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SUMMARY

We derive the rupture history of the 1999 August 17 Izmit (M,,=7.4) and 1999
November 12 Diizce (M,,=7.1) earthquakes in Turkey from teleseismic body waves
using broad-band data of the Global Seismograph Network, aftershock locations and
mapped surface breaks. The centroid solutions indicate strike-slip mechanisms for both
events. The Izmit earthquake was characterized by rupture propagating predominantly
eastwards. It consisted of a main rupture lasting about 25 s followed within 1 min by
two more events of M,,=6.9 and M, ,=7.0. With the teleseismic data, we could not
resolve the westward extent of rupture into the Marmara Sea. However, an upper bound
of the seismic moment release west of the epicentre of the Izmit event is estimated to be
1.9x 10" N m. The Diizce earthquake lasted about 14 s and was characterized by a
bilateral mode of rupture, in excellent agreement with mapped surface breaks and
aftershock locations.
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1 INTRODUCTION

On 1999 August 17 a large, devastating earthquake (M,,=7.4)
occurred in northwestern Turkey near the port city of Izmit,
killing more than 16 000 people. The event ruptured a segment
of the North Anatolian Fault (NAF) that was previously
identified as a seismic gap (Tokso6z et al. 1979). About 3 months
later, on 1999 November 12, a second devastating earthquake
of M,,=7.1 nucleated near Diizce, about 120 km east of Izmit.

We employed the method of Nabélek (1984) to deduce
source parameters of these earthquakes from teleseismic broad-
band seismograms provided by the IRIS Data Management
Center (DMC). The method applies waveform modelling of
teleseismic P and SH waves to invert for source model para-
meters in a least-squares sense. Teleseismic P and SH waveforms
have been deconvolved to ground displacement and band-pass
filtered at 0.01-0.1 Hz. The IASP91 model was used to model
crustal structure in the source region, while a half-space was
assumed under the receivers. Source models studied included
centroid models, unilaterally and bilaterally moving point
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sources, and models of several point sources. For each point
source, the far-field source time function is parametrized by a
series of triangular-shaped pulses of 1 s length.

Aftershock locations were obtained with the Hypo71 hypo-
centre location program using manually picked arrival times
of P and S waves of the SABO (Sapanca—Bolu) network. The
network consists of 15 short-period stations covering the area
between the Izmit and Diizce events (Fig. 1a). The geometry
of the network allows reliable locations of aftershocks to be
obtained within the SABO network, but location accuracy
deteriorates for events outside the network.

The NAF forms the northern rim of the Anatolian subplate,
which moves about 2 cm yr~' westwards relative to Eurasia
(Jackson & McKenzie 1988; Argus et al. 1989; Armijo et al.
1999). The strike-slip focal mechanisms of both the Izmit and
Diicze events are consistent with this tectonic setting (Table 1).

2 THE IZMIT EARTHQUAKE

The seismic moment, My=1.47 x 10*° N m, for the centroid
model (Table 1) agrees well with estimates of 1.4x10°° N m
published by the USGS and Tokso6z et al. (1999). The centroid
is located approximately 30 km east of the epicentre (Fig. 1a)
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Table 1. Source parameters of the centroid solutions determined in
this study.

Strike (°) Dip (©) Rake (°) Mo (N m)

propagating with a velocity V,=4.5+1.5 km s~!. The best
value of 4.5 km s~ ' could indicate supershear rupture velocity,
but the estimated standard error is large. A very high rupture
velocity of 4.7 km s~ ! is inferred from a near-field strong-

motion recording obtained at a station near Adapazari, about
40 km E of the epicentre (Ellsworth & Celebi 1999). Using
the best-fitting value for V; and its lower bound, we inferred the
moment distribution of the main rupture episode and com-
pared it with aftershock locations (Figs 1b and c). Aftershocks
located by the SABO network fall into two clusters centred about
50 and 90 km east of the epicentre. Aftershocks to the west are
not well located because they are outside the network’s aperture.

While the centroid model and a model of an eastward
propagating point source are sufficient to explain the rupture

1.47 x 10%°
0.47 x 10%°

1999 August 17 Izmit 270 83 181
1999 November 12 Diizce 263 62 184

in the area where maximum surface ruptures were observed
(Fig. 3).

The model of a propagating point source was used to
approximate unilateral rupture of constant velocity V. The
inversion yields an eastward rupture in the direction 85°E +10°
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Figure 1. (a) Map of the epicentral area of the Izmit earthquake showing the epicentre of the main shock (star) at 40.702°N, 29.987°E (USGS). Circle
denotes event S2. Cross is the centroid location at 40.729°N, 30.316°E inferred in this study. Dots are aftershock locations from SABO network. The
focal mechanisms of the main rupture, ME, and event S2 are lower-hemisphere projections whose areas are proportional to the seismic moment. Lines
indicate mapped faults. The inset map shows the station distribution of the local SABO network, and the epicentres (stars) of the Izmit and Diizce
earthquakes. (b) Moment distribution for the main rupture episode inferred for a propagating point source model. The distance from the nucleation
point is calculated for the best-fitting rupture velocity, V;=4.5 km s~ ! (line), and for ¥,=3.0 km s~ ' (shaded). (c) Vertical cross-section showing
locations of aftershocks, the centroid (cross) and event S2 (circle). (d) Source time function of the main rupture episode ME and the events S2 and S3,
which occurred about 35 and 55 s after the main rupture initiation, respectively. Also represented is the fault plane solution for S3. (e) Apparent
coseismic deformation pattern caused by the Izmit earthquake for the area bounded by the green rectangle shown in (a) derived from SAR
interferometry. White asterisk represents the epicentre of the Izmit event. The interferogram was generated by using data pairs of ERS-1 (the first
European Remote Sensing Satellite), orbit 42229 frame 0819 date 08/12/1999 and orbit 42730 frame 0819 date 09/16/1999. Each fringe (colour cycle) in
this figure corresponds to a ground displacement of 2.8 cm in the satellite’s viewing direction (slant range). In the interferogram, 24 fringes can be
observed on both sides of the NAF, indicating a symmetrical displacement. The 24 fringes represent a slip of 67.2 cm in the slant range or 1.72 m in the
ground direction. Thus, the relative offset along the E-W-trending fault, extending about 70 km to the west of the inferred position of the epicentre,
is 3.44 m.
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process in the first 25 s, some details of the P-wave coda in the
first 60 s could not be matched. Satisfactory waveform fits
(Fig. 2) were obtained with a model of three non-propagating
point sources (Fig. 1d and Table 2). Two major events termed
S2 and S3 followed the main rupture episode (ME) within 1 min
(Fig. 1d). S2 is located 80+ 10 km to the east of the hypo-
centre, placing it in the aftershock area near 31°E (Fig. 1a).
It was not possible to constrain the location of S3 with the
same precision as that of S2; however, S3 must have also been
located east of the rupture initiation. The main event, ME,
lasted approximately 25 s and its associated moment release
was 1.6 x 10%° N m, slightly higher than the centroid moment.

Rupture processes of Turkish earthquakes F3
This corresponds to M,,=7.4 using the relationship between
seismic moment and moment magnitude (Kanamori 1977). The
moment magnitudes of events S2 and S3 are M,,=6.9 and
M,,=17.0, respectively.

The inversion results indicate a slight change in focal mech-
anism from ME to S2 and S3 (Table 2). The E-W-trending
nodal planes of S2 and S3 dip less steeply than the E-W nodal
plane of ME (83°+1°), and their dip angles are close to those
observed for the Diizce earthquake (62°). The results suggest
that ME and S2 were associated with different fault segments
of the NAF. The main event terminated about 60-80 km east
of rupture initiation, possibly as a result of a change in the fault
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Figure 2. Comparison of observed (solid line) with synthetic (dashed line) waveforms for our preferred source model of the Izmit earthquake.

Epicentral distance and azimuth are given below the station code.
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Table 2. Focal mechanisms (strike, dip and rake of rupture plane),
seismic moments and their standard deviations for the subevents of the
Izmit and Diizce earthquakes. The orientations of the rupture planes
for subevents PE and PW of the Diizce event were held fixed in the
inversion (indicated by asterisks).

Strike (°) Dip (°) Rake (°) M, (x 10°® N m)

Izmit event

Main rupture ME 271 +1 83+1 183+1 1.56+0.04

S2 283+7 604+9 19144 0.24+0.01

S3 270+5 6944 20145 0.38+0.02
Diizce event

PE 263* 62%* 184* 0.36+0.01

PW 263* 62%* 184* 0.18+0.02

geometry (King & Nabélek 1985). The S2 event was located
on a northerly strand of the NAF, while the main segment of
the NAF located to the south of S2 remained aseismic. S2
represents an earthquake that was probably triggered by stress
distribution of the Izmit earthquake. The extent of mapped
surface breaks and the slip distribution (Fig. 3) suggest that S2
and its associated aftershocks terminated in the east at about
31°E. This location may represent a barrier that prevented

rupture propagation further east, towards the region of the
Diizce earthquake. The same barrier marks the westernmost
end of the Diizce earthquake.

The coseismic deformation of the Izmit earthquake has
been independently determined by means of interferometric syn-
thetic aperture radar (InSAR) techniques (Fig. le). The phase
difference of two SAR single-look images provides a valuable
source of geometric information, and changes in topography
and deformation can be derived from images of successive
acquisitions. Using acquisitions on August 12 and September 16
1999, the interferogram shown in Fig. 1(e) was generated. A
westward component of rupture is indicated by the InSAR
results that were modelled by 1.5 to 3 m displacement along an
E-W-trending fault extending about 60-70 km to the west
of the inferred epicentre position, well into the Marmara Sea
(see also Wright et al. 1999). Furthermore, the distribution of
aftershocks determined by Honkura et al. (2000) indicates that
rupture might have extended as far west as 29.1°E. GPS data,
however, do not require westward rupture into the Marmara
Sea (Reilinger et al. 1999). Surface slips in the Hersek area
(Fig. 3) were difficult to evaluate; they are probably of the
order of only a few centimetres. Therefore, the extent of surface
breaks to the west of the epicentre, shown in Fig. 3 as a dashed
red line with a question mark, must be regarded as uncertain.
Models with a component of westward rupture propagation

L S : . i . : .
29.5° 30° 30.5°

o aftershocks since 1999-11-12 16:57

prelim. fracture zone

o aftershocks since 1999-8-17

main fault lines
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@ Epicentre of the Izmit and Diizce earthquakes

< Centroids of the Izmit and Diizce earthquakes

Figure 3. Map showing aftershocks (located by SABONET) of the Izmit (black circles) and Diizce events (white circles). Epicentres of the Izmit and
Diizce events are plotted as red dots and their respective centroid locations as crosses. The centroid mechanisms for the main Izmit and Diizce events
are shown above the map. Mapped surface ruptures of the Izmit and Diizce earthquakes (scale in the lower right-hand corner) are represented by red
and green dashed lines, respectively. The red dashed lines through Lake Sapanca and the Marmara Sea have been interpolated between observations
made on land. The extension of surface breaks to the west of the Izmit epicentre is uncertain.
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did not provide significantly improved waveform fits over
our best model of Table 2. We estimated an upper bound
of the seismic moment release west of the Izmit epicentre to
be 1.9 x 10" N m, corresponding to an M,,=6.8 event. The
associated average slip would have been 1 m over a fault area
of 60 km x 10 km.

3 THE DUZCE EARTHQUAKE

The Diizce earthquake nucleated east of the S2 event of 1999
August 17. The centroid estimated by body wave modelling
(Fig. 3) is only 2 km east of the epicentre, suggesting no
clear directivity of rupture. Using a model of a unilaterally
propagating point source, a directivity towards N75°E is
indicated, which is nearly parallel to one of the nodal planes
of the centroid mechanism (Table 1). The inferred velocity of
1 km s~ for the propagating point source, however, is very
low and speaks against unilateral rupture as a realistic source
model.

The location of the centroid in the immediate vicinity of the
hypocentre has two possible causes: the rupture area was either
extremely compact or rupture propagated bilaterally from the
hypocentre. The first model implies that the rupture area might
not exceed approximately 10 km x 10 km. This appears to be
most unlikely in view of the aftershock distribution and the
mapped slip distribution at the surface (Fig. 3). Therefore, the
model of a very compact rupture area for the Diizce earthquake
is discarded.

Bilateral rupture is supported by several observations.
Aftershocks (Fig. 3) are located east and west of the epicentre.
Surface breaks have been mapped over approximately 43 km in
an E-W direction, as marked by the dashed green line in Fig. 3,
and extending bilaterally from the epicentre. For a purely
symmetrical bilateral rupture the centroid would coincide
with the epicentral location. The rupture velocity of 1 km s~}
inferred from the model of unilateral rupture underestimates
the rupture velocity for bilateral rupture by a factor of approxi-
mately two (Thmle 1998). Following Thmle (1998), we assume that
during the Diizce earthquake rupture propagated bilaterally at
about 2 km s ' from the nucleation point.

Our preferred source model (Fig. 4 and Table 2) approxi-
mates a bilateral rupture propagating N75°E (PE) and S75°W
(PW) with ¥,=2 km s~ '. Observed and theoretical seismo-
grams calculated for the model are compared in Fig. 5. The fits
are excellent. The moment distribution shown in Fig. 4(b)
indicates that rupture propagated about 25 km to the east and
30 km to the west, in agreement with the length of the after-
shock area. The eastward-propagating rupture PE released
a seismic moment of 0.36 x 10> N m, twice as much as that
released by PW to the west (0.18x 10*° N m). Similarly,
aftershock activity is higher to the east than to the west of the
nucleation point (Fig. 4b). The source time function (Fig. 4a) is
characterized by two peaks at about 3 and 8 s. The model not
only explains the absence of directivity effects at stations in the
easterly and westerly azimuths, but it also provides a good
match of the P-wave pulse broadening observed at stations in
the south and shortening observed in the north (Fig. 5). It can
be shown by synthetic seismograms that these observed differ-
ences in pulse duration are caused by superposition of P and
the depth phases pP and sP, and not by rupture directivity from
south to north.
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Figure 4. (a) Source time functions for the propagating point sources
PE and PW used to model the bilateral rupture of the Diizce event, and
the total PE+PW. (b) Moment distribution (top) inferred for the
model of two point sources propagating bilaterally towards N75°E and
S75°W with a velocity of 2 km s~ '. The vertical cross-section (bottom)
shows aftershock locations.

4 CONCLUSIONS

The main results of the body wave inversion are provided in
Table 1 for the centroid model and in Table 2 for models of
several point sources. Other derived parameters are sum-
marized in Table 3. The fault areas are based on directivity
analysis and aftershock distribution. Static stress drops have
been estimated using the relationship for a rectangular fault
(Lay & Wallace 1995) and considering the free-surface effect.
The average displacement D has been derived using D= M,/uS,
where u=31 GPa is the rigidity and S= LW is the fault area.

Table 3. Inferred source parameters of the Izmit and Diizce
earthquakes.

Izmit Diizce
Rupture velocity (km s7h 4.5? 2
Fault area L x W (km?) 100 x 20 55 %20
Static stress drop (MPa) 4 2
Average fault slip (m) 2.5 1.6
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Figure 5. Comparison of observed (solid lines) and synthetic (dashed lines) waveforms for our preferred source model of the Diizce earthquake.
Epicentral distance and azimuth are given below the station code. Teleseismic P and SH waveforms have been deconvolved to ground displacement

and high-pass filtered at 0.01 Hz.

Rupture in the Izmit earthquake extended from the epicentre
located at 40.702°N, 29.987°E about 100 km to the east, in
agreement with the fault length inferred by Toksoz et al. (1999).
A westward directivity of rupture cannot be resolved from the
teleseismic data we used; a value of 0.19 x 10** N m represents
an upper bound of moment released to the west of the
epicentre. Within 1 min of the main rupture two more events
occurred with moments of 0.24 x 10%° and 0.38 x 10*° N m.
The first event, S2, was located approximately 80 km to the
east of the hypocentre, within the easternmost area of after-

shocks observed after the Izmit earthquake. The main Izmit
event and S2 represent earthquakes on different strands of the
North Anatolian fault system, as indicated by the aftershock
distribution and mapped surface faults (Fig. 3). The area of the
S2 event seemed to be a barrier to further eastward rupture
propagation, and it marks the westernmost extent of rupture in
the Diizce earthquake. One possible explanation is that this
barrier marks the position of a change in fault morphology.
Another possibility is that S2 and the Diizce earthquake took
place on different fault segments that were activated at different
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times. The latter model is supported by the aftershock distri-
bution observed after the Diizce earthquake, which is offset
to the north by about 15 km relative to events prior to it
(Milkereit et al. 2000).
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