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1 INTRODUCTION

1.1 Tectonic environment and seismic network

of the Karadere—-Duzce fault

SUMMARY

We discuss the subsurface structure of the Karadere—Duzce branch of the North Anatolian
Fault based on analysis of a large seismic data set recorded by a local PASSCAL network
in the 6 months following the M,, = 7.4 1999 Izmit earthquake. Seismograms observed at
stations located in the immediate vicinity of the rupture zone show motion amplification and
long-period oscillations in both P- and S-wave trains that do not exist in nearby off-fault sta-
tions. Examination of thousands of waveforms reveals that these characteristics are commonly
generated by events that are well outside the fault zone. The anomalous features in fault-zone
seismograms produced by events not necessarily in the fault may be referred to generally as
fault-zone-related site effects. The oscillatory shear wave trains after the direct S arrival in these
seismograms are analysed as trapped waves propagating in a low-velocity fault-zone layer. The
time difference between the S arrival and trapped waves group does not grow systematically
with increasing source—receiver separation along the fault. These observations imply that the
trapping of seismic energy in the Karadere—Duzce rupture zone is generated by a shallow
fault-zone layer. Traveltime analysis and synthetic waveform modelling indicate that the depth
of the trapping structure is approximately 3—4 km. The synthetic waveform modelling indi-
cates further that the shallow trapping structure has effective waveguide properties consisting
of thickness of the order of 100 m, a velocity decrease relative to the surrounding rock of
approximately 50 per cent and an S-wave quality factor of 10—15. The results are supported by
large 2-D and 3-D parameter space studies and are compatible with recent analyses of trapped
waves in a number of other faults and rupture zones. The inferred shallow trapping structure is
likely to be a common structural element of fault zones and may correspond to the top part of a
flower-type structure. The motion amplification associated with fault-zone-related site effects
increases the seismic shaking hazard near fault-zone structures. The effect may be significant
since the volume of sources capable of generating motion amplification in shallow trapping
structures is large.

Key words: fault models, guided waves, inversion, low-velocity zone, waveform analysis.

Karliova triple junction where it intersects with the East Anatolian
Fault. The NAF defines the northern boundary ofthe Anatolian block
that is extruded westward under the combined effect of Arabia—Asia
convergence to the east and southwestward extension related to the
Aegean subduction rollback in the west (e.g. Jackson & McKenzie

The North Anatolian Fault (NAF) system is the largest geological 1988; Taymaz et al. 1991). This regime has been active for =5 Myr,
structure in Turkey, extending for over 1600 km from its origin at the has accumulated ~80 km of right-lateral offset and has a current
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rate of ~2.4 cm yr~! in northwestern Turkey (e.g. Sengor et al.
1985; Armijo et al. 1999a,b; Reilinger et al. 1997). The long- and
short-term kinematic parameters of the NAF are comparable and
intermediate to those of the San Andreas Fault (SAF) in California
and the Dead Sea Transform in the Middle East. Morphologically,
the NAF is a fairly continuous and linear structure from the Karliova
triple junction to Bolu at the eastern edge of the 1999 November
rupture. From there the fault splits into two major branches (Fig. 1).
The northern one follows the Duzce and Karadere segments through
the Adapazari basin into the sea of Marmara. The southern branch
extends along the Mudurnu river valley through Pamukova and Iznik
lake, and enters the sea of Marmara at the Gulf of Gemlik. Six earth-
quakes with M = 7+ have ruptured the NAF progressively from east
to west beginning in 1939 (Barka 1996; Barka & Kadinsky 1988).
The most recent and westernmost of these are the 1999 contiguous
M, = 7.4 Izmit and M,, = 7.2 Duzce earthquakes, which rup-
tured jointly several segments of the northern strand of the NAF for
approximately 160 km (e.g. Barka et al. 2000; Toks6z 2002, and
references therein).

A week after the 1999 August 17, M, = 7.4 Izmit earthquake,
we deployed a 10-station PASSCAL seismic network along and
around the Karadere—Duzce branch of the fault (Fig. 1a). One goal
of the deployment was to image the subsurface structure of the
fault using seismic guided waves that propagate in low-velocity
damaged fault-zone (FZ) layers. The Karadere—Duzce branch was
chosen for the deployment because the rupture broke the surface
there in bedrock, avoiding sedimentary layers that can diffuse and
mask signals propagating in the FZ. The choice of location was
fortunate because 3 months later the 1999 November 12, M,, =
7.2 Duzce earthquake started and propagated eastward from the
Karadere—Duzce fault. The blue and purple squares in Fig. 1(a)
mark, respectively, GPS locations of the surface ruptures of the
large August and November events on the Karadere—Duzce branch
ofthe NAF. As seen in the figure, our local seismic network straddles
the eastern end of the August M,, = 7.4 rupture and the western
end of the November M,, = 7.2 event.

In 2000 January—February we deployed 16 additional PASS-
CAL sensors in a tight ‘“T-array’ (Fig. 1b) along and normal to the
Karadere—Duzce branch for 14-19 days, before removing both ar-
rays. All seismic stations in both arrays (triangles in Fig. 1) had
REFTEK recorders and three-component L.22 sensors. In addition,
eight of the 10 longer-term stations had three-component force-
balance accelerometers and sites MO (for the full deployment) and
GE (for the first two months) had three-component broad-band (Gu-
ralp CMG-40T) sensors. The Karadere—Duzce fault in our study area
has a strike of approximately 70° (ENE) and it follows a steep and
narrow valley. The inclined (rather than more perpendicular) lines
made by the T-array sites across the fault reflect the steep topography
in the region. The configuration of the longer-term network was a
compromise between monitoring ray-paths along and near the fault
and having sufficient aerial coverage for determination of event lo-
cations and regional velocity structure. Near the surface trace of the
August rupture, the station spacing ranges from tens of metres in
the across-fault line of the T-array to hundreds of metres along the
fault. Our Karadere—Duzce seismic network recorded in a trigger
mode over 26 000 events, including many thousands of waveforms
that propagated within and around the damaged fault-zone material.
Additional details on the deployment and initial results on seismic-
ity, waveform character and seismotectonic interpretation can be
found in Seeber et al. (2000a).

As noted above, the Karadere—Duzce fault is at the transition be-
tween the roughly linear central portion of the NAF and the western

part where the fault system bifurcates. In the simpler central part, the
motion appears to be purely right-lateral and is accommodated by
relatively few and large strike-slip earthquakes with low interseis-
mic activity. In the western multibranched portion, the plate motion
is oblique to the NAF and includes an extensional component (e.g.
Reilinger et al. 1997). The background seismicity in western Turkey
is high, diffused, and includes many earthquakes with dominant nor-
mal dip-slip (e.g. Jackson & McKenzie 1988). The geometry, scale,
plate motion and seismic activity of the Karadere—Duzce branch of
the NAF resemble those of the SAF system in southern California as
it approaches the oceanic ridge transform in the Gulf of California.
Our study area on the western NAF also shares a similar geometry
and scale with the region west of San Francisco that includes the
San Andreas and San Gregorio faults, the Dead Sea Transform in
the southern Arava valley and north of the sea of Galilee, and the
southern Alpine fault near Wellington New Zealand. The imaging
results of the present study are likely to be relevant to those and
other large continental strike-slip faults.

1.2 A brief background on seismic fault-zone guided
waves and main results

Damaged (cracked) FZ layers and other low-velocity structures with
spatially persistent material interfaces (separating regions of differ-
ent elastic properties) can generate seismic guided head and trapped
waves indicative of their velocity structure. Fault-zone P and S head
waves are seismic disturbances that propagate along material inter-
faces in the FZ with the velocity and motion polarity of the body
waves on the faster side of the interface. These phases are analo-
gous to head waves in horizontally layered media. They arrive at
near-fault stations in the slower-velocity medium before the direct
body waves and are characterized by an emergent waveform hav-
ing reversed first-motion polarity from that of the direct arrivals.
Fault-zone trapped waves are slow seismic energy associated with
constructive interference of critically reflected phases propagating
within low-velocity FZ layers. For the SH case they are analogous to
surface Love waves in a horizontally layered structure. They arrive
after the head, direct and early scattered waves and are character-
ized by large-amplitude oscillations, which develop dispersion with
propagation distance in the waveguide and have a lower-frequency
content than the body waves. Ben-Zion & Aki (1990) and Ben-Zion
(1998) give detailed descriptions of theoretical properties of these
waves in ideal 2-D homogeneous seismic waveguides. Leary et al.
(1991), Huang et al. (1995), Li & Vidale (1996), Igel et al. (1997,
2002), Fohrmann ez al. (2001, 2002) and Jahnke ez al. (2002) discuss
properties of guided waves in irregular 2-D and 3-D FZ structures.
Igel et al. (2002) and Fohrmann et al. (2001, 2002) showed that a
shallow FZ layer can trap seismic energy generated by events that
are deeper and well outside it. In contrast, the generation of trapped
waves in a homogeneous or smoothly varying FZ layer that spans
the depth extent of seismicity requires sources that are within or
very close to the FZ. These results play an important role in our
interpretation of trapped waves in the Karadere—Duzce branch of
the NAF.

Fukao e al. (1983) and Hori et al. (1985) observed and per-
formed ray-tracing calculations of FZ head and trapped waves in
the subduction zone of the Philippine Sea Plate underneath Japan.
Cormier & Spudich (1984) and Spudich & Olsen (2001) analysed
with ray-tracing and finite-difference calculations motion amplifica-
tion and waveform complexities in the San Andreas and Calaveras
faults in California. Ben-Zion & Malin (1991) and Ben-Zion ef al.
(1992) observed FZ head waves in the Parkfield segment of
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Figure 1. (a) A location map for our seismic experiment along the Karadere—Duzce branch of the NAF. The surface ruptures of the large 1999 August Izmit
and 1999 November Duzce earthquakes are indicated with blue and purple squares, respectively. Seismic stations are marked by triangles. Red represents
stations within a few metres from the surface expression of the Izmit rupture. Aftershock locations are marked with colours denoting different depth ranges.
The inset shows the tectonic environment in northwestern Turkey with the hatched box corresponding to our study area. Red lines denote active faults with
the time of latest large ruptures and arrow vectors represent the plate deformation rate from GPS data (Reilinger ef al. 1997). (b) A location map of the dense
T-array. (c) Hypocentres projected from the box in (a) along the cross-section AA’. The red dashed line indicates a steep north-dipping fault below our network.
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the SAF and performed a joint traveltime tomography for head and
direct P arrivals in that location. Hough et al. (1994) modelled with
the solution of Ben-Zion & Aki (1990) a few waveforms with can-
didate head waves in the aftershock zone of the 1992 Joshua-Tree
California earthquake. Shapiro et al. (1998, 2000) analysed
with finite-difference calculations and other techniques candi-
date guided waves in the Middle America subduction zone near
Mexico.

Fault-zone trapped waves received considerable attention follow-
ing the works of Li & Leary (1990) and Li et al. (1994), who analysed
trapped waves at the Parkfield segment of the SAF and the rupture
zone of the 1992 Landers CA earthquake. Using normal-mode sum-
mation for a 1-D waveguide structure, they modelled portions of a
few seismograms at each location with candidate trapped waves in
terms of deep uniform FZ layers that span the entire seismogenic
zone. Li et al. (1998, 2000) and Li & Vernon (2001) modelled with
2-D and 3-D finite-difference calculations candidate trapped waves
at Landers, the rupture zone of the 1995 Kobe Japan earthquake, and
the San Jacinto fault in California, using increasingly more elabo-
rate models of deep heterogeneous low-velocity FZ layers that span
the seismogenic zones at the various locations. In contrast to those
results, Michael & Ben-Zion (1998, 2002) and Korneev et al. (2002)
concluded from systematic examination of thousands of FZ wave-
forms that trapped waves at Parkfield are produced only or primarily
by a relatively shallow and isolated low-velocity zone at a depth of
approximately 3.5 km near the transition between the creeping and
locked segments of the SAF. Peng et al. (2002a,b) analysed sev-
eral hundred waveforms recorded at the rupture zone of the 1992
Landers earthquake and concluded that the trapping of seismic en-
ergy at Landers is probably also associated with a shallow FZ layer.
Ben-Zion (1998) and Ben-Zion & Sammis (2003) give additional
summaries of previous observation and modelling of candidate FZ
guided waves.

In this work we examine thousands of seismograms recorded
by our Karadere-Duzce network and find that waveforms at sta-
tions located on the Karadere—Duzce rupture zone have in general
large-amplitude oscillations after the S arrivals compatible with ex-
pectations for FZ trapped waves. Such characteristics appear for
the majority of both on- and off-fault events, and they do not exist
in nearby off-fault stations. These results and traveltime analysis of
hundreds of seismograms in several cross-sections along and off the
fault indicate that the trapping of seismic energy in the Karadere—
Duzce branch of the NAF is generated by a shallow FZ layer that
persists only to a depth of a few kilometres. Synthetic waveform
modelling of sets of FZ waveforms indicates that the shallow sub-
surface damage zone extends to a depth of approximately 3—4 km
and has effective waveguide properties characterized by a thickness
of the order of 100 m, a velocity decrease of approximately 50 per
cent relative to the surrounding rock and an S-wave quality factor of
10-15. The large-motion amplification generated at FZ stations by
most events implies an elevated seismic shaking hazard near similar
fault zone (and other shallow trapping) structures.

2 ANALYSIS

2.1 Seismicity and waveform character

Fig. 1(a) shows locations, colour-coded by depth, of 26 400 earth-
quakes recorded during the operation period of our Karadere—Duzce
seismic network. The locations were obtained in several stages, start-
ing with standard HYPOINVERSE determinations (Klein 1978) and
continuing with event-dependent station corrections (Seeber et al.

2003, in preparation). The horizontal location errors are less than
1 km near the centre of the network and 1-2 km near the margins.
The vertical errors are somewhat greater. These errors are suffi-
ciently small for the analysis performed in this work. Fig. 1(c) gives
hypocentre locations projected from the box of Fig. 1(a) on a vertical
plane along the cross-section AA’. In the top 10 km of the Karadere—
Duzce rupture zone, the hypocentres indicate a steeply dipping fault
to the north. More generally, the locations exhibit a diffuse pattern in
a broad region, with clusters near large bends and other geometrical
complexities and a possible semi-horizontal detachment structure
below 10-13 km (Seeber et al. 2000b, in preparation 2003). We
note that there are very few hypocentres shallower than 5 km in
the vicinity of the large 1999 rupture zones. The nearly complete
lack of shallow hypocentres suggests that the top section of the
Karadere—Duzce fault is seismically stable and probably consists of
highly damaged material that is largely mechanically passive. This
is compatible with our structural imaging based on wave propaga-
tion effects discussed below, and with observations and inferences
made for other tectonically active faults (e.g. Sibson 1983; Marone
& Scholz 1988).

The red triangles in Figs 1(a) and (b) mark stations located within
a few metres of the surface trace of the rupture. There are clear quan-
titative and qualitative differences between seismograms recorded
at these FZ stations and those observed at neighbouring seismome-
ters located just a few hundred metres from the fault. Waveforms
recorded at FZ stations have in general large-amplitude oscilla-
tions after the S arrivals and clear spectral peaks near 5 Hz. Such
characteristics are absent or strongly suppressed at nearby off-fault
stations. This is illustrated in Figs 2(a)—(d), where we compare
time histories and amplitude spectra of fault-parallel seismograms
recorded for several events (Fig. 2e) at neighbouring station pairs
located on and off the fault and at T-array stations across the fault.
As discussed in Section 1.2, seismic FZ trapped waves are large-
amplitude dispersive oscillations that appear in the coda of the
direct S wave and have particle motion parallel to the FZ struc-
ture. Synthetic waveform calculations indicate that trapped waves
can produce large-motion amplification in FZ stations for plausible
structural properties and propagation distances (Ben-Zion & Aki
1990, Ben-Zion 1998). We thus identify the large-amplitude oscil-
lations after the S arrivals that exist in FZ stations and decay rapidly
with normal distance from the fault, as FZ trapped waves. The dis-
persion in these S-wave trains is very weak, suggesting that the
propagation distance inside the low-velocity FZ material is rather
small (e.g. less than 10 km). Weak dispersion also characterizes
FZ trapped waves at the Parkfield section of the SAF (Michael &
Ben-Zion 1998, 2002) and the Landers rupture zone (Peng et al.
2002a,b).

‘We note that FZ stations have motion amplification not just in the
S-wave trains but also in the P and other portions of the seismograms.
Moreover, the differences between on- and off-fault waveforms are
generated by nearly all (on- and off-fault) events and they exist not
just in fault-parallel seismograms but also in the other components.
These characteristics again point to a shallow low-velocity FZ layer.
The anomalous behaviour at FZ stations should perhaps be referred
to as fault-zone-related site effects, rather than the more restrictive
term trapped waves. The former term includes in addition to trapped
waves proper (i.e. Love-type waves in a vertical layer bounded on
one side by a free surface) also basin-type reverberations and other
locally amplified phases. While it is important in general to study all
these effects, this is not essential to our conclusions. In this work we
focus primarily on the high-amplitude long-period wave trains after
S-wave arrivals in FZ stations and analyse them as trapped waves.

© 2003 RAS, GJI, 152, 699-717
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Figure 2. (a) Fault-parallel seismograms recorded at FZ station VO and nearby off-fault station FP for two clustered earthquakes (events 2870404 and 0330940).
The event ID numbers consist of a three-digit Julian day, two-digit hour and two-digit minute. Julian days in the range 237-365 are in 1999 and those in the range
001-042 are in 2000. The focal depth and hypocentral distance (range) of the events are given in the top right-hand corner. Station names are marked on the
traces with FZ station given in a larger bold font. The event locations are shown in Fig. 2(e). Differences between on and off FZ seismograms of the type shown
are produced by the majority of (on and off) fault events. (b) Time histories and amplitude spectra of fault-parallel seismograms recorded at T-array stations
across the fault for event 0392346. The amplitude spectra are calculated from the seismograms over a 3 s time window starting from S arrivals. The asymmetric
motion across the fault is produced by asymmetries in the topography and other local conditions. (¢) Time histories and amplitude spectra of fault-parallel
seismograms recorded at station pairs on and off the fault for event 0392346. (d) Time histories and amplitude spectra of fault-parallel seismograms recorded
at station pairs on and off the fault for event 0412325. (e) A location map of the four events the waveforms of which are shown in (a)—(d).
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Figure 3. (a) Efficiency of trapped waves generation by 118 events recorded at the T-array during the period 2000 January 30—February 11. Red circles denote
88 events that produce clear trapped waves at all FZ stations. Blue diamonds denote 18 events that generate clear trapped waves at some FZ stations and less
developed signals at others. Black hexagons denote seven events that produce trapped waves only at FZ stations F11 and VO. The background colours indicate
topography with green being low and orange being high. The waveforms of events marked by stars are shown in Figs 3(b)—(d). Other symbols and notation are
the same as in Fig. 1. The broad distribution of events producing trapped waves implies a shallow FZ waveguide. (b) Time histories and amplitude spectra of
fault-parallel seismograms recorded at the T-array and other stations for event 0371521. The focal depth and range of the event are marked in the top right-hand
corner. The event location is marked with a black star in Fig. 3(a) and is assigned quality 1 for trapped wave generation. (c) Time histories and amplitude
spectra of fault-parallel seismograms recorded at the T-array and other stations for event 0371419. The event location is marked with a blue star in Fig. 3(a)
and is assigned quality 2 for trapped wave generation. (d) Time histories and amplitude spectra of fault-parallel seismograms recorded at the T-array and other
stations for event 0412007. The event location is marked with a red star in Fig. 3(a) and is assigned quality 3 for trapped wave generation. Waveforms produced

by this event are modelled in Fig. 11.

The spatial distribution of earthquakes producing trapped waves
(and other FZ-related site effects) at surface FZ stations provides
first-order information on overall properties of the generating struc-
ture. Fig. 3(a) shows the locations of all events (totalling 118)
recorded during the ~2 weeks operation of the T-array by more
than half of the array sites along the fault (stations FO1-F03 and
F11). Five additional five events were not recorded by sufficient FZ
stations and are not considered. The locations are coded based on
efficiency of trapped waves generation. Red circles denote events
that produce clear trapped waves on all FZ stations (quality 3), blue
diamonds mark events that generate clear trapped waves on some FZ
stations and less developed signals on others (quality 2) and black
hexagons mark events that generate trapped waves only at some FZ
stations (quality 1). Representative seismograms and spectra asso-
ciated with each of these categories are given in Figs 3(b)—(d). It
is clear from Fig. 3 that virtually all events produce trapped waves
at some FZ stations, with over 75 per cent producing clear trapped
waves at all FZ stations. Inspection of thousands of waveforms gen-
erated by the larger data set of Fig. 1 indicates that the vast majority
of the events produce trapped waves (and other FZ-related site ef-
fects) at FZ stations. As mentioned in Section 1.2, Igel ef al. (2002)
and Fohrmann et al. (2001, 2002) demonstrated with 3-D numerical
calculations that events outside a smoothly varying deep FZ layer
do not produce trapped waves at surface stations. In contrast, ample

trapped waves energy is produced at surface FZ stations by events
well outside and below a shallow FZ layer, or well outside and below
a severe structural disruption (e.g. offset or near termination) of a
deep FZ layer. In the latter set of cases the structures associated with
surface records of trapped waves are again shallow. The observed
broad spatial distribution of events generating trapped waves in the
Karadere—Duzce rupture zone implies that the trapping structure
is shallow. This conclusion is confirmed with additional analyses
discussed in the following sections.

2.2 Traveltime moveout analysis

To place bounds on the depth extent of the structure generating
the high-amplitude long-period S-wave trains at FZ stations on the
Karadere—Duzce fault, we examine the delay between S arrivals
and corresponding measures in the trapped waves group for var-
ious source locations. Such time differences should increase with
propagation distance inside the low-velocity structure and produce
amoveout between the body and trapped waves that is related to the
velocity structure. This is illustrated in Fig. 4 with synthetic seis-
mograms calculated using the 2-D analytical solution of Ben-Zion
& Aki (1990) and Ben-Zion (1998) for antiplane S (or acoustic P)
waves in two quarter-spaces separated by vertical FZ layers. Here
we used a simplified structure consisting of a single FZ layer in a

© 2003 RAS, GJI, 152, 699-717
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Figure 3. (Continued.)

half-space (Fig. 5). The assumed S-wave velocity and attenuation
coefficient in the half-space are By = 3.5 km s™! and Oy = 1000.
The corresponding material properties and width of the FZ layer are
Brz =2.5kms™!, Orz =50 and W = 200 m. Motion is generated
by an SH line dislocation with a unit step function in time. The
source is located at position xg, zg and the receiver is at the centre
of the FZ layer. The two solid lines in Fig. 4 with slopes By and
Brz mark, respectively, the arrival time of the S phase and the end
of the trapped waves group, for various values of source depth, rep-
resenting different propagation distances in the FZ. The end of the
trapped waves group is defined as the time for which the amplitude
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returns to that of the S wave. The dashed line in Fig. 4 indicates
the centre of the trapped waves group. The time delay between the
direct S arrival and centre of the trapped waves group is
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Eq. (1) is used below to estimate the depth extent of the low-velocity
FZ material in the Karadere—Duzce fault. We note that the value of
zg in our 2-D model represents the total propagation distance inside
the FZ region that acts as a waveguide. Since actual propagation
paths can include an along-strike component, analysis of observed
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Figure 4. Synthetic seismograms generated using the 2-D analytical solution of Ben-Zion & Aki (1990) and Ben-Zion (1998) with different propagation
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(defined as the time when the amplitude returns to that of the S arrival). The dashed line marks the centre of the trapped waves group.
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Figure 5. A three-media model for a laterally heterogeneous low-velocity
fault-zone structure in a half-space (from Ben-Zion & Aki 1990; Ben-Zion
1998). The source is an SH line dislocation with coordinates (xs, zg). Width,
quality factor and shear wave velocity are marked by W, Q and B, respec-
tively. Subscripts H and FZ denote the half-space and fault-zone layer.

data based on (1) will provide an upper bound to the depth extent
of the waveguide. However, for data generated by deep events at a
shallow trapping structure, the obtained value will be close to the
depth of the structure.

Fig. 6(a) shows fault-parallel seismograms at FZ station VO gen-
erated by earthquakes following approximately the downward con-
tinuation of the fault. Figs 6(b) and (c) give the event locations

(circles) along a cross-section BB’ at the surface and on a vertical
plane. We note the lack of shallow events (the minimum earth-
quake depth in Fig. 6¢ is approximately 5 km), as discussed in Sec-
tion 2.1. The ID numbers of the earthquakes are given on the right-
hand side of Fig. 6(a) (see the explanation in the caption of Fig. 2a).
The seismograms are aligned with the origin time at zero and the
thin diagonal line marks the estimated $ arrival time in each record.
The thick diagonal line gives for a reference a shifted S-wave move-
out for a propagation velocity of 3.3 km s~!. The horizontal bars
below and above the seismograms bracket the trapped waves groups
and the plus signs show the estimated centres of each group. The
latter were measured as mid positions between approximately one
oscillation after the S arrival and the time when the amplitude re-
duces back to that of the S wave. Since this is somewhat arbitrary,
we also measured the times of peak amplitude in each trapped waves
group. The results of the moveout analysis discussed next remain
essentially the same with either set of measurements.

Fig. 6(d) shows the time delays between S arrivals and centres
of the trapped waves groups in Fig. 6(a) for the various available
hypocentral distances. The data are clustered around an average
value of 0.55 s and they do not exhibit a persistent moveout. In
fact, the first few data points show a decreasing (rather than an
increasing) trend, but this is clearly statistical scatter. It is useful
to note in this context the danger of performing a similar analysis
with just a few data points (as was done in some previous works
with trapped waves). It is always possible to choose a few points
that show an increasing (or decreasing) trend over a given range,
but this is obviously not representative of a real moveout. The lack
of moveout in Fig. 6(a) implies that the propagation distance inside
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S-wave moveout for a propagation velocity of
The plus sign on top of each seismogram marks
The waveforms of the 10 events for which the

ID numbers are marked with asterisks are modelled in Fig. 10. (b) A location map of the events producing the seismograms shown in (a). Grey circles mark
the locations of the 10 events for which the waveforms are modelled in Fig. 10. (c) Hypocentres projected from the box in (b) on a vertical plane along the

cross-section BB’. (d) Time differences between S arrivals and centres of trapped waves groups for different
increase with hypocentral distance implies an approximately constant propagation length in the FZ waveguide
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the low-velocity FZ structure in our study area is less than 5 km.
Synthetic waveform modelling of FZ waves observed at station VO
and across the T-array, discussed in Section 2.3, indicates that the
average (or effective) S-wave velocities of the host rock and FZ
material are approximately 3.2 and 1.5 km s™!, respectively. Using
these values in (1) together with At = 0.55 s gives a waveguide
depth of approximately 3 km. Similar values for the depth extent of
the trapping structure are indicated by the waveform modelling of
Section 2.3.

Figs 7(a)—~(d) and 8(a)—(d) give results analogous to those of
Figs 6(a)—(d) for seismic records at station VO generated by events
along two other cross-sections, one (CC’) normal and the other
(DD’) parallel to the surface trace of the fault. The events along
CC’ are deeper than approximately 5 km as in profile BB, while
those along DD’ are deeper than approximately 10 km. In contrast
with the events in profile BB’ of Fig. 6, the hypocentral distances
of the events in Figs 7 and 8 are larger than their corresponding
depth values since profiles CC’ and DD’ are not along the fault. For
easier visual comparison of the trapped waves groups generated by
the different events, the seismograms in Figs 7 and 8 are aligned
with the S arrivals. As before, the time delays between the S arrivals
and centres of the trapped waves groups cluster around 0.55 s with-
out any persistent moveout. Figs 9(a)—(d) provide similar results for
seismic records at station F11 in the centre of the T-array, produced
by events along the cross-section DD’. Again, there is no persistent
moveout between the S and trapped waves. The average delay time
is somewhat larger (approximately 0.6 s) than that observed at sta-
tion VO. The results of Figs 69 demonstrate clearly that the depth
extent of the low-velocity structure generating the large-amplitude
long-period wave trains in FZ stations is less than 5 km. This is com-
patible with synthetic waveform fits of FZ waveforms discussed in
the next section.

2.3 Synthetic waveform modelling of FZ waves

To substantiate and augment the results based on traveltime analy-
sis, we perform synthetic modelling of FZ waveforms using the 2-D
analytical solution of Ben-Zion & Aki (1990) and Ben-Zion (1998)
for scalar elastodynamic waves in a plane-parallel layered FZ struc-
ture. The solution can be used to model portions in both P and
S waveforms containing body waves, head waves, reflections from
the free surface and FZ walls, and trapped waves. The model allows
for an arbitrary number of vertical layers, a large propagation dis-
tance, attenuation effects, variable source location inside and outside
the FZ, and a variable receiver depth below the free surface. In the
present application, we find that candidate trapped waves recorded
on the Karadere—Duzce rupture zone can be modelled well with a
single FZ layer in a half-space (Fig. 5) and that simplified structure
is used below.

Anapparent limitation ofthe solution is that it does not account for
3-D variations of geometrical and material properties. In practice,
however, this is not a severe restriction for modelling FZ trapped
waves since those are essentially 2-D phases that average (over the
generated wavelengths) small-scale or gradual internal variations
of FZ properties. Indeed, Igel et al. (1997, 2002) and Jahnke et al.
(2002) showed with extensive 3-D finite-difference calculations that
FZ trapped waves are not sensitive to various plausible 3-D varia-
tions of FZ structure with correlation length smaller than the overall
FZ width. These include gradual variations of properties across the
fault, vertical velocity gradients, internal scatterers and other small-
scale heterogeneities. On the other hand, material or geometrical
heterogeneities (e.g. structural offsets) of size larger than the FZ

width destroy the ability of the FZ to act as a waveguide; trapped
waves energy arriving at such large-scale heterogeneities is diffused
in the bulk. The 2-D solution can thus be used to derive from ob-
served trapped waves effective waveguide properties of FZ segments
over which the waves propagate. (We return to this issue in the dis-
cussion section.) As shown below, the solution provides good fits
to trapped waves observed at FZ stations on the Karadere—Duzce
fault.

While FZ guided waves are not sensitive to small-scale 3-D vari-
ations, a systematic 2-D parameter space study indicates (Ben-Zion
1998; Michael & Ben-Zion 1998) that they are highly sensitive to
variations of the average 2-D properties and source—receiver—fault
configuration. These include the overall velocity contrast within
and across the fault, the attenuation coefficient of the FZ material,
the ratio of the propagation distance along the fault divided by the
FZ width and source-receiver positions with respect to the fault
and free surface. Moreover, the 2-D analysis indicates that there
are significant non-orthogonal trade-offs between the overall 2-D
fault-zone properties (Ben-Zion 1998). Thus the proper resolution
of'the effective or average 2-D properties of FZ layers from observed
trapped waves is a very challenging task. In the simple model of Fig.
5 there are four sensitive material properties (wave velocities and
attenuation coefficients of the FZ and host rock) and four sensi-
tive geometrical parameters (FZ width, propagation distance inside
the FZ layer, source position within the fault and receiver distance
from the fault). Fixing the attenuation coefficient of the host rock
at 1000 and receiver positions based on the network geometry, we
are left with six sensitive parameters. This can be further reduced
by using the ratio of propagation distance in the FZ divided by the
FZ width and velocity contrast across the fault, rather than the as-
sociated four parameters independently. Since the parameters are
non-orthogonal, however, the dimensionality of the remaining pa-
rameter space is larger than four. To provide a systematic objective
treatment of this multidimensional parameter space, we model ob-
served FZ waveforms with a genetic inversion algorithm (GIA) that
employs the 2-D analytical solution as a forward kernel (Michael &
Ben-Zion 1998, 2002).

Another simplification of the 2-D solution is the assumed line
dislocation source (of infinite extent in and out of the plane of
Fig. 5) parallel to the material interfaces and the free surface. The
limitations associated with the assumed source can be reduced by
deconvolving the synthetic seismograms with 1/¢1/2 (e.g. Vidale
et al. 1985; Crase et al. 1990; Igel et al. 2002) and modelling only
fault-parallel seismograms. Igel et al. (2002) demonstrated with
2-D and 3-D calculations that the above deconvolution provides, for
the problem at hand, an accurate conversion of 2-D seismograms
generated by an SH line source to corresponding 3-D seismograms
generated by a point source. Our modelling procedure includes such
a 2-D-3-D transformation and is applied only to fault-parallel seis-
mograms. The solution can probably also be used to model vertical
seismograms (having particle motion parallel to the FZ interfaces)
but this is not done here. We also note that dislocation in the FZ
layer may not be the best source representation in this problem.
However, the exact nature of the source does not have strong ef-
fects on FZ trapped waves since ideally they give the (free or eigen)
resonance response of the FZ structure after transient effects asso-
ciated with the source decay (Ben-Zion & Aki 1990). Varying the
horizontal source position inside the FZ layer provides an effective
way of changing the resulting interference patterns (which may be
produced by sources outside and below the FZ layer).

Fig. 10(a) shows synthetic (dark lines) waveform fits to 10 dis-
placement seismograms (light lines) at FZ station VO generated by
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the cluster of events marked with grey circles in Fig. 6. As dis-
cussed above, the waveform modelling is done with the GIA of
Michael & Ben-Zion (1998) based on the 2-D solution of Ben-Zion
& Aki (1990) and Ben-Zion (1998) for the model shown in Fig. 5.
Before inversion, the mean and instrument response are removed
from observed seismograms using standard SAC routines. Also,
following the foregoing discussion the observed data are rotated to
the fault-parallel direction (70°) and convolved with 1/¢!/2. The GIA
maximizes the correlation between sets of observed and synthetic
waveforms (10 each in this case), while performing a systematic
exploration of a large parameter space. This is accomplished by
calculating fitness values associated with different sets of model pa-
rameters and migrating in the parameter space (i.e. evolving) overall
in the direction of larger fitness values. The fitness is defined as (1 +
C)/2, where C is the cross-correlation coefficient between the ob-
served and synthetic waveforms. When C varies over the range —1
(perfect anticorrelation) to 1 (perfect correlation), the fitness value
changes from 0 to 1.

The synthetic waveform fits of Fig. 10(a) were produced during
10000 inversion iterations (testing 10 000 sets of model parame-
ters). Fig. 10(b) shows fitness values (dots) calculated by the GIA
for the final 2000 iterations. The model parameters associated with
the highest fitness values were used to produce the simultaneous
waveform fits of Fig. 10(a). The best-fitting parameters (solid cir-
cles) are Brz = 1.6 km s™!, Qg = 10, W = 60 m, xg/W = 0.18,
zg = 4.6 km, By = 3.2 km s~ and Ou = 1000. The curves in
Fig. 10(b) give probability density functions for the various model
parameters, calculated by summing the fitness values of the final
2000 inversion iterations and normalizing the results to have unit
sums. The obtained functions are similar to the marginal probability
densities (Tarantola 1987) that quantify the information contained
in single model parameters by collapsing the joint probability of a
multidimensional inverse problem (if such is available) to the cor-
responding parameter axis. The peaks in the probability density
functions provide another possible set of preferred model parame-
ters. The preferred probability value for the FZ depth is 3.6 km. We
recall that our 2-D calculations map the entire propagation distance
inside the waveguide to the depth parameter. The inversion results
thus give an upper bound of approximately 4 km for the depth extent
of the trapping structure below the surface trace of the Karadere—
Duzce fault. This is similar to the estimate made in Section 2.1
based on traveltime analysis. The preferred inversion value of By
is approximately 3.2 km s~!, in general agreement with the 3.3 km
s~! line of Fig. 6 that approximates the observed moveout of the
S phase.

Fig. 11(a) shows synthetic waveform fits of the GIA to nine fault-
parallel seismograms recorded at T-array stations and nearby FZ
stations MO and FO3 (Fig. 1). The seismograms are generated by
the event marked with a grey circle in Fig. 9. The waveform fits
were produced again by 10000 inversion iterations and the fit-
ness values associated with the final 2000 iterations are given in
Fig. 11(b). The synthetic waveform fits are somewhat less good
than in Fig. 10, probably because of the steep topography of the
T-array stations normal to the fault (not accounted for in the cal-
culations). Here the preferred model value for the FZ width is ap-
proximately 90 m. The other preferred values are similar to those of
Fig. 10.

The relatively flat regions in Figs 10(b) and 11(b) with relatively
high fitness values are a manifestation of the strong trade-offs be-
tween the parameters that govern FZ trapped waves. Moreover, it
is possible to obtain good fits to the observed waveforms with pa-
rameter values well outside the used ranges. We can, for example,

fit the data with considerably larger FZ propagation distances (e.g.
10 km) if we change other parameters (various combinations of FZ
width, velocity and attenuation coefficient) in an appropriate com-
pensatory manner. Ben-Zion (1998) illustrates various trade-ofts in
this problem with corresponding sets of model calculations. The
strong trade-offs may explain why Li & Leary (1990) and Li ef al.
(1994, 1998) were able to fit trapped waves at Parkfield and the
1992 Landers rupture with models of FZ layers that span the seis-
mogenic zones, while the analyses of Michael & Ben-Zion (1998),
Korneev et al. (2002) and Peng et al. (2002) point to considerably
shallower trapping structures. The strong trade-offs between model
parameters governing trapped waves highlight the need to use large
data sets and perform simultaneously different types of analysis that
can provide independent constraints and reduce together the allowed
parameter space volume.

3 DISCUSSION

We analyse waveform and traveltime properties of a large seis-
mic data set recorded in the 6 months after the 1999 M, = 7.4
Izmit earthquake by a local PASSCAL network on the Karadere—
Duzce branch of the NAF. Seismograms observed at sites located
within tens of metres from the surface expression of the rupture zone
have large-motion amplification with respect to nearby off-fault sta-
tions. Following the direct S arrival in FZ seismograms, there are
large-amplitude long-period oscillations that can be interpreted as
trapped waves propagating in a layer of damaged FZ rock. The large-
amplitude oscillations in FZ waveforms are generated by the vast
majority of events (Figs 2 , 3 and 6-9), most of which are well out-
side the Karadere—Duzce rupture zone. The anomalous features at
FZ stations may be referred to in general as FZ-related site effects.
The latter also include, along with trapped waves, resonance effects
in sedimentary covers, basins and other topographic features that
are often associated with fault structures near the surface. In this
paper we ignore these additional wave propagation effects and anal-
yse shear wave portions of FZ seismograms solely in terms of direct
S and FZ trapped waves. A fuller treatment of the set of features
contributing to the FZ-related site effects requires 3-D calculations
that are beyond the scope of the present work and not essential for
our conclusions. The 2-D analytical solution of Ben-Zion & Aki
(1990) and Ben-Zion (1998) for a uniform seismic waveguide in a
half-space (Fig. 5) provides guidelines for traveltime analysis and
is used, together with the genetic inversion algorithm of Michael &
Ben-Zion (1998), to fit observed FZ shear waveforms. The travel-
time and waveform analyses indicate (Figs 6—11) that the depth of
the structure along the Karadere—Duzce fault producing the large-
amplitude long-period oscillations at FZ stations is approximately
3—4 km. A shallow trapping structure is also implied by the broad
spatial distribution of events generating the large-amplitude oscil-
latory wave trains at FZ stations (Fohrmann ef al. 2001, 2002; Igel
et al. 2002).

Fig. 12 illustrates the qualitative difference between the shallow
trapping FZ structure supported by the analysis of the present work
and the deep coherent FZ layers that were assumed in most previous
modelling (e.g. Li et al. 1994, 2000) of trapped waves. Haberland
et al. (2001) recently inferred from analyses of trapped waves and
other seismic data on the existence of a shallow damaged FZ layer,
extending to a depth of only approximately 1 km, in the Arava seg-
ment of the Dead Sea Transform. Rovelli et al. (2002) concluded
on a similar depth extent of a damaged FZ layer in a dormant fault
in Nocera Umbra in Italy. As mentioned before, relatively shallow
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trapping structures are also indicated by the analyses of Michael &
Ben-Zion (1998, 2002) and Korneev et al. (2002) at the Parkfield
segment of the SAF, and Peng et al. (2002a,b) at the rupture zone of
the 1992 Landers earthquake. It is likely that shallow trapping FZ
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structures of the type shown in Fig. 12(a) are the rule rather than
the exception. The shallow trapping layers may correspond to the
top part of a ‘flower’ structure or may exist as isolated regions of
damaged FZ rock. At present, there is no convincing evidence for
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(a) Synthetic waveform fits at T-array stations
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Figure 11. (a) Synthetic (dark lines) waveform fits of displacement seismograms (light lines) recorded at T-array stations and nearby FZ stations MO and F03
for event 0412007. (b) Fitness values (dots) associated with different FZ parameters tested by the genetic inversion algorithm. The model parameters associated
with the highest fitness values (solid circles) were used to generate the synthetic waveforms in (a). The curves show probability densities for the various model
parameters.
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Figure 12. (a) A conceptual fault-zone model supported by the results of the present work. (b) A conceptual fault-zone model used in a previous observational

analysis of trapped waves.

the existence and properties of deep coherent FZ layers of the type
shown in Fig. 12(b). We note that the significance of the shallow
trapping structures of Fig. 12(a) for seismic shaking hazard is con-
siderably larger than that associated with the deep coherent FZ layer
of Fig. 12(b). This is because the former class can generate motion
amplification from a much broader spatial distribution of events,
and from large ruptures on the main fault (Seeber et al. 2000a).

Given the 3-D nature of the low-velocity damage zones in
Fig. 12(a), one may question the validity of modelling trapped waves
in such structures with 2-D calculations. However, if the FZ width is
much smaller than the length and depth dimensions of the damage
zone, and much larger than correlation lengths of internal geomet-
rical and material heterogeneities, the correct dimensionality for
guided waves is 2-D. As discussed in Section 2.3, trapped waves
will not exist in FZ regions that are too heterogeneous to be ap-
proximated locally as 2-D structures (Igel et al. 1997). Conversely,
when trapped waves exist they do not resolve internal 3-D variations
of the FZ segments over which they propagate (Igel et al. 2002;
Jahnke et al. 2002). The validity of using the 2-D solution of Ben-
Zion & Aki (1990) and Ben-Zion (1998) for modelling observed
trapped waves is indicated by its ability to provide good waveform
fits to the data (Figs 10a and 11a). The same solution also pro-
duces good fits to observed guided waves at the Parkfield segment
of the SAF (Ben-Zion & Malin 1991; Michael & Ben-Zion 1998)
and areas of the 1992 Joshua-Tree (Hough ef al. 1994) and Lan-
ders (Peng et al. 2002) earthquakes (see also Kuwahara & Ito 2000;
Haberland et al. 2001; Nishigami et al. 2001). Modelling properly
other portions of seismograms, rather than just those containing
guided waves, or additional FZ-related site effects would probably
require 3-D calculations.

It is important to continue efforts to resolve properties of
fault zones below the shallow trapping structures represented by
Fig. 12(a). Our study does not provide direct information on the
deep structure of the Karadere—Duzce rupture zone, beyond not
supporting the existence of a deep contiguous or smoothly varying
damage zone of the type shown in Fig. 12(b). It is highly likely
that the width of the rupture zone at seismogenic depths (e.g. below
5 km) is considerably less than the approximately 100 m width that
characterizes the shallow trapping structure and rupture zone at the
surface. Chester et al. (1993), Chester & Chester (1998), Schulz &
Evans (2000), Neal et al. (2000) and Evans et al. (2000) provided
detailed information on the internal structure of several exhumed
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fault zones in California, including the San Gabriel, Punchbowl and
Kern Canyon faults and various small faults in the Sierra Nevada. In
all those cases they documented extremely narrow core layers (2—
3 mm thick in small faults with 10 cm of slip in the Sierra Nevada;
10-20 cm thick in the Punchbowl fault with 40 km of slip) that
accommodated most of the deformation sustained by the faults.
Ben-Zion & Sammis (2003) summarized multidisciplinary mul-
tiresolution evidence from field observations, laboratory data and
theory on the geometrical and mechanical character of fault zones.
The results indicate consistently that fault and rupture zones tend to
evolve overall with cumulative slip towards narrow tabular and pla-
nar structures. A positive feedback between strain weakening rheol-
ogy and localization leads to progressive regularization and narrow-
ing of slip zones in active faults. It is probably safe to assume that
current surface imaging techniques cannot resolve accurately the
deep properties of the active mechanical components (i.e. rupture
zones) of faults. Clarifying the properties of the key mechanical
structure of faults at seismogenic depths will require multidisci-
plinary research combining field studies of exhumed faults, labora-
tory experiments of material properties, highly accurate hypocentre
locations, measurements in (preferably deep) boreholes and mines,
and innovative joint analyses of different seismic and other indirect
geophysical signals.
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