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We use a three-dimensional (3D) shear-wave splitting (SWS) tomography method developed by Zhang
et al. (2007) to map the spatial distribution of crustal anisotropy in the Karadere–Düzce branch of the
North Anatolian Fault (NAF) in western Turkey. The input data consists of 20 751 measurements of the
SWS delay times from 7856 aftershocks of the 1999 Mw 7.4 İzmit and Mw 7.1 Düzce earthquakes. The
results show a continuous belt-like highly anisotropic zone along the Karadere-Düzce branch of NAF,
generally ∼3 km wide and down to ∼5 km deep. The observed asymmetric pattern of anisotropy along
the Karadere segment is qualitatively consistent with asymmetric damages from the unilateral eastward
propagation of the İzmit rupture. Another strong anisotropy region was found near the end of the İzmit
rupture zone, close to the dipping direction of the fault segment that ruptured during the subsequent
Düzce earthquake. These results are generally consistent with the shallow fault-zone anisotropy inferred
from previous studies. While the anisotropy generally becomes weaker at depth and/or outside the fault
zone, we also identify several highly anisotropic regions as deep as ∼10 km, primarily within the Almacik
block. These isolated anisotropy regions could be explained by individual intrusive igneous rock bodies
with different mineral alignment. Overall, seismic anisotropy in upper crust of the Karadere-Düzce branch
of the NAF is structurally controlled.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Seismic shear waves propagating through anisotropic media
are expected to separate into fast and slow components, a phe-
nomenon termed shear wave splitting (SWS). In the upper crust,
shear wave anisotropy is widely observed and usually consid-
ered as a result of preferential alignment of fluid-filled cracks in
rocks or sediments (Crampin and Booth, 1985; Leary et al., 1990;
Crampin, 1991; Zhang and Schwartz, 1994). In this case, the fast
polarization direction is parallel to the maximum horizontal com-
pressive stress direction due to alignment of preexisting cracks
in that direction. Other mechanisms are mainly structurally con-
trolled, including preferential mineral alignment, sedimentary bed-
ding planes, and alignments along active fault zones (Boness and
Zoback, 2006).

Generally two SWS parameters are measured: polarization di-
rection of the fast component and delay time δt between the fast
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and slow components. While visual inspection was used to mea-
sure SWS parameters in many earlier studies (Crampin, 1990), au-
tomated methods are needed to obtain a large data set of SWS
measurements. These include the cross-correlation method (e.g.,
Fukao, 1984; Liu et al., 2003), the covariance matrix (CM) method
(e.g., Silver and Chan, 1991), and the aspect ratio (AR) method
(Shih et al., 1989). To understand spatial distribution of crustal
anisotropy, many studies simply average the SWS parameters at
each station and superimpose them on the station location (e.g.,
Boness and Zoback, 2006; Yang et al., 2011). Other recent studies
have proposed to plot the average measurements at the earth-
quake source region (e.g., Peng and Ben-Zion, 2004), or somewhere
between the source and receivers (e.g., Liu et al., 2008). When plot-
ting the rose diagrams of fast polarizations on stations, Eken et al.
(2013) showed that stricter quality criteria can lead to preferred
fast polarization more clearly, which might result from near-station
anisotropic bodies. However, in all these cases, the exact location
and magnitude of the anisotropy zone along the ray path remain
unclear.

Various efforts have been made to map the spatial distribu-
tion of anisotropy. For example, Audoine et al. (2004) developed a
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method to produce spatial average of splitting parameters by divid-
ing the source–receiver paths into many grid points. More rigorous
anisotropy tomography methods have also been proposed to image
the spatial distribution of anisotropy (e.g., Abt and Fischer, 2008;
Long et al., 2008). However, complicated waveforms pose difficul-
ties in inversion due to the nonlinear effect of multiple layers of
anisotropy (e.g., Silver and Savage, 1994). Long et al. (2008) de-
veloped a 2.5D SWS intensity tomography method to study upper
mantle anisotropy, which calculates sensitivity kernels for het-
erogeneously anisotropic media. In their method, splitting inten-
sity measured from long period SKS waves, instead of standard
splitting delay time and fast polarization, is used to image the
anisotropy structure. In comparison, Abt and Fischer (2008) imaged
3D anisotropy structure in upper mantle using the SWS parameters
by assuming the anisotropy is caused by the lattice-preferred ori-
entation of olivine and orthopyroxene. Partial derivatives of fast
polarization and delay time with respect to the orientation of
olivine α-axis and anisotropy strength are numerically calculated
by modeling splitting parameters for a synthetic wavelet using the
Christoffel equation.

Recently, Zhang et al. (2007) developed an SWS tomography
method to map the spatial distribution of anisotropy in upper crust
by back projecting the splitting delay times along ray paths derived
from known 1D or 3D velocity models. Comparing with other tech-
niques (e.g., Long et al., 2008; Abt and Fischer, 2008), this method
does not handle the anisotropic direction in the inversion and the
partial derivative of delay time with respect to anisotropy percent-
age is calculated using ray theory. In this simplified method, all
measurements of station–event pairs are utilized in the inversion
and weighted by an objective parameter, such as the waveform
cross-correlation coefficient between slow and fast shear waves.
However, so far it has only been used in the Parkfield section
of the San Andreas Fault to map the 3D anisotropy distribution,
where 3D velocity models have been well developed (e.g., Thurber
et al., 2006).

In this study, we apply the same method to the Karadere–Düzce
branch of the North Anatolian Fault (NAF) in northern Turkey. The
NAF is the active transform boundary between the Eurasian and
the Anatolian Plates. Several earlier studies have found clear crustal
anisotropy near the epicentral region of the 1999/08/17 Mw 7.4
İzmit earthquake that ruptured the western segment of the NAF
(Crampin and Booth, 1985; Evans et al., 1985). Peng and Ben-Zion
(2004) analyzed the SWS parameters in Karadere–Düzce branch of
the NAF ruptured during the İzmit earthquake and the 1999/12/12
Mw 7.1 Düzce earthquake. They found predominant fault-parallel
fast directions for stations within a 1 km broad zone around the
rupture zones of the two recent earthquakes. Hurd and Bohnhoff
(2012) used several stations in a larger region around the NAF and
found similar results.

In this study, we use the SWS tomography method (Zhang et
al., 2007) to map the spatial distribution of anisotropy around the
Karadere–Düzce of the NAF, based on the SWS parameters mea-
sured by Peng and Ben-Zion (2004). Our results, which will be
presented below, are generally consistent with the previous obser-
vations, but contain more quantitative information on the along-
strike and depth extent of crustal anisotropy in this region.

2. Data selection

We use the SWS measurements (Peng and Ben-Zion, 2004) from
numerous aftershocks recorded by 31 stations (Fig. 1). Specifi-
cally, a temporary 10-station PASSCAL seismic network covered a
6-month period after the İzmit earthquake on August 17, 1999.
7 additional stations were deployed for the first 2 weeks after the
İzmit mainshock, and another 14-station array was deployed across
the Karadere branch of the NAF for the last 2-week period. A total
Fig. 1. Map of study region. Epicentral distribution of ∼26 000 earthquakes recorded
by the PASSCAL seismic experiment along the Karadere–Düzce branch of the NAF.
Aftershock locations are marked with colors denoting different depth ranges. The
surface ruptures of the İzmit and Düzce earthquakes are indicated with thick blue
and purple lines, respectively. The box marks the SWS tomography region. The inset
illustrates the tectonic environment in northwestern Turkey. After Peng and Ben-
Zion (2004). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 2. Map of the distribution of events (color-coded by their depths) used in the
inversion, stations (triangles), and the inversion grids (crosses). The solid bars over
the stations represent the average fast direction and the delay time. The surface
ruptures of the İzmit and Düzce earthquakes are indicated with thick blue and pur-
ple lines, respectively. A pair of arrows represents the regional maximum horizontal
stress direction. Note that stations HEN and BAL used by Hurd and Bohnhoff (2012)
are not included in the inversion. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

of ∼22 000 SWS measurements were automatically calculated by a
covariance matrix method of Silver and Chan (1991).

In this study, we focus on the region along the fault strike and
in the immediate vicinity of the Karadere segment, which is trend-
ing ∼70◦ to the east. The west side of the study region starts from
a 5-km-long surface-rupture gap near the town of Akyazi during
the İzmit earthquake (Tibi et al., 2001) (Fig. 1). The Almacik block
in the south of the Karadere segment is primarily mafic and em-
bedded with andesitic to basaltic rocks and sedimentary sequences
(Yilmaz et al., 1997). To the east end of Karadere segment, the
rupture bifurcated during the İzmit earthquake and stopped near
the Düzce basin (Gulen et al., 2002; Fig. 1). However, the southern
strand of the bifurcation partly re-ruptured during the subsequent
Düzce earthquake.

Fig. 2 shows the inversion grid for the SWS tomography and the
average SWS parameters at each station. Detailed rose diagrams for
each station are not shown here, but can be found in Fig. 7 of Peng
and Ben-Zion (2004). We choose this region because of its dense
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Table 1
1D velocity model in Karadere–Düzce branch of NAF.

Layer top (km) 0.0 2.5 3.5 6.0 9.0 13.0 30.0
Vp (km/s) 3.443 5.519 5.628 5.906 6.053 6.332 8.000
Vs (km/s) 1.990 3.190 3.253 3.414 3.499 3.660 4.624

event–station coverage. The inversion coordinate system is rotated
∼70◦ clockwise from the north so that the Y -axis is subparallel
to the strike of the Karadere segment. The line X = 0 roughly fol-
lows the surface trace ruptured during the İzmit earthquake, and
the center of the coordinate is at longitude 30.85◦E and latitude
40.74◦N. 20 751 SWS measurements are selected from 7856 events
with their ray paths within −21 to 19 km along the Y direction
(strike-parallel) and −8 to 10 km along the X direction (strike-
perpendicular). The majority of the events were distributed at the
depth range of 5–10 km (Fig. 2). The inversion grid nodes in the Z
direction are at Z = 0, 2.5, 3.5, 6.0, 9.0, 13.0 and 30 km (Table 1).
In this study we do not apply further selection criteria as Peng and
Ben-Zion (2004) did. However, we weigh each measurement by the
corresponding cross-correlation coefficient of fast and slow compo-
nents in inversion in order to reduce the influence of low quality
measurements.

Fig. 2 shows that most fast polarization directions for the sta-
tions on or close to the fault are parallel or subparallel to the
nearby fault strike. It is interesting to find that the fast polariza-
tions at stations TS and CL are almost perpendicular to the fault
strike (Fig. 2). If the anisotropy is stress-induced and the max-
imum compressive stress direction is perpendicular to the fault
strike, the fast polarization direction is fault-perpendicular. How-
ever, the direction of the regional maximum horizontal compres-
sive stress is NW–SE (Bellier et al., 1997; Tadokoro et al., 2002;
Görgün et al., 2010), which has a large angle against the lo-
cal fault strike. Therefore, the fault-perpendicular fast polarization
anomaly is not due to stress-induced anisotropy. It is likely the
existence of anisotropic bodies with preferred mineral alignment
could cause the fault-perpendicular polarization. It is noted that
the cycle skipping arising from SWS analysis could also cause the
fault-perpendicular fast polarization, where the fast and slow com-
ponents are mismatched by one or more half cycles.

3. Method

The SWS tomography method developed by Zhang et al. (2007)
is based on two major assumptions. First, it assumes a single-
layer anisotropy model that contains vertically oriented microc-
racks or shear fabric and hence is azimuthal. This is common for
crustal anisotropy (Crampin et al., 1978; Crampin, 1987; Boness
and Zoback, 2006) and also one of the assumptions for the Silver
and Chan (1991) method, which was used to obtain the measure-
ments in this study. The second assumption is that splitting delay
time is accumulated for each ray segment along the entire ray
path (Fischer et al., 2000). However, the physical meaning of the
measured splitting time is still vague when the anisotropy is com-
plicated. In particular, it is not clear whether the measured delay
time represents the summation of anisotropy for layers with dif-
ferent fast directions. The previous debate on the ability of using
delay times to predict the occurrence of an earthquake also shows
the ambiguity of the physical meaning of delay times (e.g., Aster
et al., 1990, 1991; Crampin et al., 1991). However, based on a very
simplified model given by the first assumption, the shear wave
splits once when entering a single layer of azimuthally anisotropic
material, and the delay times between fast and slow shear waves
keep increasing when traveling through the material. In addition,
Silver and Savage (1994) showed that the Silver and Chan (1991)
method would produce apparent splitting measurements of the
fast polarization and delay time for a two-layer anisotropy model.
Fig. 3. L-curves of smoothing and damping parameters. The optimal pair chosen for
inversion is smoothing weight = 1.0 and damping weight = 20.

As a result, the splitting times obtained from this method repre-
sent the apparent strength of the anisotropy over the entire ray
path. Therefore, it is reasonable to assume that the splitting time
is accumulated along the ray path for a relatively simplified model.

Based on the assumptions above, the total observed delay time
δt can be expressed as

δt =
∫

K cosα

V
dl (1)

where α is the angle between the ray path and the vertical di-
rection, dl is the incremental ray path, and K is the anisotropic
strength. The anisotropic strength K is defined as

K = V fast − V slow

V
(2)

where V fast and V slow are the fast and slow S-wave velocities, re-
spectively, and V is the average S-wave velocity.

In the SWS tomography program, regularization methods in-
cluding damping and smoothing are introduced to stabilize the
inversion. Trade-off L-curve analysis is used to search for the ap-
propriate damping and smoothing values that balance minimizing
the model variance and data variance (Fig. 3). We tested 165 pairs
of damping and smoothing parameters and determined damping
value of 20 and smoothing weight of 1 are suitable for this inver-
sion (Fig. 3).

We use a simple 1D layered velocity model (Table 1; Seeber et
al., 2000) to compute the ray paths for inverting the anisotropy
model according to Eq. (1), although a 3D velocity model around
the study region has been recently published (Koulakov et al.,
2010). It is true that by using the simple 1D velocity model, the
anisotropy model will be less accurate. However, the main features
of the anisotropy model will be similar for both velocity mod-
els. This is because the ray paths do not differ significantly, and
as a result the linear system according to Eq. (1) is also similar.
A small change in the velocity will result in a proportional change
in the anisotropy percentage. Considering the velocity perturbation
between the 1D and 3D models is generally ∼5%, the resulting
change in the anisotropy percentage is also ∼5%. This will have a
minimum effect on the overall anisotropy patterns observed later.

4. Results

To characterize the resolution capability of the SWS tomography
method in this study, we use two ways: the ray path density quan-
tified by the Derivative Weighted Sum (DWS) for each inversion



322 Z. Li et al. / Earth and Planetary Science Letters 391 (2014) 319–326
Fig. 4. Along-fault sections of anisotropy percentage at X = −4, −2, 0, 2, 4 and 6 km, respectively. White contours are DWS plotted in a logarithmic-based-10 scale. Black
dots are events within half of the grid size of each section. Colors are weighted by the DWS values (areas with low DWS are faded and areas with high DWS are stressed).
The areas without any ray path (DWS = 0) are not sampled and thus whitened.
grid node and the checkerboard resolution test. In real applica-
tions, ray-sampling density has been routinely used to qualitatively
describe if the model is well resolved (e.g., Haslinger et al., 1999)
although ray angular coverage information is not considered. DWS
is a measure of model sampling, representing the relative density
of ray paths weighted by the importance of each ray segment by
its distance to the grid node (Haslinger et al., 1999). In general, the
model areas with higher DWS values are better resolved (Haslinger
et al., 1999; Zhang and Thurber, 2007).

Similar to the checkerboard resolution test used for velocity
inversion, we also constructed a checkerboard anisotropy model
with anomalies from 0 to 5% (see supplementary Figs. S1–S6). The
checkerboard resolution test shows the recovery of anomalies in
the regions of interest is generally acceptable (e.g., X = 0 and 2 in
the immediate vicinity of the fault). The resolution in the deeper
part of the model is higher than in the shallower part because of
the better ray coverage, which is also reflected by the distribution
of DWS values.

Figs. 4 and 5 show the cross-sections at different X values
(along the faults trike) and horizontal slices at different depths
of the 3D anisotropy percentage model, respectively. Fig. 6 shows
cross-sections of the anisotropy percentage model at Y = −9 km
and 11 km, around the center of the Karadere segment and the
Düzce segment that ruptured during the İzmit and Düzce earth-
quakes, respectively. The anisotropy models in Figs. 4 to 6 are
shown in a faded color scheme in which the areas with lower DWS
values are more faded and the areas with higher DWS values are
more highlighted. The areas without ray coverage (DWS = 0) are
whitened. The areas of interest generally have moderate to high
resolution (DWS = 10–1000, Figs. 4–6).

In the shallow crust (depth < 5 km) of the Karadere–Düzce
branch of the NAF, the anisotropy is very strong (as high as 5%) and
concentrates around the Karadere fault trace (e.g., X = 0 and X =
2 km). The belt-like anisotropic zone is generally shallower than
5 km, and becomes deeper to the northeast (Y > 10 km), close to
the fault segment that was ruptured twice during the İzmit and
Düzce earthquakes (Fig. 4). The anisotropy zone is mainly shifted
to the SE side of the fault trace (X = 0–5 km) for the SW fault seg-
ment (Y = −20 to − 5 km) (Fig. 5). Between −5 and 5 km along
the Y direction, the anisotropic zone becomes more diffuse, with
the highest anisotropy concentrated around the Karadere rupture
zone (Fig. 5). This coincides with anomalous fast polarization direc-
tions observed at stations TS and CL between Y = 3 and Y = 7 km
(Peng and Ben-Zion, 2004), and a minor step over (Hartleb et al.,
2002) to the east of the Kadifekale town (at X = 0 and Y = 0 km).
However, for the anomalous fault-perpendicular fast polarization,
the possibility of cycle skipping cannot be ruled out. It is possi-
ble that the real fast polarization is along the fault strike while
cycle skipping leads to a 90◦ ambiguity of fast polarization and
one or more half periods increase in delay times. Further to the
east (Y = 5–19 km), the anisotropy zone is mainly centered around
the rupture zones of the İzmit and Düzce earthquakes at shallow
depths (slice Z = 2.5 km and Z = 3.5 km of Fig. 5). Another high
anisotropy zone is observed from the surface down to the depth of
6 km to the NW side of the surface rupture zone near station BV
(X = 0 km), where the maximum delay times of up to 0.3 s were
observed.

At Y = −9 km around the center of the Karadere segment that
ruptured during the İzmit earthquake, the anisotropy extends dis-
continuously from the near surface to the depth around 12 km,
with a broken zone around the depth of 5 km (Fig. 6). Overall, the
dipping trend of the anisotropy zone follows closely to the fault
dip angle of the Karadere segment, which is approximately 80◦ to
the north (Ben-Zion et al., 2003; Bulut et al., 2007). However, the
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Fig. 5. Horizontal sections of anisotropy percentage at Z = 2.5, 3.5, 6 and 9 km, respectively. Black lines are the projected fault surface traces of Karadere and Düzce segments.
Other symbols and notations are the same as in Fig. 4.

Fig. 6. Cross-sections of anisotropy percentage in (a) northeast-trend Karadere segment and (b) near east-trend Düzce segment. Black dots represent the events within half of
grid size at the section. (a) The white dashed line 1 indicates the rupture dip of the Karadere segment. The white dashed line 2 indicates the rupture dip of Düzce segment.
Other symbols and notations are the same as in Fig. 4.
strongest anisotropy is localized within the Almacik block to the
SE side of the fault, which is also shown in Fig. 4. At Y = 11 km
around the western end of the segment that ruptured during the
Düzce earthquake, the anisotropy greater than 5% is mainly con-
centrated from 2 to 6 km in depth and between the extension of
the Karadere segment and the Düzce segment that ruptured twice
(Fig. 6). The anisotropy zone dips about 50◦ to the north, close
to the dipping angle (50–70◦ to the north) of the Düzce main-
shock rupture and its aftershocks (Burgmann et al., 2002). The
coincidence of these anisotropic zones with the fault geometries
indicates that they are strongly structure-related.

In addition to these strong anisotropy anomalies around active
rupture zones at shallow depths, we also observe pockets of iso-
lated anisotropy anomalies at greater depths away from the faults.
They are generally at the dimension of kilometers in radii and have
comparable anisotropy percentage with the belt-like anisotropic
zone in the fault zone.
5. Discussion

Peng and Ben-Zion (2004) only selected events that are within
the shear-wave window (i.e., the epicentral distance less than the
depth) for measuring their SWS parameters. If the subsurface ve-
locity structure is uniform, this corresponds to an incidence angle
of 45◦ . However, because of the lower velocity near the surface, the
rays tend to be more vertical as the ray approaches to the surface.
For the anisotropy tomography in this study, as the velocity tomog-
raphy, it also relies on the crossing rays to image the anisotropy
structure. As a result, the model resolution in the shallower depths
is relatively worse, as shown in the checkerboard resolution test in
the supplementary material.

Nevertheless, due to the dense distribution of earthquakes and
thus good ray coverage in our study area, we were able to deter-
mine the 3D anisotropy distribution around the Karadere–Düzce
branch of the NAF with a reasonable resolution. In summary, we
found that the anisotropy is primarily distributed in a continuous
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belt-like zone down to 3–5 km in depth and of 1–3 km wide along
the Karadere–Düzce segment of the NAF. In the deeper region and
away from the faults, the anisotropy shows isolated blocks but
with comparable anisotropy percentage. The distinct anisotropy
features in and outside the fault zones provide a unique opportu-
nity to understand the anisotropy mechanisms in the upper crust
of the study region.

Because of the relative movement of blocks on both sides of the
fault, it generally causes the shear fabric or microfractures that are
preferentially aligned parallel to fault zones (Boness and Zoback,
2006). Such a preferential alignment would result in fault-parallel
fast polarization. In addition, the belt-like anisotropic zone gener-
ally follows the surface fault trace (Fig. 4), which strongly indicates
a structure-controlled mechanism of crustal anisotropy in this re-
gion.

We note that the rotation of maximum horizontal compres-
sion near the fault may introduce some potential bias when us-
ing fast polarization to infer anisotropy mechanisms. For example,
Holt et al. (2013) used the aftershock data of the Darfield earth-
quake to invert regional stress field in New Zealand. They found
that the maximum horizontal compression rotated to be parallel to
the Darfield fault, where fault-parallel fast polarizations were ob-
served for some on-fault stations (Syracuse et al., 2012). However,
this rotation has not been observed for the 1999 İzmit earthquake
(Görgün et al., 2010).

The width of anisotropy zone is confined within 3 km near the
fault interface, which is much wider than the 100–300 m of low-
velocity damage zone inferred from fault zone trapped waves (e.g.,
Ben-Zion et al., 2003; Peng et al., 2003; Li et al., 2006). It is quite
possible that fault zone trapped waves required a coherent low-
velocity zone that only exists in the immediate vicinity of the fault
interface, while fault-zone related fractures could exist at much
further distances. We also note that previous studies of fault zone
trapped waves were primarily based on seismic data collected by
dense fault zone arrays with a typical length of a few hundred me-
ters. Hence, it is possible that a much wider damage zone exists,
but was not detected by a relatively short array. Indeed, using a
5-km long dense array, Cochran et al. (2009) found a 1.5-km wide
damage zone along the Calico fault in the eastern California shear
zone.

It is interesting to note that the anisotropic zone on the Ka-
radere segment is asymmetric rather than centered with respect
to the fault trace (Figs. 5 and 6). The damage zone is ∼3 km wide
and localized to the south of the fault surface trace, while the Ka-
radere segment is dipping approximately 80◦ to the north. Such
asymmetric localization of the damage zone may result from vary-
ing intensity of hydrothermal conditions and/or rock properties of
both walls (Sibson, 2003). Alternatively, an asymmetric damage
zone is expected for dynamic ruptures propagating along a fault
interface that separates different elastic media (Ben-Zion and Shi,
2005). Such ruptures would propagate preferably in the direction
of slip on the slower side of the fault, and produce tensile radia-
tions and damages on the faster side of the fault (Ben-Zion, 2001;
Shi and Ben-Zion, 2006; Bulut et al., 2012). The Almacik block in
the SE side of the fault has a higher velocity than the sedimen-
tary basin on the other side, at least in the top few kilometers
(Koulakov et al., 2010). Such assumption is qualitatively consistent
with the eastward propagation (slip direction of the slow side) of
the İzmit rupture along the Karadere segment, and additional frac-
tures and anisotropy in the faster Almacik block.

However, the pattern becomes much more complicated to the
east of the town of Kadifekale, where the rupture bifurcated and
finally stopped near Golyaka during the İzmit earthquake (Figs. 1
and 5). 87 days after the İzmit earthquake, the November Düzce
earthquake re-ruptured part of northeastern section of the Ka-
radere segment, and the remaining segment to the city of Bulu.
Such an unusual rupture process indicates strong complexity of
rock properties and heterogeneity of stress field. For example, Hurd
and Bohnhoff (2012) showed a bimodal pattern of fast polariza-
tion directions at station HEN located toward the eastern part of
the İzmit rupture and close to the Karadere fault (X = −6 km
and Y = 7 km), which is close to the fault-zone anisotropy body
imaged in this study. Further to the east near the Düzce basin,
our results indicate that the anisotropic zone might be controlled
by both the Karadere segment and the Düzce segment (Fig. 6b).
Görgün et al. (2010) showed that the Düzce fault that bounds the
Düzce basin may represent a major asperity which was activated
by the east end of the İzmit rupture but not ruptured until three
months later. Although the stress imparted from the İzmit rupture
to the Düzce fault was complicated, the asperity that was ruptured
afterwards may induce additional damage and hence contribute to
the high anisotropy between two segments.

The continuous anisotropic zone is generally 3–5 km deep,
which is compatible with the results implied from the distribu-
tion pattern of the delay times and event locations (e.g., Peng
and Ben-Zion, 2004; Hurd and Bohnhoff, 2012). This is also the
typical depth extent of anisotropy reported in other fault zones
(e.g., Zhang and Schwartz, 1994; Liu et al., 2004). Because the
cracks are expected to close and/or reduce in density due to the
increase of confining pressure with depth, we would expect to
observe a reduction of anisotropy with depth. It is also reported
that the fault zone might change at 3 km depth from a mechan-
ically passive zone in the shallow part to an earthquake prone
zone in the deeper part (Dieterich, 1979; Marone and Scholz, 1988;
Blanpied et al., 1991). However, we note that the anisotropy belt
extends as deep as 6 km in the northeast (Fig. 6b), where the fault
correspondingly ruptured during both the İzmit and Düzce earth-
quakes. Coincidently, this region also shows the highest anisotropy
in our study area, consistent with the finding that station BV
recorded one of the largest delay times (Peng and Ben-Zion, 2004).
Maximum afterslip was also observed in this region from GPS data
after the İzmit and before the Düzce earthquake (Burgmann et al.,
2002). Therefore, the fault that had been ruptured by both earth-
quakes may get additional damages at greater depths, resulting in
stronger anisotropy.

Away from the fault, the anisotropy is generally smaller and de-
creases to 0–1% in the shallow part. However, in the deeper part
(> ∼4 km), there are several strong but isolated anisotropic blocks
embedded in the weak anisotropic background. For example, in the
Almacik block there are several highly anisotropic blocks located at
the depth of 6–10 km in the immediate vicinity of the aftershock
zone. This is consistent with the inference by Hurd and Bohnhoff
(2012) that the anisotropy beneath the station BAL (Fig. 2) located
near the center of the Almacik block may lie close to the source
region instead of right beneath the station. Note that the SWS
observations on station BAL are not included in our study, thus
providing an independent support of our tomography results. As
found previously, extrusive igneous and sedimentary rocks are em-
bedded in the mafic Almacik block (Yilmaz et al., 1997). Therefore
we suggest that these isolated anisotropic blocks outside the fault
zone are likely due to local lithology. The candidate mechanisms
for the highly anisotropic bodies outside the fault zone include the
preferential aligned minerals in igneous rocks, foliation and/or sat-
uration of fluids in sedimentary rocks. If seismic anisotropy outside
the fault zone is due to stress-controlled fractures, the fast polar-
ization direction is expected to align with the direction of maxi-
mum compressive stress. However, previous studies show fast po-
larization directions outside the fault zone vary with stations and
some of them are neither parallel to the maximum compressive
stress direction or along the fault strike (Peng and Ben-Zion, 2004;
Hurd and Bohnhoff, 2012). Therefore, these isolated anisotropic



Z. Li et al. / Earth and Planetary Science Letters 391 (2014) 319–326 325
anomalies are more likely caused by individual igneous rock bodies
with different minerals alignment directions.

6. Conclusions

We applied the 3D SWS tomography method developed by
Zhang et al. (2007) to image the upper crustal anisotropy in
the Karadere–Düzce branch of the NAF. The tomography bene-
fited from the large dataset that sampled the study area with
high coverage. The results show strong spatial heterogeneity of
anisotropy on and outside the fault zone. A continuous belt-like
highly anisotropic zone is identified along the fault, generally
∼3 km wide and down to ∼5 km, which is generally consistent
with previous studies on shallow crust anisotropy in the NAF and
the San Andreas Fault (e.g., Ben-Zion et al., 2003; Zhang et al.,
2007). The observed asymmetric pattern of anisotropy along the
Karadere segment is qualitatively consistent with asymmetric dam-
ages from the unilateral eastward propagation of the İzmit rupture
(Shi and Ben-Zion, 2006). The strongest anisotropy zone in the
study region is coincident with the segment ruptured twice dur-
ing the İzmit and Düzce earthquakes. These results, together with
fault-parallel fast polarization directions around the fault, strongly
support the mechanism of the structure-controlled anisotropy due
to aligned fabric related to fault damage zone. In the deeper part
of the fault zone, anisotropy generally becomes very weak because
of the closure of fractures, as a result of fault healing and in-
creased confining stress with depth. However, in the deeper part
outside the fault zone we found several highly anisotropic bodies
in form of isolated blocks that are embedded in the low anisotropy
background. Our results explain the inconsistent fast shear-wave
polarization directions varying with stations outside the fault zone
that was found in previous studies. The isolated anisotropy blocks
outside the fault zone could be explained by individual intrusive
igneous rock bodies with different mineral alignments. In sum-
mary, seismic anisotropy in upper crust of the Karadere–Düzce
branch of the NAF is structurally controlled.
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İzmit and Düzce Earthquakes: Preliminary Results. Istanbul Technical University,
pp. 209–223.

Shi, Z., Ben-Zion, Y., 2006. Dynamic rupture on a bimaterial interface governed by
slip-weakening friction. Geophys. J. Int. 165, 469–484.

Shih, X., Meyer, R., Schneider, J., 1989. An automated, analytical method to deter-
mine shear-wave splitting. Tectonophysics 165, 271–278.

Sibson, R., 2003. Thickness of the seismic slip zone. Bull. Seismol. Soc. Am. 93,
1169–1178.
Silver, P., Chan, W., 1991. Shear-wave splitting and subcontinental mantle deforma-
tion. J. Geophys. Res., Solid Earth 96, 16429–16454.

Silver, P., Savage, M., 1994. The interpretation of shear-wave splitting parameters in
the presence of 2 anisotropic layers. Geophys. J. Int. 119, 949–963.

Syracuse, E., Holt, R., Savage, M., Johnson, J., Thurber, C., Unglert, K., Allan, K., Kar-
aliyadda, S., Henderson, M., 2012. Temporal and spatial evolution of hypocentres
and anisotropy from the Darfield aftershock sequence: implications for fault ge-
ometry and age. N.Z. J. Geol. Geophys. 55, 287–293.

Tadokoro, K., Ando, M., Baris, S., Nishigami, K., Nakamura, M., Ucer, S., Ito, A.,
Honkura, Y., Isikara, A., 2002. Monitoring of fault healing after the 1999 Kocaeli,
Turkey, earthquake. J. Seismol. 6, 411–417.

Thurber, C., Zhang, H., Waldhauser, F., Hardebeck, J., Michael, A., Eberhart-Phillips,
D., 2006. Three-dimensional compressional wavespeed model, earthquake relo-
cations, and focal mechanisms for the Parkfield, California, region. Bull. Seismol.
Soc. Am. 96, S38–S49.

Tibi, R., Bock, G., Xia, Y., Baumbach, M., Grosser, H., Milkereit, C., Karakisa, S., Zunbul,
S., Kind, R., Zschau, J., 2001. Rupture processes of the 1999 August 17 İzmit and
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