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SUMMARY

We perform a systematic analysis of crustal anisotropy along and around the Karadere—Diizce
branch of the North Anatolian fault (NAF), which ruptured during the 1999 Mw 7.4 izmit
and Mw 7.1 Diizce earthquakes. A method consisting of an iterative grid search for the best
shear wave splitting parameters in sliding time windows is applied to ~22 000 measurements
recorded in the 6-month period after the Izmit main shock. Based on objective criteria, ~6600
measurements are assigned high quality and used for further detailed analysis. Most stations
near the rupture zone have fast polarization directions that are parallel to, and change with, the
nearby fault strike. The average delay times for ray paths that propagate along the rupture zone
are larger than for the other paths. These results suggest the existence of an approximately
1-km broad zone around the Karadere—Diizce branch with fault-parallel cracks or shear fabric.
However, some fault zone (FZ) stations record bimodal or scattered polarization directions,
while stations near large structural complexities (e.g. branching and offsets) show average fast
polarization directions that are almost perpendicular to the local fault strike. The average fast
polarization directions from ray paths that propagate inside the Almacik block, south of the
Karadere—Diizce branch, are neither parallel to the local fault strike nor to the expected regional
maximum compressive stress direction. The large overall spatial variations of the results imply
that multiple structures and mechanisms contribute to the observed crustal anisotropy in our
study area. Most stations do not exhibit a clear dependency of shear wave splitting delay
time with increasing depth and hypocentral distance, indicating that the anisotropy is confined
primarily to the top 3—4 km of the crust. Using the observed average delay time at FZ stations
and assumed propagation distance of 3.5 km, we estimate the apparent crack density in the
damaged shallow FZ rock to be approximately 7 per cent.
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1 INTRODUCTION

Microcracks in a damaged crustal rock are expected to close prefer-
entially in the direction normal to the maximum compressive stress
o1. In a strike-slip regime, o, is horizontal and is labelled as o,
while the minimum compressive stress is labelled as o;,. Because
the effective elastic properties of rocks depend on the distribution
of microcracks (e.g. Nur & Simmons 1969; Nur 1971; O’Connell
& Budiansky 1974; Hudson 1981; Lyakhovsky ef al. 1997), seis-
mic shear waves propagating in the direction of o are expected
to travel faster than those propagating in the o, direction. The dif-
ference in speeds will cause shear waves to separate into fast and
slow components, a phenomenon that is termed shear wave splitting.
Two routinely determined splitting parameters are the polarization
direction of the fast wave (¢) and the delay time (8¢) between the
fast and slow waves.
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A model consisting of vertically aligned, fluid-filled microcracks
parallel to the o direction is commonly assumed in the analysis
of crustal anisotropy (e.g. Crampin 1978, 1987; Leary et al. 1990).
Detailed studies, however, indicate that the observed ¢ directions
often vary over short distances, rather than being parallel to the
inferred regional oy. These observations reflect heterogeneities in
the stress field and/or the rock properties. Plausible sources for such
heterogeneities include alignment of cracks in the vicinity of active
faults (e.g. Zhang & Schwartz 1994; Tadokoro et al. 1999; Zinke
& Zoback 2000), intrinsic anisotropy resulting from rock fabric
(Kern & Wenk 1990) and preferential mineral alignment (Brocher
& Christensen 1990), and remnant features of palacostress (e.g.
Blenkinsop 1990; Aster & Shearer 1992).

Studies on the depth extent of crustal anisotropy based on mea-
sured splitting parameters often reach very different conclusions.
Peacock et al. (1988) and Savage et al. (1989, 1990) argue that
crustal anisotropy in their study areas must be confined to the upper
few kilometres to explain different polarization directions observed
at stations located only a few kilometres apart. Zhang & Schwartz
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(1994) suggest that seismic anisotropy in the Loma Prieta segment
of the San Andreas fault system is no deeper than 2 km. Similarly,
Munson et al. (1995) indicate that anisotropy is confined primarily
to the top 3 km of the crust in southern Hawaii. Liu ez al. (2004)
show that crustal anisotropy around the rupture zone of the 1999
Chi-Chi earthquake is dominated by the top 2—3 km. In contrast,
Shih & Meyer (1990) and Li ef al. (1994) claim to have found clear
increase of delay times with increasing propagation distance in the
south moat of the Long Valley caldera and the Northern Los An-
geles basin in California, respectively, and favour a more pervasive
anisotropy than just within a few kilometres beneath the stations.
Zinke & Zoback (2000) argue, based on two different stable fast
directions at one station, that the upper crustal layer (top 2—4 km)
near the Calaveras fault in central California appears to be isotropic.

An effort to clarify the spatial properties and sources of crustal
anisotropy requires a systematic analysis of a large data set in a
densely instrumented area. In this work, we perform such a study
for the region around the Karadere—Diizce branch of the North Ana-
tolian fault (NAF) that ruptured during the 1999 Mw 7.4 izmit
and Mw 7.1 Diizce earthquakes. In particular, we are interested
in the subsurface seismic properties in the immediate vicinity of the
Karadere-Diizce fault. Ben-Zion et al. (2003) inferred from sys-
tematic analysis of seismic fault zone (FZ) trapped waves that the
NAF in this area has a shallow (order 3 km) seismic FZ waveguide
that is approximately 100 m wide and is characterized by intense
damage (i.e. low seismic velocity and high attenuation). The results
of the present work point to the existence of an ~1-km-wide belt of
strongly anisotropic rock around the seismic trapping waveguide on
the Karadere—Diizce fault. The belt of anisotropic rock is confined
primarily to the same depth extent (top 3—4 km) of the narrower
trapping structure.

In the following sections, we first describe our data set and anal-
ysis methodology. Using objective criteria, a quality of either high
or low is assigned automatically to ~22 000 measurements of shear
wave splitting parameters. Additional detailed analysis is performed
on ~6600 measurements with high quality. We divide earthquakes
within the shear wave window of at least one station into FZ and
non-fault-zone (NFZ) groups, based on their relative locations with
respect to the surface ruptures of the zmit and Diizce main shocks.
We then present measured splitting parameters for each group sep-
arately. Finally, we combine the results from the different groups
and discuss possible causes and the depth extent of the observed
anisotropy in our study area.

2 DATA

2.1 The seismic experiment

A temporary 10-station PASSCAL seismic network was deployed
along and around the Karadere—Diizce branch of the NAF a week af-
ter the 1999 August 17 Mw 7.4 {zmit earthquake for approximately
6 months (Seeber et al. 2000; Ben-Zion et al. 2003). An additional
7 stations operated in the first 2 weeks of the deployment period and
were later removed (Fig. 1). All stations had REFTEK recorders
and three-component L.22 short-period sensors with a sampling fre-
quency of 100 Hz. Three months later, the 1999 November 12 Mw
7.1 Diizce earthquake re-ruptured part of the Karadere segment that
failed during the August Mw 7.4 event and extended further east.
Our temporary seismic network straddled the rupture zones of both
main shocks and recorded approximately 26 000 earthquakes during
its operational period (Fig. 1a). The event locations were obtained
in several stages, starting with standard HYPOINVERSE determi-
nations (Klein 1978) and continuing with event-dependent station

corrections (Seeber et al. 2000; Ben-Zion et al. 2003). The hori-
zontal location errors are less than 1 km around the centre of the
network and 1-2 km near the margins. The vertical errors are some-
what greater. In this study, we focus on data recorded by the three-
component short-period instruments at all 17 stations (Fig. 1b).

The surface rupture of the Izmit earthquake changes its strike
at both ends of the Karadere segment. Many hypocentres of the
izmit aftershocks are distributed around these two areas and clearly
outside the major rupture zone. These events may be associated
with secondary cross faults and other regional structural complex-
ities (Seeber et al. 2000). The occurrence of the Diizce earthquake
changed considerably the locations and other aspects of the seis-
micity pattern in the area. The aftershocks of the Diizce earthquake
were concentrated on both ends of that main shock rupture. Addi-
tional details on the experiment and data set are given by Seeber et
al. (2000) and Ben-Zion et al. (2003).

2.2 Data selection

The shear wave splitting analysis is conducted on waveforms gener-
ated by earthquakes that are within the shear wave window. To avoid
contamination from S-to-P phase conversions near the surface, the
incident angle of a ray path must be less than the critical angle i, =
sin~!(Vs/Vp) with Vp and Vs being the near-surface velocities of P
and S waves, respectively (Nuttli 1961; Booth & Crampin 1985).
For a homogeneous half-space with a Poisson’s ratio of 0.25, the
critical angle is i, ~ 35° (Nuttli 1961). Because the low-velocity,
near-surface layer significantly bends ray paths toward the vertical,
a straight-line incident angle of 45° is adopted as the critical angle
in this study (e.g. Shih & Meyer 1990; Cochran et al. 2003).

In addition, we check the quality of the recorded three-component
waveforms and reject those with bad channels. We do not use ~1400
waveforms observed by station CH from 1999 September 18 to Oc-
tober 7 because the east component was not recorded properly dur-
ing this period. Approximately 500 waveforms recorded by station
GE are not used because the east component did not function well
during 1999 August 27 and October 31.

2.3 Data grouping

Fig. 1(b) gives locations of approximately 9200 earthquakes that are
within the shear wave window of at least one station in our study
area. Because seismic waves propagating inside or outside the FZ
may sample crustal rocks with quite different properties, we further
separate these earthquakes into FZ and NFZ groups, based on their
relative locations with respect to the surface ruptures of the two
main shocks. This is defined in the following way. The FZ group
contains earthquakes that are relatively close to or inside the rupture
zone. For the region north of station CH, we use a 5-km-wide box
that is centred around the rupture zone and is parallel to the E-W
direction (Box A in Fig. 1b). For the region around the 30-km-long
Karadere segment, where the fault is dipping approximately 80°
to the north (Seeber et al. 2000; Ben-Zion et al. 2003), we use a
5-km-wide box that is parallel to the ENE direction and centred on
the belt of earthquakes in that area (Box B in Fig. 1b). Because the
FZ of the Diizce earthquake is dipping ~65° to the north (Utkucu
et al. 2003), we increase the width of the selection box to 12 km for
earthquakes around station BV (Fig. 1b, Box C). The NFZ group
contains earthquakes that are located south of the surface rupture of
the two main shocks in the Almacik block and north of Box B. In
the following sections, we present splitting measurements for each
group separately and discuss the results.
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Figure 1. (a) Hypocentral distribution of ~26 000 earthquakes recorded by the PASSCAL seismic experiment along the Karadere-Diizce branch of the
NAF. Aftershock locations are marked with colours denoting different depth ranges. Shaded background indicates topography with white being low and dark
being high. The surface ruptures of the izmit and Diizce earthquakes are indicated with thick blue and purple lines, respectively. Dark thin lines associated
with earthquake information denote faults that were active during recent ruptures. Other dark thin lines are geologically inferred fault traces. Grey squares
denote locations of nearby cities. The inset illustrates the tectonic environment in northwestern Turkey with the box corresponding to our study area. Arrow
vectors represent plate deformation rate (Reilinger ez al. 1997) from GPS data. Modified from Ben-Zion et al. (2003). (b) Distributions of seismic stations
and hypocentral locations of ~9200 earthquakes used for the shear wave splitting analysis in this study. Triangles and diamonds denote stations deployed
for approximately 6 months and 2 weeks, respectively. Stations within, near and outside the FZ are shaded with dark, grey and white colours, respectively.
Cross-sections along lines AA” and BB’ are used in Figs 11 and 17, respectively. Earthquakes located within boxes A, B and C denoted by dashed lines along
fault strike belong to the FZ group, while the others belong to the NFZ group. Waveforms of the events marked by the star and small circles are shown in Figs
2 and 6, respectively. The event ID numbers consist of the 3-digit Julian day, 2-digit hour, 2-digit minute and 2-digit second of the earthquake occurrence time.
Julian days in the range 237365 are in the year 1999 and those in the range 001-042 are in 2000.

ing a single layer of anisotropy and a sliding window technique to
determine the fast polarization direction ¢ and delay time 8¢ of
Our shear wave splitting analysis consists of two stages. In the ~22 000 sets of splitting parameters. In the second stage, we
first stage, we apply the method of Silver & Chan (1991) assum- automatically assign a two-level quality to each set of splitting

3 ANALYSIS PROCEDURE
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parameters based on objective criteria and examine details of the
results in the higher quality sets. Because the shallow, low-velocity
rocks bend the ray paths to the near-vertical direction, most of the
seismic energy from earthquakes that are within the shear wave win-
dow is in the horizontal-component seismograms. We thus use in
the analysis only the horizontal-component seismograms.

We determine the shear wave splitting parameters with the fol-
lowing procedure. First, we construct a 2 x 2 covariance matrix
from the horizontal-component seismograms. Ideally, the eigenvec-
tor associated with the larger eigenvalue A, of the matrix points to
the initial polarization direction and the smaller eigenvalue %, is
zero. In the presences of noise, the latter is small but always larger
than zero. The value of A, can be used as a measure of linearity
for the shear waves (e.g. Vidale 1986). A grid search is performed
over the ¢ — &t space to find the best solution that minimizes A,
and produces the most singular covariance matrix and linear particle
motion. In practice, the search range for ¢ is from —90° to 90° in
steps of 1°, where the north is at 0° and the clockwise direction is
positive. For §¢, we use a range of 0 to 0.5 s with an increment of
0.01 s. Once 4¢ is obtained, we correct for anisotropy by advancing
the slow component by 8¢ and rotate the fast and slow components
into the initial polarization direction «. Ideally, this shifts all the
energy to the « direction. The main analysis steps of the above
procedure are illustrated in Fig. 2.

Prior to the analysis, the seismograms are low-pass filtered at 15
Hz using a two-way 4-pole Butterworth filter. Because shear waves
generated by local earthquakes have a dominant frequency of ap-
proximately 5-10 Hz, the applied filter does not degrade the results
while helping to suppress high-frequency noise. Next, the seismo-
grams are windowed around the shear wave arrivals. An ideal time
window should begin before the fast shear wave arrival and end
after the slow direct shear wave arrives, but before the scattered
coda waves appear. Because the delay time &7 between the fast and
slow direct shear waves is different for each seismogram, a window
with a fixed start and end relative to the first shear wave arrival
is not the best choice for every measurement. Here we automati-
cally determine the position of an optimal window by sliding a 0.6-s
time window around the fast shear wave arrival. The best window
is picked when the minimum X, solution or the most linear par-
ticle motion is achieved (Fig. 3). The routinely picked S arrivals
may contain various measurement errors. The sliding time window
is more flexible than a fixed window in its ability to adjust for er-
rors of phase picks within a certain time range. Measurements from
similar earthquake clusters show that with routinely picked § ar-
rivals, the splitting parameters determined for different waveforms
with the sliding window technique are more consistent than those
from a fixed window (Peng & Ben-Zion 2004). The sliding window
strategy not only guarantees a best time window for each seismo-
gram, but also provides an effective way for checking the stability
of the results in relation to the cycle skipping problem as discussed
below.

It is important to provide quality control of the measured split-
ting parameters to ensure reliability of results. As a result of the
very large amount of data in this study, it is not practical to use
human interaction for quality control (e.g. Savage et al. 1990; Gerst
2003). In addition, a quality assignment based on visual inspec-
tion is subjective and the process typically cannot be reproduced
by others (Aster et al. 1990). Hence an automatic quality assign-
ment using objective criteria is needed. Based on previous studies
(Matcham et al. 2000; Cochran et al. 2003; Gerst 2003), we design
the following 10 objective quality criteria and apply them to our
data.

(1) The maximum difference of the fast directions ¢ generated
by a 0.05-s shift of the best time window is < 30°.

(i) The maximum difference of the delay times §¢ generated by
a 0.05-s shift of the best time window does not exceed 0.02 s.

(iii) The difference between the initial polarization « and ¢ is
20°0<|¢p —a | <70°.

(iv) The seismograms have a signal-to-noise ratio (SNR) > 3.

(v) The amplitude of the horizontal components is larger than
the corresponding vertical component [horizontal-to-vertical ratio
(HVR) > 1.5].

(vi) The energy in the waveform component perpendicular to the
initial polarization « is small after the anisotropy correction [radial-
to-tangential ratio (RTR) > 2].

(vii) The cross-correlation coefficient (CCC) values between the
fast and slow components is larger than 0.7.

(viii) The standard deviation of ¢ is < 20°.

(ix) The standard deviation of &7 is less than 0.1 s.

(x) The smaller eigenvalue X, of the covariance matrix is < 0.3.

Solutions that satisfy the above 10 criteria are assigned high quality,
while the other solutions are assigned low quality.

The cut-off value for each criterion is chosen to be compatible
with previous studies and simultaneously to result in no more than
10-30 per cent of the solutions failing the criterion. Fig. 4 illus-
trates the distributions of results in relation to the first nine criteria
and their relations to A, for all 2818 measurements at station BV.
Solutions with high SNR, HVR, RTR and CCC values generally
have small X,. This indicates that some criteria are not independent.
Such dependency provides an additional quality check of internal
consistency. Specifically, criteria (i—ii) check the stability of a so-
lution with respect to changes of the selected window to minimize
contamination as a result of cycle skipping (e.g. Cochran et al.
2003). Criterion (iii) checks the ability of shear waves with certain
initial source polarizations to resolve anisotropy. If the initial po-
larization « of a shear wave is nearly parallel or perpendicular to
¢, it will not be split into fast and slow polarizations and retain its
linear particle motion, resulting in a null measurement (Leary et
al. 1990; Savage 1999; Gerst 2003). Under such circumstance, the
splitting parameters are very sensitive to noise and should be dis-
carded. Cochran et al. (2003) reject solutions with « within £10°
of their inferred fast or slow directions. However, in the presence
of several sets of cracks, resulting in bimodal or scattered values of
¢, it is not appropriate to apply a global rejection criterion based
on the average fast and slow directions. Here we treat each mea-
surement separately and reject (Fig. 5) a solution not satisfying
20° < |¢p — a| < 70°, where o and ¢ are the specific values of the
initial polarization and fast direction for that measurement. Crite-
ria (iv—v) inspect the three-component seismograms and guarantee
that only high-quality data (high SNR) with small S-wave ampli-
tude on the vertical component (high HVR) are used (Bouin ef al.
1996; Gamar & Bernard 1997; Gerst 2003). Criteria (vi—vii) check
the waveforms generated by the splitting program and select those
solutions with significant energy reduction on the component per-
pendicular to « after anisotropy correction (high RTR) and a good
waveform match between the fast and slow component (high CCC
value) (Matcham et al. 2000; Cochran et al. 2003; Gerst 2003).
Criteria (viii—ix) check the existence of a single small 95 per cent
confidence area (Matcham et al. 2000; Gerst 2003). Finally, the
value of A, provides a quantitative measure of the linearity of the
particle motion.

In total, approximately 30 per cent of the calculated 21 774
solutions are assigned high overall quality and used for detailed
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Figure 2. Illustration of steps in the analysis of the shear wave splitting. (a) Three-component seismograms recorded at station BV for event 324001255. The
epicentral location is marked as a star in Figs 1(b) and 17. Vertical lines with P, S, T1 and T2 denote the P- and S-wave arrivals and automatically picked
start and end of the time window used in the analysis. (b) Horizontal-component seismograms rotated into the initial polarization and orthogonal directions
before correcting for anisotropy. (¢) Horizontal-component seismograms shifted in time for anisotropy correction and rotated into the initial polarization and
orthogonal directions. The event ID, station name, epicentre distance (Dist), backazimuth (BAZ), focal depth, obtained initial polarization direction «, and start
and end of the time window (twin) relative to the S-wave arrival are shown at the top of the upper panels. (d) The windowed horizontal components rotated
into fast and slow directions. (¢) The same waveforms adjusted for the delay time §z. (f) A particle motion plot for the waveforms rotated into the fast and
slow directions but before the §¢ correction. (g) The particle motion plot after the waveforms are rotated and corrected for 7. (h) A contour plot showing the
confidence level of the result in the ¢ — §¢ space. The best-fit (p = —84°, 1 = 0.14 s) is marked as an asterisk and the 95 per cent confidence level is shown
as a double contour. The event ID, station name, obtained fast direction ¢, delay time §z, the minimum value of 1, and applied filter are shown at the top of the
lower panels.
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Figure 3. Changes of the (a) smaller eigenvalue A5, (b) ¢ and (c) 8¢ with
the end of sliding time windows for the shear wave splitting measurement
shown in Fig. 2. Stars mark the automatically picked end time associated
with the smallest A,. Horizontal lines mark £20° of the best ¢ and £0.02 s
of the best &7 that are used to check stability of the solution within a 0.05-s
time shift. The word twin stands for the start and end of the determined time
window.

examination in the following sections. Slightly different cut-off val-
ues may result in different sets of individual measurements being
assigned high quality. However, because the results discussed in the
following sections are based on statistics of thousands of measure-
ments, the inclusion or removal of a small percentage of measure-
ments in the high-quality set will not change our overall conclusions.
As shown in Table 1, the selection reduces the standard deviation
of the measured splitting parameters and shifts somewhat the aver-
age resolved results (especially for some FZ stations with bimodal
distributions of splitting parameters). Fig. 6 shows several sets of
original and rotated waveforms used for high-quality determinations
of splitting parameters.

4 RESULTS
4.1 Fast polarization direction

The fast directions ¢ of approximately 6600 measurements with
high quality at all 17 stations are displayed using rose diagrams in

Fig. 7. To provide a statistical analysis of the measured ¢, we first
double each angle and apply the von Mises method to calculate the
mean angle # and a mean resultant length R (Davis 1986; Mardia &
Jupp 2000; Cochran et al. 2003). The parameter R gives a quantita-
tive estimate of the variance of the directional data, with values near
0 and 1 indicating high scattering and clustering, respectively. As
shown in Fig. 7, out of the 17 stations, 9 have R values less than 0.3,
indicating that ¢ at these stations are scattered. However, nearby sta-
tions have similar rose diagrams, suggesting that the measurements
can be used to discern spatial patterns in our area.

4.1.1 Spatial separation

The spatial distribution of the employed earthquakes is complicated,
so the observed scattering in Fig. 7 may result in part from ray
paths that propagate along regions with different properties. We
distinguish between ray paths that propagate inside and outside the
FZ by separating both earthquakes and stations into groups based
on their relative locations with respect to the active fault. We refer
to the 12 stations that are within 1 km of the surface rupture as
FZ stations, while the other 5 are named regional stations. We also
divide the earthquakes into FZ and NFZ groups according to their
hypocentral locations as discussed in Section 2.

4.1.2 FZ group

For earthquakes that are close to or inside the rupture zones of both
the izmit and Diizce earthquakes, 8 out of 12 FZ stations have av-
erage fast directions that are parallel or subparallel to the direction
of the nearby fault strike (Fig. 8). Station CH is close to the town
of Akyazi, where a 5-km-wide surface-rupture gap is observed af-
ter the Izmit earthquake. Within this gap, the surface expression of
faulting widens into a distributed cracking with nearly zero slip that
is hundreds of metres wide (e.g. Hartleb ez al. 2002). In addition,
the rupture trend changes approximately 25° from approximately
E—W in the Adapazari basin to ENE along the Karadere segment
(Fig. 1). There are 454 individual measurements at station CH for
earthquakes around the rupture zone. The mean resultant length R is
0.71, indicating high clustering of the data. The average fast direc-
tion 0 is approximately 87°, which matches well the average trend
of nearby surface rupture expressions. Along the Karadere segment,
stations PT, LS and MO have ¢ that are either scattered or bimodal.
Their average fast directions are between 100° and 120°. Stations
FI and AR have less scattered distributions and their mean fast di-
rections are close to the trending direction of the Karadere segment
(~70° ENE). Stations VO, FP, TW and TS show fairly consistent
values of ¢. The average values are within 20° of the direction of
the nearby fault strike. Station CL has a consistent ¢ that is almost
perpendicular to the ENE fault orientation. Station BV is near Eften
Lake, where the surface rupture of the izmit earthquake changes its
trend from ENE to E-W and terminates. The Diizce earthquake re-
ruptured the easternmost 9 km of the Karadere segment in that area
(Hartleb et al. 2002). The value of @ is close to 100° for earthquakes
that are north of station BV and along the fault dipping direction.
This value again matches well the direction of the surface expression
of the nearby fault strike.

For stations WF and CF that are located approximately 5 km south
ofthe Karadere segment, we observe bimodal distributions of ¢. One
of the dominant ¢ is approximately N—S. The value of ¢ observed
at regional station SL north of the Karadere segment is scattered.
Station BU shows fairly consistent splitting results with 6 of ~60°.
At station GE, the measured ¢ is slightly bimodal. Approximately
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Station 0, deg R §t, ms N 0, deg R 8t, ms N Distance
Total Total Total Total High High High High to FZ
CH 79.67 0.45 89 + 64 3678 82.65 0.62 85 1+ 48 1286 <1 km
PT 50.79 0.14 73 +£55 434 58.92 0.05 72 + 39 135 <1 km
LS 176.69 0.23 78 + 57 1966 173.75 0.38 73 + 38 586 Inside
MO 91.73 0.12 73 +£55 1778 57.43 0.11 71 +45 679 Inside
FI 91.90 0.10 62 + 46 1895 53.00 0.20 53+ 35 361 ~400 m
AR 45.48 0.21 84 + 79 158 43.95 0.29 69 + 50 60 <1 km
VO 75.04 0.14 71 + 50 2288 73.81 0.19 73 +42 782 Inside
FP 86.50 0.16 71 + 61 1945 69.20 0.36 79 + 56 667 ~300 m
™ 110.48 0.10 69 + 55 398 98.11 0.19 70 + 50 154 <1 km
TS 126.91 0.15 89 + 69 134 120.41 0.23 67 + 37 28 Inside
CL 154.35 0.41 71 +41 323 152.68 0.55 82 +42 88 Inside
BV 99.80 0.42 89+ 75 2818 100.44 0.48 84 £+ 54 744 Inside
WF 17.36 0.15 65 + 52 1905 27.28 0.23 68 + 40 423 ~5 km
CF 125.41 0.07 76 + 63 335 162.53 0.23 68 + 40 86 ~5 km
BU 77.09 0.29 91 + 74 570 61.40 0.35 79 + 62 172 ~8 km
SL 40.25 0.17 72 + 69 176 45.37 0.41 43 £35 47 ~5 km
GE 110.00 0.36 66 + 69 973 112.59 0.40 52+53 303 ~5 km

4@ is the average fast direction, R is the mean resultant length, & is the average delay time and N is the number of shear wave
splitting measurements. Total and high denote all the measurements and the subset of high-quality measurements at each station,

respectively.

40 per cent of the observed ¢ values are between 90° and 120°.
Approximately 30 per cent of ¢ are oriented between 125° and
165°. The average fast direction 0 is ~110°.

4.1.3 NFZ Group

Station CH has very consistent ¢ for earthquakes south of it (Fig. 9).
The average value 6 is approximately 80°, which is within 10° of
the value for earthquakes north of CH (Fig. 8). For the FZ stations
along the Karadere segment and earthquakes that are outside the FZ,
stations PT, AR, VO, FP and TW have either bimodal or scattered
¢. Stations LS, MO and FI have fairly consistent ¢ with values of
0 ranging from approximately 0° to 40°. Stations TS and CL show
6 of ~145°. Station BV has very consistent fast direction with 6 of
~108° (Fig. 9), which again differs by only approximately 10° from
the value for earthquakes north of BV (Fig. 8).

For stations outside the FZ, WF shows fairly consistent fast direc-
tions with 0 of approximately 30°, which is similar to the value of
0 observed at stations LS, MO and FI for the same groups of earth-
quakes. The observed fast directions at station CF are scattered. At
stations BU and SL, the average fast directions are approximately
NE-SW. Station GE observes a fairly consistent ¢ of ~NW-SE for
earthquakes that are outside the main shock rupture zone.

4.2 Possible causes of anisotropy

A summary plot of shear wave splitting measurements is shown in
Fig. 10. For ray paths that propagate inside the rupture zone, the
average fast directions ¢ at most FZ stations are in general parallel
to and change with the direction of the nearby fault strike. These
results suggest the existence of near-vertical, fault-parallel cracks
or shear fabric in the vicinity of the rupture zone. However, the
results also indicate significant variations of properties along the
fault. FZ stations TS and CL have average fast direction of ~NW-—
SE, which is almost perpendicular to the trending direction of the
Karadere segment. Because these stations are close to a 400-m-wide
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compressional step-over east of the town of Kadifekale (Hartleb
etal. 2002), the observed anisotropy at TS and CL may be affected by
strong local structural complexities. Some FZ stations (e.g. LS, MO)
observe either scattered or bimodal fast directions for earthquakes
that are near the FZ. Stations very close to or inside the surface
rupture zone typically record after the direct S wave large-amplitude,
long-period oscillations that are interpreted as FZ trapped waves
(Ben-Zion et al. 2003). The trapped waves tend to obscure the direct
slow S-wave arrivals and may reduce the reliability of the derived
splitting measurement at these stations.

Fig. 11 shows the splitting parameters and locations of earth-
quakes that are within the shear wave windows of the FZ station FP
and the regional station GE. We note that the same group of earth-
quakes along the Karadere segment (the dense cluster at the depth
range of ~12—15 km near the heavy dashed line) produce very dif-
ferent anisotropy results at these two stations that are only ~5 km
apart. The FZ station FP has an average fast direction from these
FZ earthquakes of 6 ~ 70°, which is very close to the direction of
fault strike in this area (inset of Fig. 11a). At station GE outside the
FZ, 6 from the same group of earthquakes is approximately 110°,
a direction that is between the ~NW-SE direction of the regional
maximum horizontal compressive stress o (Bellier et al. 1997,
Tadokoro et al. 2002) and the direction of the nearby fault strike
(Fig. 11b). For earthquakes outside the FZ (blue dots in Fig. 11),
the observed fast directions at the FZ station FP have a bimodal
distribution, with two dominant values close to the fault strike and
the regional o directions, respectively. At station GE, the average
fast direction for earthquakes outside the fault is ~120°, close to
the regional o direction from NFZ earthquakes.

However, the regional stations BU and SL in the Adapazari basin
have fast directions that are NE-SW (Fig. 10) and hence almost per-
pendicular to the regional o ;. Because most earthquakes within the
shear wave window of these two stations have large incident angles,
it is possible that such non-vertical ray paths sample different sets of
microcracks. Seeber ef al. (2000) note that the focal mechanisms of
aftershocks in this area are highly diverse, pointing to a strongly
heterogeneous stress field that may have been partially created
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Figure 4. Values associated with the nine criteria against A, for 2818 measurements at station BV. The cut-off values (green vertical lines) and the percentage
of rejected solutions for each criterion are given at the top of each panel. Red triangles and blue squares mark measurements that are assigned high and
low qualities, respectively. The letter combinations stand for the following: max_FD_diff is maximum difference of fast direction; max_DT_diff is maximum
difference of delay time; ang_diff is difference between the initial polarization and fast direction; SNR is signal-to-noise ratio; HVR is horizontal-to-vertical
ratio; RTR is radial-to-tangential ratio; CCC is cross-correlation coefficient between fast and slow waves; STD_FD is standard deviation of the fast direction;

STD_DT is standard deviation of the delay time.

during the ruptures of the Izmit and Diizce main shocks. Such a
heterogeneous stress field may be responsible for generating com-
plex sets of microcracks in the material off the main shock rupture
zones.

The average fast directions from ray paths that propagate mostly
inside the Almacik block are between 0° and 40°. This range is
different from both the inferred o, and the direction of the nearby
fault segments. The relatively stable Almacik block is assumed to
be responsible for the branching of the NAF in this area into two
fault strands (e.g. Langridge et al. 2002). The southern branch ex-
tends along the Mudurnu river valley and broke during the 1944
Bolu-Gerede, 1957 Abant and 1967 Mudurnu Valley earthquake
sequences (e.g. Barka 1996; Akyiiz et al. 2000). The northern one
follows the Diizce and Karadere segments and ruptured during the
1999 izmit and Diizce earthquake sequences. The Almacik block
consists primarily of mafic rocks, with some andesitic to basaltic
units as well as sedimentary sequences with limestones and shales
(Yilmaz et al. 1997). Thus, the observed anisotropy within the block
is probably caused by lithologic properties such as foliation, bed-
ding, or aligned minerals (e.g. Aster & Shearer 1992) rather than
stress-controlled microcracks.

4.3 Delay times and depth extent of anisotropy

As a result of the limited data points and inherent scatter in de-
lay times 8¢ measured using shear wave splitting (Crampin et al.
2004), it is very difficult to constrain the depth extent of anisotropy
(e.g. Zhang & Schwartz 1994; Cochran et al. 2003). Figs 12-15
present for the 17 stations approximately 6600 §¢ measurements
versus depth and hypocentral distance of earthquakes that are either
inside or outside the FZ. We also calculate the correlation coeffi-
cients (CC) of §z with depth and distance. As shown, most stations
have CC less than 0.3, indicating a lack of clear dependency of 6¢
on increasing depth and/or distance. The results suggest that the
observed shear wave splitting in this area is primarily caused by
shallow structures rather than pervasive anisotropy throughout the
entire crust. Because the depth of most earthquakes is larger than
5 km (Seeber et al. 2000; Ben-Zion et al. 2003), we cannot provide
a detailed picture of anisotropy variation with depth in the upper
few kilometres. However, 8¢ on the order of 0.1 s is observed for
the shallowest earthquakes with hypocentral depth of 3—4 km, sug-
gesting that the anisotropy is confined primarily to the top 3—4 km
of the crust. This result is compatible with those found in the Loma
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number of measurements N, average fast direction ¢, mean resultant length R and average and standard deviation of &7 for each category are shown at the top
right corner. (b) Plot of fast direction ¢ versus initial polarization « for different qualities of measurements. The solid thick lines mark the relation ¢ = o +
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Figure 6. Examples of original and rotated waveforms that are used to determine splitting parameters of high-quality data. Horizontal seismograms are rotated
into fast and slow components using the obtained ¢ and are plotted together with the original three-component waveforms. The seismograms have been low-pass
filtered <15 Hz. They are plotted using a fixed amplitude scale in each panel and are aligned with S arrivals at 0 s. The dashed lines indicate the start and end of
the time windows obtained automatically using the sliding window technique. The short vertical bars indicate the fast and slow shear wave arrivals. The event
ID, epicentre distance (Dist), focal depth, station name, backazimuth (BAZ), obtained fast direction ¢ and delay time &7 are shown at the top of each panel. The
epicentres of the events are shown in Fig. 1(b). Events 338063309 and 033230014 are also marked on a vertical cross-section in Fig. 11, and events 281221102

and 286032156 are marked on a map view and a vertical cross-section in Fig. 17.

Prieta segment of the San Andreas fault (Zhang & Schwartz 1994),
in southern Hawaii (Munson et al. 1995), along the rupture zones
of the 1999 Hector Mine earthquake (Cochran et al. 2003) and in
the aftershock region of the 1999 Chi-Chi, Taiwan, earthquake (Liu
et al. 2004).

Fig. 16 gives a summary of the average 5 measurements. The
standard deviations are close to 0.05 s, but it is still possible to

discern several important features. Earthquakes and stations that
are close to the FZ have larger average §¢ than results associ-
ated with other source-receiver combinations of the results. The
smallest average §¢ values are obtained when both the earthquakes
and stations are outside the FZ. The FZ station BV observes one
of the largest &7 differences for earthquakes that are inside and out-
side the FZ. Fig. 17 shows splitting measurements at station BV
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Figure 7. Rose diagrams of the fast directions ¢ at all 17 stations. The average fast direction 6, mean resultant length R and total number of measurements N
at each station are shown on top of each diagram. The first 12 stations are within or close to the FZ and the other 5 are clearly outside.

on map and cross-section views. For ray paths near the ~65° north-
dipping fault, the 8¢ values are much larger than those from the south
side of the fault. These observations indicate significant damage
intensity (or crack density) in the dipping rupture zone below sta-
tion BV.

Although individual measurements of §¢ range from 0.0 to 0.3 s,
the average 6t for ray paths in Fig. 16 inside the FZ is approximately
0.08 & 0.05 s for approximately 3200 measurements. The associ-
ated apparent crack density e can be estimated using e = S(6¢/L),
where 8, 6t and L are the shear wave velocity of the uncracked
medium, observed anisotropy delay time and propagation length in
the anisotropic medium, respectively (Hudson 1981; O’Connell &
Budiansky 1974). The average value of the hypocentral distances
for the ~3200 measurements is ~13 km. Assuming that L ~ 13 km
(i.e. that entire distance) and using 8 = 3.2 km s~! based on the
velocity model of Ben-Zion et al. (2003) for the material outside
the fault together with our measured §¢ ~ 0.08 s, gives e & 2 per
cent. (A similar value can be obtained by dividing the measured
8t with the observed ~4.2 s average shear wave travel time of the
~3200 measurements.) However, this value is a lower limit of the
crack density because the anisotropy in this area is confined pri-
marily to the top 3—4 km (Figs 12-15). If we use L = 3.5 km for
the average propagation distance inside the anisotropic medium, the
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apparent crack density is e & 7.3 per cent. This value is close to the
10 per cent limit of Hudson (1981), suggesting that the top 3—4 km
of the Karadere—Diizce branch of the NAF is highly fractured. The
~7 per cent estimated crack density is similar to values measured
near the San Andreas fault at Parkfield (Daley & McEvilly 1990) and
a normal fault near Oroville, California (Leary et al. 1987), while
being somewhat higher than the 5 per cent value measured at the
Hector Mine rupture zone (Cochran et al. 2003). We also note that
7 per cent is lower than inferred crack density at volcanic or geother-
mal regions, such as the Long Valley caldera in California (Savage
et al. 1990), southern Hawaii (Munson et al. 1995) and the Cerro
Prieto geothermal field in the Mexicali valley, Mexico (Gonzalez &
Munguia 2003).

5 DISCUSSION

We analyse crustal anisotropy using shear wave splitting measure-
ments from a large seismic data set recorded along the Karadere—
Diizce branch of the NAF in the 6 months after the 1999 izmit
earthquake (Fig. 1). We apply the Silver & Chan (1991) technique
to determine splitting parameters of approximately 22 000 records
within the shear wave window (Fig. 2). The time window associated
with each measurement is automatically determined by a sliding
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Figure 10. A summary plot of average splitting parameters (bars) in our study area. The bars are oriented parallel to the average fast direction ¢ and scaled by
the average delay time §z. Dark and grey shadings of the bars denote results from earthquakes belonging to the FZ and NFZ groups, respectively. The centre of
each bar is plotted at the middle point between the corresponding station and the centroid of the earthquake epicentres. The thin line connects the centre of the
each bar to its corresponding station. Only average results with at least five measurements and mean resultant length of at least 0.2 are shown. The background
colours denote topography with purple to blue being low and green to yellow being high. The surface ruptures of the izmit and Diizce earthquakes are indicated
with thick red and light pink lines, respectively. Other symbols and notations are the same as in Fig. 1.

window method (Fig. 3). Based on 10 objective criteria, a quality of
high or low is assigned to each measurement (Figs 4 and 5). Using
the high-quality data set, we find clear spatial variations of crustal
anisotropy in our study area (Figs 6—11). The average fast directions
6 at most FZ stations for ray paths inside the FZ are parallel to and
change with the direction of the fault strike nearby. The average
delay times §¢ for ray paths that propagate inside the FZ are larger
than for other paths (Figs 16 and 17). These results suggest fault-
parallel cracks or shear fabric as possible sources for the observed
anisotropy near the fault. However, FZ stations TS and CL that are
near geometrical complexities have 6 of approximately NW-SE,
which is almost perpendicular to the local fault strike (Fig. 10).
Some FZ stations (e.g. LS, MO) have either scattered or bimodal
fast directions. The observations indicate collectively significant
variations of FZ properties along the fault strike.

The average fast direction 6 from ray paths that propagate inside
the Almacik block is between 0° and 40° (Fig. 10). The observed
anisotropy within the block is most likely caused by lithologic prop-
erties such as foliation, bedding, or aligned minerals. The average
fast direction at station GE off the fault is close to the regional
oy direction of approximately NW-SE. However, stations BU and
SL have fast directions that are NE-SW, almost perpendicular to
oy. These observations indicate again strong spatial variations of
anisotropy. Our results suggest that several different mechanisms
contribute to the observed anisotropy in this area. Most stations do
not show a clear increase of §¢ with increasing depth and hypocen-
tral distance, indicating that the anisotropy is confined primarily to
the top 3—4 km of the crust (Figs 12-15).

Ben-Zion et al. (2003) performed a systematic analysis of seis-
mic FZ trapped waves using the same data set and found that the
trapping of seismic energy in the Karadere—Diizce fault is generated
by ~100-m-wide FZ layer that extends to a depth of ~3—4 km. Here,

we find that fault-parallel ¢ exists at stations that are within several
hundred metres on either side of the surface rupture (e.g. stations
FI and FP), but not at stations that are several kilometres away (e.g.
station GE). This suggests that a high density of microcracks exists
in a broader region (e.g. kilometres wide) than the ~100-m-wide
seismic trapping layers (Ben-Zion ef al. 2003). A similar structure
with a broad damage zone around a more intense narrower FZ layer
was mapped in the field (Faulkner et al. 2003) at the Carboneras
fault, Spain. Fialko et al. (2002) observed from InSAR data damage
zones that are several kilometres wide around faults in the eastern
California shear zone. Various gravity, electromagnetic and seis-
mic imaging studies around large faults also indicate a few kilome-
tre wide damage zones (Ben-Zion & Sammis 2003 and references
therein). Most of these studies do not resolve the depth extent of the
broad damage zones, but they are likely to be confined primarily to
the top few kilometres of the crust, as found here and in the studies
of Savage et al. (1990), Zhang & Schwartz (1994), Munson et al.
(1995), Cochran et al. (2003) and Liu ef al. (2004). We note that a
depth of approximately 3 km corresponds to the inferred transition
(Blanpied ef al. 1991) from an aseismic velocity-strengthening be-
havior to a seismic velocity-weakening regime of rate- and state-
dependent friction (e.g. Dieterich 1979, 1981; Marone & Scholz
1988). This provides a possible explanation for a change in the FZ
structure from a broadly deforming, mechanically passive, stable
shallow structure in the top 3 km, to a considerably narrower seis-
mic structure in the deeper section.

The inferred average crack density for ray paths with effective
propagation distance of 3—4 km in the damaged shallow portion
of the FZ is approximately 7 per cent. It is possible that some
crack-induced anisotropy exists at larger depth, as was found for
example in the KTB deep drill hole in Germany (e.g. Rabbel 1994;
Bokelmann & Harjes 2000). However, as a result of the increasing

© 2004 RAS, GJI, 159, 253-274



Crustal anisotropy along the Karadere—Diizce fault 267

1
D
|

Depth (km)

—_
S
|

-15 1

(b)

-5 4

El

4

ph—

=

=

o,

o

A -10 -
-15 1

I
8§ 6 4 -2 0 2 4 6 8 10
Distance (km)

Figure 11. (a) Splitting parameters (bars) superimposed on the hypocentral locations within the shear wave window of the FZ station FP and projected along
the cross-section AA” in Fig. 1(b). The bars are oriented parallel to the fast polarization direction ¢ and scaled by the delay time 7. [Note that the zones producing
the anisotropy are likely to be considerably shallower (Figs 12—15) than the earthquakes where the symbols are located.] Red and blue colours denote results
from earthquakes belonging to FZ and NFZ groups, respectively. The green dashed line indicates the ~80° north-dipping fault along the Karadere segment
that ruptured during the Tzmit earthquake. The long lines with arrows show schematic straight-line ray paths for different source—station configurations and
the rose diagrams summarize the results of fast polarization directions of different earthquake groups. The regional maximum horizontal compressive stress
direction oy and the direction of fault strike nearby are shown in the inset by blue and red lines, respectively. Waveforms generated by the event marked by the
grey circle are shown in Fig. 6. (b) Splitting parameters (bars) superimposed on the hypocentral locations within the shear wave window of the regional station
GE and projected along the cross-section AA’ in Fig. 1(b). Other symbols and notations are the same as in (a).
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Figure 12. Delay time versus depth at all stations for earthquakes that belong to the FZ group. The station name, average and standard deviation of 4, total
number of events (NV), and correlation coefficients (CC) between 8¢ and depth are marked on top of each panel.

confining pressure, the crack density should decrease in general with
increasing depth (e.g. Boness & Zoback 2004; Liu et al. 2004). As
discussed above, the crack density is also likely to have a strong re-
duction at the transition from a velocity-strengthening to a velocity-
weakening frictional regime. Because the observed anisotropy is
dominated by the shallow crust, the results do not provide in general

information on properties of the FZ structure at seismogenic depth
where the bulk of seismic energy is stored and released. A similar
conclusion holds for analysis of FZ trapped waves (Ben-Zion et al.
2003; Peng et al. 2003).

There has been considerable controversy over the possibil-
ity of using temporal variations of crustal anisotropy to monitor
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Figure 13. Delay time versus depth at all stations for earthquakes that belong to the NFZ group. Other symbols and notations are the same as in Fig. 12.

precursory stress changes before major earthquakes (e.g. Aster et
al. 1990; Crampin et al. 1990; Aster et al. 1991; Crampin et al. 1991;
Munson ef al. 1995; Crampin et al. 1999). Recent studies also claim
that temporal changes of crustal anisotropy can be used to moni-
tor coseismic stress changes (Saiga et al. 2003), post-seismic fault
healing (Tadokoro & Ando 2002; Tadokoro et al. 2002) and volcano
eruptions (Miller & Savage 2001; Gerst 2003). In complex regions,
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like the one examined here, where several different mechanisms may
contribute to the observed anisotropy, temporal variations, even if
such exist, may be contaminated by variations of ray paths as a result
of the changing seismicity.

The present paper was focused on the development of an
automatic and objective shear wave splitting methodology that
can be applied to a large data set and deriving general spatial
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Figure 14. Delay time versus hypocentral distance at all stations for earthquakes that belong to the FZ group. Other symbols and notations are the same as in

Fig. 12.

properties of the crustal anisotropy in our study area. Detailed
space—time variations of crustal anisotropy around Karadere—Diizce
branch of the NAF using similar earthquake clusters are dis-
cussed in a follow up paper (Peng & Ben-Zion 2004). The re-
sults from the similar earthquake clusters show, in agreement
with the present study, clear large spatial variations of crustal

anisotropy. Splitting parameters measured from similar earthquake
clusters indicate at most 2 per cent coseismic changes of delay
times associated with the occurrence of the Diizce main shock. Small
coseismic and post-seismic changes of seismic properties are also
revealed by analysis of relative travel times and evolving decorre-
lation of P- and S-coda waves of similar earthquake clusters. The
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Figure 15. Delay time versus hypocentral distance at all stations for earthquakes that belong to the NFZ group. Other symbols and notations are the same as
in Fig. 12.
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