
four-segment model that takes into account the surface-slip
measurements (Fig.9c).

Figure10 shows the near-field ground motion predicted
from these three teleseismic models. Here we have used the
same Green’s function, derived from the regional crust model
of Mindavelli and Mitchell (1989), at all four sites. This com-
putation is thus representative of what could be achieved in
near real time without any detailed information on the
local velocity structure. Table5 shows the misfit between
the predicted and observed strong-motion data. As might
be expected from the comparison of the teleseismic
source models with the near-field model, the four-segment
model predicts the waveforms better than the one-segment
model and adding surface constraints further improves
the fits.

The comparison shows that the stations to the west of the
hypocenter (GOL and SKR) are predicted with much higher
accuracy when the four-segment fault geometry is used. The
record at DZC, close to the hypocenter, is predicted with
similar quality by all three models. None of the models
can explain the details of the record at BOL. This is not

surprising because modeling the data from BOL requires
a quite detailed kinematic source model, as discussed
previously.

Figure 11 shows the predicted peak ground velocity
(PGV) for the joint strong-motion and geodetic model
(shown in Fig.7a) and the three teleseismic models shown
in Figure9. The intensity of ground shaking scales with the
logarithm ofPGV (Wald et al., 1999); therefore, distribution
of PGV maps derived from teleseismic data might be used to
rapidly estimate the distribution of damage after an earth-
quake. The comparison of thePGV map from joint model
with the teleseismic models shows that all teleseismic models
are sufficiently good to give a preliminary estimation of the
highPGVareas. However, the addition of a refined geometry
and surface offsets does improve the estimatedPGV. Our
PGVestimates do not take into account the shallow structure
and are based on1D Green’s functions, so the observed
intensities might differ significantly from our estimations
due to unaccounted local site effects. However, our model
is a good representation of the source process and is a step
forward for the estimation of ground motion.

Figure 8. The teleseismic displacement records (black curves) and synthetic waveforms (red curves) predicted from our best-fitting
model (labeledVREf_Ws in Table4) obtained from the inversion of the strong-motion,GPS, InSAR, and surface offset data using
four-segment geometry. The data are shifted by 2 sec to be aligned with the synthetics. The station name, azimuth, and distance in degrees
are indicated on the left of each trace. The maximum displacement in microns is shown at the top right of each trace.
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Discussion

An Earthquake with Variable, Locally Supershear
Rupture Velocity

Our analysis shows that the Duzce earthquake ruptured
several connected fault segments over a distance of about
55 km. The fault trace has a relatively simple geometry
but accounting for this geometry has been important to re-
concile the geodetic and near-source strong-motion data.

The slip distribution is fairly smooth and the near-source
strong-motion data are best explained by the variability of the
rupture front velocity. Spatial variability of slip alone is not
sufficient to explain the near-source records at this station.
This result is consistent with some previous studies that
already pointed to the variability of rupture velocity based
on near-source strong-motion records (Hartzell and Heaton,
1983; Cotton and Campillo, 1995a; Olsenet al., 1997; Bou-
chonet al., 2002; Ji et al., 2002a) and dynamic models that

show that variations in stress lead to variations in rupture
velocity (Day, 1982; Madariaga and Olsen, 2000).

Our study also is in agreement with former studies
arguing that the rupture propagated at a supershear velocity
toward the east (Bouchonet al., 2001). In our best-fit model,
on average the rupture velocity is around3:7–3:8 km=sec to
the east, while it is around3 km=sec to the west. The rupture
was confined to depths less than 13 km. The shear-wave
velocity in the upper crust is estimated to vary from about
1:5–2 km=sec to about3:5 km=sec at midcrustal depth
(Bouinet al., 2004) (Table2). So, it is necessary that at least
locally the eastward rupture velocity was supershear, while it
may have remained sub-Rayleigh to the west.

Evidence for supershear rupture velocity has been
reported in a number of previous strike-slip earthquake
studies, starting with the 1979 Imperial Valley earthquake
(Archuleta, 1984), the 1992 Landers earthquake (Olsenet al.,
1997), and more recently for the 1999 Izmit (Bouchonet al.,
2000; Sekiguchi and Iwata, 2002), the 2001 Kunlun (Bou-
chon and Vallee, 2003; Walker and Shearer, 2009), and the
2002 Denali earthquakes (Dunham and Archuleta, 2004;
Ellsworth et al., 2004).

Supershear rupture is known to be possible both from
theoretical considerations (Burridge, 1973; Andrews, 1976)
and from experimental results (Rosakiset al., 1999; Xia
et al., 2004), but the conditions under which it can happen
in nature are not fully understood.

The Burridge–Andrews mechanism suggests that when
prestress is high enough a daughter crack is created at the
shear stress peak that runs in front of the crack tip.Lu et al.
(2007)have shown that this mechanism can be generalized
and that the supershear transition can occur under various
conditions such as when patches with lower static strength,
high prestress, or a preexisting subcritical crack meet the
P andS waves in front of the crack.Dunhamet al. (2003)
proposed a barrier mechanism where rupture is first delayed
by a high strength barrier, which then starts rupturing and
leads to a supershear rupture due to stress concentration from
the breaking of the barrier. It should be noted that our mod-
eling approach assumes a single rupture front. In reality the
rupture front could jump ahead whenP andS waves radiated
from the rupture front trigger slip at some asperity with high
prestress or low strength and accumulate more slip at the
arrival of a sub-Rayleigh crack front, as observed in some
dynamic models (Liu and Lapusta, 2008). This type of mech-
anism is possible and cannot be excluded.

Because of the limitations due to our modeling approach
and the available data, it is not possible to unequivocally re-
cover the exact mechanism that might have led to supershear
rupture velocity. However, the relative smoothness of the
fault trace and surface-slip vectors of the supershear segment
suggests that the fault geometry has been an important factor
favoring a cracklike supershear rupture.

Although our model uses a relatively complex geometry
based on surface break, it is important to note that how the
fault segments connect at depth is not clear, which could affect

Figure 9. The map view of models (a) one-segment teleseismic
inversion, (b) four-segment teleseismic inversion, and (c) four-
segment, teleseismic inversion with constraints on surface slip.

Table 5
The Teleseismic Models and Their Misfit to Teleseismic

and Strong-Motion Data

Model Teleseismic Error Strong-Motion Error

One segment 0.210 0.64
Four segment 0.228 0.48
Four segment with

surface constraints
0.231 0.44
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