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ABSTRACT 

This dissertation explores subduction zone-related deformation both on short time 

scales in the form of subduction zone earthquakes and over larger time and geographical 

scales in the form of subduction rollback or detachment of the subducting lithosphere. 

The study presented here is composed of two parts. First, we analyzed the source-rupture 

processes of the April 1, 2007 Solomon Islands Earthquake (Mw=8.1) using a body-wave 

inversion technique. Our analysis indicated that the earthquake ruptured approximately 

240 km of the southeast Pacific subduction zone in two sub-events.  

In the second part of this study, we used shear-wave splitting analysis to 

investigate the effects of the subducting African lithosphere on the upper-mantle flow 

field beneath the Anatolian Plate in the Eastern Mediterranean region. Our shear-wave 

splitting results are consistent with relatively uniform southwest-directed flow towards 

the actively southwestward-retreating Aegean slab. Based on spatial variations in 

observed delay times we identified varying flow speeds beneath Anatolia and we attribute 

this variation to the differential retreat rates of the Aegean and the Cyprean trenches.  

Finally, we used teleseismic P-wave travel-time tomography to image the 

geometry of the subducting African lithosphere beneath the Anatolia region. Our 

tomograms show that the subducting African lithosphere is partitioned into at least two 

segments along the Cyprean and the Aegean trenches. We observed a gap between the 

two segments through which hot asthenosphere ascends beneath the volcanic fields of 

western Anatolia. Our results show that the Cyprean slab is steeper than the Aegean slab. 

We inferred that this steep geometry, in part, controls the flow regime of asthenosphere 
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beneath Anatolia causing variations in flow speeds inferred from shear-wave splitting 

analysis.      
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INTRODUCTION 

Plate convergence and related subduction-zone processes control the distribution 

of deformation and related structures in the surrounding regions. This deformation can be 

seen at various scales (few centimeters to thousands of kilometers) taking place over time 

frames from a fraction of a second to millions of years. In this spectrum, subduction zone 

earthquakes constitute one of the primary deformational processes that take place within 

a time frame of seconds to minutes. These earthquakes generally have large magnitudes 

and cause serious destruction (i.e., The Great Chilean Earthquake, 1960, Mw=9.5; 

Sumatra Earthquake, 2004, Mw=9.1). The 1st April 2007, Solomon Islands Earthquake 

(Mw=8.1) is one of these earthquakes.  

In a longer time frame, the roll-back and detachment of subducted lithosphere, 

controls deformation on the overriding plate at a larger geographical scale. The 

Mediterranean region has many examples of continental lithosphere deforming under the 

effects of plate convergence and subduction within the western part of the Alpine-

Himalayan orogenic belt.  

The work presented here comprised two parts in which we utilized several 

seismological investigation techniques and types of seismic data to study the processes 

and structures associated with subduction zones. First, we explored the deformation 

associated with the rupture processes of a subduction zone earthquake in the southern 

Pacific. Next, we investigated the effects of larger scale deformation associated with the 

Eastern Mediterranean subduction zones such as the roll-back, steepening and 

detachment of the subducting lithosphere. 
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Subduction zone earthquakes are usually associated with complex patterns of 

rupture propagation (Dmowska et al.1991; Kagan & Jackson 1999; Lay and Kanamori 

1980; Park and Mori 2007; Schwartz et al. 1989; Schwartz 1999; Xu and Schwartz 1993; 

Yoneshima et. al. 2005). The seismic energy released during the propagation of the 

rupture is a function of the slip magnitude (displacements) and rupture areas associated 

with the integral pieces of the fault plane. Consequently, the presence of high- and low-

slip regions along the rupture planes impose a complex character to the source processes 

of the earthquakes. These patches of large slip and high energy release are called 

“asperities” and they have a strong influence on the propagation and continuation of the 

rupture. The analysis of the seismic data from subduction zone earthquakes makes it 

possible to model the rupture propagation and the slip distribution. There are several 

seismological methods to carry out this type of modeling (i.e., Kikuchi and Kanamori 

1982; 1986; Hartzell and Heaton 1983; 1985, Yagi and Fukahata, 2008). All of these 

methods incorporate a body-wave inversion for analysis of the rupture (Kikuchi and 

Kanamori 1982; 1986).  

The body-wave inversion technique incorporates deconvolving complex body 

wave arrivals into multiple sub-event sequences for analysis of the rupture process in 

time and space. Briefly, in this process, elastic and anelastic seismic responses of the 

medium are calculated along a modeled (parameterized) rupture plane for a known 

rupture mechanism and these responses are removed from the observed waveform 

together with the effects of attenuation as well as the effects of the recording instrument. 
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As a result, the source-time function of the fault rupture is obtained. This stripping 

process is done in a sequence of iterations, in each of which, the portion of the observed 

waveform is inverted to give the timing, location and magnitude of the corresponding 

sub-event along the fault plane (Kikuchi and Kanamori, 1982; 1986; 1991). Hence, a 

model for the rupture history and geometry is obtained showing the locations of the 

major, energetic sub-events and their timing. This aids the characterization of the rupture 

process and the determination of possible directivity. Depending on the complexity of the 

fault geometry and the tectonics of the region, the mechanism of faulting may vary along 

the rupture plane. This method accounts for fixed and varying faulting mechanisms 

during the rupture process. Although the observed data can be fit much better with 

varying mechanisms, the increase in the number of degrees of freedom introduces a 

strong tradeoff between timing, location, and focal mechanism of sub-events. There is 

always the need to provide additional constraints to the problem as the results for the 

unconstrained problems are non-unique with many models explaining the observed data 

equally well (Young et al., 1989; Kikuchi and Kanamori, 1991). Thus, the problem can 

be further constrained by including strong-motion records, surface-waves, geodetic, and 

geological data.  

The Solomon Islands subduction zone is of particular interest because the region 

is tectonically evolving and characterized by the occurrence of large subduction zone 

earthquake doublets. The doublets are large earthquakes of similar magnitudes (M>7) 

that occur close in time and space, presumably the result of the first event dynamically or 

statically triggering the second nearby event within hours to days. Hence, the Solomon 
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Islands region is one of the best places to study earthquake triggering and fault zone 

heterogeneity associated with a subduction zone. In order to better understand the rather 

unusual seismic behavior and deformation style along this subduction zone, we studied 

the source rupture process of the April 1, 2007, Solomon Islands earthquake (Mw=8.1) 

using a teleseismic body-wave inversion technique.  

The second part of the studies summarized here involves determination of the 

larger-scale Earth processes and structures associated with active and ancient subduction 

zones. Seismic records of earthquakes play the key role in studies of the Earths’ inner, 

inaccessible, structures and deep dynamic processes. Two important methods used in 

such studies are shear-wave splitting and seismic tomography.  

In general, shear-wave splitting analysis incorporates extraction of information 

about mantle strain fields and dynamics through observations and processing of shear-

wave arrivals (Silver and Chan 1988). This analysis particularly focuses on arrivals of 

shear-waves that are polarized in the radial plane due to P to SV conversions at the core –

mantle boundary. The SKS and SKKS phases are good examples of such phases that are 

very commonly used in shear-wave splitting analysis. In the presence of an anisotropic 

medium in which seismic-wave propagation speeds vary as a function of direction, these 

arrivals bipolarize or split into two components travelling with different speeds (fast and 

slow). This is known as shear-wave splitting and the knowledge of the fast and slow 

polarization direction as well as the lag time between the arrivals of bipolarized 

components provides information about the strain-related properties of the medium 

beneath the receiver (Backus, 1965). In other words, shear-wave splitting analysis 
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determines the polarization direction of the fast arrival and the lag time between the fast 

and slow waves (Silver and Chan, 1988; Silver and Chan, 1991; Vinnik et al., 1992). For 

common mantle minerals such as olivine the fast polarization direction is parallel to the 

flow direction and also the direction of maximum finite extension (McKenzie, 1979; Ribe 

and Yu, 1991; Ribe, 1992) under the effects of simple shear, large strains and high 

temperatures (1300˚ C) (Zhang and Karato, 1995). The lag time between the fast and 

slow components is the relative measure of the strength or the thickness of the source of 

anisotropy (Silver and Chan, 1991). Recent shear-wave splitting analyses around major 

subduction zones of the world indicate that the structure of the subducting lithosphere 

plays an important role in controlling the flow regime of the asthenosphere (i.e., Zandt 

and Humphreys, 2008; Anderson et al., 2004, Long and Silver, 2009). A complete 

understanding of the dynamic relationships between subducting lithosphere and the 

asthenospheric flow field requires an understanding of geometry and structure of the 

subducting lithosphere.  

Images of the deeper mantle obtained through seismic tomography analysis can 

provide important information regarding the geometry and structure of the subducting 

lithosphere. In a general sense seismic tomography analysis incorporates travel times of 

seismic energy through the Earth’s interior. The speeds of the travelling seismic phases 

differ between different structures (i.e. mantle plumes versus subducting, oceanic 

lithosphere). This creates differences in the arrival times of the seismic rays that sample a 

certain structure and another one that does not. Such observations of arrival-time 

variations for a gather of seismic stations or receivers can be used to interpret the deeper 
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structure of the Earth beneath the seismic array or network. The detailed process 

incorporates travel-time measurement of P or S phases recorded at an array of stations. 

Then predicted arrival-time estimates (based on any global model) are subtracted from 

these measurements to obtain travel-time residuals. These residuals are than demeaned 

for each earthquake to obtain relative travel time residuals. This helps in removing the 

unwanted effects of event mislocation and unknown distant Earth structure closer to the 

source side of the travel path. The relative residuals form the data part of the inverse 

problem. The solution of this problem gives the approximate Earth structure beneath the 

station gather in terms of seismic-wave velocity perturbations (Aki et al. 1977). There are 

several approximations that can be used in these analyses. One of these is the finite-

frequency approximation. Briefly, this approximation utilizes the idea that seismic waves 

with different frequencies sample different ray-centered volumes of the medium that they 

travel in (Dahlen et al 2000; Yang et al, 2009). Particularly for broadband records, this is 

a useful approximation since it allows us to extract more information about the Earth 

structure through travel times of the seismic waves.  

We studied the effects of the subducting African lithosphere in the upper-mantle 

of the Eastern Mediterranean region, particularly the region known as Anatolia. This 

region is characterized by a variety of complex tectonic processes. Collision-related 

plateau formation dominates the present lithospheric deformation toward the east and 

slab rollback related back-arc extension takes place toward the west. The two zones are 

connected at the northern part of the region by strike-slip faulting along the right-lateral 

North Anatolian Fault Zone. Recent seismological studies show that the Eastern 
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Anatolian Plateau (EAP) is supported by hot asthenospheric material that was emplaced 

beneath the plateau following the detachment of the subducted Arabian lithosphere 

(Sengor et al. 2003; Keskin, 2003; Al-Lazki et al., 2003; Lei and Zhao, 2007). The 

westward continuation of the deeper structure of Anatolia is less well constrained due to 

the lack of geophysical observations. In order to address questions about the deeper 

structure beneath Anatolia and particularly the North Anatolian Fault Zone (NAFZ), we 

deployed a 39-station broadband seismic network in the region. The instruments recorded 

many regional and distant earthquakes from all around the world from June 2005 to May 

2008. In our final analysis, we incorporated the data from this network as well as other 

regional networks deployed in the region. We investigated the control of subduction-

related structures and processes on mantle dynamics beneath Anatolia using shear-wave 

splitting analysis and teleseismic P-wave travel-time tomography. 
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PRESENT STUDY 

The methods, results, and conclusions of these studies are presented in three 

manuscripts appended to this dissertation. The following is a summary of the most 

important findings of each study.  

In our first study, the analysis of the source processes of the April 1, 2007, 

Solomon Islands earthquake reveal that the earthquake ruptured a 240-km-long segment 

of the Solomon Islands subduction zone via two major sub-events of similar magnitudes 

(Figure 1). Approximately 35 seconds after the first sub-event (Mw=7.4) the rupture 

propagated 100 to 120 km northwestward where the second major sub-event (Mw=7.6) 

took place. We find that the rupture initiated close to the site of the subducting Gizo 

Ridge. The two asperities are separated by the subducting Simbo spreading center 

defining the boundary between the Woodlark Microplare and the Australian Plates 

(Figure 1). This implies that the moment release during the 2007 event correlates with 

segmentation of the subducting lithosphere. The slip directions for the two ruptured 

asperities correspond to the two different plate motions on the Australia Plate and the 

Woodlark Microplate. Based on these properties of the rupture process and the rupture 

plane, we conclude that the April 1, 2007 Solomon Islands earthquake displays a doublet 

character much like 1974 and 1975 doublets (see Figure 1 for locations) where the sub-

event at the southeast segment of the fault zone (slip patch 1 on Figure 1) effectively and 

dynamically triggered the second sub-event located 100 km northwest (slip patch 2 on 

Figure 1). 
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Figure 1. Locations of the rupture areas for the past earthquake doublets and the 

two slip patches inferred in this study (marked 1 and 2). One month of aftershock 

locations are shown. G.R= Gizo Ridge, S.R.= Simbo Ridge, S.T.F.=Simbo 

Transform Fault, W.S.C=Woodlark Spreading Center. 

 

In the second study, the dynamic effects of the subducting African plate on the 

upper mantle of the Anatolia region is studied using shear-wave splitting analysis. Our 
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results indicate that the anisotropy observed beneath Anatolia occurs mainly in the 

asthenosphere and displays a uniform pattern of NE-SW fast directions (white bars on 

Figure 2). Our analysis also show that the lag times of the measured anisotropy varies 

with short spatial wavelengths beneath central Anatolia and the eastern section of the 

region is associated with lower lag times (length of the white bars on Figure 2).  The 

direction of anisotropy is approximately parallel to the plate velocity direction for 

Anatolia in a reference frame with a no-net-rotation requirement (black arrows on  Figure 

2). If a SW-directed asthenospheric flow is assumed, this would imply partial coupling of 

asthenospheric and lithospheric deformation fields underneath north-central Anatolia. 

Using this idea, we can explain the observation of higher absolute plate speeds at the 

eastern part of the study area in terms of smaller basal resistance forces applied to the 

lithosphere by a weaker SW-directed flow in the asthenosphere. This weaker flow then 

produces a weaker strain field in the asthenosphere and hence, weaker anisotropy 

observed at the eastern portions of our seismic array. We conclude that one of the major 

tectonic factors that might have an influence on the inferred SW direction for the mantle 

flow is the slab-rollback taking place along the Aegean trench and possibly the different 

rates of subduction for the Aegean and Cyprean trenches.  
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Figure 2. Results of splitting analysis for North Anatolian Fault passive seismic 

experiment (NAF) array. Black arrows indicate plate velocities in No Net Rotation 

(NNR) reference frame using GSRM model (McClusky et al., 2000; Kreemer and Holt, 

2001).  NAFZ: North Anatolian Fault Zone, EFZ: Ezinepazari Fault Zone. 

 

In our third study, P-wave travel-time tomography results for the Anatolian region 

indicate that subduction of African lithosphere along the Aegaen and Cyprean trenches 

has a strong influence on the deformation regime and distribution of tectonic provinces 

across the entire region. Specifically, the sub-vertical subduction along the western 

Cyprean trench controls the style of deformation within the Central Anatolia province 

and indirectly influences the westward motion of the Anatolia plate along the NAFZ (see 

section A-A` on Figure 3) . We observe a vertical tear between the subducting 
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lithospheres belonging to the Aegean and the Cyprean trenches (see map on Figure 3). 

Our tomography model indicates that the tear is associated with a left-lateral offset 

between these slabs. Our model also indicates upwelling of hot buoyant asthenosphere 

through this gap beneath western Anatolia(see section D-D` on Figure 3). We conclude 

that the complex configuration of the subducting African lithosphere beneath Anatolia 

plays an important role in dynamic crustal and mantle deformation observed in the 

region.  

Combining the results of seismic tomography analysis with results from shear-

wave splitting analysis we conclude that the sub-vertical position of the Cyprus slab and 

the effective roll-back of the subduction zone along the Aegean trench are the two major 

reasons why we are observing uniform NE-SW trending mantle flow patterns underneath 

Anatolia with delay times (strength of flow) decreasing eastwards. We also conclude that 

the presence of the Aegean - Cyprean slab tear and the motion of hot asthenosphere 

through this gap have a smaller scale effect on the mantle flow regime beneath the 

Anatolia region.  

 

 

 

 



 
 

 

 

Figure 3. Results of teleseismic P-wave traveltime tomography analysis showing the Aegean, and Cyprus slabs, 

and the tear between them. Note the ascending pattern of hot asthenosphere throughout the slab tear.  23 
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ABSTRACT 

The April 1, 2007, Solomon Islands earthquake (Mw=8.1) is a large 

underthrusting event that occurred along the Solomon Islands subduction zone, a region 

noted for large earthquake doublets.  We determined the rupture process for the 2007 

Solomon Islands earthquake using broadband body wave records and two different 

multiple time window body wave inversion techniques.  The results of our analysis 

indicated that the Solomon Islands earthquake had a unilateral rupture 200 km to the 

northwest with two well resolved sub-events or asperities separated by a distance of 

~100-120 km and a time lag of ~35 seconds.  The April 1, 2007, earthquake is a doublet 

much like previous events along the plate boundary (1971, 1974 and 1975) and consists 

of two similar size sub-events that were separated by only 35 seconds.  The short time 

between sub-events suggests efficient triggering of the second adjacent sub-event.  

Comparison of the subducting sea floor bathymetry with the observed rupture 

heterogeneities or asperities revealed that the site of rupture initiation (first sub-event) is 

located at the site of the down-going Gizo Ridge.  The region separating the two major 

sub-events correlates with the subducted trace of the thermally weaker Simbo Ridge and 

Simbo Fracture Zone, which is a manifestation of the Woodlark Spreading Center, 

separating the Australia Plate and Woodlark Microplate.   
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I. INTRODUCTION 

The Solomon Islands subduction zone is a tectonically complex region noted for 

the occurrence of large underthrusting earthquake doublets.  These are large earthquakes 

(M>7) that occur close in time and space, and with similar magnitudes, presumably the 

result of the first event triggering the second nearby event within hours to days.  Hence, 

the Solomon Islands region is one of the best places to study earthquake triggering and 

fault zone heterogeneity.  When a large earthquake (Mw=8.1) followed by a tsunami took 

place in the Solomon Islands along the New Britain subduction zone on April 1, 2007, 

causing at least 40 deaths and destroying several villages, there was concern that another 

similar-sized earthquake might follow.   

The April 1,  2007, Mw=8.1 earthquake occurred at 20:39:56 (Universal 

Time)(UT), with an epicenter at 8.481°S, 156.978°E and a depth of 10 km (Quick 

Epicenter Determination [QED] report by National Earthquake Information 

Center[NEIC]). The Global Centroid Moment Tensor (GCMT) solution located the 

centroid of the earthquake ~100 km northwest of the epicenter at a depth of 14 km with a 

thrust mechanism (strike: 333°, dip: 37°, slip: 121°) (Ekstrom and Nettles, 2007) (Figure 

1).  The largest aftershock was an mb=6.6 event that took place ~7 minutes after the 

mainshock and occurred ~200 km northwest of the mainshock epicenter.  The mainshock 

ruptured a large segment of the plate boundary as observed by the three months of 

aftershocks that define an area 300 km by 65 km (Figure 1).  
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The Solomon Islands region has an unusual pattern of seismic activity that 

manifests itself as doublets or pairs of large (Mw > 7.0) underthrusting earthquakes 

having small differences in origin times, locations and size. The source properties and 

seismic characteristics of major earthquake doublets in this region in 1971 (July 14, 

Mw=8.1; July 26, Mw=8.0), 1974 (Jan. 31, Mw=7.3; Feb. 1, Mw=7.4) and 1975 (July 20 

Mw=7.6 and Mw=7.3) have been the subject of many previous studies (Dmowska et 

al.,1991; Kagan and Jackson, 1999; Lay and Kanamori, 1980; Park and Mori, 2007; 

Schwartz et al., 1989; Schwartz, 1999; Xu and Schwartz, 1993; Yoneshima et. al., 2005) 

(Figure 1).  These underthrusting earthquake doublets are attributed to the high stress, 

fault plane heterogeneity as well as the contortion of the subducting lithosphere as it 

bends along the subduction zone (Lay and Kanamori, 1980; Schwartz et. al., 1989; 

Schwartz, 1999; Xu and Schwartz, 1993).  Hence we give a short description of the 

tectonics of the region. 

The southeast margin of the Pacific plate near the Solomon Islands – Papua New 

Guinea (PNG) region displays a complex tectonic pattern that is formed by convergence 

between the Pacific and Australia Plates. In plate tectonic terms, this zone of convergence 

is subdivided into several microplates (North Bismarck, South Bismarck, Solomon Sea 

and Woodlark) that are separated by plate boundaries of various types (Bird, 2003). The 

formation of such a complex deformation pattern is mainly attributed to the Late 

Cenozoic collision of the ~33 km thick Ontong – Java Plateau (OJP) with the Solomon 

Island Arc (SIA) along the North Solomon Trench (Benes et al., 1994; Cooper and 

Taylor, 1985; Mann et al., 1998; Mann and Taira, 2004; Taylor, 1987).  The collision 



32 
 

resulted in the subsequent choking of the southwest-facing subduction and reversal of the 

subduction polarity to a northeast-facing one along the New Britain and San Cristobal 

trenches (Benes et al., 1994; Cooper and Taylor, 1985; Crook and Taylor, 1994; Mann et 

al., 1998; Mann and Taira, 2004; Peterson et al., 1999; Taylor, 1987; Tregoning et al., 

1998; Yan and Kroenke, 1993) (Figure 1). Recent earthquake locations also showed that 

the lower 80% of the OJP is subducting beneath the SIA while the upper ~7 km accretes 

along the North Solomon trench (Mann and Taira, 2004). This forms the characteristic 

double island arc pattern in this region. Several studies suggest that the ongoing 

Australian-Pacific plate convergence (~10 cm/yr) (Tregoning et al., 1998) and the 

deformation due to collision of the OJP create a high stress state in the region (Bruns et 

al., 1989; Lay and Kanamori, 1980; Yoneshima et al., 2005).  

Bathymetry surveys in this region show high relief on the seafloor (1-2 km higher 

than the mean sea floor) that enters the San Cristobal trench (Crook and Taylor 1994) 

(Figure 1). These ridges/rises are likely formed by back-arc spreading and related 

volcanism associated with southwest subduction of the Pacific Plate along the North 

Solomon Trench. (Cooper and Taylor, 1985; Benes et al., 1994).  Recent studies show 

that they are presently associated with transform faults (part of the spreading system) 

while being subducted (Crook and Taylor, 1994).  Specific features are the Simbo Ridge 

and the Simbo Transform which are part of the Woodlark Spreading Center system and 

are located in close proximity to both the epicenter and the centroid of the recent April 1, 

2007, event.  Several studies have focused on understanding the subduction of such 

ridges and rises and their roles as asperities in shallow subduction zone earthquakes 
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(Abercombie et al., 2001; Adamek et al., 1987; Bilek et al., 2003; Cloos, 1992; Scholz 

and Small, 1997; Xu and Schwartz, 1993; Yoneshima et al., 2005).  The 1 April 2007 

earthquake provides us with an opportunity to compare the details of the rupture to the 

down-going plate heterogeneity or segmentation as defined by the bathymetry. 

In an attempt to understand the influence of subducting seafloor bathymetry and 

tectonic features on the rupture process of the 2007 Solomon Islands earthquake we 

investigated the source parameters of this event using teleseismic P- and S-waves and 

utilizing two different body-wave inversion algorithms.  We also compared the 2007 

event with previous doublets that occurred in the study area. In addition, we used the 

results of our body wave study to calculate the Coulomb post-seismic stress change in the 

region in order to understand the stress loading at adjacent locked portions of the 

subduction zone.  

 

II. METHOD AND DATA 

A. Body-Wave Inversion Techniques 

We used two separate techniques to investigate the source process and the rupture 

parameters of the 2007 Solomon Islands earthquake.  Each method makes different 

assumptions giving us insights on different aspects of the rupture and helps us to identify 

the robust features of the earthquake source.  These two body-wave inversion techniques 

are the iterative pulse-stripping method of Kikuchi and Kanamori (1982; 1986) and the 

multiple-time window, point-by-point waveform inversion technique of Hartzell and 

Heaton (1983; 1985).  
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The iterative pulse stripping (iterative deconvolution) method involves 

subdividing a fixed-geometry fault plane into along-dip and along-strike segments and 

the calculation of impulse responses (Green’s functions) of displacements at each grid 

point on the modeled fault plane (Kikuchi and Kanamori, 1982). These Green’s functions 

are then used to extract pulses or unit wavelets from the observed time series (waveform). 

The unit wavelets are a combination of the Green’s functions (earth response), source-

time functions (source response). This procedure is carried out simultaneously for each 

station. The removal of the pulses is carried out for a limited time window of the body-

wave arrivals (observed time series) in an iterative fashion. Stripping starts with the pulse 

containing the maximum seismic energy on the windowed record, as it is required by the 

nature of the inverse problem. The timing of each removed pulse on the observed 

waveform corresponds to the time of slip or moment release along the associated sub-

fault(s) on the gridded fault plane. This iterative procedure can be repeated as many times 

as is needed until the remaining energy on the waveform becomes insignificant or 

irresolvable. During this procedure, stripped pulses are located as point sources on the 

gridded fault plane with respect to the hypocenter of the event. The timing and scaled 

moments of each pulse are also calculated. As a result of this inversion procedure we 

obtain synthetic waveforms for each station, the source time function (source history) of 

the event and the spatial moment release. The point-by-point least squares difference (the 

degree of correlation) between observed data and the synthetic seismograms shows us 

how successfully our a priori assumptions (i.e. the position of the hypocenter, strike, dip 

and rake of the fault, and the properties of the unit source time function) explain the 
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observed data. For this method, the relative timing of the sub-events recorded at each 

station has an important impact on the locations of point sources on the fault. Hence, high 

quality data recorded at stations with good azimuthal coverage are important. An 

enhanced version of this method allows for variations in the focal mechanism of the sub-

events in addition to their timing, location and seismic moments (Kikuchi and Kanamori, 

1991).  Although this algorithm is often more successful in fitting the observed seismic 

data recorded from complex rupture processes, the inversion itself can be unstable due to 

the increased degrees of freedom introduced by relaxation of the fixed-mechanism 

constraint. The solutions for such inversions may be non-unique with various sets of 

assumed source parameters being able to explain the observed records equally well. 

Hence, additional geological and geodetic constraints should be imposed in the inversion 

or in identifying the best solution. 

Similar to the pulse stripping method, the point-by-point waveform inversion 

technique also incorporates a gridded fault plane and requires calculation of Green’s 

function at every grid point (Hartzell and Heaton, 1985). This technique inverts each 

observed record at individual sampling times using a least-squares method.  As a result of 

the inversion, pairs of dip-slip and strike-slip components are obtained for each sub-fault 

at associated time intervals. Consequently, for a given set of prescribed fault model 

parameters an overall slip distribution along the fault is obtained that minimizes the sum 

of squares of the differences between calculated and observed waveforms at each 

sampled point. The source time function is also calculated as a superposition of moment 

release based on the amount and timing of the slip on each sub-fault. Accurate and 
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unbiased locations of slip require azimuthally well distributed station coverage. Since the 

slip directions (rakes) are allowed to vary for individual sub-faults, the inversion has a 

higher degrees of freedom compared to the fixed-fault pulse stripping method. Hence, 

additional constraints are needed in the inversion process. A convenient way of 

accounting for poorly conditioned arrays is to introduce smoothening constraints into the 

inversion process (Hartzell and Heaton, 1983). It is through these constraints that 

unrealistically large variations between neighboring slip vectors are avoided and hence 

the inverse problem is regularized. In this process, the rupture front speed is fixed and the 

rake angle is constrained within ±45° of the prescribed rake angle to improve the stability 

of the inversion and uniqueness of the solution (Kikuchi and Kanamori, 2003).  

 

B. Data Selection and Inversion  

The dataset that we used in this study incorporates broadband teleseismic body-

wave records from a distance range of 30° – 100° that were recorded by Global 

Seismographic Network (GSN) and other global networks with data archived in the 

Incorporated Research Institutions for Seismology (IRIS) Data Management Center 

(DMC). We used 15 P-wave and 4 S-wave records from 19 stations with a reasonable 

azimuthal distribution (Figure 2). As a preprocessing step, the instrument responses were 

removed from the waveforms. The effects of various band-pass filters on the results of 

the inversions are tested and based on the results of these tests, a filter with a narrower 

bandwidth (between 200 seconds and 10 seconds) is applied to the data from stations 

SNZO, YSS, JNU, YOJ and POHA. The data from the remaining 14 stations are band-
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pass filtered between 400 seconds and 10 seconds in order to avoid undesired effects of 

noise. 

Both of the inversion techniques described in Section 2.1 were used for this 

dataset to calculate the source-time function, sub-event distribution of moment release, 

and slip distributions along a prescribed fault plane.  Green’s functions were calculated 

throughout the prescribed fault models and the waveforms are inverted using the two 

methods. In construction of the Green’s functions, we assumed a P wave velocity of 6.4 

km/s and an S wave velocity of 3.65 km/s  (Vp/Vs = 1.75 ) at the source. These values 

are in accord with the observations of Miura et al. (2004) based on their Ocean Bottom 

Seismometer survey.  We also used a 2 km thick water layer above the source. To 

account for attenuation, we used t*=1.0 sec and t*=4.0 sec for P and S waves, 

respectively. The S wave records are down-weighted in the inversion process based on 

their maximum amplitudes to avoid any bias in solutions towards comparably larger 

amplitudes of these waveforms with respect to P-wave data. In order to calculate slip on 

the sub-faults we assumed a standard crustal rigidity of 3x1010 N/m2 (Turcotte and 

Schubert, 2002).  

In order to observe the trade-offs among many a priori source parameters, we ran 

a large number of sensitivity tests (Figure 3).  We use a fault model of 240 km by 80 km 

with 10 km grid spacing along the dip and strike directions.  We tested larger fault 

models but found that there was little distinct moment release that we could resolve on a 

larger fault. However, we cannot rule out low levels of moment release along a larger 

fault plane.  The GCMT solution had a fault dip of 37°, which is rather steep for a 
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subduction zone. We ran models using both techniques with the GCMT solution to define 

the fault plane.  In addition, we tried varying the dip and the strike to see if we could 

improve the fit to the observed data.  We find a slightly better fit to the data (in a least 

squares sense) for a fault plane of strike=305°, dip=25° and rake=80° when compared to 

the GCMT solution (Figure 3).   The dip angle for our fault model is in agreement with 

results from recent studies in the region which showed relatively shallower dips (<30°) 

for the plate interface (subducting plate) in a depth range of 10-15 km (Fisher et al., 2007; 

Ji, 2007; Yagi, 2007; Yoneshima et al., 2005;). We find that a hypocenter depth of 

approximately 11 km gives smaller normalized least squares misfits for both of the 

inversion techniques (Figure 3c).  The geometry of this fault model agrees well in most 

parts with the spatial extent and trend of the one-day aftershock epicenters located by 

NEIC.  

Although it is difficult to determine the rupture velocity, several tests that we have 

done using the method of Hartzell and Heaton (1985) showed that the variations in 

overall slip pattern for different assumed rupture velocities (in the range of ±10% Vs at 

source depth) is close to the 10 km resolution limit for our fault model. The pulse 

stripping method does not assume a rupture velocity but determines the “best” location 

and time of major pulses of moment release. Using this method we calculated a rupture 

velocity of 2.9-3.4 km/s for most tested parameters. As a result of our tests, a rupture 

speed of 3.2 km/s (~90% of Vs at source depth) is assumed for the point-by-point 

inversion technique.  We use 3.5 km/s as an upper bound for the rupture velocity for the 

pulse stripping method in our final model.  We varied the time window of data that we 
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inverted but in the end we used 95 seconds in order to isolate the S-wave records from 

the P-wave energy radiated by the mb=6.6 event that occurred ~420 seconds after the 

origin time of the main event. The detailed results of our preferred models are discussed 

in the next section. 

The complexity of the waveforms (Figure 2) and the ~100 km separation between 

the centroid location and epicenter (interpreted as rupture initiation) implies that the 

rupture process of this earthquake is complex and has strong directivity to the northwest.  

Given the complex tectonics of the region we also investigated the possibility of varying 

mechanisms in our inversions.  

As the final stage of our analysis the calculated slip along the fault plane is used 

to estimate the resulting Coulomb stress changes within and around the rupture zone 

including the neighboring fault segments.  We used the COULOMB 3.1 software 

package to carry out these calculations (Lin et al., 2004; Toda et al., 2005) and directly 

adopted the same physical fault parameters that we used in the body-wave inversions.        

 

III. RESULTS AND DISCUSSION 

A. Body-Wave Inversions 

We compared the results of the analysis for both the pulse stripping and point-by-

point inversions techniques to characterize the moment release and slip on the fault.  Both 

techniques found slightly better fits between the data and synthetic seismograms using a 

thrust focal mechanism (strike, dip, rake: 305°, 25°, 80°) as shown in Figure 3a. 
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Both inversion techniques showed that the Solomon Islands earthquake has a 

complex rupture pattern with at least two major sub-events or asperities which are 

separated in time and space. Detailed analyses using the two teleseismic body-wave 

inversion techniques for a fixed-mechanism fault model and the fault model with varying 

rakes indicated the presence of two clear sub-events separated by a distance of ~120 km 

and a time of ~35 seconds (1 and 2 on Figures 4a,b and 5c). We also identified a smaller 

slip patch updip approximately 60 km NW of the hypocenter. This relatively smaller sub-

event is consistent on results of the both inversion techniques (3 on Figure 4a,b and 5c).       

The moment rate history suggests that the first major portion of moment release 

and slip occurred within the first 30 seconds of the event where the local maxima appear 

~15 seconds following the rupture initiation in both models.  After a time of relatively 

lower moment rate, at ~40 seconds the rupture progressed to the northwest and created a 

clear, major pulse of energy release at ~50 seconds after the initiation of the rupture 

(Figures 4 and 5).   After these two pulses of moment release there is some low level 

moment release that is difficult to locate spatially. These observations of source time 

functions and general geometry of slip patch distribution remain robust for all the tested 

models of various rupture velocities although their spatial location vary with the assumed 

rupture velocity in the point-by-point inversion method. 

The varying-rake fault model does a much better job in fitting the observed 

waveforms (Figure 5a). The seismic moment calculated for this model is 0.9908x1021 Nm 

with a corresponding moment magnitude (Mw) of 7.9. We tested the sensitivity of applied 

band-pass filters and find that using a narrow band-pass filter (10-100 seconds) we can fit 
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the observed data better but we also obtain a smaller moment (Mw=7.8).  The seismic 

energy calculated for the pulse-stripping fixed-fault model is 0.597x1021 Nm with 

Mw=7.8 (Figure 5b). The GCMT solution, on the other hand, gives a total seismic 

moment of 1.6x1021 Nm corresponding to a moment magnitude of 8.1. The GCMT 

solution incorporates long-period surface waves as a part of the solution procedure and 

therefore recovers the total seismic moment more efficiently.  The discrepancy between 

the calculated seismic energy and moment magnitudes for all of the solutions is likely 

due to the presence of a long-period component of moment release over the entire rupture 

area, a larger fault area with low level moment release, or both.  Unfortunately the limited 

band-width of the body waves limits our ability to retrieve the total moment of this event.  

However, the body waves do give more spatial details of the rupture.  In this study, we 

focus on the higher-frequency characteristics of the source rupture process. 

We also studied the trade-offs between the timing and the focal mechanisms of 

the prominent sub-events. These analyses were carried out for a limited number of 

iterations and were based on the correlation between synthetic wavelets with the observed 

waveforms as a function of distance from the epicenter and time from the origin time 

(Kikuchi and Kanamori, 1991). The resulting contour plots of correlation displayed two 

temporally well resolved sub-events with varying thrust mechanisms (Figure 6).  This 

might be an indication of a change in focal mechanism during the rupture with the first 

sub-event having a north-south strike and the second sub-event an east–west strike. We 

fit the data equally well with a variation in slip direction (rake) for the two slip patches 

resolved by the point-by-point inversion technique. Thus, we hesitate to argue that a 
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change in the strike of the focal mechanism is required since we can fit the data equally 

well with a change in the rake.      

The consistency between the prominent features of source time functions for both 

inversion models is important in interpreting the source history of this event (Figure 5c). 

The two major pulses of seismic energy release resolved in the body wave frequency 

band by both models corresponds to two sub-events with individual moment magnitudes 

greater than 7.3 for the fixed-fault model and varying rake model.  This property of both 

solutions suggests a doublet character for this event that occurred in a relatively shorter 

span of time compared to previous earthquake doublets that took place in this region. 

Consequently, based on the timing, magnitude and spatial distribution of the two major 

sub-events, the Solomon Islands earthquake was an efficient dynamic trigger of a 

subsequent second sub-event along the fault plane. The two sub-events (asperities) are 

associated with the subduction of two different plates (the Australian Plate and the 

Woodlark Microplate) along the megathrust interface.  

 

B. Seismotectonic Interpretation 

In order to interpret the two major sub-events identified by both of the techniques 

we must consider the tectonic framework of the subducting Australia Plate and Woodlark 

Microplate. In this region, the two plates are separated by a spreading ridge, namely the 

Woodlark Spreading Center (Figure 1). The spreading along this ridge is thought to have 

ceased at its eastern tip about 500 ka (Crook and Taylor, 1994; Taylor et al., 1995). The 

eastern extremity of the Woodlark Spreading Center is delineated by three major 
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tectonic-volcanic features that are, from west to east, the Simbo Transform, the Simbo 

Ridge, and the Gizo Ridge.  The Simbo Ridge, which is located at the eastern tip of the 

Woodlark Spreading Center, was formed by the volcanism along the leaky Simbo 

Transform Fault that separates the Australia Plate and Woodlark Microplate. The 

adjacent Gizo Ridge, on the other hand is considered the former eastern continuation of 

the ceased Woodlark Spreading Center. The eastern tip of the Gizo Ridge is characterized 

by several major seamounts that rise up about 2.3 to 2.8 km above the surrounding sea 

floor on the Australia Plate.  Some of these seamounts are volcanically active (Crook and 

Taylor, 1994; Mann and Taira., 2004). Recent tectonic, geological and geophysical 

studies indicated that all of these features are actively being subducting underneath the 

Solomon Island Arc (Mann and Taira, 2004; Yoneshima et al., 2005).  

Our first slip patch or asperity coincides with the subduction of the Gizo Ridge 

and was the site of rupture initiation. The along axis projection of the Simbo Ridge on the 

fault-slip models identified in our study coincides with the portion of the megathrust 

interface that separates the two sub-events with different characteristics of observed slip 

distribution and source time histories. Near the surface, the projected trajectory of the 

Simbo Ridge roughly coincides with a relatively smaller slip patch and the location of an 

observed sub-event (3 on Figure 4a,b). This region also coincides with the maximum 

calculated tsunami wave heights of a numerical propagation model by Fisher et al. (2007) 

based on observations of April 1, 2007, tsunami. The deeper, subducted extent of the 

ridge is well delineated on the free-air gravity anomaly map of Sandwell and Smith 

(1997) (~50-70 mgal linear trend).  As implied here, this boundary coincides with the 
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subducting portion of the plate boundary between the Australia and the Woodlark Plates 

along the Simbo Transform.  However being adjacent to the Woodlark Spreading Center, 

the oceanic lithosphere of both plates have similar ages along this portion of the 

subduction zone. Thus, similarities between subducting sea-floor morphology, rheology 

(Figure 7b) and ages of the two plates might be an important contributor to the inferred 

similarities between the individual magnitudes and source time histories of the two major 

sub-events as well as the amount of slip associated with each asperity (see markings 1 

and 2, for asperity-1 and asperity-2, on Figures 4a,b and Figure 5c).  Hence, we might 

infer that the inter-plate coupling is similar along the megathrust interface for the 

asperities on both plates which failed in a similar fashion.  The heterogeneity or 

segmentation of the down-going plate may be responsible for the doublet character of this 

event. In a more general sense, these observations suggest that the subduction is 

continuous across the intervening plate boundary at least at shallow depths. Although 

both plates are subducting coherently side-by-side, the direction of observed slip across 

the Australia-Woodlark plate boundary (or projected trajectory of the Simbo Ridge) is 

different. The sense of slip on the south-eastern patch is towards the northwest whereas 

the sense of slip is more towards the southeast on the north-western slip patch with less 

oblique slip (Figure 4a).  This difference in slip sense between the two slip patches agrees 

with the differences in plate motion directions of Australia and Woodlark Plates (Figure 

1) (Mann et al. 1998). 

The interpretations of the slip-patch distribution are also supported by the 

distribution of the aftershocks for this event (NEIC). Although aftershock locations from 
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global catalogs using teleseismic data usually contain some errors in epicenter position as 

well as depth, there is a clear indication that there were two separate clusters of 

aftershocks (Figure 7).  The first cluster of aftershocks was located near and southeast of 

the epicenter and the second cluster was located between approximately 100 km and 250 

km to the northwest of the epicenter.  The first sub-event was in a region near and 

northwest of the epicenter with very few aftershocks.  In contrast, the second sub-event 

was located within the second cluster of the aftershocks northwest of the intersection of 

the Simbo Transform and the Simbo Ridge with the trench. 

The 100-120 km long region between the two asperities corresponds to a region 

with relatively low seismicity (Figure 7).  This region also corresponds to the projected 

down-dip extend of the Simbo Ridge and the Simbo Transform Fault in the subduction 

zone.  The calculated source rupture characteristics of each sub-event for the April, 1, 

2007, earthquake is comparable to the adjacent 1974 and 1975 doublets considering the 

magnitudes of individual events, similarities of asperity sizes and seismic moments 

(Table 1). This observation supports the idea that there is a systematic pattern in asperity 

sizes and distribution along the Solomon Islands region, which was also suggested by 

Lay and Kanamori (1980).  

 

C. Coulomb Stress Analysis  

We carried out a stress analysis and calculated the Coulomb stress changes along 

the fault plane based on our best slip distribution model for the April 1, 2007, earthquake 

(Lin et al., 2004; Toda et al., 2005). Our goal was to quantify the stress changes adjacent 
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to the failed asperities and around the rupture zone. The results of the analysis indicated 

expected stress decrease on the order of -25 to -15 bars for ruptured asperity-1 and 

asperity-2.  The calculated stress change (increase) for the regions surrounding the 

asperities is on the order of 10 bars for the up-dip portions and 10 to 20 bars for the 

lateral to down-dip portions towards the southeast and northwest tips of the rupture area 

(Figure 8). The maximum calculated stress increase is located towards the southeastern 

end of the fault, close to where the rupture initiated. Specifically, the stress increase of 

~10 bars at the up-dip portion of the second asperity coincides with a cluster of 

aftershocks some of which appears to be located in the outer-rise.  Approximately 200 

km NW of the epicenter similar amounts of stress increase are observed where the 

Woodlark Ridge enters the subduction zone.  This may have loaded the down-dip 

segment of the fault that lies adjacent to the hypocenter of the subsequent mb=6.6 

aftershock that followed the mainshock by ~7 minutes. The location of this event roughly 

coincides with the inferred rupture area of the February 2, 1974, event (1974b).  

Consequently, we might infer that the mb=6.6 event ruptured the loaded portion of the 

asperity of 1974b event. The aftershock area of the April 1, 2007, event encloses the 

rupture areas of both the 1974 doublet events. However, the two energetic asperities 

inferred in this study are located southeast of the rupture areas of the 1974 doublet.  This 

indicates failure of separate asperities for the April 1, 2007, event and the 1974 doublet 

(Figure 8).       

 

 



47 
 

IV. CONCLUSIONS 

Our analysis of the source processes of the April 1, 2007, Solomon Islands 

earthquake revealed that the earthquake propagated along a 240-km-long segment of the 

Solomon Islands subduction zone.  We found that a major portion of the seismic moment 

resolved in the body-wave frequency domain is released in a northwestward propagating 

pattern, with two major slip patches or asperities that are separated by an intervening 

plate boundary and a distance of 100-120 km.  We also observed that the sizes of these 

slip patches and the seismic moments of associated sub-events are comparable to the 

rupture areas and seismic moments of previous earthquake doublets in the region. Based 

on these comparisons, we suggest that this event has a doublet character with two 

impulsive sub-events of Mw = 7.4 and Mw = 7.6 separated by 35 seconds. The moment 

release during the 2007 event correlates with segmentation or heterogeneities in the 

down-going plate. The rupture initiated close to the site of the subducting Gizo Ridge. 

The two asperities are separated by the subduction of the Simbo Ridge and Transform 

Fault (part of the Woodlark Spreading Center). The slip directions for the two ruptured 

asperities correspond to the two different plate motions on the Australia Plate and the 

Woodlark Microplate.    
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Table 1. Source properties of past doublets and asperities inferred in this study 

Event ID 
Event 

Date 

Magnitude 

(Mw) 

Seismic 

Moment 

(x 10 20 Nm) 

Area   

(km2) 

1974aa 1/31/1974 7.3 0.3 490 

1974ba 2/1/1974 7.4 0.9 1300 

1975aa 7/20/1975 7.6 2.2 2400 

1975ba 7/20/1975 7.3 1.5 1300 

Asperity-1b 4/1/2007 7.4 1.9 1100 

Asperity-2b 4/1/2007 7.6 3.5 2500 

a values from Xu and Schwartz (1993)   

b this study   
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Figure 1. Tectonic map of the study area with focal mechanisms of the major doublets 
and the April 1, 2007 earthquake. The hatched rectangle shows the region of aftershocks 
(04/01/2007 - 05/01/2007) and the dashed rectangle shows the assumed ruptured area of 
the megathrust for the April 1 event. Plate velocities are with respect to the Pacific Plate 
(Mann et al., 1998). AU=Australian Plate, WL=Woodlark Microplate, SIA=Solomon 
Island Arc, OJP=Ontong Java Plateau, SS=Solomon Sea Microplate, NB=North 
Bismarck Microplate, SB=South Bismarck Microplate. 
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Figure 2. (A) Lower hemisphere projection focal mechanism from the GCMT for the 
April 1, 2007 Solomon Islands Earthquake. Also shown are the waveforms used in this 
study. Small black triangles indicate onset of body-wave arrival. (B) Map centered on 
the event showing the azimuthally distributed stations. 
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Figure 3. (a) The results of sensitivity analysis for varying focal mechanisms. (b) 
Superimposed focal mechanisms for the GCMT and this study. (c) Results of sensitivity 
analysis for rupture initiation depths. 
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Figure 4. (a) Slip distribution along the fault plane calculated by point-by-point inversion 
technique. (b) Seismic moment release along the fault, calculated by the pulse stripping 
technique. Dashed ellipses outline the projected outlines of major bathymetric features 
entering into the trench. White circles indicate location of aftershock (for the time period 
between 04/01/2007-05/01/2007) projected on the rupture plane. Labels 1 and 2 indicate 
locations of first and second asperities or patches of high slip respectively. 



 

 

Figure 5. (a) Results of the body-wave inversion analysis using point-by-point inversion technique. The waveform 
match between observed (solid black lines) and calculated seismograms (dashed lines) are shown. (b) Results of body-
wave inversion analysis using pulse stripping technique. (c) A comparison between source time functions for both 
models. The source time function to the top is obtained by using the fault model with varying rakes (using point-by-
point inversion technique). The time function at the bottom is obtained by using fixed-mechanism fault model (using 
pulse stripping technique). 
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Figure 7. (a) Map of aftershocks together with the outlines of major morphotectonic 
features. Boxes labeled 1, 2 and 3 indicate three regions with differing aftershock 
distributions for the period between 04/01/2007 and 12/01/2007 (7 months after the 
event). Note the clustering of aftershocks within regions 1 and 3. The black, 
continuous line adjacent to the boxes is the line of section for bathymetric profile 
used in (b). (b) Bathymetric profile along the line of section (top) and spatial 
histogram of aftershock distribution (bottom). The dash-dot pattern shows the 
locations of the two major asperities. The histograms are color-coded and labeled (1, 
2 and 3) based on the three regions labeled in (a). 
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Figure 8. Map illustrating the Coulomb stress changes (blue to red shading) associated 
with the 2007 Solomon Islands Earthquake together with the locations of the rupture 
areas of past earthquake doublets and the two slip patches inferred in this study. Note the 
two asperities have a decrease in stress (blue) after the mainshock rupture but the 
surroundings have an increase in stress (red). One month of aftershock locations are 
shown. G.R= Gizo Ridge, S.R.= Simbo Ridge, S.T.F.=Simbo Transform Fault, 
W.S.C=Woodlark Spreading Center, AU=Australian Plate, WL=Woodlark Microplate, 
SIA=Solomon Island Arc, OJP=Ontong Java Plateau, SS=Solomon Sea Microplate, 
NB=North Bismarck Microplate. 
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ABSTRACT 

  The North Anatolian Fault Zone (NAFZ) is a transform structure that constitutes 

the boundary between the Anatolian Plate to the south and Eurasia Plate to the north. The 

properties of the upper-mantle strain field and mantle anisotropy in the vicinity of NAFZ 

are analyzed for the first time via splitting of SKS and SKKS phases using data from the 

North Anatolian Fault passive seismic experiment (NAF). Our results indicate that the 

observed upper-mantle strain field is uniform underneath the array with consistent NE-

SW polarization directions for fast split waves. This trend remains parallel or sub-parallel 

to the plate motion vectors in a geodetic reference frame with a no-net-rotation 

requirement.  Lag times between the fast and slow split waves measured for the study 

area varies from 0.5 seconds to 1.6 seconds. Smaller lag times are obtained consistently 

at the eastern part of the array. However, we do not observe any significant variation in 

either the polarization directions or the delay times across the plate boundary (NAFZ). 

The uniformity of the fast polarization directions throughout the study area favors 

an asthenospheric source for the anisotropy. Based on empirical relationships between 

observed strength of upper mantle anisotropy associated with flow and plate velocities, 

we favor a SW directed asthenospheric flow beneath our study area. The SW direction of 

asthenospheric flow could be associated with the slab-rollback taking place along Aegean 

Subduction Zone and requires partial coupling of the asthenospheric and lithospheric 

deformation fields underneath the study area.  

 



65 
 

 
 

 

I. INTRODUCTION 

Analysis of the relationships between crustal strain and upper-mantle deformation 

fields near plate boundary zones is important for understanding patterns of deformation 

around plate margins as well as the dynamical interaction between the lithosphere and 

asthenosphere. There is no direct means to observe dynamics of the uppermost mantle in 

such plate boundary zones. However, seismic anisotropy generated by the strain induced 

lattice preferred orientation (LPO) of anisotropic mantle minerals (i.e. olivine) is 

sensitive to deformation at depth. The splitting of polarized shear waves in such 

anisotropic medium can quantify the direction and strength of the anisotropy 

(Christensen, 1966; Keith and Crampin, 1977; Ando, 1984; Fukao, 1984; Vinnik et al., 

1992; Kind et al., 1985; Silver and Chan 1988; 1991; Kaneshima and Silver 1995; Silver, 

1996; Savage, 1999; Silver and Holt, 2002). 

This study focuses on northern-central Anatolia and the North Anatolian Fault 

Zone (NAFZ) which is a 1400 km long continental transform fault that forms the 

northern margin of the Anatolian plate (Figure 1). The early Miocene collision of the 

northward converging Arabian Plate and Eurasian Plate along the Bitlis Suture Zone 

resulted in north-south contraction in Eastern Anatolia and westward extrusion of 

Anatolian Plate  along the right-lateral NAFZ (Sengor, 1979) and the left-lateral Eastern 

Anatolian Fault Zone (EAFZ) (Jackson and McKenzie, 1988) (Figure 1). Despite 

numerous geological studies along this fault zone, the deeper structure of this plate 

margin remains relatively unknown.  Two important problems that we address in this 
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study are the orientation of deformation in the upper-mantle beneath our study area and, 

the degree of coherency between this strain field and the observed deformation in the 

upper crust.  The determination of these properties also requires us to provide some 

constraints on depth to the observed upper-mantle strain field as well as most probable 

causes of this deformation.   

Analysis of shear wave splitting along similar transform plate boundaries have 

revealed different patterns of mantle deformation. The seismic anisotropy studies in 

western North America and along the San Andreas Fault (SAF) also indicate an upper-

mantle strain field with deformation directions mostly oblique to the surface trace of the 

fault. However, some studies show that there exists a shallower zone of deformation that 

is located within a narrower corridor that follows the shear zone with directions 

paralleling the strike of the fault (Ozalaybey and Savage, 1995; Silver 1996; Hartog and 

Schwartz, 2001; Titus et al, 2007). The GPS measurements throughout Anatolia revealed 

slip rates on the order of 20-25 mm/yr for the NAFZ (McClusky et al., 2000). This is 

similar to slip rates measured for the San Andreas Fault which are on the order of 20-30 

mm/yr (Johnson et al., 2007). Many studies indicate that the dextral motion along NAFZ 

initiated during Late Miocene to Early Pliocene (~5 Ma to 11 Ma) (Barka, 1988; Barka 

and Gulen, 1989; Kocyigit, 1989; Kocyigit, 1990; Dirik, 1993; Bozkurt and Kocyigit, 

1996, Barka et al., 2000, Bozkurt, 2001). In this respect the NAFZ is significantly 

younger than San Andreas Fault (~17-30 Ma) (McKenzie and Morgan, 1969; Atwater, 

1970; Graham et al, 1989). Unlike SAF, the geometry of the upper-mantle deformation 

beneath the dextral NAFZ and the surrounding region is not well constrained due to the 
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lack of geophysical observations. This is the first study to investigate the characteristics 

of the mantle strain field beneath the northward convex segment of the NAFZ and the 

north-central portion of the Anatolian Plate using splitting of shear-waves. 

 

II. DATA and METHOD 

To study the seismicity and the lithospheric structure of the region we deployed a 

seismic array composed of 39 broadband seismic stations that crosses the NAFZ in 

multiple transects (Figure 1). These seismic instruments were provided by the 

Incorporated Research Institutions for Seismology (IRIS) – Program for Array Seismic 

Studies of the Continental Lithosphere (PASSCAL) Consortium and recorded regional 

and global earthquakes continuously at 40 samples per second for a period of two years. 

SKS and SKKS are the most common core phases used in seismic anisotropy 

analysis. The arrivals are generated by P to SV conversions at the core-mantle boundary 

and generate converted phases polarized in the radial plane. Any anisotropic medium 

underneath the receiver side causes splitting of the polarized shear wave (SV) into fast 

and slow components with particle motions taking place in associated fast and slow 

propagation directions (Backus, 1965). Shear-wave splitting analysis determines the 

polarization direction of the fast wave (φ) and the lag time between the fast and slow 

waves (δt) (Silver and Chan, 1988; Silver and Chan, 1991; Vinnik et al., 1992).  For 

common mantle minerals such as olivine the fast polarization direction is parallel to the 

flow direction and also the direction of maximum finite extension (McKenzie, 1979; Ribe 

and Yu, 1991; Ribe, 1992) under the effect of simple shear, large strains and high 
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temperatures (1300˚ C) (Zhang and Karato, 1995). The lag time between the fast and 

slow components indicates the strength or the thickness of the source of anisotropy 

(Silver and Chan, 1991). Although this source could be anywhere between the core and 

the receiver, many studies have shown that most anisotropy takes place in the upper 400 

km of the earth (Vinnik et al., 1992; Mainprice and Silver, 1993; Barruol and Mainprice, 

1993; Vinnik et al., 1995, 1996). Previous studies indicated that the contribution of the 

crust to this source of anisotropy is relatively small (0.04 sec to 0.2 sec) (Gledhill and 

Stuart, 1996; Savage, 1999).  The seismic anisotropy measurements inferred from shear-

wave splitting have limited vertical resolution but they provide better lateral resolution 

since the incidence angle for the associated phases are fairly small and each measurement 

represents anisotropic structure beneath individual receivers.  

We  calculated  values  of  φ  and  δt  for  individual  event‐station  pairs  using  

two different techniques where  effects  of  splitting  are  removed  from  the  observed  

seismograms  through  a grid‐search  for  suitable  values  of splitting  parameters  (φ  and  

δt).   One  of  these techniques, Rotation Correlation (RC), involves a search for the best 

φ, δt pair that maximizes the correlation between the corrected seismogram  pairs  by  

rotation  through  a  series  of  coordinate systems  (Fukao,  1984;  Bowman  and  Ando,  

1987).  The second method that we used is defined by Silver and Chan (1991) (SC). It 

incorporates minimization of the displacement energy on the transverse component after 

removing effects of splitting (Silver and Chan, 1991).  These calculations are carried out 

using the SplitLab code of Wustefeld et al. (2008). Utilization of two different techniques 

gave us the  opportunity  to  compare  the  results  in  terms  of  consistency  and  hence  
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assessment  of  quality  for  individual measurements based on the criteria explained by 

Wustefeld and Bokelman (2007).   

The data are from 140 events located in a distance range of 85 to 120 degrees 

(Figure 2a). The events were selected to have moment magnitudes over 5.0 and depths 

more than 10 km. However, best results were obtained only for events with magnitudes 

over 6.0 (Mw) and depths more than 20 km (Figure 2b). We also obtained splitting 

parameters for the Global Seismographic Network (GSN) station ANTO utilizing data for 

the period of the NAF deployment. 

 

III. RESULTS 

A total of 2461 sets of SKS and SKKS arrivals were analyzed in terms of shear-

wave splitting. Prior to analysis dominant portion of the data is filtered using a band-pass 

filter with cut-off limits of 1 and 25 seconds to eliminate very high frequency and low 

frequency noise. Occasionally the data is analyzed without applying a filter or applying a 

broader band-pass filter (with cut-off periods 1 and 50 sec.) when the signal-to-noise ratio 

of the seismograms were high enough.  Considering the dominant frequency of our 

measurements were ~8 seconds for SKS and ~11 seconds for SKKS, these filters were 

suitable for the data set at hand.   Examples of measurements using SKS and SKKS 

phases for one event recorded at station KUYL is given on Figure 3.  
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681 of our measurements yielded well constrained splitting parameters and 1053 

yielded null measurements. The remaining 727 measurements were of low quality 

yielding poorly resolved splitting parameters. The results of our analysis and detailed 

statistics on our measurements are summarized on Figure 4 and Table 1. In general fewer 

SKKS phases yield well constrained splitting parameters compared to SKS phases. 

However, the mean differences in measured splitting parameters between SKS and SKKS 

phases are small and ranges between 0-10 degrees in terms of fast polarization directions 

and 0-0.3 seconds in terms of delay times (Table 1). 

We carried out quality assessment for our results in two stages. The first stage of 

the quality assessment incorporates comparison of results obtained using SC and RC 

methods following the criteria defined by Wustefeld and Bokelman (2007). These criteria 

are defined by fast axis misfits (φSC- φ RC) and delay time ratios (δtSC/ δtRC) of the two 

methods. The description of the four quality classes used in this study based on these 

values are given on Figure 5. The second stage of quality analysis incorporates visual 

screening of results based on how effectively the energy on the transverse component is 

removed on the corrected seismograms and how well the results are constrained based on 

the errors associated with the measurements. By this way we eliminated some of the poor 

measurements that were misclassified as null measurements due to the low signal-to-

noise ratio of the associated waveforms.  

In general our measurements reveal roughly NE-SW trending fast polarization 

directions for the Eurasian Plate and the Anatolian Plate without any large variations (see 

supplemental material for rose diagrams of fast polarization directions and null 
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measurements at each station).  The mean fast polarization direction for the array is 

calculated to be 43 degrees using both SC and RC methods. The fast polarization 

direction averages for the northern and the southern blocks of the NAFZ are also ~43°, 

showing no distinguishable difference across the plate boundary. These anisotropy 

directions are parallel/sub-parallel to the plate motion for the Anatolian and Eurasian 

plates based on GPS measurements of McClusky et al. (2000) and Global Strain Rate 

Model (GSRM) of Kreemer et al. (2001) in a No-Net-Rotation (NNR) reference frame 

(Figure 4).  

There exists multiple reference frames for plate motions and each of which have 

different motion directions and speeds. The derivation of the plate motions for these 

reference frames are based on different assumptions and approaches. One of the most 

commonly used reference frame for our study area regards the Eurasia as fixed and 

focuses on the relative motions of the surrounding plates (i.e. Anatolia) with respect to 

the fixed Eurasia (McClusky et al., 2000). This reference frame is not ideal for analysis of 

the interaction between lithosphere and asthenosphere, because the lithospheric motion in 

this case is with respect to another lithospheric body (Eurasia Plate). Hence the direction 

of lithospheric motion purely depends on the selection of the fixed plate. Another 

relevant reference frame is the Hot Spot reference frame (HS3-NUVEL1A of Gripp and 

Gordon, 2002). This reference frame is based on the idea that the plumes generating the 

hot spots are fixed in the mantle and the tracks of the hot spots shows us the direction of 

the absolute plate motion. This might be considered a suitable reference frame for our 

present study since it incorporates motion of lithosphere with respect to fixed deeper 



72 
 

 
 

mantle. However the dynamics of the plumes in the mantle are not well constrained and 

uncertainties exists about motions and source depths of the hot spot related plumes within 

the upper mantle (Kreemer, 2009). Hence there is considerable uncertainty in plate 

motions in Hot Spot reference frame. Recently Kreemer (2009) attempted to put 

constraints on the absolute plate motions in a hot spot reference frame based on 

observations of shear-wave splitting orientations (GSRM-APM-1). In this study, Kreemer 

(2009) tried to avoid the complexities in mantle and plate motions by using data only 

from cratons and oceanic lithosphere. However cratons are usually associated with 

thicker mantle lithosphere and associated fossil anisotropy. Hence the uncertainties 

associated with asthenospheric anisotropy directions are high for these regions. Besides, 

the results show a mismatch between observed anisotropy directions and resultant 

absolute plate velocity directions for cratons. We preferred to use the NNR reference 

frame (Kreemer et al., 2001) because it incorporates plate motions with respect to a fixed 

mantle with the effects of lithospheric rotation removed. Thus, this reference frame is 

better suited for our study since our aim is to compare lithospheric and asthenospheric 

deformation fields. Becker, (2008) argued that there is likely to be a net rotation of 

lithosphere which affects the anisotropy in the mantle due to effects of basal shear forces 

applied on asthenosphere by moving stiff continental keels. However these observations 

are also based on plate velocities in Hot Spot reference frame and have regional 

inconsistencies between the resolved rotation of lithosphere and observed mantle 

anisotropy. Hence, we believe the assumption of No-Net-Rotation of lithosphere is 

convenient for our study area which is located away from cratons and within a network of 
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complex plate boundary zones. Both HS3-NUVEL1A and GSRM-APM-1 are suitable 

reference frames for comparing mantle and lithospheric motions, as they both incorporate 

lithospheric motion with respect to a fixed mantle. However the assumptions 

incorporated in these reference frames requires further testing and a better understanding 

of mantle dynamics (Becker, 2008; Kreemer, 2009)  

Although the fast polarization directions are nearly uniform throughout the NAF 

array we observe some clear variation in lag times. The most noticeable variation in lag 

times occurs in E-W direction rather than N-S direction. At the westernmost part of the 

study area the measured delay times are on the order of 1.3 seconds.  Starting from 34°E 

longitude the measured lag times decreases smoothly towards the east where they have 

their minimum values on the order of 0.5 seconds and then increase again east of 37°E 

(Figure 4). The number of null measurements significantly increases for the stations 

located at the east of 34°E longitude (see supplemental material). This is probably related 

to smaller delay times that make it harder to correctly detect anisotropy given the noise 

recorded at stations. We obtain mostly null measurements for the stations between 35°E 

and 36°E at the northern block of NAFZ (open stars on Figure 4) and station KIYI 

located SE part of the NAF array. Two of these stations, DERE and CALT, have a few 

splitting measurements with φ =~30° ± 10 and δt ~0.4 ± 0.1 second that are from events 

located to the west. At ~100 km to the east of these stations TEPE has a couple of fair 

measurements with φ =~25° ± 10 and δt ~0.6 ± 0.2 second that are obtained from events 

located to the east. For station KIYI we were able to obtain a few measurements yielding 
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very small delay times in the order of 0.4 seconds. For stations OGUR and EKIN, all the 

results are nulls for both western and eastern back-azimuths.  

The backazimuthal coverage of our dataset is limited in the sense that most of the 

used events are from western and eastern backazimuths (Figure 2). This makes it hard for 

us to rule out the presence of a vertically varying anisotropy beneath the study area. The 

backazimuthal distribution of measurements and nulls (using SC method) for station 

ALIC is given on Figure 6. This station is located on the NAF (see Figure 4) and the 

recorded data have high signal-to-noise ratios. The light gray, continuous lines on the φ 

versus backazimuth plot show the linear relationship between distributions of nulls with 

respect to backazimuth. Basically these lines delineate the backazimuths where we will 

observe null results for a given fast polarization direction (either backazimuth= φ or 

backazimuth= φ ±90˚).  The black, continuous lines, on the other hand shows distribution 

of measurements that have backazimuths oriented 45 degrees from the fast and slow 

polarization directions (backazimuth= φ ±45˚) or in other words farthest from the null 

directions for a given fast polarization direction. Synthetic analysis by Wustefeld and 

Bokelman (2007) showed the best splitting measurements tend to cluster around these φ 

±45˚ lines. Our good and fair measurements tend to cluster around these lines too. 

Besides, our null measurements are located around the lines representing the null 

distribution (the gray continuous lines) (Figure 6). The mean φ for this station is 45˚ and 

the observed nulls lies within ±20˚ degrees of this direction. Although we have a limited 

backazimuthal distribution for our results and we cannot completely rule out presence of 

vertically varying anisotropy, the distribution of nulls and the consistency in observed 
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splitting parameters favors a single layer anisotropic source. This one layer model is also 

consistent with previous observations by Vinnik et al. (1992) and Sapas and Boztepe-

Guney (2009) who analyzed anisotropy beneath station ANTO and find no evidence of 

vertically varying anisotropy.  

 

IV. DISCUSSION 

The existence of invariant anisotropy directions implies that deformational fabric 

in the upper mantle is uniform beneath the study area and across the Anatolia-Eurasia 

Plate boundary delineated by the NAFZ. In a broader region, this is in agreement with the 

findings of Sandvol et al. (2003) from Eastern Turkey Seismic Experiment (ETSE) where 

they observe no major variations in NE-SW trending anisotropy directions beneath 

Eastern Anatolian Accretionary Complex (EAAC) and across major structural features 

such as East Anatolian Fault Zone (EAFZ), eastern portion of NAFZ and the Bitlis Suture 

(BS) (Figure 7A).  The uniformity of the splitting measurements throughout the region 

raises the question whether the associated uniform deformation pattern exists in the sub-

continental lithospheric mantle or underlying asthenosphere. Hence, constraining the 

depth of the anisotropic source is important for understanding the crust-mantle dynamic 

interaction and determining the dominant cause of deformation in asthenosphere.  
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A. Location of Anisotropy 

The ray paths for teleseismic phases used in shear-wave splitting analysis are 

steeply inclined and they have little depth resolution. However we can indirectly infer the 

depth of anisotropic source using observed delay times and inferring the strength of 

anisotropy.  

In this analysis we assume the source of anisotropy is sub-horizontal beneath the 

study area. The results of our analysis might be affected by the presence of a steeply 

dipping anisotropy. However, the case of dipping anisotropy requires variation in 

observed splitting parameters with backazimuth depending on the dip direction of the 

anisotropic medium. We do not observe any robust variation in splitting parameters with 

backazimuth (i.e. see Figure 6) that could account for a steeply dipping anisotropic 

source. Thus it appears safe to assume sub-horizontal or horizontal anisotropic source 

beneath our study area.      

In the case of Eastern Anatolia and ETSE the analysis of S-wave receiver 

functions by Angus et al., (2006) shows lithospheric thicknesses on the order of 100 -125 

km for the Arabian Plate and 60 -80 km for the Eastern Anatolian Plateau (EAP). 

However, fast polarization directions are oriented uniformly in NE-SW directions with 

delay times ranging between 0.9 to 1.3 seconds for most of the stations located on the 

Arabian plate and Eastern Anatolian Plateau (EAP) (Sandvol et al., 2003) (Figure 7A). 

This shows that the measurements are insensitive to changes in lithospheric thicknesses. 

Besides, assuming 4% anisotropic strength, observed delay times require a lithospheric 

thickness of at least 110 km which is significantly thicker than the observations beneath 
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EAP. Hence, the observed anisotropy must be located in the asthenosphere beneath 

Eastern Turkey. 

The center of our array is located approximately 600 km west of the center of 

ETSE array and the arrays are virtually adjacent (Figure 7A). In this case one would 

expect the observed anisotropy to be sub-lithospheric beneath NAF array unless a very 

sharp transfer of deformation field occurs from sub-lithospheric to lithospheric levels 

from east to west between these two arrays. In addition, as in the case of Arabian Plate 

and EAP we are observing uniform anisotropy directions across major tectonic 

boundaries such as Izmir-Ankara-Erzincan Suture , Inner Tauride and inner Pontide 

sutures (see Figure 7A for locations) as well as the NAFZ marking the boundary between 

several blocks and accretionary complexes that defines the northern part of the Anatolian 

Plate and the boundary between Eurasia Plate and the Anatolia Plate.  We believe this 

uniformity in splitting parameters across these tectonic provinces indicates they are 

associated with sub-lithospheric strains rather than lithospheric deformation.   

Most of the study area is covered with Tethyside accretionary complexes (Sengor 

et al., 2005) related to Tertiary closure of northern branch of Neotethys (Sengor and 

Yilmaz, 1981; Gorur et al., 1984; Kocyigit et al., 1988; Kocyigit, 1991; Okay et al., 

1998). Considering the observation of relatively high delay times (in the order of 1.3 – 

1.6 seconds) at the westernmost portions of the array and assuming 4% anisotropy for the 

upper mantle we may infer that the anisotropic layer thickness is on the order of 150 km 

(Mainprice and Silver, 1993; Silver 1996).  In this case the anisotropy in the mantle 

lithosphere could not be the major contributor because we expect the lithospheric 
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thickness to be significantly less than 150 km beneath this tectonically active region.  

Hence, the estimates of the thickness of the anisotropic layer are too high to suggest a 

solely lithospheric source beneath this region.  

Based on all of these observations we believe that the anisotropy and the 

associated deformation field that we are sampling is mostly asthenospheric rather than 

lithospheric. 

 

B. Asthenospheric Flow and Lithosphere-Asthenosphere Interaction  

The dominant mechanism that controls the deformation of hot, mechanically 

weak asthenosphere is shear strain related to flow. Theoretical analysis and laboratory 

studies on olivine showed that the strain induced LPO of the mineral creates the observed 

seismic anisotropy where fast polarization direction parallels the flow direction and 

extension axis of strain ellipse in most cases (McKenzie, 1979; Ribe, 1989; Ribe and Yu, 

1991;  Ribe 1992; Silver and Chan, 1991; Nicolas, 1993; Zhang and Karato, 1995; 

Savage 1999, Karato et al., 2008). However, it is not possible to directly obtain the 

unique flow vectors for asthenosphere using solely shear-wave splitting analysis. In our 

study we attempt to obtain the unique direction of flow through comparison of the 

deformation field observed in the asthenosphere and the lithospheric motion. This 

comparison also gives us an idea about the magnitude of dynamical interaction between 

asthenosphere and lithosphere. We begin with testing three possible cases in terms of 

dynamical asthenosphere - lithosphere interaction.  These cases are, 1) lithosphere and 
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asthenosphere are decoupled;     2) lithosphere and asthenosphere are partially coupled; 3) 

lithosphere and asthenosphere are strongly coupled. 

The decoupling case requires the lithosphere and the asthenosphere to be driven 

by different forces so that there is no direct connection between the motions of the two 

systems. Although the parallelism between NNR plate motion and mantle anisotropy 

direction is quite clear in our case (Figure 7A), we cannot rule out decoupling based on 

our data and observations.  

The case of partial coupling can be tested under two separate assumptions based 

on our observations of the asthenospheric deformation field and plate velocities in the 

NNR reference frame. Partial coupling could exist when asthenosphere and lithosphere 

are moving either in the same direction or in opposite directions, influencing each other’s 

motions and velocities. In the case where they are moving in the same direction, they aid 

each other’s motion. However, if they are moving in opposite directions, they generate a 

resistance force on each other and impede each other’s motion.  Although we cannot 

know with certainty weather NE or SW directed flow exists in the asthenosphere for our 

case, we can use the relationship between the strength of anisotropy and variation of 

lithospheric velocities to infer the flow direction. 

Relatively larger delay times observed in shear-wave splitting analysis are often 

interpreted as thicker source of anisotropy and/or stronger anisotropy. Both of these cases 

require the deformation of the anisotropic medium to be more pervasive and strains 

associated with the deformation to be higher. Thus, the forces associated with the 

deformation would be larger.  In this case we would expect to see a positive correlation 
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between the amount of anisotropy and lithospheric velocities if both asthenosphere and 

lithosphere are moving in the same direction. Thus increasing lithospheric velocities 

would require increased mantle strains and hence increased delay times. The observation 

of increasing lithospheric speeds with proportionally increased delay times and hence 

mantle deformation can also be a good candidate for the case of strong coupling between 

the lithosphere and asthenosphere (Figure 8A).Although, stronger anisotropy can also be 

a result of longer time span of deformation in the mantle, latest analysis by Karato and 

Zhang (1995) indicated that the strength of anisotropy in the mantle saturates under large 

strains that took place over long periods of time. In our case we are not observing such 

large anisotropic strengths based on our observation of moderate delay times.   

In the opposite case where the two media are moving in opposite directions we 

would expect to observe a negative correlation between the strength of anisotropy and 

lithospheric velocities (Figure 8B). This case will require smaller mantle strain and delay 

times where there is an increase in lithospheric speed due to the decrease in resistance 

forces applied by asthenosphere at the bottom of lithosphere.  This clearly points out the 

negative correlation between the delay times and observed local NNR plate velocities in 

the case where lithosphere and asthenosphere are moving in opposite directions. We 

observe such a negative correlation in the eastern part of our array (Figure 7B). Based on 

these models and relationships, we may be able to explain this negative correlation 

between NNR GPS speeds and delay times in terms of SW directed mantle flow and 

partial coupling of lithosphere and asthenosphere beneath the study area.  
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It is not possible to determine the major cause of the inferred SW directed mantle 

flow without further dynamic analysis and geodynamical modeling. However, taking the 

broader tectonic characteristics of the region into consideration, it seems that the 

relatively rapid south-southwest directed slab roll-back taking place along Aegean 

subduction zone (Le Pichon and Angelier, 1981; Bozkurt, 2001) might be responsible, for 

the mobilization of asthenosphere in SW direction beneath the Anatolian Region.  The 

roll-back and subduction taking place to the west along the Aegean trench is 

comparatively faster than the subduction taking place along the Cyprean trench that is 

affected by the collision of Eratosthenes Seamount south of Cyprus (ESM on Figure 1) 

(Rotstein and Kafka, 1982; Kempler and Garfunkel, 1994; Robertson et al., 1994; 

Robertson and Grasso, 1995; Glover and Robertson, 1998) (Figure 1).  This difference 

possibly generates flow in the asthenosphere with a velocity gradient increasing from east 

to west towards the center of the Aegean trench. The associated differential forces and 

asthenospheric strain might be responsible for the observed uniform SW fast polarization 

directions beneath Turkey.  

The short spatial wavelength spatial variations in delay times might also be an 

indication of small scale complexities in asthenospheric flow pattern related to 

tectonically complex character of the region where subduction rollback, back-arc 

extension, continent-continent collision, slab detachment and tectonic escape takes place 

within a few hundred kilometers. The variations in asthenospheric strain amounts or 

possible source thickness variations (based on variation in delay times) could also be 

related to probable topography of the lithosphere-asthenosphere boundary beneath 
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Anatolian plate to the south of the NAF and Eurasia plate containing Black Sea basin and 

continental basement rocks of Pontides (Sengor and Yilmaz, 1981) to the north.  Hence 

local thicker lithosphere might be obstructing/constraining the flow of the asthenosphere 

beneath the region. 

The GPS velocities that are used for comparison with observed splitting 

parameters have a strong dependence on the specified reference frame. For example, in 

the study area, the GPS velocities with respect to a fixed Eurasia Plate reference frame 

indicate predominantly westward motion (McClusky et al., 2000), whereas, the plate 

motion vectors with respect to the NNR reference frame are almost 120° clockwise from 

the relative plate motion direction. However, we can adopt a reference frame independent 

approach for comparing the results of our analysis with lithospheric deformation using 

crustal strain rates and strain field. Regional strain rates for Anatolia calculated from GPS 

velocity field (Kreemer et al., 2003; Allmendinger et al., 2007) indicated variation in 

principal infinitesimal shortening and extensional strain axes from east to west following 

the pattern of counter-clock-wise rotation of Anatolian plate (Figure7A). This variation in 

direction for maximum finite shortening and extension are also in agreement with the 

structural features of the Anatolian crust, where NE and NW striking conjugate strike-slip 

faults and E-W striking thrust faults dominate the eastern Anatolia and nearly E-W 

striking normal faults dominate the western Anatolia. As mentioned earlier, the LPO of 

olivine is parallel to the flow direction and maximum extension axis of strain ellipse.  In 

our study area, the direction of maximum infinitesimal extensional strain for the crust is 

generally parallel to observed fast polarization direction, suggesting coherency between 
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deformation of lithosphere and asthenosphere. However if we look at the patterns of 

deformation over a broader scale we see that the maximum infinitesimal shortening and 

extensional strain directions for lithosphere varies throughout Anatolia while mantle 

deformation (fast polarization) directions remain uniform. Although we cannot determine 

the flow direction in the mantle via this comparison, the broader pattern of mismatch 

between spatially varying crustal strain field and spatially invariant fast polarization 

directions representing the asthenospheric flow suggests that these deformation fields are 

distinct from each other. This discordance supports the idea of partial coupling of 

asthenosphere and lithosphere underneath Anatolia. Although the observed patterns of 

strain for crust and asthenosphere can be different responses to a common stress field 

acting upon these media, it would be hard to propose such a stress field that explains 

observed variations in deformation in the crust and uniformity of strain in the mantle. 

Even if this is the case, this won’t necessarily argue against the partial coupling of 

asthenosphere and crust. 

 

C. Comparison of NAFZ and SAF 

Studies of shear-wave anisotropy along the San Andreas Fault indicate the 

existence of two layer anisotropy along 100-150 km wide zone following the surface 

trace of the fault along most parts of the Pacific-North America plate boundary 

(Ozalaybey and Savage, 1994; Ozalaybey and Savage, 1995; Hartog and Schwartz, 2001; 

Polet and Kanamori 2002). The lower, sub-lithospheric layer of this stack is characterized 

by E-W oriented polarization direction with delay times in the range of 0.85 to 1.70 



84 
 

 
 

seconds (Hartog and Schwartz, 2001). The sense of anisotropy for this layer is sub-

parallel to the absolute plate motion of the North American Plate (Gripp and Gordon, 

2002; Hartog and Schwartz 2001).  The cause of anisotropy for this layer is not well 

understood but several studies argued that it might be due to past subduction processes, 

small-scale convection within the slab window (Ozalaybey and Savage, 1994; Ozalaybey 

and Savage, 1995; Hartog and Schwartz, 2001; Polet and Kanamori 2002) or a toroidal 

mantle flow pattern related to the opening of the slab window (Zandt and Humphreys, 

2008). In contrast, the upper layer (0 to ~120 km depth) displays fast polarization 

directions that are sub-parallel to the surface trace of the San Andreas Fault with 

relatively smaller lag times in the order of 0.50-1.25 seconds (thick, dark gray bars on 

Figure 8). The cause of the anisotropy in the upper layer is attributed to finite strain field 

or shear zone in the mantle lithosphere associated with the relative plate motion between 

the Pacific and North American Plates (Ozalaybey and Savage, 1994; Ozalaybey and 

Savage, 1995; Hartog and Schwartz, 2001; Titus et al. 2007). The lateral extend of the 

upper layer varies between 50 to 100 km around the plate boundary and it is relatively 

narrow at the western part of the San Andreas Fault (Ozalaybey and Savage 1995; Silver 

1996).  

Figure 9 shows a comparison of shear-wave splitting results for the NAFZ and the 

SAF(both upper and lower layers). Although the alignment of the fast polarization 

directions is oblique to the traces of the SAF and NAFZ (Figure 9), there are some 

characteristic differences between the two faults in terms of anisotropy.  The angle 

between anisotropy directions and the strike of the NAFZ is ~30° at the western part of 
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the study area and it is up to 80° at the eastern parts due to the curvature of the fault.  We 

tested various two layer anisotropic models for NAFZ that are similar to those suggested 

for the SAF. Two of these models are shown on Figure 6. The dashed, thin lines on 

Figure 6 show the theoretical distribution of the apparent splitting parameters for two 

layer anisotropic models with the fast directions for the upper layer paralleling the strike 

of NAF and the fast directions for the lower layer paralleling the NNR plate motion 

direction (30°N). For the model represented by the thin, black dashed line (Model 1) the 

delay time associated with the lower layer is 0.8 seconds and for the upper layer they it is 

0.5 seconds. For the model represented by gray, dashed line (Model 2), however, delay 

time associated with the lower layer is 1.1 seconds and for the upper layer it is 0.2 

seconds. Although, the backazimuthal distribution of our measurements are rather 

limited, none of these models can uniquely and robustly explain the distribution of 

measured delay times and fast polarization directions. In the case of fast polarization 

directions model 2 with the upper layer having smaller delay times (model with gray 

dashed line) shows relatively a better fit. However, in terms of delay times none of the 

models fits the theoretical distribution. The upper layer will have a thickness of 15 to 20 

km, if we assume 4-5% anisotropy. Based on better fit of observed fast polarization 

directions by model 2, we cannot rule out existence of a thinner anisotropic layer with 

fast polarization directions paralleling the shear zone associated with NAF.  However, it 

is hard to resolve anisotropic properties of such a thin layer given the errors associated 

with splitting measurements. Even if it exists it will be much thinner than the suggested 

upper layer for SAF. Thus, we believe the simplest model that explains our observations 
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is a single layer anisotropic source. Hence, the NAF is different than SAF in this aspect 

of splitting observations.    

The NAFZ has been active since ~5 Ma (Barka, 1988; Barka and Gulen, 1989; 

Kocyigit, 1989; Kocyigit, 1990; Dirik, 1993; Bozkurt and Kocyigit, 1996, Barka et al., 

2000, Bozkurt, 2001) and accommodates 75-125 km of cumulative displacement 

(Westaway, 1994; Armijo et al., 1999; Barka et al., 2000). However, these values of age 

and offset for NAFZ are significantly lower than those for San Andreas (~315-730 km 

offset with an age of ~17-30 Ma)( McKenzie and Morgan, 1969; Atwater, 1970; Graham 

et al, 1989; Dickinson, 1996; Dickinson and Wernicke, 1997). This might imply that the 

deformation along the NAFZ is at an early-development stage compared to the San 

Andreas Fault, so that no dominant, overprinting effect of lithospheric deformation has 

accumulated yet to create a sufficient contribution to the anisotropy. 

 

V. CONCLUSIONS 

Analysis of shear-wave splitting at the central part of the Anatolia-Eurasia plate 

boundary, around the northward convex part of the North Anatolian Fault Zone revealed 

fairly uniform NE-SW trending anisotropy directions with decreasing delay times from 

west to east.  

The existence of significant and uniform anisotropy across major tectonic 

boundaries and plate margins in the study area argues for an asthenospheric source for the 

anisotropy rather than a lithospheric source.  
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The general sense of anisotropy in the study area is parallel to the plate velocity of 

Anatolian and Eurasian plates in a NNR reference frame. This suggests a mantle flow 

either in the direction of plate motion or opposite to it. The SW directed asthenospheric 

flow implies partial coupling of asthenospheric and lithospheric deformation fields 

underneath the north-central Anatolia. Using this idea we can explain the observation of 

higher NNR plate speeds at the eastern part of the study area in terms of smaller basal 

resistance forces applied to the lithosphere by a weaker SW directed flow in the 

asthenosphere. This weaker flow then produces a weaker strain field in the asthenosphere 

and hence, weaker anisotropy observed at the eastern portions of the NAF array.  One of 

the major tectonic factors that might have an influence on the inferred SW direction for 

the mantle flow is the slab-rollback taking place along the Aegean trench and possibly the 

different rates of subduction for Aegean and Cyprean trenches. Adopting a reference 

frame independent approach, the idea of partial coupling is also supported by the 

mismatch between rapidly varying/rotating patterns of crustal strain directions and very 

uniform pattern of mantle deformation/flow directions underneath Anatolia. 

Comparison of the NAFZ and SAF in terms of anisotropy points to some important 

differences between these faults. Many studies suggest double layer anisotropy for SAF, 

where upper layer fast polarization directions are parallel to the strike of the fault at its 

southern segment and lower layer have anisotropy directions paralleling the NNR plate 

motion. After testing various two layer models with similar nature to SAF, we couldn’t fit 

our observations robustly with any of these models for NAFZ. Based on the consistency 

of our measured splitting parameters we believe the simplest anisotropy model that 
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explains our observations is single layered, and sub-horizontal. We attribute the 

differences in anisotropic characters along SAF and NAFZ to be associated with 

differences in ages and amount of lithospheric deformation.  In other words, our results 

might be showing that the NAFZ is relatively young and not enough deformation is 

accumulated along the deeper lithospheric parts of it to generate a significant fault 

parallel anisotropic zone.           
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Table 1. Summary of the numbers and qualities of splitting measurements for SKS and SKKS phases for our study area.    

Station Lat. Lon. 
Mean 

 φ 
(deg.) 

Mean  
δt 

(sec.) 

#  
SKS 

# 
SKKS  

Mean 
 φ SKS 
(deg.)  

Mean 
δt SKS 
(sec.) 

Mean 
φ SKKS 

(deg.)  

Mean 
φ SKKS 

(sec.)  

Total 
 # 

# 
Good 

# 
Fair

# 
Good Nulls 

# 
Fair 
Nulls 

Mean ± Error φ 
(deg.) 

Mean ± Error δt 
(sec.) 

ALIC 40.978 33.487 43.22 1.37 29 16 42.90 1.41 44.13 1.24 45 16 11 13 5 8.62 0.25 

ALIN 41.061 32.879 34.81 1.00 27 8 34.42 1.01 35.60 0.98 35 10 5 11 9 15.98 0.34 

ALOR 41.301 32.87 36.14 1.42 37 14 36.08 1.47 36.33 1.25 51 14 12 12 13 10.93 0.31 

ANTO 39.868 32.793 44.33 0.94 70 0 44.33 0.94  -  - 70 29 15 14 12 11.29 0.22 

ARSL 40.955 35.887 44.97 0.64 26 5 44.97 0.64  -  - 31 8 7 16 0 14.31 0.16 

BAGB 40.278 36.41 38.98 0.64 34 10 38.98 0.64  -  - 44 5 4 22 13 22.37 0.26 

BEDI 41.121 33.506 47.55 1.14 34 7 47.72 1.14 45.30 1.05 41 20 8 11 2 7.26 0.18 

BEKI 41.315 34.263 41.87 0.96 35 12 40.43 0.87 45.48 1.18 47 9 5 25 8 14.08 0.26 

BOKE 40.552 36.211 45.46 0.70 19 5 45.46 0.70  -  - 24 3 4 11 6 19.94 0.28 

CAKM 40.015 37.367 45.07 0.94 46 9 45.04 0.94 45.33 0.97 55 21 13 13 8 10.68 0.20 

CALT 41.328 35.125 36.54 0.58 36 8 36.54 0.58  -  - 44 3 2 30 9 16.19 0.15 

CAYA 40.373 34.269 46.07 0.86 17 7 46.16 0.85 45.60 0.90 24 10 2 8 4 14.67 0.27 

CRLU 40.064 34.357 44.71 0.82 24 9 45.19 0.88 43.36 0.66 33 12 7 10 4 11.61 0.17 

CUKU 40.604 33.441 37.44 1.25 65 22 37.86 1.25 35.28 1.27 87 15 22 17 33 10.82 0.31 

DERE 41.477 35.064 39.20 0.73 37 1 39.20 0.73  -  - 38 3 1 30 4 15.16 0.20 

DOGL 40.391 35.284 51.43 0.82 30 7 51.43 0.82  -  - 37 11 10 14 2 9.82 0.16 

DUMA 40.918 35.14 51.62 0.69 41 14 51.62 0.69  -  - 55 6 4 36 9 12.61 0.21 

EKIN 41.147 35.787 - - 48 12  -  -  -  - 60 0 0 46 14 

GOCE 39.743 34.348 45.07 0.68 26 20 43.46 0.71 47.32 0.62 46 7 5 26 8 21.96 0.30 

HASA 41.469 33.565 35.83 0.94 28 9 35.10 0.92 38.97 1.07 37 7 9 16 5 15.49 0.28 

INCE 40.581 32.906 37.77 1.31 46 19 38.55 1.33 35.28 1.27 65 4 21 12 28 9.30 0.27 

INSU 39.842 35.366 58.17 0.80 46 23 60.42 0.80 55.35 0.80 69 6 3 52 8 17.65 0.24 

ISKE 40.764 37.067 48.82 0.88 32 9 48.59 0.87 52.20 1.00 41 10 6 20 5 12.70 0.23 

KARA 40.688 35.245 51.95 0.70 33 9 51.95 0.70  -  - 42 12 13 12 5 11.76 0.18 

KARG 40.291 33.552 21.40 1.10 5 0 21.40 1.10  -  - 5 1 0 3 1 8.10 0.25 

KAVA 40.28 32.878 42.20 1.13 21 6 43.09 1.18 38.63 0.93 27 9 6 7 5 10.11 0.23 

KGAC 40.941 34.323 38.92 0.93 21 7 37.83 0.94 44.90 0.90 28 6 7 12 3 15.88 0.32 

KIYI 40.131 35.316 54.54 0.39 24 8 57.60 0.40 46.90 0.35 32 4 3 23 2 23.12 0.16 

KIZIK 40.048 36.536 37.56 0.54 29 3 37.56 0.54  -  - 32 4 3 18 7 14.90 0.14 

KUYL 41.59 34.332 45.60 0.88 26 10 47.11 0.94 39.55 0.65 36 6 4 17 9 13.35 0.22 

KUZA 40.441 36.248 42.68 0.83 27 17 44.14 0.80 40.29 0.87 44 19 10 8 7 16.82 0.29 

KUZO 40.904 32.861 48.35 1.63 33 10 49.14 1.66 45.00 1.50 43 22 4 12 5 7.16 0.27 

OGUR 41.109 35.165 - - 32 10  -  -  -  - 42 0 0 36 6 

PANC 40.647 34.301 35.39 0.95 26 4 35.39 0.95  -  - 30 6 4 14 6 11.33 0.21 

PELI 41.113 34.299 46.27 0.96 40 12 45.87 0.97 47.84 0.91 52 19 16 15 2 11.26 0.22 

SEYH 40.856 32.9 48.22 1.68 34 5 49.33 1.72 39.73 1.43 39 19 7 8 5 7.28 0.26 

SYUN 40.838 33.529 39.52 1.36 33 3 39.35 1.35 41.90 1.40 36 23 7 5 1 7.35 0.20 

TEPE 41.369 35.743 36.95 0.88 56 21 36.95 0.88  -  - 77 2 2 55 18 18.70 0.30 

YESI 40.405 37.229 45.06 0.64 32 12 43.74 0.62 50.68 0.73 44 13 8 20 3 17.91 0.22 

YIKI 40.748 35.954 58.27 0.77 36 10 58.27 0.77  -  - 46 6 11 17 12 14.31 0.27 
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Figure 1. Tectonic map of the Anatolia and surrounding regions also showing 
neotectonic structures, plate velocities and the location of the study area in this 
framework. Open upside-down triangles are stations of NAF array. Plate velocities 
from Reilinger et al. 1997 and Barka et al. 1997. AA: Aegean Arc, BSZ: Bitlis 
Suture Zone, CA: Cyprean Arc, DSFZ: Dead Sea Fault Zone, EAAC: Eastern 
Anatolian Acretionary Complex, EAFZ: Eastern Anatolian Fault Zone, EF: 
Ezinepazari Fault, GC: Greater Caucasus, LC: Lesser Caucasus, NAFZ: North 
Anatolian Fault Zone,  NEAFZ: North-East Anatolian Fault Zone, ESM: 
Eratosthenes Seamount.      
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Figure 2. a) Events used in analysis of anisotropy underneath the north-central portion of 
Anatolia. Tones of gray indicates hypocenter depth for these events. Open star at the 
center of the map shows the location of the NAF array. Most of the events are from 
backazimuths of 270°±10° and 90°±10°. b) Radial and transverse components of SKS 
arrivals on for January 21, 2007 (Mw=7.5)  Molucca Sea Earthquake recorded by NAF 
network. 
 

 

 

 

 

 



92 
 

 
 

Figure 3. An example of SKS (top panels) and SKKS (bottom panels) arrivals and 
associated particle motions before and after the effects of the splitting are removed. Both 
of the arrivals are from an intermediate depth event located beneath Jujuy Province, 
Argentina. 
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Figure 4. Results of splitting analysis for both SC and RC methods. Note that there are 
no distinct variations among results obtained using both techniques. Black arrows 
indicate plate velocities in No Net Rotation (NNR) reference frame using GSRM model 
(McClusky et al., 2000; Kreemer and Holt, 2001).  Open stars indicate stations with 
mostly null measurements (see section 3 for details). NAFZ: North Anatolian Fault Zone, 
EFZ: Ezinepazari Fault Zone. 
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Figure 5. Plot of all the measurements in our dataset with respect to delay time ratios and 
fast axis misfits between SC and RC methods. The shaded regions represents fair and 
good results. The continuous black lines separates Null and Non-null domains. All the 
results plotted on the non-shaded space are poor. 
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Figure 6. Fast-polarization direction and delay time plots with respect to back-azimuth 
for station ALIC. For clarity measurements are plotted in 90 degree modulus with respect 
to backazimuth. The plotted measurements are obtained using SC method. The 
distribution of our measurements are shown with plus, cross, circle and square signs. Our 
best estimates of splitting parameters (plus and cross signs) tend to show less variation 
than the theoritical distribution of apparent splitting parameters for two layer anisotropic 
models indicated by thin dashed lines. The mean of our measurements are plotted as the 
thick black lines. Our measurements of nulls (circles and squares) mostly lies within ±20° 
range (the gray shaded area) of observed mean fast polarization direction (43°) for station 
ALIC.    
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Figure 7. A. Results of splitting analysis (gray thick bars) from ETSE (Sandvol et al., 
2003) together with the measurements from NAF Experiment and Hatzfeld et al., 2001 
for western Turkey. The crosses made of thin, light and dark gray bars indicate strain 
rates. Light and dark gray bars are maximum finite extensional strain axis and maximum 
fine shortenning strain axis, respectively. Note the variation of strain axes from east to 
west. Plate velocities in NNR reference frame (gray arrows) and suture zones (dashed 
gray lines) are also shown. BS: Bitlis Suture, IASZ: Izmir-Ankara-Erzincan Suture Zone, 
ITSZ: Inner Tauride Suture Zone, IPSZ: Inner Pontide Suture Zone. B. Relationship 
between the NNR plate speeds within the Anatolia region in E-W sense and observed 
delay times from shear-wave splitting measurements. Note the negative correlation 
between decreasing delay times and increasing NNR plate speeds from west to east at the 
eastern half of the NAF array. The NNR plate speeds and delay times are averages for 
every 0.5 degree of longitude throughout Anatolia.   
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Figure 8. Empirical models representing lithosphere-asthenosphere interaction in the 
case where lithosphere and asthenosphere are moving in the same and opposite directions 
(A and B respectively). A. Motion of lithosphere aided by asthenospheric flow in the 
same direction. B. Motion of lithosphere impeded by the opposite directed asthenospheric 
flow. 
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Figure 9. Maps for a) NAFZ  and b) San Andreas Fault, showing characteristics of 
observed anisotropy around plate boundary zones. The dark gray filled circles for NAFZ 
map indicates measurements of splitting from Eastern Turkey Seismic Experiment 
(Sandvol et al., 2003). The thick gray bars for San Andreas Fault map indicates 
anisotropy observed at the upper layer of the two layered stack (Liu et al., 1995; Silver, 
1996; Obrebski et al., 2006). Splitting measurements for SAF and western North America  
are taken from Liu, 2009.    
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VIII. SUPPLEMENTAL MATERIAL 

Supplemental Material 1. Rose diagrams of our good and fair fast polarization direction 
measurements.  Gray arrows indicates the mean fast polarization direction. 
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Supplemental Material 2.  Rose diagrams of backazimuths for good and fair null 
measurements.  Note that the null measurements are mostly from 90˚ backazimuths for 
those stations located at the eastern half of the NAF array.   

 



110 
 

 
 

 

 

 

 

APPENDIX C 

SUBDUCTION CONTROLLED DEFORMATION OF THE ANATOLIAN REGION 

INFERED FROM TELESEISMIC P-WAVE TOMOGRAPHY 

C. Berk Biryol1, Susan L. Beck1, George Zandt1 and A. Arda Ozacar2 

   

 

1 Department of Geosciences, University of Arizona, Tucson, USA 

2 Geological Engineering Department, Middle East Technical University, Ankara, Turkey 

 

 

 

 

 



111 
 

 
 

ABSTRACT 

Anatolia, a part of the Alpine-Himalayan orogenic belt, is shaped by a variety of 

complex tectonic processes. These processes define the major tectonic provinces of the 

region across which different deformation regimes exist.  Collision related plateau 

formation dominates the present lithospheric deformation at the east and slab rollback 

related back-arc extension takes place in the west. The two zones are connected at the 

northern part of the region by strike-slip faulting along the right-lateral North Anatolian 

Fault Zone.   

In order to study the deeper lithosphere and mantle structure we used data from 

several temporary and permanent seismic networks deployed in the region to perform 

teleseismic P-wave tomography. Approximately 34,000 P-wave traveltime residuals, 

measured in multiple frequency bands, are inverted using approximate finite-frequency 

sensitivity kernels. 

Our tomographic model reveals segmented fast anomalies beneath Anatolia that 

corresponds to the subducted portion of the African lithosphere along the Cyprean and 

the Aegean trenches. Our results show that these structures display complex geometries 

and relationships that suggest they play important roles in the evolution of Anatolia and 

its tectonic provinces. Specifically, the variations in geometry of the subducting slab 

along the Cyprean trench has a strong influence on the deformation styles observed in 

central Anatolia. Our tomograms also show strong variations across the North Anatolian 

Fault Zone in northwest Anatolia providing the first images of the deeper extent of 

deformation along this nascent transform plate boundary. In this sense our study is the 
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first to investigate and interpret the vertical extent of deformation along this active fault 

zone.  

 

I. INTRODUCTON 

Anatolia is a part of the Alpine-Himalayan orogenic belt, formed by discrete 

coalesced pieces of continental lithosphere amalgamated during the Cenozoic closure and 

terminal suturing of the northern and southern branches of the Neotethys Ocean (Sengor 

and Yilmaz, 1981; Gorur et al., 1984; Sengor et al., 1984; Robertson and Dixon, 1984). 

The recent tectonics of the region is controlled by northward indentation of the Arabian 

Plate, westward extrusion of the Anatolian plate along the North Anatolian Fault Zone 

(NAFZ) and East Anatolian Fault Zone (EAFZ) and the northward subducting African 

lithosphere along the southwestward retreating Aegean trench (Bozkurt, 2001) (Figure 1).    

The processes of collision related tectonic escape of the Anatolian plate and the 

subduction roll-back taking place along the Aegean Subduction Zone (ASZ) resulted in 

different styles of lithospheric deformation throughout the region. Based on these 

deformation styles the Anatolian region can be subdivided into four neotectonic 

provinces as described by Sengor et al. (1985).  These are namely the East Anatolian 

contractional, the North Anatolian, the Central Anatolian, and the West Anatolian 

extensional provinces (Figure 1).  

The East Anatolian contractional province is characterized by N-S convergence 

between the Arabia plate to the south and the Eurasia Plate to the north. Following the 

closure of the southern branch of Neotethys during middle Miocene the N-S contraction 
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in the region gave way to formation of several left lateral and right lateral conjugate 

strike-slip faults during the early Pliocene (~ 5 Ma). Recent geophysical investigations in 

the region revealed very thin mantle lithosphere beneath the ~50 km thick crust of the 

Eastern Anatolian Plateau (EAP) located to the north of the Bitlis suture (Figure 1) 

(Al_Lazki et al., 2003; Gok et al., 2000; Zor et al., 2003; Angus et al., 2006). Based on 

these observations and geochemical analysis of igneous rocks exposed in the EAP the 

uplift of the plateau is associated with the detachment of the northward subducting 

Arabian lithosphere (~ 11 Ma). As a consequence the upwelling hot asthenosphere 

replaced the detached slab giving way to recent volcanism and actively supporting the 2 

km high plateau (Sengor et al., 2003; Keskin 2003). Teleseismic tomography studies by 

Lei and Zhao (2007) indicated the presence of a detached slab located at depths as 

shallow as 180 km beneath EAP.   

The North Anatolian Province is the area located to the north of the NAFZ and 

characterized by nearly E-W striking dextral strike slip faults. The basement of the 

Northern Anatolian crust is relatively old with variably metamorphosed, intensely 

deformed and imbricated Precambrian to Late Palaeozoic rocks associated with the 

closure of Paleotethys (Aydin et al., 1986; Okay et al., 1996; Gorur et al., 1997; Dean et 

al., 2000).   It is commonly agreed that the NAFZ follows the Neotethian suture located 

to the north of the Anatolian Plate (Kocyigit, 1996; Bozkurt, 2001; Sengor et al., 2005). 

There are many studies on the age and the total offset of the dextral NAFZ. The latest 

studies indicates that NAFZ is fairly young (~ 5-7 Ma) and accommodates a total offset 

of ~ 85 km (Bozkurt, 2001; Barka et al., 2000; Bozkurt and Kocyigit, 1996; Kocyigit, 
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1991; Sengor et al., 2005). Unlike the EAP and the East Anatolian contractional 

province, the deeper structure of the North Anatolian province is not well constrained due 

to the lack of geophysical investigations.  

The Central Anatolian province is the wedge like region that is bounded by NAFZ 

to the north and EAFZ to the southeast that extrudes westward along these structures 

(Figure 1). The region is characterized by generally SW-NE striking oblique-slip faults 

with dextral and sinistral components. Some of these structures are thought to be related 

with the earlier deformation phases which were reactivated today, due to the N-S 

convergence between the Africa and Anatolian Plates and the anti-clockwise rotation of 

the Anatolian block (Sengor et al., 1985; Relinger et al., 1997; Bozkurt., 2001). The mid-

part of the region is characterized by ~13 Ma to recent post-collision related volcanism 

that gave way to emplacement of several stratovolcanoes (Pasquare et al., 1988; Notsu et 

al., 1995) (Figure 1). Recently the northern and central parts of this province are studied 

in detail by Pn tomography indicating presence of anomalously slow Pn velocities (<7.8 

km/s) located at the eastern edge of this province (Gans et al., 2009). 

The Western Anatolian extensional province is located roughly to the west of the 

point where the Cyprean and Aegean trenches meet (Figure 1). The province is 

characterized by rapid N-S extension and related formation of grabens bounded by 

roughly E-W striking normal faults (Taymaz et al., 1991; Jackson et al., 1992; Jackson 

1994). The age and cause of the crustal extension in Aegean region is subject to ongoing 

debate. The models explaining the cause of the extension are tectonic escape (Sengor et 

al., 1985; Dewey and Sengor, 1979; Sengor, 1979; Gorur et al., 1995), subduction roll-



115 
 

 
 

back (Mckenzie, 1978; Le Pichon and Angelier, 1979) and orogenic collapse (Seyitoglu 

and Scott 1991; Seyitoglu and Scott 1996). The controversial ages for the extension 

ranges between 60 to 5 Ma based on the controlling mechanism (Bozkurt, 2001). Recent 

regional seismic tomography of the region indicated the presence of the steeply dipping 

Mediterranean lithosphere underneath the Aegean region favoring the idea that the 

subduction roll-back plays an important role in the evolution of the region (Spakman et 

al., 1988; Primallo and Morelli, 2003; Facenna et al., 2003; Facenna et al., 2006). The 

central part of this province is characterized by Late Miocene and Pliocene volcanism 

(Yilmaz, 1990; Delaloye and Bingol, 2000; Yilmaz et al., 2001). Recent geochemical 

studies showed that the evolution of these volcanics could be associated with a vertical 

tear in the subducting Mediterranean lithosphere (de Boorder et al., 1998; Tokcaer et al., 

2005).  

In the framework of these provinces the Aegean and the Cyprean trenches play a 

key role the in distribution of the tectonic regimes within the Eastern Mediterranean 

region. Studies showed that the Cyprean trench is less active in terms of seismicity 

compared to the Aegean trench (Wdowinski et al., 2006). Besides, the continuity of the 

subducting lithosphere along the Cyprean trench is not clear as indicated by the 

observations of Faccenna et al., (2006). Many studies pointed out the subduction along 

this trench is influenced by the collision of the Eratosthenes Seamount with the Cyprean 

trench (Robertson and Grasso 1995; Robertson 1998; Robertson et al 1994; Glover and 

Robertson 1998) (Figure 1). 
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In order to investigate the relationship between the distribution of the major 

tectonic features associated with the neotectonic provinces and the upper mantle structure 

beneath Anatolia we carried out seismic tomography analysis in this region. Our aim in 

this study was to provide better constraints on structure of the subducting African 

lithosphere along both the Aegean trench and particularly the Cyprean Trench. A major 

objective is to determine whether 3D variations in subducting lithosphere geometry along 

the Afro-Arabian convergence zone provide some important controls on the evolution of 

Anatolia. 

 

II. DATA AND METHOD 

Seismic tomography is an important tool in investigating the mantle structure 

beneath a gather of seismic stations. Particularly, the mantle structure beneath the 

Mediterranean region was studied by Spakman (1985), Bijwaardet al. (1998) and 

Primallo and Morelli (2004) using seismic tomography. These studies covered a broad 

region and hence, had limitations in resolving finer-scale structures. The recent 

improvements in the geographical coverage of National Earthquake Monitoring Center 

(NEMC) seismographic network of Turkey (Kalafat et al., 2008) and several temporary 

deployments have made it possible to improve the resolution and quality of the seismic 

studies for the Anatolia region. We studied a smaller part of the Eastern Mediterranean 

region at a finer scale using teleseismic P-wave tomography with finite-frequency 

approximation (Figure 1). Although the narrow geographical span of the region that we 

study puts a limitation on the maximum depth for the resolvable structures, we can get 
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finer resolution at shallower depths compared to larger regional studies. The procedure 

that we followed in our analysis involves processing of the data, parameterization of the 

model and finally inversion for the velocity structure.    

 

A. Data 

The traveltime data that we have used in our analysis comes from 208 broadband 

and short-period seismic stations belonging to multiple seismographic networks operated 

in the region between 1999 and 2009. These networks are the National Earthquake 

Monitoring Center network (NEMC) (both short-period and broadband deployments) 

(Kalafat et al., 2008), Global Seismographic Network (GSN), Eastern Turkey Passive 

Seismic Experiment (ETSE) (Turkelli et al., 2003), Geophone (GE), Western Anatolia 

Seismic Recording Experiment (WASRE) (Zhu et al., 2006) and our North Anatolian 

Fault passive seismic experiment network (NAF) (Gans et al., 2009).  

We used arrival-time data from approximately 400 teleseismic events with 

magnitudes Mw > 5.0 located between distances of 30˚ to 90˚ for P phases and 155˚ to 

180˚ for PKIKP phases (Figure 2a). We picked 34568 P and 480 PKIKP phases on 

broadband records applying 3 different band-pass filters in order to maximize the 

information from seismic arrivals using a finite-frequency approach. The band-pass 

filters we used have corner frequencies of 0.2 to 0.8 Hz (short-period), 0.1 to 04 Hz 

(intermediate-period) and 0.04 to 0.16 Hz (long-period) for broadband records. The data 

from short-period stations is filtered only with a ban-pass filter with corner frequencies 

0.5 to 1.5 Hz.  As a picking algorithm we used multi-channel cross-correlation technique 
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of Pavlis et al. (2005). In order to avoid any directional bias in our results we optimized 

the backazimuthal distribution of the picked events and discarded some poor quality 

picks from crowded backazimuthal quadrants (Figure 2b). The root mean square of the P 

residuals is 0.59 before the inversion and 0.26 after the inversion.  

Traveltime residuals are calculated for each pick with respect to IASP91 arrival 

times. These residuals are demeaned for each event in order to obtain the relative 

traveltime residuals. Crustal thickness estimates from several receiver function analysis 

for the region (Zor et al. 2003, Zhu et al. 2006; Sodoudi et al. 2006, Ozacar et al. 

unpublished data) are used to calculate crustal corrections to travel-time residuals.   

 

B. Method 

The seismic arrivals observed on seismic records have finite-frequency band 

widths and their traveltimes are sensitive to seismic speed variations within the volume 

surrounding the geometrical ray path (Woodward 1992; Marque et al. 1992; Dahlen et al. 

2000; Hung et al. 2000; Zhao et al 2000). The seismic waves with different frequency 

contents have different Fresnel zone widths and thus they sample different volumes of 

medium surrounding the geometrical ray path. 

In this study we used the teleseismic tomography algorithm of Schmandt and 

Humphreys (submitted, 2009) which incorporates the use of frequency dependent 3-D 

sensitivity kernels.  The usage of these kernels helps us to account for volumetric 

variations in wave speeds when calculating the velocity perturbations in the tomography 

model. The “banana-doughnut” approach of Dahlen et al. (2000) is used to calculate 
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these sensitivity kernels. The sensitivity kernels are approximated as a function of 

dominant period of the seismic arrival, epicentral distance, distances normal to the ray 

path and along the ray path and ray centered azimuth.   Smoothing is applied on the 

approximated sensitivity kernels in order to account for geometrical ray location 

uncertainty normal to the ray and along the ray path.  Damping is also used to regularize 

the inverse problem. The method that we use incorporates utilization of crustal 

thicknesses for each station and calculation of the station terms to reflect the effects of 

local crustal earth structure. Thus, strong damping is applied to station terms to avoid any 

absorption of mantle structure by these terms. Event terms are also calculated 

representing the adjustment of the mean arrival time for the set of stations that recorded 

each event. This helps us to account for variations or shifts in mean velocity structure at 

different portions of the study area sampled by different but spatially overlapping 

patchwork of seismic stations. The damping algorithm incorporates variations of ray 

path-normal damping weights as a function of depth in order to account for increasing 

angle of inclination of the mean ray path. The inverse problem is solved using LSQR 

method of Paige and Saunders (1982) with an objective of minimizing the least-squares 

misfit between calculated and observed data in an iterative sequence.  We performed 

trade-off analysis between Euclidian model norm and variance reduction to determine the 

smoothing weight and the damping factor (Menke, 1989). With selected values of 

damping (6) and smoothening (6) the inversion achieved a variance reduction of 78%.    

 

 



120 
 

 
 

C. Model  

 The region that we study covers an area approximately 1100 km by 900 km and 

our average station spacing in this region is roughly 50 km (Figure 1). This region is 

parameterized with a 3-D grid with 40 km horizontal node spacing in the central parts. 

Towards the edges of the region that is covered by the array, the node spacing increases 

gradually from 40 km to 55 km to account for the effects of reduced resolution power at 

the edges of the modeled region (Figure 3). The vertical node spacing increases from 30 

km to 50 km with increasing depth down to 660 km. The horizontal node spacing remains 

the same with increasing depth. Thus, to account for reduced resolution at deeper parts of 

the model, the smoothing is allowed to increase up to 30% with increasing depth. Our 

parameterized model has 42640 nodes (65 x 41 x 16).  

 In order to estimate the resolving power of our inversion with our data set we 

investigated our sampling of the model space. We calculated hit-quality maps for each 

depth layer of our model space (Figure 4). These normalized hit-quality maps are based 

on density of sampling of each node in a given layer, where the quality is also a function 

of the backazimuthal distribution of the sampling rays. Thus, a quality of 1 indicates the 

associated node is sampled by at least 5 rays from each of the 4 geographical quadrants 

(NE, SE, SW and NW) and 3 rays in nearly vertical direction (i.e. by PKIKP phases). The 

maps on Figure 4 shows us that the better node sampling is restricted to nodes located 

directly beneath the individual stations at shallower depths due to the near vertical 

incidence of teleseismic arrivals. At deeper parts the “good” hit-quality regions spreads 

out to cover the entire study region. At the bottom of the model however, due to the 
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reduction in sampling density at the edges of the model, the better sampled portions 

shrinks to the central parts of the study area. We also observe a persistent pattern of 

relatively lower qualities in central parts at shallower depths which is an artifact of wider 

station spacing in these portions of the study area. 

 In addition to the quality of sampling of model space we investigated the 

resolution in our model area through synthetic tests. Our synthetic tests involve layers 

with “checkerboard” type velocity anomalies embedded in neutral background. With this 

setup, we aimed to get constraints on the lateral and vertical resolving power of our 

sampling of the model space (Figure 5). The sizes of the checkerboard anomalies are 2˚ 

by 2˚ in horizontal extent and 100 km in vertical extent. The intensities of the 

perturbations are -3% and 3%. Figure 5 shows that our resolution in the lateral direction 

is good throughout the study area but there is some amplitude decay in regions where 

seismic station coverage is less dense. The vertical cross sections also show some vertical 

streaking of the perturbations due to sparse sampling at the edges of the model. It is 

important to keep the results of both of these tests in mind when interpreting the modeled 

velocity perturbations  in order to avoid misinterpretation of anomalies located in the 

regions of the model that are poorly resolved.  

 

III. RESULTS 

The resulting tomography models are shown on Figures 6 (maps) and 7 (cross-

sections). In this section we summarize the most prominent features of the resolved 

models.  
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The most significant feature of the resultant model is the fast anomalies located 

close to the Aegean and the Cyprean trenches (Figure 6). In a general sense these fast 

anomalies move in a NE direction as the depth increases. The general strikes of these 

anomalies are roughly NW. The P-wave velocity perturbations for both of these 

anomalies are in the order of 2 to 3%. The two anomalies are separated by a N-S trending 

slow anomaly in the order of -2 to -3% between 28˚ and 30˚ longitudes. We can observe 

relatively fast anomalies (2-3%) located to the north of the NAFZ at the western and 

eastern parts of the study area. However these anomalies could only be observed at 

shallower depths. The rest of the study area is mostly characterized by slow anomalies. 

However, the patterns of slow anomalies are more persistent and continuous beneath 

eastern Anatolia. At depths below 500 km the separated fast anomalies throughout the 

study area merge to form a continuous, WNW-ESE trending belt that covers most of the 

study area. Previous larger scale seismic tomography studies in the region resolved this 

broad and flat anomaly as well (Spakman 1985; Bijwaard et al 1998; Primallo and 

Morelli 2003).  

The vertical slices (cross-sections) that cut across the study area also show the 

dipping fast anomalies associated with the Aegean and the Cyprean trenches. We also 

observe a clear eastern termination of the fast anomaly associated with the Cyprean 

trench at ~37˚ longitude. Along latitude 37˚, the slow anomaly that separates the Aegean 

and the Cyprean anomalies extend down to the depths of 300 km. It is also clear on these 

cross-sections that these dipping fast anomalies join at depths below 500 and lies flat on 

the 660 km mantle transition zone. The dipping fast anomaly associated with the Aegean 
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was also resolved in earlier tomography studies by Spakman (1988), Primallo and 

Morelli (2003). However neither of these regional studies was able to clearly resolve the 

fast anomaly associated with the Cyprean trench. At the western part of the study area the 

shallow fast anomalies located north of the NAFZ extends down to depths of 100 to 130 

km and defines a sharp edge the NAFZ. In the east we observe consistent slow anomalies 

beneath the EAP that extends down to depths of 300 to 400 km. An earlier local seismic 

tomography study by Lei and Zhao (2007) indicated the presence of a discontinuous 

northward dipping fast anomaly in this region. Our resolution and hit-quality is good in 

this portion of the study area and we do not resolve such a fast structure.  

As indicated by our hit-quality and synthetic tests the resolution of our model is 

good in the central parts of our study region. However we lose resolution rapidly at the 

edges of our model. In this respect, the fast anomaly associated with the Aegean trench is 

less well resolved at shallower depths compared to the one for the Cyprean trench.  The 

model edge related loss in resolution is also true for the central northern part of the study 

area and the south eastern corner where station coverage is relatively sparse.  

 

IV. DISCUSSION 

In this section we interpret the robust features of our tomography model using the 

relationship between their spatial locations and tectonic and geological features located 

on the surface. In this way we try to investigate and discuss possible implications and 

effects of deeper mantle structures and their inferred evolution as well as their control on 
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distribution of different tectonic deformation styles and associated neotectonic provinces 

across Anatolia. 

The most prominent structures in our tomography model are the fast anomalies 

located to the north of Cyprean and Aegean trenches. Based on their vertical extents and 

relationships with the associated trenches we interpret these structures as sections of the 

subducting African oceanic lithosphere (Figure 8). The fast anomaly associated with the 

Aegean trench is also detected by Spakman (1988), Bijwaard et al., (1998) and Primallo 

and Morelli (2003) using travel-time tomography and interpreted as the subducting 

oceanic lithosphere of Africa beneath the Aegean basin and western Anatolia (will be 

referred to as “the Aegean slab” from this point on). However, none of these studies were 

able to clearly resolve the fast anomaly associated with the Cyprus trench (will be 

referred to as “the Cyprus slab” from this point on). Our tomographic cross-sections 

across this structure indicates that it dips northward with a ~45˚ angle to the south of 

Cyprus Island and rapidly becomes sub-vertical towards NW. The slab begins to flatten 

below 200 km depth. The sub-vertical sector of the slab in our model argues for the 

existence of the former subduction zone and probable Africa-Anatolia plate boundary in 

SW Anatolia. This vertical segment of the Cyprus slab terminates rather sharply at the 

region known as the “Isparta Angle” (Figure 8). Blumenthal (1963) argued that this zone 

forms at the junction of the Cyprus and the Aegean trenches. The Isparta Angle is a 

tectonically complex zone consisting of multiple nappes that were emplaced between the 

late Cretaceous and the Late Miocene (Sengor and Yilmaz, 1981). This zone is bounded 

by the NW-SE striking Sultandag thrust fault to the east (Boray et al., 1985) and 
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transtensional left-lateral NE-SW trending Fethiye-Burdur Fault zone to the west 

(Dumont et al., 1979; Taymaz and Price, 1992; Price and Scott, 1994) (Figure 8). The 

northern tip of the angle defines the boundary between western Anatolia Extensional 

province and Central Anatolia province (Barka and Reilinger,  1997; Glover and 

Robertson, 1998; Bozkurt, 2001) .  Some studies stated that this zone is characterized by 

a vertical tear within the northward subducting African lithosphere (Buyukasikoglu, 

1980; Wortel and Spakman, 1992; Barka and Relinger, 1997). They also argued that the 

deeper section of the Cyprus slab is detached along a trench parallel tear and the 

shallower attached portion is now dipping with a shallow angle at the eastern side of the 

Isparta Angle, generating the Quaternary volcanism observed in the Central Anatolia 

(Figure 8). Our tomographic images support the idea of a vertical or sub-vertical tear 

between the Aegean and the Cyprus slabs but contradict the idea of shallow dipping 

Cyprus slab with a deeper detached section. In this respect, even the shallow dipping 

(~45˚) sector of the Cyprus slab at the western Cyprean trench is too steep to explain the 

volcanism in the central Anatolia (Figure 8). If subduction is responsible for this 

volcanism, perhaps the dip of the slab was shallower during ~9-2 Ma, which is the 

approximate age of the young volcanism in the south central Anatolia. The current 

location of the resolved western Cyprus slab and the dip of it imply that the slab rolled 

southwards fairly rapidly between ~2 Ma to present. Although the roughly NE-SW 

orientation of the associated volcanic centers supports the roll-back idea, we do not have 

strong constraints on the age of such a rollback process. Alternatively, many studies 
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associate the calc-alkaline volcanism in this region with post collisional processes (Notsu 

et al. 1995).               

Barka and Reilinger (1997) argued that the zone defined by the Isparta Angle acts 

as an obstacle to the westward motion of the central Anatolia. They based their argument 

on the slower westward motion of the Isparta Angle (10 mm/yr) with respect to the faster 

moving (15 mm/yr) southern Central Anatolia province where western Anatolia is 

moving SW with a much higher rate (~30 mm/yr). They argued that the NW-SE trending 

compressional structures in the region including the Sultandag thrust fault are associated 

with this blocking affect of the Isparta Angle. The presence of vertical Cyprus slab 

beneath this zone might argue for the blockage of the deformation of the upper mantle or 

the flow of the asthenosphere beneath southern central Anatolia. This “backstop” effect 

of the vertical slab can also explain the relatively slower motion of the Isparta Angle.  

This implies that the crustal deformation regimes observed in the Central Anatolian 

province and Isparta Angle are possibly influenced by the vertical slab-constrained 

deformation to the depths of at least 200 km. This interpretation is also supported by the 

fact the NW-SE directed extensional deformation in western Anatolia is separated from 

the strike-slip deformation dominated central Anatolia at the tip of the Isparta Angle. 

Furthermore, the limited westward motion of Anatolian plate in the south requires a 

northward shift in rapid deformation patterns as suggested by Barka and Reilinger 

(1997). This northward shift is probably being accommodated by the rapid westward 

motion of Anatolia along the NAFZ (~25 mm/yr) (McClusky et al., 2000). Hence, the 

“vertical slab barrier” might be controlling the deformation along northern Anatolia today 
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and plays an indirect but important role in the evolution of western NAFZ and hence the 

location of the northern limit of the Central Anatolia province in the west. This 

interpretation partially agrees with modeling results and interpretations of Facenna et al. 

(2006) who argued that the formation of NAFZ could be explained by subduction related 

processes, particularly slab detachment along Afro-Arabian convergence zone. Although 

we do not observe a clear detachment of the Cyprus slab, particularly at its western and 

eastern extremities, we think that the relatively low tectonic and seismic activity along 

the Cyprean trench (Bozkurt 2001; Pilidou et al. 2004; Wdowinski et al. 2006; 

Papadamitriou and Karakostas 2006), terminal suturing of the subduction zone along the 

Isparta Angle and the sub-vertical geometry of the slab argues for stagnation of the 

subduction of the Cyprus slab. Based on this evidence and discussions by Wortel and 

Spakman (2000), the Cyprus slab might be in a terminal-stage of subduction and 

detaching or ready to detach. The weaker perturbations associated with the slab observed 

at shallower depths might be an indication of the early stages of this process (see Figure 

8).  

 Another robust feature of our tomographic model is the N-S trending slow 

velocity anomalies that extends from 60 km down to depths of 300 km between the 

Aegean and Cyprus slabs. This feature is also visible in tomographic models of Spakman 

et al. (1993) and Primallo and Morelli (2003). Bordeer et al. (1998) interpreted this 

anomaly as vertically rising asthenosphere along a vertical tear in the subducting Aegean 

slab. We also have the same interpretation based on our tomography model. However, 

our model shows the tear might be sub-vertical and it is between the Cyprus and Aegean 
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slabs which are separated from each other with a left-lateral offset as well (Figure 8). We 

believe this offset is the main reason for the formation of the tear and opening of the slab 

gap in this region. We interpret the opening of this gap being associated with the 

differential trench retreat rates along Aegean and Cyprean trenches where the retreat is in 

SW direction and much faster for the Aegean trench (~30 mm/yr) compared to central 

Cyprus trench ( <10 mm/yr)  (McClusky et al. 2003; Widowinski et al. 2006). These 

differential rates also explain the formation of left lateral transform faults such as the 

Pliny, Strabo and transtensional Fethiye-Burdur fault zones (Figure 8). The northern tip 

of the upwelling hot asthenosphere is located below the Kula volcanic field which is 

associated with Pliocene-Pleistocene alkaline volcanism (Richardson-Bunbury, 1996). 

Geochemical analysis by Gulen (1990) and Tokcaer et al. (2005) indicates that the the 

volcanism in the region is associated with rapid upwelling of asthenosphere beneath 

western Anatolia. Our tomographic images support the idea of upwelling of hot 

asthenosphere through the vertical slab window between the Cyprus and Aegean slabs. 

 Our tomographic model shows an abrupt eastern termination of the Cyprus slab 

along the zone defined by the 36-37˚ longitudes at depths above 500 km. To the east of 

this zone we are observing relatively homogeneously distributed slow velocity anomalies 

beneath the EAP. This anomaly as associated with the asthenosphere that ascended and 

emplaced beneath the plateau after the detachment of the northward subducting Arabian 

lithosphere (Sengor et al. 2003; Keskin 2003).  In this respect, the eastern termination of 

Cyprus slab, or in other words, the eastern edge of the subducting African lithosphere 

defines the boundary between homogeneous slow anomalies associated with the  
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asthenosphere of EAP to the east and relatively scattered anomalies (fast and slow) 

beneath the Central Anatolia to the west. This implies that the edge of the Cyprus slab 

defines the boundary between the East Anatolian Contractional province and central 

Anatolian province. This is in good agreement with Pn velocity observations of Gans et 

al. (2009) and interpretations of Barka and Relinger (1997) who argued that the boundary 

between these tectonic provinces runs along the Dead Sea Transform Fault (African-

Arabian plate boundary) (Figure1 and Figure 8).  

The fast anomalies associated with the Aegean slab, the Cyprus slab and the 

detached Arabian lithosphere (that now lies flat on the 660 discontinuity) merge at depths 

below 500 km to form a coherent flat lying fast anomaly beneath Anatolia. This is 

probably associated with the upper mantle phase transition at 660 km that obstructs the 

penetration of the subducting lithosphere into the deeper mantle. This anomaly is also 

observed in receiver function  results of Ozacar et al. (2008) and in tomography models 

of Bijwaard et al. (1998) who indicated that this flat lying anomaly follows the paleo-

trace of the tethyan ocean and continues to the southeast beneath Himalayan orogeny (at 

depths 500 to 1400 km) (see also Hafkenscheid et al. 2006). 

The fast anomalies located in the northwest part of the study area are probably 

associated with the thicker and older lithosphere of the northern Anatolian province. This 

region is characterized by intensely deformed, imbricated Precambrian to Late Paleozoic 

basement of the so-called Eastern and Western Pontides which represent the accreted 

continental terrains during the Cimmerian orogeny (Bozkurt, 2001). Although this region 

is located at the northern edge of our tomographic model the resolution here is good 
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enough, particularly at western and eastern ends owing to the denser station coverage. 

We interpret the fast anomalies located to the west of the north Anatolia as thick 

lithospheric mantle beneath the western Pontides. The thick lithosphere terminates 

abruptly at the southern block of the NAFZ. In this respect, the NAFZ forms a rather 

sharp, lithospheric scale structural boundary between older lithosphere of the north 

Anatolian province and the younger Central Anatolian province or Anatolian Plate. This 

implies that the NAFZ is a lithospheric scale transform fault, meaning the associated 

deformation extends through the entire crust and penetrates into the uppermost mantle at 

least at its western segment. This observation also agrees with the interpretation that the 

NAFZ follows the weakness zone associated with the northern sector of the Neotethyan 

suture(s) at the northern part of Anatolia (Bozkurt 2001, Sengor et al. 2005). Based on 

this result, our study is the first to resolve and interpret the deeper structure of the North 

Anatolian Fault. Similar observations exist for the portions of San Andreas Fault (SAF), 

which is thought to be analogous to the NAFZ. Zhu (2000) observed a 6-8 km vertical 

offset of the Moho discontinuity across SAF in southern California using P-wave receiver 

functions and argued that he SAF extends through the entire crust in that segment. Using 

P-wave tomography Benz et al. (1992) detected a velocity contrast following the strike of 

the SAF beneath its central segment.   

 

V. CONCLUSIONS 

Our P-wave travel-time tomography results for the Anatolian region indicate that 

subduction of African lithosphere along the Aegaen and Cyprean trenches has strongly 
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influenced the deformation regime and distribution of tectonic provinces across the entire 

region. Particularly the sub-vertical subduction along the western Cyprean trench controls 

the style of deformation within the Central Anatolia province and indirectly influences 

the westward motion of the Anatolia along the NAFZ. At its eastern termination, the edge 

of the northward subducting Cyprus slabs roughly defines the boundary between the 

Eastern Anatolia Plateau (Eastern Anatolian Contractional province) and the Central 

Anatolian province. 

We observe a vertical tear between the subducting slabs associated with the 

Aegean trench and the Cyprean trench. Our tomography model indicates that the tear is 

associated with a left-lateral offset between these slabs. Our model also indicates 

upwelling of hot buoyant asthenosphere through this slab window beneath western 

Anatolia which is probably responsible for the emplacement of alkaline Kula volcanics 

during the Pliocene-Pleistocene. The observation of continuous, flat-lying fast velocity 

anomalies at depths greater than 500 km implies that the separated segments of African 

lithosphere join at depth and lie flat on the 660 km mantle discontinuity. 

We observe a clear contrast in lithospheric thickness across the western segment 

of the NAFZ. We believe this is associated with the relatively thicker older lithosphere of 

the western Pontides.  This strong contrast argues for the NAFZ being a lithospheric-

scale fault extending through the entire crust and following the weak zone associated 

with the Neotethyan suture(s). In this respect, we believe the results of our analysis 

contribute significantly to the understanding of structure and deformation styles at depth 

along this nascent transform plate boundary.     
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Figure 1. The location map of the study area and the major tectonic and geological features of the region. The 
distribution of the seismic stations used in our study is also shown.  The thick white arrows shows the motion 
directions of the associated plates. The rough boundaries between zones of different tectonic deformation styles 
(different neotectonic provinces) are indicated with thick dashed lines. These provinces are EACP: Eastern 
Anatolian Contractional Province, CAP: Central Anatolian Province, WAEP: Western Anatolian Extensional 
Province, NAP: North Anatolian Province (modified from Barka and Reilinger 1997; Bozkurt 2001). NAFZ, 
North Anatolian Fault Zone; EAFZ, East Anatolian Fault Zone; DSFZ, Dead Sea Fault Zone; FBFZ, Fethiye-
Burdur Fault Zone; STF, Sultandag Thrust Fault; IA, Isparta Angle.      
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Figure 2. Global distribution of the teleseismic events used in our study (a) and the 
backazimuthal coverage of all the arrivals (rays) picked (b). 
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Figure 3. Our parameterized model region and average node spacing beneath the 
modelled region. White dots annotates the stations used in this study. Note the dilation in 
node spacing towards the edges of the study area. 

 

 

 

 

 

 

 

 



 
 

 
 

Figure 4. Normalized hit-quality maps for our dataset and parameterized model. Hit-quality is based on the number and 
azimuthal distribution of rays. Red shading indicates best quality (1 on scale) and blue shading shows poor hit-quality (0 on 
scale) for the associated node.  Black triangles annotates the stations used in this study. Note the the spreading of the pattern of 
better hit qualities at deeper parts of the model. 
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Figure 5. Results of the resolution tests presented in the form of horizontal slices (left panel) and vertical  (latitudinal and 
longitudinal) cross-sections (right panel). The effects of vertical streaking can be seen at shallower depths. The lateral 
resolution is generally good but there is some amplitude decay. 
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Figure 6. The resultant tomography model at various depths. Stars indicate the stations used in our study. A. Horizontal slices 
from 60 km to 280 km. 
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Figure 6 (continued).B. Horizontal slices of our tomography model from 320 km to 605 km depths. 
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Figure 7. The resultant tomography model along various longitudinal and latitudinal cross-sections. Topographic profiles are 
also shown at the top of each slice. The map in the lower left corner is given for reference. Dashed lines indicate the path of 
the cross-sections. 140 
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Figure 8. Interpretation of the tomographic images along multiple sections across 
Anatolia. White arrows indicate GPS velocities (Oral 1994, McClusky et al. 2000).  The 
light blue shaded region shows the Zone of Isparta Angle.  NAFZ, North Anatolian Fault 
Zone; EAFZ, East Anatolian Fault Zone; DSFZ, Dead Sea Fault Zone; FBFZ, Fethiye-
Burdur Fault Zone; STF, Sultandag Thrust Fault.      
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