Bolu is interpreted to be a result of westward widening in the zone of deformation that 

accompanied the westward development of the NAF. The Pleistocene northern strand borders the 

northern shores of the Marmara Sea, while the more poorly-defined late Miocene southern strand 

marks the southern sea edge (Șengör et al., 2005), and additionally splits and extends through the 

Bursa graben (Armijo et al., 2002). Șengör et al. (1985) and Le Pichon et al. (2003) note that the 

southern strand has yet to materialize a through-going main fault, and appears "fragmented". The 

complexity of such fragmentation can be seen within the Mudurnu Valley region of which we 

are modeling. 
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2.3 STRESS MODELING 

2.3.1 Fault parameters 

A wide range of proposed friction coefficients (μ) have been suggested for the NAF (Hergert and 

Heidbach, 2011; Jiménez-Munt et al., 2006; Kasapoglu and Toksöz, 1983; Provost et al., 2003; 

Stein et al., 1997). Provost et al. (2003) created a 3D mechanical model of the NAF and 

determined the friction coefficients (μ=0.05 to μ=0.1) necessary to match the calculated velocity 

field to the GPS velocity field. Stein et al. (1997) determine that the friction is μ=0.75 based on 

laboratory rock experiments, but also consider moderate pore pressure, as a Skempton's 

coefficient of B=0.5, which makes the effective friction (μ') 0.4. Early two-dimensional, plane-

stress, finite element modeling of the NAF by Kasapoglu and Toksöz (1983) resulted in the 

faults locking at μ=0.4. This agrees with the thin-shell finite element tectonic model of the 

Mediterranean proposed by Jiménez and Sabadini (2006) who also predict that a very low 

friction (0.05) on the NAF is necessary to match the Anatolian block rotation seen by GPS 

measurements. Based on observations that large-offset plate boundary faults are weak, Hergert 

and Heidbach (2011) employ μ'=0.05 in their model of the NAF system in the Marmara sea. 

With so many discrepancies regarding the value of friction coefficient for the NAF, we use 

μ'=0.4, because it most closely matches experimentation by Byerlee (1978) while also 

considering a pore pressure value of 0.5. This value is applied to all the faults within the region 

in both models. 
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2.3.2 Geometry and rock properties 

The faults defining the main strands of the NAF within our study area are nearly vertical (Ben-

Zion et al., 2003) with strike-slip motion. As mentioned in section 1.1, two possible orientations 

of the active fault geometries exist within the region of interest: (Model 1) the two strands as 

distinct fault traces which don't interact west of Bolu, converge from east to west, but then 

diverge near the center of the region of interest and continue on to border the Marmara Sea in the 

north and south respectively (Armijo et al., 2002; Șengör et al., 2005), or (Model 2) that the 

southern strand links up with the northern fault through the Mudurnu Valley (Öztürk et al., 

2009). West of the Mudurnu Valley, both models are identical as the northern strand and 

southern strands continue on to border the Marmara Sea (Figure 2.3). 

 

Figure 2.3 Simple geophysical model of the region of interest depicting the three zones, and the two strands of 

the NAF separating them. The white line (fault) connecting the two strands is the difference between Model 1 

(without) and Model 2 (with).  
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We model the geometry of two distinct faults as boundaries which separate three distinct 

blocks/zones within the region of interest: the Istanbul zone north of the northern strand which is 

part of the Eurasian tectonic plate, the Armutlu-Almaçik zone between the two strands, and the 

Sakarya zone south of the southern strand (names adapted from Yılmaz et al. (1997)) (Figure 

2.3). Each zone has distinct rock types exposed at the surface, which we use to determine 

average densities and seismic velocities - using empirical relationships - as inputs into our 

models. A breakdown of the surficial geology within each zone is provided in Table 2.1. 

 

Table 2.1 Surficial geology and rock physics parameters - density, P-wave velocity, and S-wave velocity 

determined for the three blocks/zones within the region of interest using an empirical relationship between 

density and Vp at 10 MPa (DU/GSC, 2001), and a Vp/Vs ratio of 1.7 (Barton, 2007). The Istanbul Zone is 

mostly softer sedimentary rocks, the Armutlu-Almaçık zone is harder metamorphic and igneous packages, 

and the Sakarya Zone is mostly sedimentary units, but there are metamorphic and volcanic units present. 

 

 

 Each block's density was calculated by weighting the general densities of the three rock 

types by their percentage of block area: 2,775 kg m
-3

 for igneous rocks (Bell, 2007), 2,400 kg m
-3

 

for sedimentary rocks (Boyd, 2003), and 2,800 kg m
-3

 for metamorphic rocks (Boyd, 2003). The 
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densities calculated for each block were then used to extract compressional wave velocities (VP) 

from the Database of Global Rock Properties by Dalhousie University/Geological Survey of 

Canada High Pressure Laboratory (DU/GSC, 2001). We used the VP values for 10 MPa, as the 2-

D model addresses the surface (near surface) geology, and we can assume a low confining 

pressure near the surface. From these compressional velocities we were able to calculate the 

shear wave velocities (VS) using a VP/VS ratio of 1.7, which is the prescribed ratio for hard (zero-

porosity) rocks (Barton, 2007). The empirically determined seismic velocities indicated a high-

velocity for the Armutlu-Almaçik block relative to the Istanbul block, which is supported by 

local earthquake tomography by Koulakov et al. (2010). The resulting densities, VP and VS of 

each region were applied to their respective blocks in the model for processing with a finite 

element method. 

2.3.3 Plate motions 

The NAF, together with the conjugate East Anatolian Fault (EAF), accommodates the westward 

extrusion of the Anatolian plate toward the Aegean subduction zone (Hubert-Ferrari et al., 2008). 

The NAF and EAF meet near the town of Karliova at what is known as the Karliova triple 

junction of the Anatolian plate, the Eurasian plate, and the Arabian plate (Figure 2.1 A). Lateral 

forces acting upon the Anatolian plate include the NNW motion of the Arabian plate at its 

eastern flank, the northern motion of the African plate in the south and west (where it subducts 

beneath the Anatolian plate at the Cyprus and Hellenic trenches), and the fixed Eurasian plate in 

the north. The westward extrusion of the Anatolian plate likely started some 10-12 Ma during a 

late phase of collision between Arabia and Eurasia (Dewey et al., 1986; Hubert-Ferrari et al., 

2008; McQuarrie et al., 2003) and initiating motion along the NAF (Barka, 1992; Șengör et al., 
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1985). From GPS data, the Anatolian plate exhibits northwest motion along the East Anatolian 

Fault (EAF), and rotates counterclockwise to an orientation of southwest in the south Aegean 

region (McClusky et al., 2000; Reilinger et al., 2006). Current block motions of the Anatolian 

plate are 24 mm/yr in the central plate to 30 mm/yr in the SW part of the plate at the Hellenic 

trench (Gülen et al., 2002; McClusky et al., 2000; Reilinger et al., 2006). 

 Within the region of interest, the motions of each zone described in section 3.2 were 

determined from GPS campaigns conducted in Turkey. GPS measurements have been carried out 

at both campaign and permanent geodetic control points to measure/monitor crustal movements 

(Ergintav et al., 2002; McClusky et al., 2000; Ozener et al., 2009; Reilinger et al., 2006). We use 

the horizontal GPS velocities in a Eurasia-fixed reference frame of Ozener et al. (2009). In this 

reference frame the Istanbul zone is on the fixed Eurasian plate (0.0 cm/yr) the Armutlu-Almaçik 

zone moves westward at 2.0 cm/yr, and the Sakarya zone at 2.4 cm/yr west. These rates are used 

to push/pull the blocks past one another. 

2.3.4 Simplified model 

We simplified the potential fault geometries based on existing geologic maps and marked 

changes in topography identified on a DEM. The two potential geometries are identical except 

for the addition of a fault connecting the southern to northern strands at their bends in Model 2 

(Figure 2.3). Each zone is assigned a density, P-wave velocity, and S-wave velocity (see Table 

2.1). The northern and southern boundaries of the models are prescribed with roller conditions, 

and using the GPS velocities for each zone, the blocks are both pushed on their eastern boundary 

and pulled on their western boundary at their respective rates. 
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2.4 MODEL PROCESSING 

We use PyLith (Aagaard et al., 2012), to process the models using finite elements. A triangular 

mesh over the region of interest was created with a grid spacing of 5 km along the outer 

boundaries and a finer grid of 2 km near the faults. The grid spacing are used as input to create a 

finer triangular mesh near the faults, which grades into a coarser mesh towards the outer 

boundaries. The models are processed using the rock physics and fault parameters described in 

section 2.3, and the block's respective velocities are applied as quasi-static dirichlet boundary 

conditions on the east and west bounds of the blocks. Once the friction is overcome, the blocks 

slip along the faults at a steady rate. The models are processed for a thousand years, at a five year 

time step interval, to allow the stress field to develop enough to cause slip along all the faults 

while avoiding large distortions within the model area due to displacements. 

 From the model we calculate the orientation and magnitude of the principal stresses at the 

center of each triangular cell. From this, rose-diagrams of σ1 orientation frequencies for the two 

models were plotted to extract a general sense of the maximum principal component trends for 

the region (Figure 2.4). For model 1 (Figure 2.4 A), the largest peak associated with σ1 can be 

seen at the interval from 055
o
-060

o
, with a second, almost equally large peak at 115

o
-120

o
. For 

model 2 (Figure 2.4 C), the largest peak can be seen at 120
o
-125

o
, with a second large peak at 

100
o
-105

o
. Weighting the principal stress orientations by their respective magnitudes (as absolute 

values), we see that model 1 maintains its first strong peak, but the second peak appears at 125
o
-

130
o
, with a minor peak at 90

o
-105

o
 (Figure 2.4 B). This 'shift' in the location of the peaks are 

still within the same general azimuthal region ±10
o
, except for addition of a 3

rd
, minor peak. 

Model 2 maintains its predominant peak, but the second peak becomes less prominent (Figure 

2.4 D). 
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Figure 2.4 Rose diagrams of the model results depicting frequency and magnitude-weighted frequency of 

modeled azimuths of the maximum principal stress for model 1 (a,b) and model 2 (c,d). North is at 0°.  
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2.5 INFERRING MAXIMUM PALEOSTRESS ORIENTATIONS 

Tectonic features such as faults and fractures may exert a strong control on topographic patterns 

due to these features creating pathways for weathering and erosion. Using digital imagery, we 

can highlight topographic lineaments and evaluate the potential control of tectonic induced 

deformation on topography. Tectonic features that may strongly influence topographic patterns 

include fault, large fracture systems and joints. These linear features can be mapped using digital 

imagery. Lineament mapping was manually performed using two sets of images: a 10-meter 

Digital Elevation Model (DEM) of Universal Transverse Mercator (UTM) zone 36N from the 

Global Land Cover Facility (GLCF) (USGS, 2008), and an Advanced Spaceborne Thermal 

Emission and Reflection radiometer (ASTER) product (AST14DMO) to highlight lineament 

patterns. The 10-meter DEM of the region was processed by applying hill-shades to highlight 

topographic changes. The hill-shades were performed at a 45
o
 vertical sun-angle, as linear 

features are most evident at this angle, and the azimuthal direction of the incoming solar 

radiation was rotated around the image at 45
o
 increments. For the ASTER image, the bands with 

the highest spectral resolutions (15 meters) are necessary to use in image processing and 

lineament picking - specifically band 3N in the Very-Near InfraRed (VNIR) region. A 

directional filter was applied at 45
o
 increments, creating a series of filtered images. The 

lineaments picked in these images specifically highlight differences in surface feature Digital 

Number (DN) values, which varies between materials. These DN value differences should 

highlight the main structures (such as fault displacement which juxtaposes two unique materials), 

and larger stream valleys, but also could further emphasize smaller scale linear features that may 

not show up in the resolution of the DEM, such as fluvial systems that do not exhibit prominent 

topographic valleys, but may take advantage of fractures and joints. 
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Lineaments were manually picked for both sets of images, allowing us to preferentially 

pick  lineaments that are not man-made structures such as roads or railways. While there may be 

lineaments picked that do not have a tectonic source, they are outnumbered and outweighed by 

lineaments which are parallel to mapped faults (identified on geologic maps) (Akşay et al., 

2002). To account for any curvature of lineaments we split each line into 10 sections and 

calculated the azimuth for each of those sections. Following this, an average azimuth and 

standard deviation were calculated for the orientation of each line. A very high majority of 

lineaments from both images had a standard deviation close to zero, but few exhibited higher 

deviations. The results of the average azimuths were plotted on rose diagrams (Figure 2.5). Work 

by Hisarli et al. (2011) on Eocene volcanic rocks indicated that there was counterclockwise 

rotation of the eastern half of the Armutlu-Almacık block (Almaçik) of 22.3
o
 and 17.7

o
 on the 

western half (Armutlu). We evaluated the impact of these rotations on the lineament analysis, 

and found there to be no changes to the prominent features in the rose plots of the lineament 

analyses.  

The DEM lineament analysis results of orientation frequency (Figure 2.5 A), has its 

highest peaks between 80
o
-90

o
, which match the primary orientations of faults mapped within the 

region. Additionally, there is a region of strong frequencies between 60
o
-130

o
 with the most 

predominant peaks at 60
o
-65

o
 and 125

o
-130

o
. Without knowing if any faults within the region are 

reactivated structures, we assume that the structures that are reactivated are the ones optimally 

orientated in the driving stress field. Additionally, we assume the largest peak is indicative of the 

orientation of major strike-slip faults, and secondary peaks are likely to be associated with Riedel 

shear features such as R-shears, R’-shears, P-shears and extensional fractures. With this 

geometry, the maximum principal stress is 45
o
 clockwise (for right-lateral motion) from the main 
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faults and intersects two populations of lineaments interpreted to represent R-shears and R’-

shears that are characteristic of strike-slip faulting (Davis, 1999; Riedel, 1929; Wilcox et al., 

1973). Under this assumption, σ1 would be at about 125
o
-135

o
. This inferred stress orientation 

overlaps with a secondary peak (125
o
-130

o
), that is at an appropriate orientation to represent 

extensional fracturing. By weighting the lineaments according to their length, (Figure 2.5 B), the 

dispersal of high frequencies disappears and we are left with a very strong feature trending 80
o
-

85
o
, tightening our σ1 orientation estimate to 125

o
-130

o
. The secondary peak, which 

corresponded with σ1 almost disappears, which argues that if these are extensional fractures they 

are small and frequent. Plotting the location of our proposed extensional fractures on topographic 

and geologic maps indicate that they are oriented in stream valleys and around the edges of 

basins within the region. We propose that the 80
o
 feature is the "main fault" (MF) orientation and 

plot the potential orientation of Riedel shears (Figure 2.5 A/B); with R-Shears at 100
o
, R'-shears 

at 160
o
, and P-shears at 75

o
. Both the average frequency as well as the frequency weighted by 

length show peaks in potential orientations of R and P shears. The presence of orientations 

corresponding to these shears helps validate the resolved orientation of σ1.  

The secondary peak at 60
o
-65

o
 remains in both the unweighted and weighted cases 

(Figure 2.5 A/B), and does not correspond to any expected tensional or Riedel shear features. 

Since the lineaments oriented 60
o
-65

o
 are less pronounced in the weighted rose plot (Figure 2.5 

B), we analyze the distribution of these features, and additionally compare their orientation to 

mapped fault data. The DEM lineaments with this orientation are not centered in a particular 

region, and correspond to ridges and valleys that run nearly parallel to the Düzce-Karadere fault, 

the fault on the south east edge of the Istanbul zone (Figure 2.3). Mapped faults indicate that this 
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orientation further corresponds with southwest trending step-over portion of faults within the 

region. 

Figure 2.5 C depicts the rose plot of the frequency average orientation of lineaments 

picked from the ASTER image. The ASTER image covered approximately a quarter the size of 

the DEM image near the center of the region of interest, but highlighted a greater number of 

lineaments (n=1835 versus n=1461 for the DEM). This lineament density increase is due to the 

smaller pixel size and DN value differences being highlighted rather than topography. Between 

10
o
-105

o
 there is a block of peaks, with major peaks are at 70

o
-85

o
 and 55

o
-65

o
. The peak 

synonymous with the trend of mapped faults, 70
o
-85

o
, would predict an orientation of σ1 between 

115
o
-130

o
. The second major peaks are associated with portions of the NE-SW trending faults 

and step-over components of other faults. To a first order, all major peaks (and σ1 orientations), 

overlap with those identified in the DEM lineament analysis. Weighting the results by the 

lengths of the lineaments (Figure 2.5 D), we continue to see a very strong feature at 70
o
-85

o
, but 

the second feature at 55
o
-65

o
 diminishes to background levels. The possibility of Riedel shears is 

also present in the ASTER lineament data, but is more uncertain (Figure 2.5 C/D). 

Combining the frequency of lineament orientations from the two datasets for the region 

(Figure 2.5 E), we see can see peaks at 60
o
-65

o
, 75

o
-85

o
, and 125

o
-130

o
. The peak at 125

o
-130

o
 is 

once again attributed to small extensional fractures parallel to σ1. When we weight the combined 

lineaments by their length (Figure 2.5 F), we are left with a strong peak parallel to the orientation 

of the mapped faults at 80
o
-85

o
 (45

o
 from the inferred orientation of σ1). Overall the combined 

(weighted) rose plot is very similar to the rose plot of the weighted DEM lineament analysis, 

indicating that though the density of lineaments from the DEM analysis were low, their lengths 
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helped them outweigh the smaller, lineament dense ASTER image. The potential of Riedel 

shears also exists within the combined dataset (Figure 2.5 E/F).  

With agreement between the DEM and ASTER lineament analyses - and their combined 

dataset - the spread for the inferred maximum paleostress orientation is between 115
o
-130

o
, with 

a more likely orientation of 125
o
-130

o
. This is based on a dominant orientation of lineaments at 

around 80
o
-85

o
 in the DEM and combined datasets, which correlates with the major orientation 

of mapped faults within the region. As a preliminary step to understanding the fault geometry in 

tectonically active areas with limited fault maps, we suggest that prominent features from a 

lineament analysis provide orientations that represent dominant fault populations. Thus, we can 

use the determined orientation for σ1 from our  lineament analyses to compare with the 

orientation of σ1 based on the processed FEM to determine which model best represents the 

geometry of the through-going faults within the region. 
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Figure 2.5 Rose-diagrams of lineament orientation frequencies and length-weighted frequencies for (a,b) the 

DEM lineament analysis, (c,d) the ASTER image lineament analysis, and (e,f) a combined lineament analysis. 

North is at 0°. Riedel Shears (R and R') are imposed on the images with the "main fault" (MF) at 80°. P 

shears are labeled with "P", and "E" represents the extensional fracture orientations. North is at 

0°.interpretation 
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 To evaluate which of the two models best represents the active fault geometry, we 

compare the maximum principal stress axes orientations from the finite element method results 

with the inferred principal stress axes from the lineament analysis. The maximum principal stress 

orientations of model 1 (115°-120°) and model 2 (120°-125°) have peaks that nearly coincide 

with the spread of inferred directions of σ1 from the lineament analyses (115°-130°); however, 

model 2 results in a σ1 orientation most close to the more likely orientation of 125°-130°. Model 

1 shows a very large trend for σ1 from 55
o
-60

o
. This orientation is located on the Armutlu-

Almaçik block just south of the Düzce-Karadere fault portion of the northern strand, at which we 

would expect it to host a σ1 orientation of 105
o
. To evaluate how this orientation occurred, we 

looked into the time series deformation of the blocks. As the blocks are pushed/pulled, the lack 

of a fault linking the bends in the northern and southern strands allows for the eastern part of the 

Armutlu-Almaçik zone to be pulled and distorted by the western portion of the Sakarya zone, 

subsequently rotating clockwise away from the Istanbul zone. This creates an extensional 

opening due to counterclockwise block rotation along the NE-SW trending portion of the 

northern strand (Düzce-Karadere Fault). Additionally, this unexpected σ1 trend occurs as a 

dominant orientation from the center of the Armutlu-Almaçik block to the western most portion, 

particularly along the Iznik portion of the southern strand, at which we would expect a σ1 

orientation of 105
o
 (based on the fault orientation). Model 2, displays only one principal stress 

orientation (120°-125°) that overlaps with the inferred orientation from the combined lineament 

analysis (115°-130°), and while Model 2 shows a fan of principle stress orientations from 135° to 

45°, when these orientations are weighted for magnitude, they are notably smaller than the peak 

centered between 135° and 95°. While there is still a peak at 55
o
-60

o
, the peak is rather small and 

distributed within the bodies of the blocks, rather than bounding the faults. Though the lineament 



 48 

analyses indicate that both models reproduce the inferred maximum stress orientation, the 

additional maximum stress orientations in the model 1 output are not observed, indicating that 

model 2 is the most likely candidate for best representation of fault geometry. To confirm this we 

will compare the FEM stress orientation results with data from seismic events. 

 We collected thirty-four focal mechanism data (Figure 2.2 A) associated with several 

seismic events and/or their aftershocks (1943 Adapazarı-Hendek, 1957 Abant, 1967 Mudurnu, 

and 1999 Izmit earthquakes) located in our study area from the International Seismological 

Centre (International Seismological Centre, 2011) and the World Seismic Map (Heidbach et al., 

2008). Data from these two sources are recordings from global stations. We determined the trend 

of the maximum principal stress axis, which is assumed to be synonymous with the P kinematic 

axis. Applying density contours to the P kinematic axes, we were able to procure a nearly 

horizontal (<5
o
) orientation for the regional P axis at approximately 125

o
. As this value is nearly 

horizontal, we can assume that the derived regional orientation of the P kinematic axis is 

synonymous to the orientation of the maximum horizontal stress. The orientation of 125
o
 also 

matches the σ1 orientation (low to no plunge) determined by Kiratzi (2002), Bohnhoff et al. 

(2006), and Örgülü (2011). This orientation falls within the range for the orientation of 

maximum principal stress determined from both FEM models. To further analyze the focal 

mechanism data, we looked at each focal mechanism separately and compared it to the 

immediate FEM stress orientations from both models within a buffer of 10 km around the 

epicenter. While both models exhibited stress orientation values similar to the individual focal 

mechanisms they corresponded to, Model 1 orientations showed the greatest deviation from focal 

mechanism orientations of σ1, particularly along the Düzce-Karadere fault. Deviations from the 

focal mechanism data can be associated with the comparison of 3D focal mechanisms, with 2D 
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model results. In the latter, orientations are assumed to have no plunge, and this could 

subsequently increase the deviation of model stress orientations as compared to focal 

mechanisms, especially when focal mechanism P-axis attitudes exhibit a plunge greater than 30
o
. 

In addition, the majority of focal mechanisms are deeper than what the 2D model represents, 

which is the upper 0.5-1.0 kilometers of crust. The focal mechanisms of the earthquakes are as 

deep as 15 km, at which point the fault geometry could potentially vary. However, based on the 

smaller deviation exhibited, model 2 best represents the fault geometry within the region. 

2.6 CONCLUSION 

The methodology presented in this paper can be used to remotely identify approximate active 

fault geometries, which may not have well-developed surface expressions. Through an 

integrative approach of stress modeling with remote sensing techniques, the active fault 

geometry with the linking fault in model 2 best explains the primary stress orientations as 

observed from deformation patterns and earthquake focal mechanisms within the region of 

interest. The absence of a linking fault (model 1) led to multiple maximum stress orientations not 

evident in the inferred paleostress or earthquake focal mechanism data, and is attributed to 

clockwise rotation away from the Istanbul zone of the eastern Armutlu-Almaçik zone as its 

western portion pulled and distorted it. The presence of the linking fault in the model removes 

distortion, and allows for transfer of displacement, thus playing an important role in the 

development of the regional stress field. Although the valley in the southern portion of the 

Mudurnu region has previously been interpreted to host a fault with both extensional and strike-

slip kinematics based on both topographic and seismic data (Armijo et al., 1999; Șengör et al., 
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2005), we show that it continues northward and it is an important linking feature of the NAF 

system. As a linking structure, this fault must be a significant component in future models of the 

NAF system in this region. It is predicted to facilitate long-term slip transfer and future modeling 

will help determine if the linking structure impedes or facilitates  earthquake rupture 

propagation. 
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3.0  THE IMPORTANT ROLE OF COHESION IN GEOPHYSICAL MODELS 

THROUGH MODELING ESTIMATES OF STATIC FAULT PARAMETERS: A STUDY 

OF THE NORTH ANATOLIAN FAULT EAST OF THE MARMARA SEA 

Experimental and numerical methods determining the strength of faults explore the static 

coefficient of friction (μ) and cohesive strength (C) of interfaces comprised of various materials. 

While generally accepted that weak faults have low friction coefficients (μ≤0.25), there has been 

no consensus on the role of cohesion of fault gouge material on the strength of tectonic faults, 

and most studies simply neglect cohesive strength completely. We develop numerical models to 

evaluate estimates of static friction and cohesion along a portion of the NAF east of the Marmara 

Sea. Using a viscoelastic finite element analysis, we found that a minimum cohesion, in the 

range of 300 to 500 KPa, is needed to match both fault recurrence intervals, and magnitudes of 

slip on the NAF given a high variation of static friction coefficient between 0 and 1. Without 

cohesion, rupture times occur too quickly to match the geologic record for all values of static 

friction. Our study shows that cohesion, even of small magnitude, plays a significant role in the 

strength of a fault, especially when the coefficient of friction is low. We compare our results of 

cohesion and coefficient of friction, which best match the recurrence interval and total slip of 

faults, to numerical and laboratory experiments on the strength of faults and their gouge material. 

This leads us to suggest a static friction coefficient of μ≤0.2, and a cohesion of C=500 kPa for 

numerical modeling of the NAF. 
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3.1 INTRODUCTION 

Plate tectonic boundaries source the majority of earthquakes and deformation at the Earth's 

surface, so understanding the strength of faults and the processes that control earthquake rupture 

- particularly at plate boundaries - is crucial. The strength of a fault is best described by the 

parameters which define when it will fail. Fault failure depends on the static coefficient of 

friction (μ) and the cohesive strength (C). Assuming no cohesive strength - which further 

assumes a rough, clean discontinuity surface with rock-to-rock contact and no infilling (Wyllie, 

1999) - the ratio of shear stress to the normal stress required to initiate sliding on the fault plane 

is the static coefficient of friction. However, cohesion is developed on fault planes in many 

conditions, and even a small cohesion can have a significant effect on the strength of a fault 

(Wyllie, 1999). To determine the static coefficient of friction and cohesion of a fault, two 

approaches are typically used: rock friction experiments in a laboratory, and numerical modeling 

of the fault system.  

There has been no consensus on the role of cohesion of fault gouge material on the 

strength of tectonic faults. Rock friction experiments generally take samples from the fault zone 

and simulate stresses acting on the fault until it slides, thus determining the frictional resistance 

of the interface from the velocity of sliding. One of the most intensively studied plate boundary 

strike-slip faults is the ~1,300 km long dextral San Andreas Fault (SAF). In 2007, the San 

Andreas Fault Observatory at Depth (SAFOD) borehole intersected a creeping segment of the 

SAF, recovering samples of the fault zone from seismogenic depths (Carpenter et al., 2012). 

These samples have undergone a series of laboratory experiments to determine the fault 

parameters for the SAF. Carpenter et al. (2011) describe a friction of μ=0.21 with an assumed 0.0 

MPa cohesion. Further experimentation resulted in a range of μ=0.09 to μ=0.25 for the friction of 
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the fault zone material with the lowest values being closest to the fault plane (Carpenter et al., 

2012), again assuming no cohesion. Experimentation on fault zone rocks by Lockner et al. 

(2011) indicated a low friction of μ=0.15 from velocity-stepping sliding experiments, while also 

assuming the fault to be cohesionless. The weakness of the fault was attributed to presence of 

smectite within the fault gouge. Frictional sliding experiments on reconstituted gouge (lacking 

in-situ fabric) at room temperatures by Tembe et al. (2006) resulted in a range of friction of 

μ=0.4 to μ=0.55, but without any mention of cohesion. To describe the Coulomb stress change 

for the ~1200 km dextral North Anatolian Fault (NAF) in Turkey, Stein et al. (1997) assume an 

effective friction (μ') of 0.4 based on laboratory rock experiments by Byerlee (1978), with a 

moderate pore pressure, as a Skempton's coefficient of B=0.5 (Stein et al., 1997). Again, no 

mention is made regarding cohesion along the NAF interface (Stein et al., 1997). 

Coefficients of friction derived from numerical models, or utilized in them, vary greatly 

for the SAF. Using modeled versus pilot hole stress data, work by Chéry et al. (2004) showed 

that μ<0.1 applied to their model is required to match both the far field and the pilot hole stress 

data, assuming no cohesion. Chang et al. (2011) determine an average frictional estimate of 

μ=0.38 following the 2004 Mw 6.0 Parkfield, California earthquake, using a co-seismic slip 

model constrained from seismological and geodetic data to compute the co-seismic stress change 

on the SAF, and predict the time evolution of slip. One of the highest values of friction utilized 

to model the SAF is by Johnson et al. (2006), who assume a friction of μ=0.6, matching 

estimates derived from early laboratory work by Byerlee (1978). 

A 3D mechanical model of the NAF by Provost et al. (2003) determined a range of 

friction coefficients (μ=0.05 to μ=0.1) necessary to match the calculated velocity field to the 

GPS velocity field. Although Stein et al. (1997) assumed a friction of μ'=0.4 to determine the 
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Coulomb stress change, early two-dimensional, plane-stress, finite element modeling of the NAF 

by Kasapoglu and Toksöz (1983) resulted in the faults locking at μ=0.4 due to the developing 

stress field being unable to overcome the strength of the fault. Jiménez et al. (2006), through 

modeling of the NAF using a thin-shell finite element tectonic model of the Mediterranean, agree 

that the NAF locks at friction values above μ=0.4.  In addition, they predict that a very low 

friction of μ=0.05 is necessary to match the Anatolian block rotation seen by GPS measurements. 

Based on observations that large-offset plate boundary faults are weak, Hergert and Heidbach 

(2011) employ μ'=0.05 in their model of the NAF system in the Marmara sea. None of the 

numerical models that evaluated the NAF employ non-zero values for cohesion. Similarly, 

numerical models of other large strike-slip faults indicate a low static friction coefficient, and 

assume no cohesion (Jolivet et al., 2013), or do not mention cohesion (Ellis et al., 2006; 

Lachenbruch and Sass, 1980). 

From the numerical methods described above, the range of possible friction values for 

tectonic strike-slip faults is quite large. Furthermore, previous numerical and experimental work 

did not evaluate the impact of cohesion; however, cohesion is developed on fault planes in many 

conditions, and even a small cohesion could have a significant effect on the strength of a fault 

(Wyllie, 1999). By "tuning" friction estimates in their model and comparing modeled slip rates to 

geologically determined slip rates along the SAF, Chéry et al. (2001) determined that a value of 

friction less than <0.18, assuming a cohesion of 1 MPa, best matched geologic slip rates. This 

paper will follow a similar approach and evaluate which estimates of the static coefficient of 

friction and cohesion produce modeled rupture times and total slip that best match recurrence 

intervals - a proxy for the time it takes to build up stress from a relaxed state to fault rupture - 

and slip magnitudes along the NAF. We show that cohesion is a necessary value, which must be 
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included in geophysical models. While we only discuss tectonic strike-slip faults, the 

methodology and implications are applicable to other types of faults. 

3.2 GEOLOGIC BACKGROUND 

The NAF forms the most prominent part of a strike-slip dominated belt of deformation (shear 

zone) between the Eurasian and Anatolian plates (Șengör et al., 2005), paralleling the southern 

margin of the Black Sea. The dextral shear zone associated with the NAF system widens further 

west, and continues to broaden across the northern Aegean sea into Greece (the Grecian Shear 

Zone) (Șengör, 1979), and is postulated to link up with the Hellenic subduction zone (Dewey and 

Șengör, 1979; McKenzie and Jackson, 1983). The NAF system is mostly contained within late 

Paleozoic to early Tertiary Tethyan accretionary complexes (Șengör and Natal'in, 1996), which 

also widen from east to west (Șengör et al., 2005). Due to the broad nature of the shear zone west 

of the town of Bolu, the through-going NAF bifurcates into two main strands: a northern strand  

bordering the northern shores of the Marmara Sea, and a poorly-defined southern strand which 

trends towards the southern Marmara sea edge (Șengör et al., 2005) (Figure 3.1 A). The eastern 

through-going NAF structure initiated approximately 10-12 Ma ago, contemporaneously with the 

southern strand, while the northern strand formed at approximately 200 ka (Șengör et al., 2005). 

Decreases in fault displacement westward along the northern and southern strands of the NAF 

imply that total displacement in the west must be taken up by smaller faults within the greater 

NAF system that are not part of the through-going NAF (Hubert-Ferrari et al., 2002; Șengör and 

Canıtez, 1982; Șengör et al., 2005). 



 56 

 

Figure 3.1 Tectonic setting of the NAF and region east of the Marmara Sea. A) The NAF and its bifurcation 

into the northern and southern strands west of the town of Bolu, and B) fault names within the region of 

interest at the Mudurnu valley. The red box represents the modeled region of interest.  

 The complexity of fault fragmentation along the western NAF can be seen around the 

Mudurnu valley region, where the two strands almost converge. Our region of interest is an 85 

km wide by 111 km long region centered on the Mudurnu valley, containing the northern strand 

comprised of the Düzce and Karadere faults (simplified as the Düzce-Karadere fault) and the 

Izmit fault, while the southern strand is comprised of the Mudurnu and Iznik faults (Figure 3.1 

B). The strike-slip faults of the NAF within our study area are nearly vertical (Ben-Zion et al., 

2003). Recurrence intervals of Mw>6.0 earthquakes for the Mudurnu Valley and Düzce-Karadere 

and faults are 100-150 years (Palyvos et al., 2007) and 300 years, respectively. The Düzce-
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Karadere fault displayed an earthquake recurrence interval of 360-560 years pre ~1 ka while the 

three most recent earthquakes recurred at intervals of 140-250 years (Pantosti et al., 2008). We 

simplify the earthquake record by utilizing a median of 300 years for the this fault. The 

recurrence intervals are used as a proxy for the length of time required to build up stress to 

rupture the faults from a relaxed condition. We evaluate the range of viable values for static 

friction and cohesion by comparing the recurrence intervals for the Mudurnu and Düzce-

Karadere faults to the time it takes the modeled faults to rupture >1 m along at least 50% of their 

lengths. Additionally, we compare the modeled fault slip to the maximum fault slip (5 m) on the 

Izmit fault following the August, 1999 Izmit earthquake sequence, which was the largest 

sequence recorded by modern digital networks in the history of Turkish earthquakes (Özalaybey 

et al., 2002). The M 7.4 earthquake, which originated along the Izmit fault at the boundary of our 

region of interest, exhibited a maximum slip of 5 m (Barka, 1999). By comparing rupture times 

of the Mudurnu and Düzce-Karadere faults in our model to their recurrence intervals and the 

modeled slip on the Izmit fault to its documented slip magnitude, we evaluate the range of viable 

values for static friction and cohesion along the NAF. 

3.3 GEOPHYSICAL MODEL 

We employed a 2-dimensional simplified fault model, representing the upper kilometer of crust, 

with velocity boundary conditions describing the active NAF system near the Mudurnu valley. 

We simplified the geometry of the two distinct fault strands as boundaries which separate three 

distinct blocks/zones within the region of interest: the Istanbul zone above the northern strand 

which is part of the Eurasian tectonic plate, the Armutlu-Almaçik zone between the two strands 
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and the Sakarya zone below the southern strand (names adapted from Yılmaz et al. (1997)) 

(Figure 3.2). The Mudurnu portion of the southern strand and the Izmit fault are linked 

completely through the Mudurnu valley (Karimi et al., 2014) (Figure 3.2). We consider the 

linking feature to be a NW extension of the Mudurnu fault. In strike-slip systems, these short 

extensional faults linking echelon fault segments allow for long-term transfer of fault slip, thus 

affecting the stress field distribution, and may also act as kinetic barriers impeding or arresting 

rupture propagation (King, 1986; King and Nábëlek, 1985; Sibson, 1986). 

 

Figure 3.2 Simplified fault model. Location of the Izmit, Izmik, Düzce-Karadere, and Mudurnu faults along 

the northern and southern strands within the simplified fault model, as well as the velocity boundary 

conditions applied to the model. The Istanbul remains fixed while the two zones below are pushed and pulled 

westward at different rates.  

 

Each of the three zones has distinct rock types exposed at the surface. We simplified the 

geology at the surface to the three basic rock types: igneous, sedimentary and metamorphic. 
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Their average densities were used to calculated rock physics parameters for each zone. Each 

block's density was calculated by weighting the densities of the three rock types by their 

percentage of block area. The densities determined for each block were then used to extract 

compressional wave velocities (VP) from the Database of Global Rock Properties by Dalhousie 

University/Geological Survey of Canada High Pressure Laboratory (DU/GSC, 2001). We used 

the VP values for 10 MPa, as the 2-D model addresses the surface (the upper kilometer) geology. 

From these compressional velocities we evaluated the shear wave velocities (VS) using a VP/VS 

ratio of 1.7, which is the prescribed ratio for hard (zero-porosity) rocks (Barton, 2007). The 

resulting densities, VP and VS of each region were applied to their respective blocks in the finite 

element model. 

Velocity boundary conditions were determined from GPS campaigns conducted in 

Turkey. GPS measurements have been carried out at both campaign and permanent geodetic 

control points to monitor crustal movements since 1994 (Ozener et al., 2009). Additional GPS 

campaigns were performed by a collaborative project of Boğaziçi University (BU), 

Massachusetts Institute of Technology (MIT), Turkish Scientific and Technological Research 

Council (TUBITAK), General Command of Mapping (GCM), and Istanbul Technical University 

(ITU) (Ozener et al., 2009). Information about this collaboration and the network(s) they 

deployed can be found in Ergintav et al. (2002). We use the horizontal GPS velocities in a 

Eurasia-fixed reference frame of Ozener et al. (2009). In this reference frame, the Istanbul zone 

is on the fixed Eurasian plate (0.0 cm/yr), the Armutlu-Almaçik zone moves westward at 2.0 

cm/yr, and the Sakarya zone at 2.4 cm/yr west. These rates were assigned to the model blocks to 

push them at their eastern boundaries and pull them at their western boundaries (Figure 3.2). 
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3.4 METHODS 

We applied a triangular mesh over the region of interest with a grid spacing of 5 km along the 

outer boundaries and a finer grid of 2 km near the faults. The grid spacing is used as input to 

create a finer triangular mesh near the faults, which grades into a coarser mesh towards the outer 

boundaries. We use PyLith (Aagaard et al., 2012) to process the viscoelastic finite element 

model. The GPS-determined velocities were applied to their boundaries as quasi-static dirichlet 

boundary conditions on the east and west bounds of the blocks. The simplified fault geometry, 

block boundary velocities, and associated rock physics parameters remain unchanged, while the 

fault parameters - static friction coefficient and cohesion - are changed in every simulation. We 

tested friction values of μ=0.0 to μ=1.0 at an interval of 0.05 for cohesion values from C=0 kPa 

to C=700 kPa at an interval of 100 kPa. Each simulation was processed for 400 years at 5 year 

time step intervals. 

 The output of each simulation were analyzed to determine at what time step the Mudurnu 

and Düzce-Karadere faults experienced enough stress to cause a slip >1 m along 50% of the 

modeled fault lengths. The time steps were recorded and compared to the recurrence interval for 

each fault - used as a proxy of the time it takes for stress to build up from a relaxed state and 

rupture the fault. Rupture times considered "probable" for the Mudurnu fault ranged from 100-

150 years, and 275-325 years for the Düzce-Karadere fault. A 25 year additional buffer beyond 

the upper and lower limits were considered "potential." When constraints on the rupture time of 

the Mudurnu and Düzce-Karadere fault are met by the model results, the total slip along the 

Izmit fault for comparison to the maximum slip inferred from the geologic record is also 

recorded. Where maximum modeled slip is 5 m, we are able to constrain the results further. It is 

important to note that our model is of a long-term slip study, and does not including any sort of 
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healing; therefore, once rupture occurs on a fault, slip continues at a steady rate. Fault healing at 

the fault interface would require some sort of slip maximum, slip-rate, or time interval at which 

healing is applied. Since we compare model results to slip magnitude and rupture time, healing 

factors would be redundant as both an input and evaluation of the model. 

3.5 RESULTS 

The time steps at which the Düzce-Karadere and Mudurnu faults ruptured >1 m along 50% of 

their lengths for each of the various cohesion and static friction coefficient pairs are recorded in 

Table 3.1. By comparing the amount of time for rupture in the model to the documented 

earthquake recurrence intervals for the faults, we find that conditions are met when cohesive 

values are between C=300 kPa and C=700 kPa. At C=300 kPa, the conditions are met at higher 

static friction coefficient values, whereas with higher cohesive strengths, the range of possible 

static friction coefficient values decrease. Table 3.1 includes the results of the maximum slip 

experienced on the Izmit fault when both rupture time conditions had been met. The range of 

friction values decreases for each cohesion interval. 
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Table 3.1 Rupture time and slip of static fault condition simulations.Time (in years) of >1 m rupture along 

50% the Düzce-Karadere (D-K) and Mudurnu (MV) faults for each static friction coefficient and cohesion 

pair simulation. Green represents the probable results, while orange represents the potential results. 

Maximum slip on the Izmit fault is recorded for the probable and potential results. Bold borders highlight the 

additionally constrained ranges of maximum slip along the Izmit fault based on the 1999 Izmit earthquake. 
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3.6 DISCUSSION 

Assuming constant shear and normal stresses, the relationship between the static friction 

coefficient and cohesion is inverse; if we increase cohesion, the value for the static friction 

coefficient must decrease. This inverse relationship is seen in our results. As the cohesion 

increases the range of permissible values of static friction coefficient decreases. This indicates 

that our results are not due to random error because they match the prescribed Coulomb failure 

criterion along the faults. 

 

Figure 3.3 Progression of slip on modeled faults. Fault model depicting slip >1 m (red). (A) At early time steps 

the slip progresses eastward along the Izmit fault, at which point it will (B) continue along the Düzce-

Karadere fault, or (C) continue down to the southern strand along the Mudurnu fault, leaving the Düzce-

Karadere fault to independently rupture.  
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Our model assumes that the previous earthquakes on the Düzce-Karadere and Mudurnu 

faults occurred simultaneously at time zero. This coincidence is not always representative of the 

typical earthquake pattern in the region, as is seen by the last major rupture of the Düzce-

Karedere (Akyüz et al., 2002), and Mudurnu faults (Mw 7.1, 1967) (Palyvos et al., 2007). In our 

model, slip begins at the western end of the Izmit fault and progresses eastward until the junction 

of the Izmit, Düzce-Karadere, and linking faults (Figure 3.3 A). At this point two slip patterns 

emerge. In the first, the leading edge of slip progresses immediately from the Izmit to the Düzce-

Karadere fault and continues to propagate eastward, leaving the Mudurnu fault to rupture 

independently from the stresses acting on the leading edge of slip progression in the northern 

strand (Figure 3.3 B). This happens with low cohesion values (0-200 kPa). In the second, the 

leading edge of slip migrates southward along the Mudurnu fault, leaving the Düzce-Karadere 

segment to rupture independently (Figure 3.3 C). At higher cohesion values (>300 kPa), the 

junction facilitates fault slip from the Izmit fault to the Mudurnu fault (Figure 3.3 C), and at 

lower cohesions it impedes this pattern, instead favoring slip from the Izmit fault to the Düzce-

Karadere fault (Figure 3.3 B). It is expected that short extensional faults linking echelon fault 

segments allow for the long-term transfer of fault slip, and may also act as kinetic barriers 

impeding or arresting rupture propagation (King, 1986; King and Nábëlek, 1985; Sibson, 1986). 

 To match this observation, our simulations for the constrained static friction coefficient 

and cohesion should allow for the long-term transfer of slip along the linking portion of the 

Mudurnu fault, while impeding or arresting slip at its junction with the Düzce-Karadere fault 

portion of the northern strand. The slip pattern for the model simulations within the constrained 

ranges of static friction and cohesion for the NAF indicate that the junction of the northern strand 
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with the Mudurnu fault does arrest the progression of slip from the Izmit fault for several time 

steps before continuing down the Mudurnu fault. Thus it allows for long-term stress transfer 

from the Izmit fault portion of the northern strand to the southern strand. Additionally, within 

simulations of the constrained ranges of our fault strength parameters, this junction impedes fault 

slip propagation along the Düzce-Karadere fault portion of the northern strand (Figure 3.3 C). 

A very important implication of our constrained results is that cohesion is a necessary 

component in geophysical models of the NAF. Without cohesion, the Düzce-Karadere fault 

ruptures earlier than the Mudurnu fault (Table 3.1), suggesting its recurrence interval would be 

more frequent than that of the Mudurnu fault. This is in contrast to the EQ recurrence interval of 

300 yrs on the Düzce-Karadere and 100-150 yrs on the Mudurnu fault. The cohesion necessary 

to predict fault rupture times consistent with earthquake recurrence intervals suggests that even 

with small cohesions, up to C=200 kPa, the modeled Düzce-Karadere fault still ruptures first. A 

lack of cohesion force suggests a fully ruptured fault with no healing along the fault plane, and 

no infilling. The cohesion necessary to constrain ranges of modeled static friction that match the 

geologic constraints suggest that discontinuities between the fault blocks are filled with some 

sort of cohesive material. According to Wyllie (1999), the material formed in fault and shear 

zones in rocks can contain clays as well as granular fragments. These materials will still exhibit a 

low cohesion (up to C=380 kPa) (Wyllie, 1999). However, calculations based on rock 

experiments by Muhuri et al. (2003) indicated a strengthening of the cohesion up to 8 MPa along 

a fault during hold times between simulated fault ruptures. Additionally, experimental work by 

Tenthorey and Cox (2006) on samples over a range of temperatures and pore fluid pressures 

tested, indicated that their experimental fault zones exhibited an increase of cohesion to 5-30 

MPa due to the presence of clay-infilling developing in the fault gouge. Our results are at least 
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one order of magnitude less than those suggested by Muhuri et al. (2003) and Tenthorey and Cox 

(2006), but slightly higher than averages suggested by Wyllie (1999). Barton's (1974) 

comprehensive review of experimentally derived shear strengths of filled discontinuities 

indicates that our results most resemble the cohesions (C≈400kPa) of clay infilling associated 

with schists, quartzites, and siliceous schists with higher friction values (μ≈0.6), and with 

montmorillonite (smectite group) clay infillings with lower friction values (μ≈0.25). Low fault 

friction values (μ=0.15) are attributed to the presence of smectite clays within the fault gouge 

along the SAF (Lockner et al., 2011), which should have a cohesive strength of ~400 kPa 

(Barton, 1974). Along a similar tectonic strike-slip system such as the NAF, the same factors 

might be contributing to a lower static friction coefficient.  

 The most agreed upon static friction coefficients for the extensively studied SAF based 

on experimental results is μ≤0.2. Our model results, constrained by recurrence intervals and slip 

magnitude, indicate that values for static friction that are compatible with measured values of 

μ≤0.2 require a cohesion of C=500 kPa (Table 3.1). For this cohesion, the static friction 

coefficients of μ=0.1 to μ=0.2 are considered probable while values μ<0.1 are considered 

potential. Carpenter et al. (2012) indicated a lower-end friction of μ=0.09 for the SAF at the fault 

plane. This value falls in the potential range for our results, but near the cusp between potential 

and probable results (Table 3.1). Numerical modeling results of fault friction for tectonic strike-

slip faults extend as low as μ<0.1 (He and Chéry, 2008; Hergert and Heidbach, 2011; Provost et 

al., 2003) to μ<0.7 (Jolivet et al., 2013). Based on the evidence of the extensive rock experiments 

done to constrain fault strength parameters along the SAF, and the majority of friction values 

from numerical models on tectonic strike-slip faults, we suggest that the NAF has a static friction 

coefficient μ≤0.2. However, our results indicate that the NAF also requires a cohesion of C=500 
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kPA for this range of static friction coefficients. This combination of friction and cohesion are 

likely attributed to clay infilling as they best replicate the shear strengths determined through the 

numerical modeling techniques of this research. 

3.7 CONCLUSION 

Using a geophysical finite element model of active fault geometry along a portion of the NAF 

system, we were able to constrain the permissible fault strength parameters (cohesion and static 

friction coefficient) that matched the measured recurrence interval and slip magnitude. Matching 

the data required fault cohesion values of 300-500 kPa, suggesting the necessity of cohesion in 

geophysical models. The predicted fault strength parameters compared to experimental results 

indicate potential infilling materials that may be controlling the fault strength. For our study on a 

portion of the northern and southern strand system of the NAF around the Mudurnu valley, we 

were able to constrain the required cohesion to a range of C=300-700 kPa. This is that cohesion 

is necessary in the model to rupture the Düzce-Karadere and Mudurnu faults over documented 

recurrence intervals. The modeling also constrained a range of static friction coefficient for each 

cohesion interval, with static friction decreasing with increased cohesion. To have the maximum 

slip on the Izmit fault match the recorded 5 m displacement from the 1999 Izmit earthquake, 

permissible cohesion values were constrained to a narrower range of C=300-500 kPa. By 

comparing both static friction coefficient and cohesion to published estimates of cohesion from 

shear strength experiments (Barton, 1974) and from the most frequently documented values of 

static friction in literature on rock or numerical experiments on tectonic strike-slip faults, we 
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recommend a static friction of μ≤0.2 with a cohesion of C=500 kPa for geophysical models of 

the NAF. 
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4.0  STRESS MODELING TO CONSTRAIN THE KINETIC FRICTION AND FAULT 

WEAKENING PARAMETER: AN EXAMPLE FROM THE NORTH ANATOLIAN 

FAULT EAST OF THE MARMARA SEA 

Fault weakness can be attributed to (1) the presence of weak materials at the fault interface, or 

(2) dynamic fault weakening. Weak minerals would contribute to a statically weak fault, whereas 

dynamic fault weakening could weaken a fault that is initially statically strong. We explore 

dynamic fault parameters - kinetic friction coefficient (μk) and a slip-weakening distance (Dc) - 

through the use of fault stress models on a portion of the North Anatolian Fault (NAF) east of the 

Marmara Sea. We constrain ranges of permissible dynamic fault parameters by comparing the 

rupture time of faults to a record of recurrence intervals for the Düzce-Karadere (300 years) and 

Mudurnu (100-150 years) faults, and the total modeled slip on the Izmit fault to that following 

the August 1999 Izmit earthquake sequence (5 m). With initial static fault conditions (static 

friction coefficient (μs) and cohesion (C) of 0.5-0.8 and 400 - 300 kPa respectively), dynamic 

fault parameters of μs-μk≥0.2 and Dc of 0 and 1 m cause the faults weaken too quickly to satisfy 

geologic constraints. Above cohesions of 500 kPa, weakening occurs too slowly to match 

geologic constraints, regardless of dynamic fault parameters. At cohesions of 400-500 kPa, with 

kinetic friction between 0.6 and 0.8, the faults still weaken too slowly. However, at kinetic 

frictions below this range, the faults weaken enough to satisfy the fault constraints. For static 

frictions (μs) of 0.6-0.8, which match laboratory experiments on the strength of rocks, a cohesion 
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of 300-400 kPa is required. With a 300 kPa cohesion, the value for kinetic friction should satisfy 

μs-μk≤0.2 for Dc≤1 m, but the range of acceptable values grows when we consider Dc between 1 

and 5 m. Based on our results, we infer that at 400 kPa kinetic friction coefficients of ≤0.4 with 

Dc between 1 and 5 m would satisfy the geologic constraints. However, given the 

computationally expensive processing of dynamic fault weakening models, we recommend using 

μs≤0.2 and C=500 kPa for long-term stress models of the NAF, as these weaker static fault 

conditions also satisfy the geologic constraints. 

4.1 INTRODUCTION 

Data on fault surface heat flow (heat due to friction) and stress orientations around crustal-scale 

fault zones such as the San Andreas fault (SAF) in California (Lachenbruch and Sass, 1980; 

Zoback et al., 1987), and slip on low-angle normal faults (Collettini and Sibson, 2001; Sibson, 

1994) indicate that they are much weaker than expected from laboratory models of friction 

(Holdsworth, 2004). This weakness could be separated into two classes: (1) the fault is weak all 

of the time due to the presence of weak minerals (Lachenbruch and Sass, 1980; Lockner et al., 

2011; Moore and Rymer, 2007) or (2) it is weak only during large earthquakes due to fault 

weakening at high slip velocity (Boutareaud et al., 2008; Di Toro et al., 2006; Lachenbruch and 

Sass, 1980). The SAF is thought to be an example of such a weak fault, as it does not exhibit a 

frictional heat flow anomaly, and the direction of maximum principal stress (σ1) is near-

perpendicular to the fault trace (Faulkner et al., 2006; Holdsworth, 2004). The North Anatolian 

fault (NAF) shares many similarities with the SAF; length, age, slip rates, and geometry (Allen, 

1982). However, the NAF does not exhibit near-perpendicular angles between its fault trace and 
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the direction of σ1, and there are no data regarding the stress magnitude or heat flow of the NAF, 

particularly west of the town of Bolu in the Marmara region (Dresen et al., 2007). This raises a 

question regarding the strength of the NAF, and what conditions best replicate the geologic 

record in stress models of the NAF. 

 The stress magnitude required to set a fault at rest into motion is often greater than the 

stress required to maintain motion (Rabinowicz, 1951). In the stick-slip friction model, slip 

begins when the static friction (μs) of the fault interface is overcome (Andrews, 1976). Once slip 

motion commences, a fault loses strength, and this reduction of strength from static to a reduced 

kinetic (dynamic; μk) friction is the most simple constitutive relation used to describe a frictional 

interface in the classical "static-kinetic" friction law (Rabinowicz, 1951; Rice and Tse, 1986). 

The values of static and kinetic friction coefficients for fault interfaces is highly dependent on 

both the fault bounding materials, and the fault gouge material, which may act as a lubricant to 

decrease the frictional coefficients (Barton, 1974; Wyllie, 1999). Furthermore, the fault strength 

transition from static to kinetic values does not occur instantaneously, but rather tends to occur 

over a window of time (Figure 4.1) (Rabinowicz, 1951). This rate of strength reduction can be 

characterized by a slip-weakening distance (Dc) (Hirose and Shimamoto, 2005). To determine 

the slip-weakening distance, two approaches are typically used: friction experiments and 

seismological (numerical) studies. 
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Figure 4.1 Simplified representation of the variation of coefficient of friction with distance.On the plot of 

friction coefficient (μ) to displacement (D), μs is the static friction, μk the kinetic friction, and Dc the slip-

weakening distance.  

 

Laboratory measured slip-weakening distances from rotary shear experiments in a high 

pressure apparatus have yielded Dc in the range of 10
-5

-10
-3

 m (Dieterich, 1978; Dieterich, 1979, 

1981; Hirose and Shimamoto, 2005; Marone and Kilgore, 1993; Ohnaka, 1992; Tullis and 

Weeks, 1986). These type of experiments measure the shear (τ) and normal stress (σn), whose 

ratio (τ/σn) yields friction, and compare it to the displacement along the simulated fault interface 

to determine Dc (Figure 4.2) (Hirose and Shimamoto, 2005). The peak friction is static friction 

(μs), and the displacement occurring until the friction settles to a lower limit (μk) is Dc. 
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Figure 4.2 Simplified representation of a friction (μ) vs. displacement (D) curve from laboratory experiments.  

 

Seismological, or numerical, studies determine the spatiotemporal distribution of slip on 

a fault plane by the inversion of data from near-field strong-motion seismograms, and determine 

the stress field associated with slip at various times (Fukuyama et al., 2003; Ide and Takeo, 1997; 

Mikumo et al., 2003). Dc is determined from the slip magnitude, slip rate, and shear stress using 

a constitutive slip-weakening law, and has typical values in the range of 10
-1

-10
0
 m (Fukuyama 

et al., 2003; Hirose and Shimamoto, 2005; Ide and Takeo, 1997; Mikumo et al., 2003). The 

discrepancy between laboratory experiments and seismological studies is often attributed to the 

fact that rupture on natural faults is not limited to a specific contact area that exists in laboratory 

specimens (Scholz, 1988). In addition, continued co-seismic slip on natural faults at high 

velocities yields much larger values of Dc than friction experiments as a result of frictional melt 

lubricating the fault surface (Tsutsumi and Shimamoto, 1997). 

 The decrease from μs to μk over Dc can be described mathematically as in Equation 4.1: 
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Equation 4.1 Mathematical representation of the "static-kinetic" friction model.  

 

where Ts is the shear traction, Tn is the normal traction, C is the cohesion on the fault 

interface, and D is the fault slip at any given time following the initiation of fault rupture. At a 

specific point on the fault surface immediately following the initiation of fault rupture at that 

location, the fault weakens gradationally from μs to μk as slip occurs (Figure 4.2). When enough 

slip has occurred so that the frictional force acting on the point is that of μk, the value of total slip 

is known as the slip-weakening distance. Once the total slip exceeds the slip-weakening distance, 

the only resisting force acting on the fault interface at that point is kinetic friction. At some 

critical slip-weakening distance the effect of μk over the entire fault interface will be negligible, 

because the fault weakens too slowly.   

Using stress models, this paper will evaluate which estimates of dynamic fault parameters 

produce modeled rupture times and total slip that best match recurrence intervals - a proxy for 

the time it takes to build up stress from a relaxed state to fault rupture - and slip magnitudes 

along the NAF east of the Marmara Sea. We evaluate dynamic fault parameters for a range of 

static fault conditions that produce modeled rupture times and slip which match available data 

for the NAF (Karimi et al., in revision), as well as static fault conditions that are too strong to 

match fault rupture times and slip. Our goal is to explore the potential strength of the NAF, 

evaluate the permissible range of static fault conditions that will facilitate slip when aided by 

fault weakening parameters, and determine the importance of using kinetic friction and slip-

weakening distance parameters on future long-term stress models of the NAF system. 

𝑇𝑠 = 𝐶 −  𝜇𝑠 −  𝜇𝑠 − 𝜇𝑘 
𝐷

𝐷𝑐
 𝑇𝑛  
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4.2 GEOLOGIC BACKGROUND 

The NAF is a 1200 km fault contained within a dextral shear zone (NAF system) that parallels 

the southern shore of the Black sea (Șengör, 1979; Șengör et al., 2005). This fault system is 

contained within a westward-widening late Paleozoic to early Tertiary Tethyan accretionary 

complex trapped between the Eurasian and Anatolian plates (Șengör, 1979; Șengör and Natal'in, 

1996; Șengör et al., 2005). The relative weakness of the accretionary complex to the stronger 

Eurasian and Anatolian plates facilitates the decoupling of the two plates along the NAF system. 

The dextral shear zone continues to broaden across the northern Aegean sea into the southern 

and central mainland parts of Greece (the Grecian Shear Zone) (Șengör, 1979; Șengör and 

Natal'in, 1996), terminating at the Hellenic subduction zone (Dewey and Șengör, 1979; 

McKenzie and Jackson, 1983). Due to the broad nature of the shear zone west of the town of 

Bolu, the through-going NAF bifurcates into two main strands: a northern strand bordering the 

northern shores of the Marmara Sea, and a poorly-defined southern strand which trends towards 

the southern Marmara sea edge. (Șengör et al., 2005) (Figure 4.3 A). The eastern portion of the 

NAF initiated approximately 10-12 Ma, contemporaneously with the southern strand, while the 

northern strand formed in the Pleistocene (Șengör et al., 2005). Westward decreasing fault 

displacements along both the northern and southern strands of the NAF imply that total 

displacement in the west must be taken up by smaller faults within the greater NAF system that 

are not part of the through-going NAF (Hubert-Ferrari et al., 2002; Șengör and Canıtez, 1982; 

Șengör et al., 2005).  

 Our study area is an 85 km wide by 111 km long region centered on the Mudurnu Valley, 

where complexity of fault fragmentation along the western NAF can be seen as two strands of 

the NAF almost converge, and then diverge (Figure 4.3 A). Within this area, the northern strand 
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is comprised of the Düzce and Karadere faults (simplified as the Düzce-Karadere fault) and the 

Izmit fault, while the southern strand is comprised of the Mudurnu and Iznik faults (Figure 4.3 

B). The strike-slip faults of the NAF within our study area are nearly vertical (Ben-Zion et al., 

2003). Recurrence intervals of Mw>6.0 earthquakes for the Mudurnu fault are 100-150 years 

(Palyvos et al., 2007). The Düzce-Karadere fault displayed an earthquake recurrence interval of 

360-560 years pre ~1 ka while the three most recent earthquakes recurred at intervals of 140-250 

years (Pantosti et al., 2008). We simplify the earthquake record by utilizing a median of 300 

years for this fault. The recurrence intervals are used as a proxy for the length of time required to 

build up the stress necessary to rupture the faults from a relaxed condition. We evaluate the 

range of viable values for kinetic friction and length of a slip-weakening distance along the NAF 

by comparing the recurrence intervals for the Mudurnu and Düzce-Karadere faults to the time it 

takes the modeled faults to rupture >1 m along at least 50% of their lengths (Karimi et al., in 

revision). In addition to recurrence interval and rupture time, we also compare maximum fault 

slip along the Izmit fault, which exhibited a maximum slip of 5 m following the Izmit earthquake 

sequence of August, 1999 (Barka, 1999). The Mw 7.4 earthquake, originating the sequence, 

occurred along the Izmit fault at the western boundary of our study area (Barka, 1999). 
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Figure 4.3 Tectonic setting of the NAF and eastern Marmara region. A) The NAF and its bifurcation into the 

northern and southern strands west of the town of Bolu, and B) fault names within the region of interest at 

the Mudurnu valley. The white box represents the modeled region of interest.  

4.3 GEOPHYSICAL MODEL 

We employed a 2-dimensional simplified fault model with velocity boundary conditions 

describing the active NAF system near the Mudurnu valley. We simplified the geometry of the 

northern and southern strands as boundaries which separate three distinct blocks/zones within the 

region of interest: the Istanbul zone north of the northern strand and part of the Eurasian tectonic 
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plate, the Armutlu-Almaçik zone between the two strands, and the Sakarya zone south of the 

southern strand (names adapted from Yılmaz et al. (1997)) (Figure 4.4). The Mudurnu portion of 

the southern strand and the Izmit fault are linked completely through the Mudurnu valley 

(Karimi et al., 2014) (Figure 4.3 B). We consider the linking feature to be a NW extension of the 

Mudurnu fault. In strike-slip systems, short extensional faults linking echelon fault segments 

allow for long-term transfer of fault slip, thus affecting the stress field distribution, and may also 

act as kinetic barriers impeding or arresting rupture propagation (King, 1986; King and Nábëlek, 

1985; Sibson, 1986). Geophysical modeling of the linked northern and southern strands 

highlights both of these features (Karimi et al., in revision). The linking of the Mudurnu fault 

with the Izmit fault allowed for long-term transfer of fault slip, thus influencing the overall stress 

field orientation. In addition, the junction of the two faults momentarily arrested the progression 

of modeled slip from the Izmit fault before continuing down the Mudurnu Fault and completely 

impeded fault slip propagation to the Düzce-Karadere fault (Karimi et al., in revision). 
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Figure 4.4 Simplified fault model. Location of the Izmit, Izmik, Düzce-Karadere, and Mudurnu faults along 

the northern and southern strands within the simplified fault model, as well as the velocity boundary 

conditions applied to the model. The Istanbul remains fixed while the two zones below are pushed and pulled 

westward at different rates.  

 

Each of the three zones has distinct rock types exposed at the surface. We simplified the 

geology at the surface to the three basic rock types (igneous, sedimentary, and metamorphic). 

Average densities of the three rock types were utilized to empirically calculate rock physics 

parameters for each zone - specifically compressional wave velocities (VP) and shear wave 

velocities (VS). The density of each block was calculated by weighting the densities of the three 

rock types by their percentage of block area. The densities determined for each block were then 

used to extract compressional wave velocities (VP) from the Database of Global Rock Properties 

by Dalhousie University/Geological Survey of Canada High Pressure Laboratory (DU/GSC, 
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2001). We used the VP values for 10 MPa, as the 2-D model addresses the surface (upper 1 

kilometer) geology. From these compressional velocities we evaluated the shear wave velocities 

(VS) using a VP/VS ratio of 1.7, which is the prescribed ratio for hard (zero-porosity) rocks 

(Barton, 2007). The resulting densities, VP and VS of each region were applied to their respective 

blocks in the finite element model (Karimi et al., in revision; Karimi et al., 2014). 

Velocity boundary conditions were determined from GPS campaigns and permanent 

geodetic control points to measure/monitor crustal movements in Turkey (Ozener et al., 2009). In 

addition, additional GPS campaigns were performed by a collaborative project of Boğaziçi 

University (BU), Massachusetts Institute of Technology (MIT), Turkish Scientific and 

Technological Research Council (TUBITAK), General Command of Mapping (GCM), and 

Istanbul Technical University (ITU) (Ozener et al., 2009). Information about this collaboration 

and the network(s) they deployed can be found in Ergintav et al. (2002). We use the horizontal 

GPS velocities in a Eurasia-fixed reference frame of Ozener et al. (2009). In this reference frame, 

the Istanbul zone is on the fixed Eurasian plate (0.0 cm/yr), the Armutlu-Almaçik zone moves 

westward at 2.0 cm/yr, and the Sakarya zone moves westward at 2.4 cm/yr. These rates were 

assigned to the model blocks to push them at their eastern boundaries and pull them at their 

western boundaries (Figure 4.3) (Karimi et al., in revision; Karimi et al., 2014). 

4.4 METHODS 

We applied a triangular mesh over the region of interest with a grid spacing of 5 km along the 

outer boundaries and a finer grid of 2 km near the faults. The grid spacing is used as input to 

create a finer triangular mesh near the faults, which grades into a coarser mesh towards the outer 
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boundaries. We use PyLith (Aagaard et al., 2012), to process the finite element model, using 

Coulomb failure criterion along the faults. The GPS determined velocities were applied to their 

boundaries as quasi-static dirichlet boundary conditions on the east and west bounds of the 

blocks. The simplified fault geometry, block boundary velocities, and associated rock physics 

parameters remain unchanged, while fault parameters are changed between each simulation. We 

explore the effects of various dynamic fault properties at three previously constrained estimates 

of μs and C:  μs of 0.8, 0.5, and 0.2 with cohesion values of 300, 400, and 500 kPa, respectively 

(Karimi et al., in revision). For each static fault strength we decrease μk at 0.1 increments from 

an initial value equal to μs to 0.0 and test values of Dc at 0, 1, 5, 10, 20, 30, and 40 m. 

Additionally, we explore the effects of various dynamic fault properties for initial static 

conditions that ruptured too slowly to match earthquake recurrence intervals for the region 

(Karimi et al., in revision): μs of 0.8 and 0.6 at cohesions of both 500 and 700 kPa. For μs of 0.8, 

we test μk values of 0.8, 0.7, 0.4, and 0.0 with Dc values of 0, 1, and 5 m, and for μs of 0.6, we 

test μk values of 0.6, 0.5, 0.4, and 0.0, again with Dc values of 0, 1, and 5 m. Each simulation 

was processed for 400 years at 5 year time step intervals. 

 The output of each simulation were analyzed to determine at what times step the 

Mudurnu and Düzce-Karadere faults experienced enough stress to cause a slip >1 m along at 

least 50% of the modeled fault lengths. The minimum slip of 1 m is chosen to diminish the error 

associated with smaller values in such a large scale model. The recorded time step is assumed to 

be equivalent to the length of time that it would take to build up stress to rupture the fault. We 

further make an assumption in our model that both faults begin building up stress from a relaxed 

state simultaneously. The time steps were then recorded and compared to the recurrence interval 

for each fault, which are used as a proxy for the time between stress accumulation from a relaxed 
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state to rupture. Values considered "probable" for the Mudurnu fault ranged from 100-150 years, 

and 275-325 years for the Düzce-Karadere fault. A 25 year additional buffer beyond the upper 

and lower limits was considered "potential." The total slip on the Izmit fault is recorded at the 

timestep associated with the final rupture of either the Mudurnu, or Düzce-Karadere faults to 

further constrain the results by comparing them to the known maximum slip of the Izmit fault 

following the August 1999 Izmit earthquake sequence. 

4.5 RESULTS 

Karimi et al. (in revision) find that cohesion is necessary in geophysical models of the NAF, and 

their results matched the expected inverse trend between static friction and cohesion. 

Additionally, slip begins at the western end of the Izmit fault and progresses eastward until the 

junction of the Izmit, Düzce-Karadere, and Mudurnu faults (Karimi et al., in revision). In all 

simulations with cohesion >200 kPa, the leading edge of slip migrates down along the Mudurnu 

fault, leaving the Düzce-Karadere segment to rupture independently (Karimi et al., in revision). 

This is identical to the slip pattern seen in our simulations.  

 Results of changing dynamic parameters for initial static fault conditions, which best 

replicated fault rupture times and total slip - μs of 0.2, 0.5, and 0.8 for cohesions of 500, 400 and 

300 kPa, respectively (Karimi et al., in revision), are presented in Table 4.1. Where fault rupture 

times agreed with the time constraints based on recurrence intervals, the total slip on the Izmit 

fault matched that of the geologic record. When rupture times were not met, the total slip was 

less than the 5 m. With μs=0.2 and C=500 kPa, all simulations satisfy the constraints of fault 

rupture time for the Mudurnu and Düzce-Karadere faults, and maximum total slip on the Izmit 
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fault. With μs=0.5 and C=400 kPa, and with μs=0.8 and C=300 kPa, the faults weaken quickly 

until a critical slip-weakening distance around 5 m is reached. This weakening leads to 

simulations falling outside of the rupture time constraints within 0.2 of the initial static friction 

for slip-weakening distances from 0 to 1 m. At Dc≥5 m all simulations satisfy the fault rupture 

time and slip constraints. Furthermore, above this critical slip-weakening distance, the amount of 

fault weakening (identified as kinetic friction) decreases as the slip-weakening distance 

increases, which can be seen as more simulations become "probable" (green) rather than 

"potential" (orange) in Table 4.1. 
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Table 4.1 Dynamic results for constrained static fault conditions. Timestamps (in years) of >1 m rupture 

along 50% the Düzce-Karadere (D-K) and Mudurnu (MV) faults for each μk and Dc for μs of 0.2, 0.5, and 0.8 

for cohesions of 500, 400 and 300 kPa, respectively (Karimi et al., in revision). Green represents the probable 

results, while orange represents the potential results. Maximum slip on the Izmit fault is at the time the final 

fault ruptured. 

 

 

The results of increased initial static conditions to where rupture times exceeded the fault 

earthquake recurrence interval (μs of 0.8 and 0.6 with cohesions of 500 and 700 kPa) (Karimi et 

al., in revision), are shown in Tables 4.2 and 4.3. For initial static conditions where μs=0.8 and 

C=500 kPa, fault rupture times are met as either "probable" (green), or "potential" (orange) for 
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lower values of kinetic friction (0 and 0.4) and for Dc values of 0 or 1 m. As the slip-weakening 

parameter increases, the range of permissible values for kinetic friction decreases, matching the 

expected trend from Equation 4.1. This same trend is seen when μs=0.6 and C=500 kPa, where 

more simulations match the rupture time constraints at higher values of μk (up to 0.5). The 

critical slip-weakening distance identified for both sets of initial static fault conditions is less 

than or equal to 5 m when static friction is 0.8, and may be greater than 5 m when the static 

friction is 0.6 (Table 4.2). In the results of both static friction values, the total slip on the Izmit 

fault exceeds the 5 m maximum measured for the August 1999 Izmit earthquake sequence. At 

very low kinetic frictions coefficients, the minimum total slip recorded for the Izmit fault is 6 m 

at slip-weakening distances of 0 and 1 m. 
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Table 4.2 Dynamic results at cohesions of 500 kPa. Timestamps (in years) of >1 m rupture along 50% the 

Düzce-Karadere (D-K) and Mudurnu (MV) faults for each μk and Dc for μs of 0.8 and 0.6 with a cohesion of 

500 kPa. Green represents the probable results, while orange represents the potential results. Maximum slip 

on the Izmit fault is at the time the final fault ruptured. 

 

 

Table 4.3 depicts the results of changing dynamic fault conditions for the strongest 

modeled static fault conditions, μs of 0.8 and 0.6, both with a cohesion of 700 kPa (Karimi et al., 

in revision). When initial static conditions of μs=0.8 and C=700 kPa are applied to the 

simulations, rupture times never satisfy the fault constraints; however, some weakening does 

occur at very low kinetic friction coefficients associated with Dc of 0 and 1 m. At a Dc of 5 m for 

both static fault conditions, the fault does not weaken at all; thus the critical slip-weakening 

distance is less than or equal to 1 m. With initial static conditions of μs=0.6 and C=700 kPa, only 

the simulation with kinetic friction and slip-weakening distance of zero weakens enough to be 



 87 

evaluated as "potential." In the results of both static frictions, the total slip on the Izmit fault 

exceeds and never nears the 5 m maximum measured for the August 1999 Izmit earthquake 

sequence. 

 

Table 4.3 Dynamic results at cohesions of 700 kPa. Timestamps (in years) of >1 m rupture along 50% the 

Düzce-Karadere (D-K) and Mudurnu (MV) faults for each μk and Dc for μs of 0.8 and 0.6 with a cohesion of 

700 kPa. Green represents the probable results, while orange represents the potential results. Maximum slip 

on the Izmit fault is at the time the final fault ruptured. 

 

4.6 DISCUSSION 

Based on Equation 4.1, at a given static friction, cohesion, shear stress and normal stress, the 

relationship between μk and Dc should be inverse. When μk=μs, there should be no variation in the 
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simulation results regardless of the Dc value. Because this expected trend between μk and Dc is 

seen in our results, as is the constancy of results when μk=μs, the trends in our results are not due 

to random error, but rather are the expected product of the assigned Coloumb failure criterion. 

The fact that the NAF does not exhibit the high angle of maximum principal stress to the 

fault trace like the SAF (Faulkner et al., 2006; Holdsworth, 2004) does not preclude it from 

being a weak fault, as there are no data regarding the stress magnitude or heat flow along the 

NAF in the Marmara region. Should the NAF be weak, the mechanism behind it could be due to 

(1) the presence of weak minerals contributing to a statically weak fault (Lachenbruch and Sass, 

1980; Lockner et al., 2011; Tembe et al., 2006), or (2) weakening during large earthquakes due 

to high-slip velocity (Boutareaud et al., 2008; Di Toro et al., 2006; Lachenbruch and Sass, 1980). 

4.6.1 Statically weak NAF 

Karimi et al. (in revision) constrain ranges of static friction and cohesion by comparing model 

rupture times to fault recurrence intervals for the Mudurnu and Düzce-Karadere faults, and 

maximum slip on the Izmit fault to the known slip resulting from the 1999 Izmit earthquake 

sequence. They find that static friction coefficients ≤0.85 can be used to satisfy the fault 

constraints if paired with the appropriate cohesion (Karimi et al., in revision): high static friction 

of 0.65-0.85 requires a cohesion of 300 kPa, static friction from 0.25-0.55 requires a cohesion of 

400 kPa, and weak static friction of 0.0-0.2 requires a cohesion of 500 kPa (Karimi et al., in 

revision). Barton's (1974) comprehensive review of experimentally derived shear strengths of 

filled discontinuities found clay infilling to have a cohesion C≈400kPa. This clay infilling is 

associated with schists, quartzites, and siliceous schists with higher friction values (μ≈0.6), and 

with montmorillonite (smectite group) clay infillings with lower friction values (μ≈0.25) (Barton, 
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1974). It is believed that this clay infilling - weaker than the fault blocks - helps explain tectonic 

faults as "weak" (Moore and Rymer, 2007). For the SAF, which shares many similarities with 

the NAF (Allen, 1982), low fault friction values (μ=0.15) are attributed to the presence of 

smectite clays within the fault gouge (Lockner et al., 2011). By comparing their ranges of static 

friction and cohesion to the strength of weak fault gouge material for other faults, Karimi et al. 

(in revision) suggest that if the NAF is weak, the static fault conditions for the NAF could be 

μs=0.2 and C=500 kPa. 

4.6.2 Dynamic fault weakening 

With a constant cohesion (Tables 4.2 and 4.3), we can evaluate the impact of increasing static 

friction on the slip-weakening distance. In both Tables 4.2 and 4.3, which evaluate simulations 

with initial static frictions of 0.6 and 0.8, the range of slip-weakening distances that satisfy the 

geologic constraints decrease with increasing static friction. By comparing the results of 

simulations at an initial static friction of 0.8 in Tables 4.1, 4.2, and 4.3, we can evaluate the 

impact of cohesion on the range of permissible slip-weakening distances, which decreases as 

cohesion increases. 

Fault weakening occurs as μs evolves to μk over the range of slip defined by Dc. The 

critical slip-weakening distance is a value of Dc, above which, μk for the entire fault interface is 

negligible because the fault weakens too slowly. The results of the dynamic fault simulations, 

with estimates of initial static conditions constrained by Karimi et al. (in revision), indicate 

critical slip weakening distances of greater than or equal to 5 m (Table 4.1) are necessary to 

satisfy the geologic constraints. Slip weakening distances that are less than 5 m allow the fault to 

weaken too quickly to satisfy earthquake recurrence intervals. With initial static conditions of 
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μs=0.8 and C=500 kPa (Table 4.2) and μs=0.8 and C=700 kPa (Table 4.3), the critical slip-

weakening distance must be less than or equal to 5 m for the faults to weaken fast enough to 

satisfy the geologic constraints. With the initial static conditions of μs=0.6 and C=500 kPa (Table 

4.2), the critical slip-weakening distance can be greater than 5 m, as is seen by the range of 

permissible results at low kinetic friction values. When cohesion is 700 kPa (Table 4.3), the 

critical slip-weakening distance may only be less than 1 m.  

 For estimates of initial static fault conditions constrained by Karimi et al. (in revision), 

increasing values of μk allow for modeled fault rupture time and slip constraints to match 

geologic constraints at low slip-weakening distances (≤5m) by allowing fault weakening to occur 

more slowly (Table 4.1). Above this critical slip-weakening distance, all kinetic friction value 

simulations satisfy the geologic constraints, because fault weakening occurs much more slowly 

(Table 4.1). While all simulations satisfy the geologic constraints, as Dc increases, the range of 

"probable" (green) values increases to encompass a greater range of μk (Table 4.1). Above the 

critical slip-weakening distance, the effects of varying μk on the fault rupture times and total slip 

is negligible because fault weakening occurs too slowly. This slow weakening is similarly seen 

for simulations with initially strong static conditions that caused fault rupture to occur too slowly 

to match the geologic constraints (Tables 4.2 and 4.3). 

4.6.2.1 Dynamically weak NAF 

 Laboratory experiments on the strength of rocks by Byerlee (1978) indicated that the 

static friction of rocks is generally between 0.6 and 0.8. At these high static frictions, the NAF 

would need to be weakened by some mechanism other than the presence of a statically weak 

material on the fault interface to match earthquake recurrence intervals and measured fault 

rupture slip distances. Dynamic weakening (Lachenbruch and Sass, 1980), identified in high 
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speed laboratory friction experiments that show friction decreasing above a threshold slip rate 

(Boutareaud et al., 2008; Collettini et al., 2009; Di Toro et al., 2006; Wibberley and Shimamoto, 

2005), is a viable mechanism to weaken a fault and match laboratory static friction 

measurements. Our results indicate that in simulations with a high static friction (0.8) and 

cohesion (700 kPa) there are no viable dynamic weakening parameters that satisfy the geologic 

constraints of the region (Table 4.3). When static friction is decreased to the lower limit (0.6) 

proposed by Byerlee (1978), the simulations only satisfy the geologic constraints at a slip-

weakening distance of 0 m, paired with a kinetic friction of 0.0. When cohesion is decreased to 

500 kPa for static frictions of 0.8 and 0.6, dynamic weakening can produce permissible results 

(Table 4.2). The permissible values of kinetic friction for an initial static friction of 0.8 occur 

below 0.7 for a Dc of 0 m, and continue to decrease as the slip-weakening distance is increased. 

At an initial static friction of 0.6, permissible values of kinetic friction occur at 0.5 for both 0 and 

1 m of slip-weakening distance, and decrease as Dc increases. While strong (0.6-0.8) static 

friction and moderate-strong cohesion values of 500 kPa match the recurrence interval for 

earthquakes along the NAF, the total slip predicted for the Izmit portion of the fault (≥6 m) does 

not match the 5 m maximum slip determined from the 1999 Izmit earthquake sequence. At low 

kinetic friction coefficients (≤0.2) the total slip predicted for the Izmit portion is 6 m, the closest 

value to the expected 5 m (Table 4.2). As cohesion increases, the range of kinetic friction 

coefficients that satisfy the fault rupture time constraints shifts down to accommodate lower μk 

(Tables 4.1 and 4.2). Since a cohesion of 300 kPa at high static frictions resulted in total slips ≤5 

m, and the total modeled slip at 500 kPa was ≥6 m, we infer that the modeled fault slip on the 

Izmit fault will reach 5 m and satisfy the fault rupture time constraints at a cohesion of 400 kPa. 

This would occur at kinetic friction coefficients ≤0.4 with Dc between 1 and 5 m. 



 92 

4.7 CONCLUSION 

While the similarities between the NAF and SAF are numerous, we cannot assume that weak 

fault interface materials are present for the NAF, as postulated by Karimi et al. (in revision), to 

allow for a low static friction (≤0.2) with moderate cohesion (500 kPa). An alternative 

mechanism that results in a weak fault, is dynamic fault weakening. Using the geologic 

constrains of recurrence interval as a proxy for the time it takes stress to build up from a relaxed 

state to rupture the Düzce-Karadere and Mudurnu faults, and the total slip on the Izmit fault 

following its 1999 earthquake sequence, we were able to constrain estimates of permissible 

dynamic fault weakening properties for the NAF. For static frictions of 0.6-0.8 with a 300 kPa 

cohesion, the value for kinetic friction should satisfy μs-μk≤0.2 for slip-weakening distances less 

than or equal to 1 m, but the range of acceptable values should grow when we consider Dc 

between 1 and 5 m. At 400 kPa we infer that kinetic friction coefficients of ≤0.4 with Dc between 

1 and 5 m satisfy the geologic constraints. For lower static frictions, a wider range of slip-

weakening distances and kinetic frictions are permissible, but would require some component of 

weak fault interface materials to lower the static friction below the classic Byerlee (1978) 

experiments. Without some sort of fault zone project on the NAF - similar to that of the San 

Andreas Fault Observatory at Depth (SAFOD) pilot hole project - a complete understanding of 

the mechanism(s) driving the weakness of the NAF will remain unknown. However, the question 

regarding the necessity of kinetic friction and a fault weakening parameter on future stress 

models of the NAF system can be addressed. We can match the geologic parameters of 

earthquake recurrence intervals and slip magnitude with either a statically strong fault with low 

kinetic friction coefficients and slip-weakening distances, or a statically weak fault (μs≤0.2, 

C=500 kPa) with no kinetic fault weakening parameters associated with clay infilling material 
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(smectite). Coupling this result with the computationally expensive processing of dynamic fault 

models, there is no need to require dynamic fault properties in future long-term stress models of 

the NAF system. 
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5.0  DETERMINING THE THROUGH-GOING ACTIVE FAULT GEOMETRY OF 

THE WESTERN NORTH ANATOLIAN FAULT THROUGH STRESS MODELING 

The North Anatolian Fault (NAF) is a 1200 km long dextral strike-slip fault which is part of an 

east-west trending dextral shear zone (NAF system) between the Anatolian and Eurasian plates. 

The North Anatolian shear zone widens to the west, complicating potential earthquake rupture 

paths and highlighting the importance of understanding the geometry of active fault systems. In 

the central portion of the NAF system - just west of the town of Bolu - the NAF bifurcates into 

the northern and southern strands, which converge, then diverge to border the Marmara Sea. At 

their convergence east of the Marmara Sea, these two faults are linked through the Mudurnu 

Valley. The westward continuation of these two fault traces is marked by further complexities in 

potential active fault geometry, particularly in the Marmara Sea for the northern strand, and 

towards the Biga Peninsula for the southern strand. We evaluate potential active fault geometries 

for both strands of the NAF by comparing stress models of various fault geometries in these 

regions to a record of focal mechanisms and inferred paleostress from a lineament analysis. For 

the Marmara region, two of the three possible geometries matched the maximum horizontal 

stress determined from a record of focal mechanisms. Of these two geometries, one represented 

the northern and southern side walls associated with the principal zone of deformation of the 

developing Marmara basin, leading us to suggest that it is the most likely representation of the 

active through-going fault geometry in the region. In the Biga Peninsula region, the active 
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geometry of the southern strand has the southern component approaching and intersecting the 

northern component through a linking feature in a narrow topographic valley. This geometry was 

selected over the other two as it overlaps the maximum horizontal stresses determined from focal 

mechanism data and a lineament analysis. Additionally, this geometry does not develop a 

prominent mis-oriented northeast-southwest stress feature observed in the stress model results of 

the other two geometries, and otherwise absent in the focal mechanism data or inferred from a 

lineament analysis. 

5.1 INTRODUCTION 

The North Anatolian Fault (NAF) system in Turkey has seen several devastating high magnitude 

earthquakes, particularly east of, and along, the northern boundary of the Marmara Sea 

(Bohnhoff et al., 2013; Parsons, 2004). The NAF shares many similarities with the San Andreas 

Fault (SAF), such as age, slip rate, geometry, and length; however, the NAF produces more high-

magnitude earthquakes (M>5) than the SAF (Allen, 1982). This increased seismicity poses a 

significant risk to the densely populated and highly industrialized Marmara region. The 1999 

earthquake sequence of August 17th, located in the eastern Marmara region near the city of 

Koçaeli, was initiated by a M7.4 earthquake (Stein et al., 1997) - one of the largest recorded 

earthquakes in Turkey by modern digital networks (Özalaybey et al., 2002) - with a devastating 

death toll of over 17,000 people (Scawthorn and Johnson, 2000). This event initiated numerous 

new research activities in the Marmara region to understand the structure and kinematics of the 

NAF with a broader goal of assessing the seismic hazard along the NAF (Armijo et al., 2002; 
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Ates et al., 2003; Hergert and Heidbach, 2010, 2011; Hergert et al., 2011; Hubert-Ferrari et al., 

2000; Le Pichon et al., 2003; Le Pichon et al., 2001; Okay et al., 2000; Parsons, 2004).  

One of the ways to understand the structure, or geometry, of faults such as the NAF is 

through stress modeling, because stress and strain fields are heavily influenced by the active fault 

geometry (Bilham and King, 1989; Lesne et al., 1998). Fault geometry, however, is sometimes 

hard to observe as a trace on the surface when little to no topographic expression is present, or if 

the fault has been covered by young sediments. In the region impacted by the 1999 earthquake 

sequence, the through-going NAF splits into two strands just west of the town of Bolu (Barka et 

al., 2002; Hergert and Heidbach, 2010; Șengör et al., 2005): a northern strand and southern 

strand that converge at the Mudurnu Valley, then diverge to bound the northern and southern 

shores of the Marmara Sea (Figure 5.1 A). Karimi et al. (2014) determined that there are two 

possible active fault geometries: (1) the two strands converge and then diverge as distinct fault 

traces, or (2) that the two strands are linked through the Mudurnu Valley (Figure 5.1 B). By 

developing stress models for both geometries and comparing them to a record of focal 

mechanism data and the maximum horizontal paleostress orientation as inferred from a 

lineament analysis of satellite imagery, Karimi et al. (2014) were able to confirm that the two 

strands are linked through the Mudurnu Valley. 
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Figure 5.1 Tectonic setting of the NAF and eastern Marmara region. A) The NAF and its bifurcation into the 

northern and southern strands west of the town of Bolu, and B) fault names within the region of interest at 

the Mudurnu Valley. The white box represents the region modeled by Karimi et al. (2014).  
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Figure 5.2 Topography and complexity of the northern and southern strands in the Marmara and Biga 

Peninsula region. A) Topographic data highlighting the trace of the NAF as narrow river valleys and rapid 

transition from high to low topography. B) complexity of all possible fault geometries in the western NAF. 

NMF is North Marmara Fault, MMF is Main Marmara Fault, and SMF is Southern Marmara Fault. The 

regions bound in red are the Marmara region (in the north) and the Biga Peninsula region (in the south).  

 



 99 

West of the region studied by Karimi et al. (2014), the two strands roughly parallel the 

northern and southern coasts of the Marmara Sea; however, several complexities arise for both 

strands, with various active fault geometries proposed for the northern strand in the Marmara 

region and for the southern strand in the Biga Peninsula region. Where there is topographic data 

available, faults are most often expressed as narrow river valleys or the rapid transition from high 

to low topography (Figure 5.2 A). In the Marmara region, the northern strand bifurcates again 

within the gulf of Izmit (Figure 5.2 B). The southernmost trace parallels the northern Armutlu 

Peninsula then extends west-northwest across the Marmara Sea as the Southern Marmara Fault 

(SMF) (Aksu et al., 2000; Armijo et al., 2002; Barka and Kadinsky-Cade, 1988; Hergert and 

Heidbach, 2010, 2011; Hergert et al., 2011; Şengör et al., 2014; Straub et al., 1997). In one 

scenario, the northernmost trace continues to parallel the northern shore of the Marmara Sea as 

the Main Marmara Fault (MMF) (Flerit et al., 2003; Hergert and Heidbach, 2010, 2011; Hergert 

et al., 2011; Le Pichon et al., 2001; Şengör et al., 2014). Another possible active fault geometry 

for the northern trace could be the MMF until its intersection with the Northern Marmara Fault 

(NMF), where it continues only as the NMF (Aksu et al., 2000). Lastly, the MMF and NMF 

traces could both be part of the active fault geometry (Armijo et al., 2002). These various faults 

would intersect just off the coast of the western Marmara Sea, and continue across to the Saros 

Gulf as the Ganos Fault (Figure 5.2 B) (Aksu et al., 2000; Armijo et al., 1999; Armijo et al., 

2002; Flerit et al., 2003; Hergert and Heidbach, 2010, 2011; Hergert et al., 2011; Le Pichon et 

al., 2014; Le Pichon et al., 2001; Șengör et al., 2005; Türkecan and Yurtsever, 2002).  

Part of the complication of the southern strand begins where it bifurcates at the town of 

Pamukova east of the Marmara sea, but it becomes more complicated in the Biga Peninsula 

region (Figure 5.2 B). The northernmost trace follows the southern coast of the Marmara sea 
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until the Kapidag Peninsula where it trends southwest through the Biga Peninsula as the Etili 

Fault (Akşay et al., 2002; Flerit et al., 2003; Konak, 2002; Le Pichon et al., 2014; Șengör et al., 

2005; Türkecan and Yurtsever, 2002). The southernmost trace parallels the northern trace, along 

the southern shores of Lakes Kuş and Ulubat (Akşay et al., 2002; Barka and Kadinsky-Cade, 

1988; Boztepe-Güney et al., 2001; Konak, 2002; Șengör and Canıtez, 1982; Şengör et al., 2014; 

Straub et al., 1997; Türkecan and Yurtsever, 2002; Yılmaz and Karacık, 2001), then trends 

southwest as the Edremit fault. In the southwestern region of the Biga Peninsula, Le Pichon et al. 

(2014) and Şengör et al. (2005) show a potential step-over (linking feature) from the southern 

Edremit fault towards the Etili fault. In one possible geometry, the southern trace could terminate 

at the intersection, with the active fault geometry following the trace of the linking fault to 

continue slip along the northern trace (Konak, 2002). In a second geometry, the linking structure 

is absent, and the southern trace continues until it reaches the Edremit Gulf and follows the 

southern coastline of the Biga Peninsula (Barka and Kadinsky-Cade, 1988; Boztepe-Güney et al., 

2001; Konak, 2002; Șengör and Canıtez, 1982; Straub et al., 1997; Türkecan and Yurtsever, 

2002; Yılmaz and Karacık, 2001). The third potential geometry would have all faults as part of 

the active fault geometry in the Biga Peninsula region (Konak, 2002; Șengör et al., 2005; 

Türkecan and Yurtsever, 2002). 

The variety of potential active fault geometry in the Marmara and Biga Peninsula region 

must be understood, as the active fault geometry is vital in determining areas of greatest seismic 

risk along the NAF system. We develop finite element models (FEM) for these two regions.  

This approach allows for greater resolution in the regions of interests and decreases the 

computational time that would be associated with modeling the entire western NAF. Using the 

methodology of Karimi et al. (2014), we examine the relationship between fault geometry and 
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the numerically determined stress fields for the regions by comparing stress outputs to a record 

of focal mechanisms and the maximum horizontal paleostress orientation as inferred from a 

lineament analysis (where topographic data is available). Based on our results, we suggest a 

geometry for the through-going active faults of the western NAF system. 

5.2 GEOLOGIC SETTING 

The 1200 km NAF is the most prominent part of a dextral shear zone (NAF system) paralleling 

the southern shore of the Black Sea (Șengör, 1979; Șengör et al., 2005). The NAF system is 

contained within a westward-widening late Paleozoic to early Tertiary Tethyan accretionary 

complex trapped between the Eurasian and Anatolian plates (Șengör, 1979; Șengör and Natal'in, 

1996; Șengör et al., 2005). The relative weakness of the accretionary complex to the stronger 

Eurasian and Anatolian plates facilitates the decoupling of the two plates along the NAF system. 

The shear zone continues to broaden across the northern Aegean sea into the southern and central 

mainland parts of Greece (the Grecian Shear Zone) (Șengör, 1979; Șengör and Natal'in, 1996), 

terminating at the Hellenic subduction zone (Dewey and Șengör, 1979; McKenzie and Jackson, 

1983). Due to the broad nature of the shear zone west of the town of Bolu, the through-going 

NAF bifurcates into two main strands: a northern strand roughly bordering the northern shores of 

the Marmara Sea, and a poorly-defined southern strand which trends towards the southern 

Marmara sea edge. (Șengör et al., 2005) (Figure 5.1 A). The eastern through-going NAF 

structure initiated approximately 10-12 Ma, contemporaneously with the southern strand, while 

the northern strand formed much later in the Pleistocene (Șengör et al., 2005). Decreasing fault 

displacements westward along the northern and southern strands of the NAF imply that total 
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displacement in the west must be taken up by smaller faults within the greater NAF system that 

are not part of the more prominent through-going NAF (Hubert-Ferrari et al., 2002; Șengör and 

Canıtez, 1982; Șengör et al., 2005).  

5.2.1 Faulting in the Marmara region 

As the northern strand enters the Marmara Sea through the Izmit Gulf, it bifurcates into two main 

traces: the SMF and the MMF, the latter of which intersects the NMF further west (Figure 5.3 

A). A compiled record of earthquakes from a 100-year record (KOERI-UDIM, 2012), the World 

Seismic Map (WSM) (Heidbach et al., 2008), and the International Seismological Centre (ISC) 

(International Seismological Centre, 2011) (Figure 5.3 A) depict limited seismicity in the region. 

The MMF seems to be the most seismically active across its entire trace, with minor amounts of 

seismic activity around the NMF; however, the SMF seems to be only active in its eastern and 

western portions. The lack of seismicity was noted by Le Pichon et al. (2014), who through the 

use of seismic reflection profiles and drill holes penetrating the sedimentary cover down to the 

Upper Cretaceous basement, argue that the central portion of the SMF has been inactive for the 

last 3.5 Ma. Additionally, Armijo et al. (2002) do not include the SMF in their kinematic model 

of the modern Marmara Sea, arguing that the presence of the SMF distorts the velocity field of 

their model relative to the GPS velocity field. Yet, the importance of the SMF hinges heavily on 

the tectonic interpretation of the Marmara Sea, which is suggested to be an unconventional 

negative flower structure, rather than a pull-apart (Aksu et al., 2000). In the classical pull-apart 

basin, the negative flower structure is oblique to the strike of the buried master fault (buried 

northern strand of the NAF), but in an unconventional negative flower basin, the symmetry of 

the basin is in-line with the buried master fault (Aksu et al., 2000). As a result, Aksu et al. (2000) 
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argue that the SMF plays a significant role as the southern boundary of the principal deformation 

zone in the Marmara Sea. 

 

Figure 5.3 Marmara region possible faults, seismicity, and GPS velocities. A) Possible faulting in the 

Marmara Sea with GPS vectors as red arrows (Aktug et al., 2009; Ozener et al., 2009) and the location of 

compiled earthquake data sized by magnitude (maroon points) from a 100-year record of earthquakes 

(KOERI-UDIM, 2012), the WSM (Heidbach et al., 2008), and the ISC (International Seismological Centre, 

2011). B-D) The three possible through-going active fault geometries. The red boxes represent the modeled 

region.  

 

Using these arguments for active strands of the Marmara Sea faults, three possible 

through-going active fault geometries are possible. In the first geometry, the SMF, MMF, and 
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SMF are all part of the through-going active fault geometry of the northern strand (Figure 5.3 B) 

(Marmara 1). To develop a 3-D model that is consistent with kinematic observations, and stress 

data, Hergert et al. (2011) use recent images of the fault system beneath the Marmara Sea as 

initial input of a model with faults as frictional surfaces with varying strike and dip. The MMF, 

SMF, and NMF are all present as prominent features in their model which matched GPS 

velocities, fault slip rates, and an observed pattern of subsidence and uplift (Hergert et al., 2011). 

The same geometry, modeled to predict the stress field within the Marmara Sea, matched motion 

observations from focal mechanism solutions, the orientation of maximum horizontal stress, and 

the distribution of seismicity in the Marmara Sea (Hergert and Heidbach, 2011). The geometry of 

the northern trace, composed of the MMF and NMF, was utilized by Armijo et al. (2002) as 

model input to match the predicted modern velocity field to the GPS velocity field. Şengör et al. 

(2014) suggest an active fault geometry based on seismic reflection profiles and an analysis of 

fault maps produced for the Marmara Sea by other researchers (Grall et al., 2012; Le Pichon et 

al., 2003; Parke et al., 1999; Parke et al., 2002; Rangin et al., 2004; Sorlien et al., 2012) that 

correspond with the traces of the SMF, MMF, and the majority of what would be the trace of the 

NMF.  

The fault geometries for the Marmara region determined from seismic profiles, models, 

and maps acknowledge the presence of small fault traces along the presumed NMF. However, 

none extend the NMF as a single through-going feature except for in the displacement models of 

Armijo et al. (2002). This indicates that the NMF may not be a significant component of the 

through-going active fault geometry, suggesting a second possible geometry: the SMF and the 

MMF make up the active fault geometry without the presence of the NMF (Figure 5.3 C) 

(Marmara 2). This geometry is supported by observations of fault traces made from a high 
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resolution bathymetric map highlighting the importance of the SMF and MMF (Le Pichon et al., 

2001). Finally, in the third possible geometry, the SMF is accompanied by the MMF until its 

junction with the NMF, at which point the NMF is the preferred active fault geometry (Figure 

5.3 D) (Marmara 3). This geometry is favored by Aksu et al. (2000) who identify the geometry 

of the northern trace as an expression of the northern boundary of the principal zone of 

deformation in the Marmara Sea. Each of these different geometries of the through-going active 

fault within the Marmara Region has implications for the modern distribution of stress identified 

though seismic focal mechanisms as well as the predicted stress orientations estimated through 

stress modeling. By comparing the two we can discriminate which geometry for the through-

going active northern strand of the NAF produces the best match between the predicted and 

modeled stress fields. 

5.2.2 Faulting in the Biga Peninsula region 

The southern strand of the NAF bifurcates at the town of Pamukova east of the Marmara sea, and 

gains further complexity in the Biga Peninsula region (Figure 5.2 B) (Akşay et al., 2002; Flerit et 

al., 2003; Konak, 2002; Le Pichon et al., 2014; Șengör et al., 2005; Türkecan and Yurtsever, 

2002). Earthquakes from a 100-year record (KOERI-UDIM, 2012), the World Seismic Map 

(WSM) (Heidbach et al., 2008), and the International Seismological Centre (ISC) (International 

Seismological Centre, 2011) (Figure 5.5 A) depict limited seismicity in the region. The northern 

trace in the Biga Peninsula (Etili fault) exhibits very little seismic data, and the southern trace 

(Edremit fault) exhibits some seismic data near the eastern boundary of the region and along the 

southern shore of the Biga Peninsula. The linking feature between the Etili and Edremit faults of 

the southern strand exhibits some amount of seismicity, indicating that it may be part of the 
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through-going active fault geometry. Even with limited seismic data for the two main faults, both 

strands are considered currently active due to their youthful morphology (Ambraseys, 1970; 

Sengor and Canitez, 1982). Shuttle Radar Topography Mission (SRTM) elevation data of 90 m 

pixels (Jarvis et al., 2008) indicates that the Etili follows narrow river valleys and areas of rapid 

elevation change from high to low topography (Figure 5.4). The southern trace shares these 

topographic expressions until it is 40 km from the Edremit Gulf. In this area, the southern trace 

loses all topographic expression until it reemerges near the coast of the gulf, where it follows the 

southern shores of the Biga Peninsula. The linking fault is expressed by a narrow river valley 

extending west-southwest from the southernmost trace; however, it loses its topographic 

expression as it nears the Etili fault. The absence of topographic expression and seismic data 

along the southern portion of the southern trace, and the loss of topographic expression for the 

linking feature, raises three possible geometries for the complexity of the southern strand of the 

NAF in the Biga Peninsula region. 
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Figure 5.4 Topographic data for the Biga Peninsula and surrounding regions. Faults are most often expressed 

as narrow river valleys and rapid transitions from high to low topography. 



 108 

 

Figure 5.5 Biga Peninsula region possible faults, seismicity, and velocities. A) Possible faulting in the Biga 

Peninsula region with GPS vectors as red arrows (Aktug et al., 2009; Ozener et al., 2009) and the location of 

compiled earthquake data sized by magnitude (pink points) from a 100-year record of earthquakes (KOERI-

UDIM, 2012), the WSM (Heidbach et al., 2008), and the ISC (International Seismological Centre, 2011). B-D) 

The three possible active fault geometries. The red boxes represent the modeled region.  

 

The first geometry considers all the faults to be part of the greater through-going active 

fault geometry (Figure 5.5 B) (Biga 1). This geometry is proposed by surface mapping of faults 

by Şengör et al. (2005), and by descriptions of the southern strand geometry (Le Pichon et al., 

2014; Şengör et al., 2014). The second geometry includes both major faults, but excludes the 

linking feature between them (Figure 5.5 C), as it may not fully link the Edremit with the Etili 
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fault due to the lack of topographic expression as it nears the Etili fault (Jarvis et al., 2008) (Biga 

2). Additionally, dislocation modeling compared to GPS vectors by Flerit et al. (2003) suggests 

that the Edremit and Etili faults are vital to the through-going active fault geometry, but the 

linking feature is not. The last geometry includes the Etili fault and the northern portion of the 

Edremit fault until its intersection with the linking feature, which connects it to the Etili fault 

(Figure 5.5 D) (Biga 3). This geometry is supported by the lack of topographic expression by the 

Edremit fault south of the linking feature, and mapping of active fault traces (Akşay et al., 2002; 

Türkecan and Yurtsever, 2002). Because of several possible southern strand geometries in the 

Biga Peninsula region, modeling the possible through-going active fault geometries and 

comparing the modeled stress output to stress orientations of focal mechanisms and maximum 

horizontal stress as inferred from a lineament analysis can aid in discriminating between the 

permissible geometries. 

5.3 STRESS MODELING 

5.3.1 Fault parameters 

A wide range of proposed static friction coefficients (μs) have been suggest for the NAF, with no 

consensus on the role of cohesion (C) on the fault interface (Hergert and Heidbach, 2011; 

Jiménez-Munt et al., 2006; Kasapoglu and Toksöz, 1983; Provost et al., 2003; Stein et al., 1997). 

Karimi it al., (in revision) constrain ranges of static friction and cohesion by comparing model 

rupture times of faults east of the Marmara Sea to fault recurrence intervals and maximum slip 

following the August 1999 Izmit earthquake sequence. They find that static friction coefficients 
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≤0.85 can be used to satisfy geologic conditions when paired with an appropriate cohesion value 

(Karimi et al., in revision): high static friction of 0.65-0.85 requires a cohesion of 300 kPa, static 

friction from 0.25-0.55 requires a cohesion of 400 kPa, and weak static friction of 0.0-0.2 

requires a cohesion of 500 kPa (Karimi et al., in revision). A comprehensive review of 

experimentally derived shear strengths of filled discontinuities found clay infilling to have a 

cohesive force ~C=400kPa (Barton, 1974). This clay infilling is associated with schists, 

quartzites, and siliceous schists with higher friction values (~μ=0.6), and with montmorillonite 

(smectite group) clay infillings with lower friction values (~μ=0.25) (Barton, 1974). Assuming 

that the NAF is statically weak due to weak clay infilling of the fault gouge, Karimi et al. (in 

revision) suggest that the static fault conditions for the NAF could be μs=0.2 and C=500 kPa. We 

apply this pairing of static coefficient of friction and cohesion to all faults in all models, as it best 

replicates fault rupture times and maximum slip in the region. 

5.3.2 Geometry and rock properties 

The faults of the through-going active fault geometries within the Marmara and Biga Peninsula 

regions are used to define fault blocks (zones) and rock properties (ρ, Vp, and Vs) associated with 

each zone. Since the developed models are two dimensional, we use geologic data corresponding 

to the top kilometer of crust. Where available, we use surficial geologic data to constrain the rock 

properties, and where there is no surficial geology available, we use tomographic data to assign 

rock properties to the zones (Bayrakci et al., 2013). The resulting densities, Vp, and Vs of the 

zones within each region were applied to their respective blocks in models for processing with a 

finite element method. 
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5.3.2.1 Marmara region 

As mentioned in section 5.2.1, three possible orientations of the active fault geometries 

exist within the Marmara region (Figure 5.6). In the first geometry, the through-going geometry 

is composed of the NMF, MMF, and SMF (Marmara 1) (Figure 5.6 A). For the second possible 

geometry, the NMF is no longer considered to be part of the active fault geometry (Marmara 2) 

(Figure 5.6 B), and in the third geometry, the SMF is accompanied by the trace of the MMF until 

its intersection with the NMF, where the NMF continues on as an active fault (Marmara 3) 

(Figure 5.6 C). We treat the faults as distinct boundaries which separate three distinct 

blocks/zones within the Marmara region: the Northern Marmara Zone (NMZ) north of the MMF 

and NMF which is part of the Eurasian tectonic plate, the Central Marmara Zone (CMZ) between 

the MMF, NMF, and SMF, and the Southern Marmara Zone (SMZ) south of the SMF. Since the 

Marmara Sea has no map of surficial rocks, we use the 3-D tomographic results of Bayrakci et 

al. (2013) to constrain rock properties for each zone. By evaluating the top kilometer of crust 

from a tomographic profile running north across the central Marmara Sea (Figure 5.7), we are 

able to assign compressional wave velocities (Vp) to each zone: 3600 m/s for the NMZ and SMZ, 

and 2700 m/s for the CMZ. 

To determine the density (ρ) of each zone, we use the Database of Global Rock 

Properties by Dalhousie University/Geological Survey of Canada High Pressure Laboratory 

(DU/GSC, 2001) and find an empirical relationship between Vp and ρ for rocks under 10 MPa 

compression (representative of the upper kilometer of crust). Using this empirical relationship, 

we are able to calculate the associated density for each zone (Table 5.1). We use a Vp/Vs ratio of 

1.7, which is the prescribed ratio for hard (zero-porosity) rocks (Barton, 2007) to calculate the 

shear wave velocity (Vs) of each zone (Table 5.1). 



 112 

 

Figure 5.6 Simplified fault models of the Marmara region. A-C) Simple models of the possible fault 

geometries in the Marmara region depicting the three fault separated zones with velocity boundary 

conditions. The N. Marmara zone is always fixed and the relative rates used to push/pull the boundaries of 

the different blocks are consistent for all geometries. The dot on the northern trace in (C) shows the transition 

from the MMF to the NMF.  
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Figure 5.7 Tomographic results of a north trending line cutting through the central Marmara Sea [adapted 

from Bayrakci et al. (2013)]. The light blue line is the bathymetric profile.  

 

Table 5.1 Seismic wave velocities and rock properties determined for the three zones of the Marmara region 

from the empirical relationship between density, Vp and Vs for a depth associated with 10 MPa compression.  

Zone Vp [m/s] Density [kg/m
3
] Vs (1.7) [m/s] 

NMZ 3600 2554 2118 

CMZ 2700 2452 1588 

SMZ 3600 2554 2118 

5.3.2.2 Biga Peninsula region 

 There are three possible orientations for the active fault geometry within the Biga 

Peninsula region (Figure 5.8). In the first geometry, the through-going geometry is composed of 

the Etili, Edremit, and linking faults (Biga 1). The second geometry is similar, but without the 

linking feature (Biga 2), and the third geometry includes the Etili and linking fault, as well as the 

Edremit fault until its intersection with the linking feature (Biga 3). The faults separate three 
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distinct blocks/zones within the Biga Peninsula region: the Northern, Central, and Southern 

zones. With the availability of surficial geologic maps in this region (Konak, 2002; Türkecan and 

Yurtsever, 2002), the density of each zone was calculated (Table 5.2). Each block's density was 

calculated by weighting the general densities of the three basic rock types by their percentage of 

block area: 2775 kg m
-3

 for igneous rocks (Bell, 2007), 2400 kg m
-3

 for sedimentary rocks 

(Boyd, 2003), and 2800 kg m
-3

 for metamorphic rocks (Boyd, 2003). The densities calculated for 

each block were then used to extract Vp using the empirical relationship of Vp to density for 

rocks under 10 MPa compression described in section 3.2.1. There is very little variation of 

density between the regions, and thus very little variation of the seismic wave velocities. 
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Figure 5.8 Simplified fault models the Biga Peninsula region. A-C) Simple models of the possible fault 

geometries in the Biga Peninsula region depicting the three fault separated zones with velocity boundary 

conditions. The Northern Zone is always fixed and the relative rates used to push/pull the boundaries of the 

different blocks are consistent for all geometries. "CZ" refers to the Central Zone.  
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Table 5.2 Surficial geology seen within the Biga Peninsula region for each block and rock physics parameters 

- density, P-wave velocity, and S-wave velocity determined for the three blocks/zones using an empirical 

relationship between density and Vp at 10 MPa (DU/GSC, 2001), and a Vp/Vs ratio of 1.7 (Barton, 2007). The 

zones share similar surface geology and therefore have density values very similar to one another.  

 Zone Surficial Geology  Density [kg/m
3
] Vp [m/s] Vs (1.7) [m/s] 

Northern 

Nearly equal distributions of Paleozoic-Tertiary 

igneous rocks and Jurassic-Quaternary 

sedimentary rocks. Very little Paleozoic 

metamorphic rocks.  

2615 4141 2436 

Central 
Mostly Paleozoic igneous rocks, with some 

Paleozoic metamorphic rocks. Small amount of 

Jurassic-Quaternary sedimentary rocks. 

2702 4905 2885 

Southern 
Mostly Paleozoic-Tertiary igneous rocks, some 

Jurassic-Quaternary sedimentary rocks, and small 

amounts of Paleozoic metamorphic rocks. 

2672 4636 2727 

5.3.3 Plate motions 

The NAF, together with the conjugate East Anatolian Fault (EAF), accommodates the westward 

extrusion of the Anatolian plate toward the Aegean subduction zone (Hubert-Ferrari et al., 2008). 

The NAF and EAF meet at a triple junction of the Anatolian, Eurasian, and Arabian plates near 

the town of Karliova (Figure 5.1 A). Lateral forces acting upon the Anatolian plate are the NNW 

motion of the Arabian plate at the eastern flank of the Anatolian plate, the northern motion of the 

African plate in the south and west, and the relatively fixed Eurasian plate in the north. The 

extrusion of the Anatolian plate began some 10-12 Ma during a late phase of collision between 

Arabia and Eurasia (Dewey et al., 1986; Hubert-Ferrari et al., 2008; McQuarrie et al., 2003), thus 

initiating motion along the NAF (Barka, 1992; Șengör et al., 2005). GPS data show that the 

Anatolian plate has a northwest motion along the EAF, and rotates counterclockwise to a 

southwest orientation in the south Aegean region (McClusky et al., 2000; Reilinger et al., 2006). 
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Velocities in the central Anatolian plate are 24 mm/yr and 30 mm/yr in the southwest part of the 

plate at the Hellenic trench (Gülen et al., 2002; McClusky et al., 2000; Reilinger et al., 2006). 

5.3.3.1 Marmara region 

 Within the Marmara region, GPS velocities in a Eurasia-fixed reference indicates 22 ± 3 

mm/yr due west near the southern coast of the Marmara Sea (Straub et al., 1997). Using GPS 

data collected by Ozener et al. (2009), and Aktug et al. (2009), we determined velocities along 

the southern coast of the Marmara Sea to be ~ 20 mm/yr due west. As the model extents do not 

reach as far south as the southern Marmara Sea coast, we averaged the direction and velocities of 

GPS data within the SMZ and were able to determine a velocity of 17 mm/yr due west. In the 

absence of available GPS data in the CMZ, we used a velocity of 10 mm/yr due west determined 

from a 50 km modeled displacement for the central Marmara Sea over the last 5 Ma (Armijo et 

al., 1999). The NMZ is assumed to be fixed as part of the Eurasian plate, based on GPS velocity 

data (Aktug et al., 2009; Ozener et al., 2009). These velocities are applied to the eastern and 

western bounds of the blocks to push and pull the regions past one another (Figure 5.6). 

5.3.3.2 Biga Peninsula region 

The Biga Peninsula region is near the south Aegean, and the GPS data within this region 

exhibits a general NE-SW trend (Aktug et al., 2009; Ozener et al., 2009); however, variations in 

direction do exist in the three zones. We determine the velocities of the three zones by using GPS 

data from Aktug et al. (2009) and Ozener et al. (2009). None of the zones within the region are 

fixed, so we assign relative velocities to a fixed Northern zone (Table 5.3) to cut down on the 

computation time for model processing. This is done by calculating the difference in velocities 

for the Central and Southern zones to the Northern zone. The northern, eastern, and western 



 118 

boundaries of the Northern zone are fixed, velocities are applied to the eastern and western 

boundaries of the Central zone, and the Southern zone has its corresponding velocity applied to 

its eastern, western and southern boundaries. 

 

Table 5.3 Components of the GPS velocities for each zone in the Biga Peninsula region (Aktug et al., 2009; 

Ozener et al., 2009). Velocity components of the blocks are also determined for a fixed Northern Zone. A 

negative value in easting is westward, and a negative northing component is southward.  

  

Velocity Components Velocity Components 

(fixed northern zone) 

Zone E [mm/yr] N [mm/yr] E [mm/yr] N [mm/yr] 

Northern -18.6 -9.1 Fixed Fixed 

Central -20.8 -8.7 -2.2 0.4 

Southern -19.7 -10.6 -1.1 -1.5 

5.3.4 Simplified models 

We simplified the potential fault geometries in each region based on existing geologic maps, 

studies of fault geometry, and marked changes in topography identified using elevation data (see 

sections 5.2.1 and 5.2.2). The zones in each modeled region are prescribed a density, P-wave 

velocity, and S-wave velocity (Tables 5.1 and 5.2). The boundaries, if not fixed, have velocities 

applied to them to replicate the lateral forces acting on the region (Figures 5.6 and 5.8). 

5.4 MODEL PROCESSING 

PyLith (Aagaard et al., 2012) was used to process the models using finite elements. A triangular 

mesh was applied to each model with a grid spacing of 3 km along the outer boundaries and a 
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finer grid of 2 km near the faults. The grid spacing is used as input to create a finer set of 

triangular cells near the faults, and then grading into a coarser mesh near the boundaries. The 

models are processed using the rock physics and fault parameters described in Section 5.3, and 

the block's respective velocities in each region are applied as quasi-static dirichlet boundary 

conditions. Once the static friction and cohesion assigned to the faults is overcome, the blocks 

slip along the faults at a steady rate. The models are processed for a thousand years, at a five year 

interval, to allow the stress field to develop enough to cause slip along the full length of the 

modeled faults while avoiding large distortions within the model areas due to displacements. 

 We calculate the orientation and magnitude of the maximum principal stress (σ1) at the 

center of each triangular cell, or the maximum horizontal stress in a 2-dimensional model. We 

identify the orientation of the maximum principal stress for the regions by constructing rose-

diagrams of the frequency of σ1 orientation for the models of the two regions, and comparing 

them to the maximum horizontal stress from a record of focal mechanisms and inferred from a 

lineament analysis where topographic data is available. 

5.4.1 Marmara region results 

The rose-diagrams of the maximum horizontal stress orientation frequency for the three models 

of the Marmara region are shown in Figure 5.9. For Marmara 1 (Figure 5.9 A), the largest peak 

associated with σ1 can be seen at the interval from 105°-110°, with a secondary peak at 125°-

130°. For Marmara 2 and Marmara 3 (Figures 5.9 C and E, respectively), the largest peaks are at 

the interval from 105°-110°. Weighting the principal stress orientations by their respective 

magnitudes (as absolute values), we see that the primary peak for Marmara 1 is now at 090°-

095°, with no secondary peak (Figure 5.9 B). The primary peak in Marmara 2 'shifts' slightly to 
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100°-105°, with two very minor peaks at 085°-095° and 115-120°. Weighting the orientations of 

the maximum principal stress for both Marmara 2 and 3 by the absolute value of their respective 

magnitude presents a large peak at 100°-105°, with a minor peak at 080°-095°. 

 

Figure 5.9 Marmara region modeled results. Rose diagrams depicting frequency and magnitude-weighted 

frequency of modeled azimuths of the maximum principal stress for Marmara 1 (A, B), Marmara 2 (C, D), 

and Marmara 3 (E, F).  
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Figure 5.10 Biga Peninsula region modeled results. Rose-diagrams depicting frequency and magnitude-

weighted frequency of modeled azimuths of the maximum principal stress for Biga 1 (A, B), Biga 2 (C, D), 

and Biga 3 (E, F).  
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5.4.2 Biga Peninsula region results 

The rose-diagrams of the maximum horizontal stress orientation frequency for the three models 

of the Biga Peninsula region are shown in Figure 5.10. For the plot representing the results of 

Biga 1 (Figure 5.10 A), the largest peak associated with σ1 can be seen at the interval from 095°-

100°. Biga 2 also results in a peak at 095°-100° (Figure 5.10 C), a dominant orientation shared 

by Biga 3 (Figure 5.10 E). Weighting the principal stress orientations by their respective 

magnitudes (as absolute values), the primary peak for Biga 1 is now at 060°-085°, with a 

secondary peak at 050°-060°, and a tertiary peak at 95°-105° (Figure 5.10 B). The magnitude 

weighted results of Biga 2 share three peak orientations as well: a primary peak at 070°-080°, a 

secondary peak at 045°-050°, and a tertiary peak at 060°-065° (Figure 5.10 D). The primary peak 

between the unweighted and weighted maximum principal stress orientations for Biga 3 do not 

vary (Figure 5.10 F). 

5.5 INTERPRETATION 

5.5.1 Marmara region 

We collected seventy-five focal mechanism data associated with several seismic events located 

within a 10 km buffer of the modeled Marmara region from the International Seismological 

Centre (International Seismological Centre, 2011) and the World Stress Map (Heidbach et al., 

2008). Data from these two sources are recordings from global stations. To determine the 

maximum horizontal stress, we first found the orientation of kinematic axes for the region by 
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evaluating the axes with contours. These orientations, separated by 90°, were used to construct a 

regional focal mechanism to determine the orientation of maximum horizontal stress, which is 

approximately 115° within 10 km of our modeled region. Our calculated maximum horizontal 

stress orientation is smaller than those determined for regions broader than that of our modeled 

area: 125° inferred from a maximum horizontal stress grid developed by Hergert and Heidbach 

(2011), 145° determined by Kiratzi et al. (2002), and the approximation of 130° suggested by 

Örgülü (2011). For comparison to the model, we use an average of 128° based on our results and 

those of the various studies (Hergert and Heidbach, 2011; Kiratzi, 2002; Örgülü, 2011). The 

unweighted results of all the models of the region have primary peaks with trends (105°-110°) 

(Figure 5.9) in the general direction of maximum horizontal stress orientation inferred from focal 

mechanism data. Weighting the stress orientations produces a primary trend due east-west in 

Marmara 1, which much more strongly deviates from the regional 128° from focal mechanism 

data. Marmara 2 and 3 orientations both continue to have primary peaks at 100°-105° when the 

frequency of orientations is weighted by magnitude. With so little difference between Marmara 2 

and 3, we looked at the modeled stress orientations within a 5 km buffer of their respective 

modeled fault geometries, and found that in the unweighted frequency orientations a primary 

peak is evident at 100°-105°. When the frequency of orientations for the two models are 

weighted by magnitude, a primary peak is still evident at 100°-105°, and a secondary peak 

appears at 050°-065°. Since there is very little difference between the modeled stress field 

orientations of the two models, we cannot differentiate between Marmara 2 and Marmara 3 as 

the through-going active fault geometry. It is likely that both are not equally active based on the 

stress orientations from Marmara 1, which has both the MMF and NMF present. However, we 

observe that Marmara 3 best represents the through-going active fault geometry within the 
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Marmara region, which resemble the traces of northern and southern bounds for a principal zone 

of deformation associated with the developing Marmara basin (Aksu et al., 2000). 

5.5.2 Biga Peninsula region 

5.5.2.1 Lineament analysis 

 Tectonic features such as faults and fractures may exert a strong control on topographic 

patterns due to these features creating pathways for weathering and erosion. Using elevation 

data, we can highlight topographic lineaments and evaluate the potential control of tectonic 

induced deformation on topography. Lineament mapping was manually performed using a 90 m 

resolution Shuttle Radar Topography Mission (SRTM) image (Jarvis et al., 2008) of elevation 

for the Biga Peninsula region. Hill-shades were applied to the SRTM image to highlight 

topographic changes. The hill-shades were performed at a 45° vertical sun-angle, as linear 

features were most evident at this angle. The azimuthal direction of the incoming solar radiation 

was rotated around the image at 45° increments, creating a series of filtered images. 

Manually picking lineaments allowed us to preferentially pick lineaments that are not 

man-made structures, such as roads, or railways. While there may be lineaments picked that do 

not have a tectonic source, they are outnumbered and outweighed by lineaments that share 

similar orientations to mapped faults (Konak, 2002; Türkecan and Yurtsever, 2002). To account 

for the curvature of lineaments, we split each feature into 10 sections and calculated the azimuth 

for each of those sections. Using these 10 azimuths, we calculated an average azimuth and 

standard deviation for the orientation of each line. All the manually picked lineaments in the 

Biga Peninsula Region had standard deviations close to zero, with the greatest deviation being 

about 10°. 
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The main fault (MF) feature in the results of orientation frequency (Figure 5.11 A) is 

located between 045° and 060°. There is a secondary peak located at 025°-030°, and a third peak 

at 080°-090°. Without knowing if any of the faults within the region are reactivated structures, 

we assume that the structures that are reactivated are optimally oriented in the driving stress 

field. Additionally, we assume that the main feature is the orientation of the faults within the 

Biga Peninsula region. The mapped faults have an average trend of 065°, which is only slightly 

higher than the maximum main feature orientation of 060°. Peaks other than that of the primary 

feature are likely associated with Riedel shear features such as R-sears, R'-shears, P-shears, and 

extensional fractures (Figure 5.10). With Riedel shearing, the maximum principal stress is 45° 

clockwise (for right-lateral faults) from the main faults, intersecting the R- and R'-shears that are 

characteristic of strike-slip faulting (Davis, 1999; Riedel, 1929; Wilcox et al., 1973). With a 

clockwise rotation of 45° from the main lineament feature, the stress orientation would be 

between 090° and 105°. This inferred stress orientation overlaps with a minor peak (080°-095°), 

that is an appropriate orientation to represent extensional fracturing. By weighing the lineaments 

according to their length (Figure 5.11 B), the array of peaks diminishes and resolves into one 

very prominent feature trending 050°-060°. This tightens our σ1 orientation to 095°-105°. We 

propose that the feature at 050°-060° is the "main fault" (MF) trend and plot the orientation of 

Riedel shears (Figure 5.11): R-shears at 65°, R'-shears at 125°, and P-shears at 40°. Both the 

average frequency as well as the frequency weighted by length show prominent features in 

potential orientations of R and P shears. The presence of these orientations corresponding to 

these shears helps validate the resolved orientation of σ1 (090°-105°). This is supported by 

studies of stress along the NAF system, which suggest that the maximum compressive stress is 

generally oriented at 35°-45° with respect to the fault trend (Dresen et al., 2007; Kiratzi, 2002). 



 126 

The resolved orientation of σ1 (090°-105°) from the lineament analysis overlaps the 

primary peaks in the unweighted frequency orientations for all models of the Biga Peninsula 

region. When weighting the modeled stress orientations by their magnitude, the primary peak 

disappears in the rose plots of Biga 1 and 2, but remains as the dominant feature in Biga 3. For 

the weighted results of Biga 1 and 2, the northeast-southwest trending prominent features do not 

overlap with any prominent lineament features. The overlap of both the unweighted and 

weighted modeled stress field orientations of Biga 3 with the results of the lineament analysis 

indicates that Biga 3 is the best candidate for the representation of fault geometry. To confirm 

this, we compare the FEM stress orientation results with data from seismic events in the next 

section. 

 

Figure 5.11 Biga Peninsula region lineament analysis results. A) Rose-diagram of lineament frequency 

orientation, and B) of lineament frequency orientation weighted by length. Both plots are overlain by Riedel 

shear orientations (R and R'), P-shears, and extensional features (E) at angles to the main fault (MF) trend, 

as expected in shear zones.  



 127 

5.5.2.2 Focal mechanism data 

 We collected seventeen focal mechanism data from global stations associated with 

several seismic events located within a 10 km buffer of the modeled Biga Peninsula region from 

the International Seismological Centre (International Seismological Centre, 2011) and the World 

Stress Map (Heidbach et al., 2008). We determined the trend of the maximum horizontal stress 

by first determining the orientation of the P kinematic axis, which we assumed to be synonymous 

with σ1. Applying density contours to the P kinematic axes, we were able to procure a nearly 

horizontal (<5°) orientation for the regional P axis at approximately 110°. This orientation 

matches the regional maximum horizontal stress orientation of 110° inferred from a horizontal 

stress grid developed by Hergert and Heidbach (2011), but is slightly greater than the 100° 

inferred for the region from horizontal stresses for the Northern Aegean and Anatolia southwest 

of the Biga Peninsula by Kiratzi et al. (2002). The unweighted results of all the models of the 

region have primary peaks with similar trends (095°-100°) (Figure 5.10); however, weighting the 

stress orientations shifts the prominent features to a northeast-southwest trend for Biga 1 and 2. 

This trend is not seen in the focal mechanism data and is fault-parallel in the immediate area 

around the faults, except for the northernmost portion of the Etili Fault north of the linking 

feature. Biga 3 does not share this mis-oriented feature, and its range of stress orientation (080°-

110°) with its prominent 095°-100° orientation overlaps the maximum horizontal stress 

determined from focal mechanism data (Heidbach et al., 2008; International Seismological 

Centre, 2011), and regional stress studies (Hergert and Heidbach, 2011; Kiratzi, 2002). We 

confirm that Biga 3 is the geometry of the through-going active faults in the Biga Peninsula 

region, as it best matched the inferred maximum horizontal stress orientation inferred from a 

lineament analysis and a study of focal mechanisms. 
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5.6 THROUGH-GOING ACTIVE FAULT GEOMETRY 

West of the town of Bolu, the NAF splits into a northern and southern strand which converge at 

the Mudurnu Valley and then diverge to border the northern and southern shores of the Marmara 

Sea (Figure 5.1). The two strands are linked at their convergence through the Mudurnu Valley 

(Karimi et al., 2014). Further west, the northern strand bifurcates in the Gulf of Izmit, where 

comparison of modeled stress fields to a record of focal mechanisms indicates that the through-

going active northern trace of the bifurcated northern strand continues on as the MMF until its 

intersection with the NMF, at which point the northern trace could either continue on as the 

NMF or the MMF. Because the continuation of the MMF as the NMF describes a northern side 

wall of a principal zone of deformation for an unconventional negative flower structure (Aksu et 

al., 2000), we suggest it as the best representation of the northern components fault geometry. 

The two traces converge as a single trace at the western edge of the Marmara Sea as the Ganos 

Fault, and the northern strand cuts across land into the Saros Gulf and into the Northern Aegean. 

The southern strand splits into two main traces at the town of Pamukova. The northernmost trace 

continues to border the southern coast of the Marmara Sea until the Kapidag Peninsula, where it 

deviates to a southwest orientation as the Etili fault in the Biga Peninsula. The southernmost 

trace borders the southern coasts of lakes Ulubat and Kuş, after which it trends southwest, as the 

Edremit fault, until it follows the southern shore of the Biga Peninsula. Stress modeling, 

compared to maximum horizontal stress orientations from a record of focal mechanisms and 

inferred from a lineament analysis, suggests that the active fault geometry includes the 

convergence of the southern trace to the Etili fault through a linking structure centralized in the 

Biga Peninsula. The now converged traces of the southern strand continue on as the Etili fault, 

which extends into the Aegean (Figure 5.12). 
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Figure 5.12 The geometry of the through-going NAF with the two studied regions, and the region east of the 

Marmara Sea studied by Karimi et al. (2014) in red boxes. The NAF in the Marmara region is composed of 

active fault traces, which bound the principal deformation zone for the developing Marmara basin. In the 

Biga Peninsula region, the active traces of the NAF converge through a linking feature and continue to the 

Aegean Sea through the Biga Peninsula at its southwest corner. In both the Marmara and Biga Peninsula 

regions, a generalized stress field of the final selected models is depicted as red lines oriented in the 

orientation of the maximum modeled stress. 

5.7 CONCLUSION 

Through stress modeling constrained by a record of focal mechanism data and paleostress 

inferred from lineament analyses, the through-going active fault geometry of the NAF was 

determined for the Marmara and Biga Peninsula regions. The NAF bifurcates near the town of 

Bolu into two strands, which are linked as they near each other through the Mudurnu Valley. 
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West of the valley, the northern strand heads into the Marmara Sea, bifurcating in the Gulf of 

Izmit. The two traces associated with the bifurcation of the northern strand bound the principal 

deformation zone associated with the developing Marmara basin, and then converge again into a 

single trace as the Ganos fault and into the Gulf of Saros and the Aegean Sea. The southern 

strand bifurcates at the town of Pamukova, and its northern component follows the southern 

Marmara Sea coast until the Kapidag Peninsula, where it trends southwest across the Biga 

Peninsula and exits into the Aegean Sea. The southernmost trace parallels the first trace, but 

below Lakes Kuş and Ulubat. West of Lake Kuş, it trends southwest and links to the first trace 

via a linking structure in a valley within the Biga Peninsula. We proposed this fault geometry as 

a working hypothesis of the through-going active geometry of the larger western NAF. To 

further test this geometry, a stress model over the entirety of the western NAF should be 

developed to leave no gaps in the development of the stress field between the city of Bolu and 

the Aegean Sea. 
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APPENDIX A 

FOCAL MECHANISM DATA 
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Table A.1 Focal mechanism data east of the Marmara Sea (Heidbach et al., 2008; International Seismological 

Centre, 2011).  
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Table A.2 Focal mechanism data for the Marmara Sea region(Heidbach et al., 2008; International 

Seismological Centre, 2011). 
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(continued) 
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Table A.3 Focal mechanism data for the Biga Peninsula region(Heidbach et al., 2008; International 

Seismological Centre, 2011). 
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