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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

253



254  Z. Peng and Y. Ben-Zion

(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.

© 2004 RAS, GJI, 159, 253-274






256  Z. Peng and Y. Ben-Zion

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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Table 1. Station locations and shear wave splitting results®.
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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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