
172

Bulletin of the Seismological Society of America, 92, 1, pp. 172–193, February 2002

Dynamics of İzmit Earthquake Postseismic Deformation and Loading

of the Düzce Earthquake Hypocenter

by Elizabeth Harding Hearn, Roland Bürgmann, and Robert E. Reilinger

Abstract We have developed dynamic finite-element models of İzmit earthquake
postseismic deformation to evaluate whether this deformation is better explained by
afterslip (via either velocity-strengthening frictional slip or linear viscous creep) or
by distributed linear viscoelastic relaxation of the lower crust. We find that velocity-
strengthening frictional afterslip driven by coseismic shear stress loading can repro-
duce time-dependent Global Positioning System data better than either linear viscous
creep on a vertical shear zone below the rupture or lower crustal viscoelastic relax-
ation. Our best frictional afterslip model fits the main features of postseismic slip
inversions, in particular, high slip patches at (and below) the hypocenter and on the
western Karadere segment, and limited afterslip west of the Hersek Delta (Bürgmann
et al., 2002). The model requires a weakly velocity-strengthening fault, that is, either
low effective normal stress in the slipping regions or a smaller value for the parameter
describing rate-dependence of friction (a-b) than is indicated by laboratory experi-
ments.

Our best afterslip model suggests that the Coulomb stress at the Düzce hypocenter
increased by 0.14 MPa (1.4 bars) during the İzmit earthquake (assuming right-lateral
slip on a surface dipping 50� to the north), and by another 0.1 MPa during the 87
days between the İzmit and Düzce earthquakes. In the Marmara Sea region (within
about 160 km of the İzmit earthquake rupture), this model indicates that the Coulomb
stresses increased by 15%–25% of the coseismic amount during the first 300 days
after the earthquake. Three hundred days after the earthquake, postseismic contri-
butions to Coulomb stressing rate on the Maramara region faults had fallen to values
equal to or less than the inferred secular stress accumulation rate. Our estimates of
postseismic Coulomb stress are highly model dependent: in the Marmara region, the
linear viscous shear zone and viscoelastic lower crust models predict greater post-
seismic Coulomb stresses than the frictional afterslip model.

Near-field stress and fault-zone rheology estimates are sensitive to the Earth’s
elastic structure. When a layered elastic structure is incorporated in our model, it
yields a Coulomb stress of 0.24 MPa at the Düzce hypocenter, significantly more
than the 0.14 MPa estimated from the uniform elastic model. Because of the higher
near-field coseismic stresses, the layered elastic model requires a higher value of
velocity-strengthening parameter (A-B) ([a-b] times effective normal stress r�) to
produce comparable postseismic slip. (A-B) is estimated at 0.4 and 0.2 MPa, respec-
tively, for the layered and uniform elastic models. These results highlight the im-
portance of understanding the Earth’s elastic structure and the mechanism for post-
seismic deformation if we wish to accurately model coseismic and postseismic crustal
stresses.

Introduction

The 17 August 1999 Mw 7.5 İzmit, Turkey, earthquake
was followed by an observable, transient deformation of the
Earth’s surface within about 100 km of the rupture (Reilin-

ger et al., 2000). By the time of the Mw 7.1 Düzce event, 87
days later, this postseismic deformation had released an
equivalent of 20% of the estimated coseismic moment (4.5
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� 1019 N m, assuming the shear modulus (G) is 30 GPa);
(Bürgmann et al., 2002). Only about 5% of this moment can
be attributed to aftershocks (Reilinger et al., 2000).

In a companion article, Bürgmann et al. (2002) have
modeled this surface deformation kinematically by inverting
for afterslip in a uniform elasticity half-space. Their time-
dependent inversions show significant slip on the rupture
surface as well as below it, with maxima at the hypocenter
and on the western Karadare segment (both areas of low
coseismic slip). They also found that shallow postseismic
slip decays more rapidly with time than deeper slip, and that
very little afterslip occurs on the Yalova segment (i.e., the
westernmost 25 km of the rupture).

In this article, we present three-dimensional, dynamic
finite-element models of the postseismic deformation of the
İzmit earthquake prior to the 12 November 1999 Düzce
event. We focus on afterslip via either linear viscous creep
or stable (velocity-strengthening) frictional slip in areas that
were coseismically loaded. One objective of our modeling
is to characterize the dynamics of the earthquake cycle on
this segment of the North Anatolian Fault Zone (NAFZ); that
is (1) to find the fault-zone material properties that best re-
produce horizontal Global Positioning Data (GPS) data and
postseismic slip history, and (2) to evaluate which mecha-
nism is more geologically feasible. Another objective of our
modeling is to estimate time-dependent postseismic stress
change on nearby faults and to evaluate how well we can
constrain stress evolution on these faults with the available
GPS measurements. Using our best afterslip model, we pre-
dict time-dependent stress changes at the Düzce hypocenter
and on faults in the Marmara Sea region. We also run for-
ward models to evaluate how well our models reproduce
continuous GPS displacements from stations west of the hy-
pocenter for up to 300 days after the İzmit earthquake.

Model Mesh and Method

We calculate lithosphere stresses and displacements as
a function of time using the three-dimensional viscoelastic
finite-element code, GAEA (Saucier and Humphreys, 1993).
This program solves for nodal displacements by balancing
applied and internal elastic stresses after each time step, us-
ing a variational approach in which strain energy is mini-
mized with respect to displacements. For elasticity problems,
this method is equivalent to the engineering stiffness ap-
proach (Vichnevetsky, 1981). The GAEA code uses a Gal-
erkin weighted residual method with quadratic block ele-
ments (three nodes per side), which allows smoothly varying
fault surface geometry and slip to be represented without
discontinuities. The three-dimensional finite-element mesh
covers an 800- by 800-km region and is 200 km thick. It is
aligned with its sides oriented E–W and N–S and is approx-
imately centered on the Düzce and İzmit ruptures (Fig. 1).
The crust is represented with five 6-km-thick layers of ele-
ments (i.e., a vertical nodal spacing of 3–6 km), and the
mantle below is represented with elements of increasing

thickness. Model elements are 6–10 km in horizontal di-
mension near the rupture traces (nodal spacing of 3–10 km)
and expand in dimension with distance.

For reasons given in the Coseismic Model section, we
model two elastic structures. The first is a uniform elastic
model, as used by Bürgmann et al. (2002), with shear mod-
ulus G equal to 30 GPa and Poisson’s ratio (m) equal to 0.25.
For comparison, we also model a layered elastic structure
based on the CRUST 5.1 model (Mooney et al., 1998) and
local upper mantle Vp data from western Turkey (Mindavelli
and Mitchell, 1989; Saunders et al., 1998). For this model,
shear modulus values of 30, 45, and 75 GPa are used for the
upper crust (0–18 km), lower crust (18–30 km), and mantle,
respectively. The minimum vertical element dimension (6
km) does not permit us to model a thin layer of low-G sed-
iments at the surface, which may affect our ability to model
station displacements within a few kilometers of the fault.
All layers are modeled as Poisson solids (with Poisson’s
ratio m � 0.25), except in models where we vary m to sim-
ulate poroelastic rebound. In our poroelastic models, we as-
sume that the undrained value of m in the upper crust is 0.28.

Coseismic slip (Reilinger et al., 2000) is interpolated at
the fault node coordinates for our mesh and is imposed using
the split node technique (Melosh and Raefsky, 1981). The
side and bottom boundaries of the model are fixed, and the
surface boundary is unconstrained.

Afterslip Modeling

We model afterslip by calculating the horizontal shear
stresses resolved onto planes tangent to the fault surface at
each node and using a constitutive relationship (either linear
viscous creep or velocity-strengthening frictional slip) to cal-
culate the horizontal slip increment during each time step.
This slip increment is added to the cumulative slip displace-
ment for each split node and the sum is imposed for the
following time interval.

Velocity-dependent frictional afterslip may be either
stable or unstable, depending on the properties of the fault
surface, temperature, and other parameters. The change in
friction coefficient with slip velocity is parameterized with
the value (a-b). If (a-b) is positive, the fault zone is velocity-
strengthening and slip is stable. If (a-b) is negative, the fault
zone is velocity-weakening and there is an occurrence of
stick-slip behavior. Velocity-strengthening frictional after-
slip may occur on the earthquake rupture surface in areas of
low coseismic slip, where the fault zone was loaded during
the earthquake (Marone et al., 1991). At depths of less than
about 4 km and greater than about 11 km, laboratory data
suggest that typical continental faults may be velocity-
strengthening and creep throughout the earthquake cycle
(e.g., Stesky, 1978; Blanpied et al., 1991, 1995). Parts of the
fault surface that exhibit stick-slip behavior during most of
the earthquake cycle, may also become velocity-strength-
ening temporarily after an earthquake, possibly as a result
of gouge creation, shear heating, or some other process. In
either case, we assume velocity-strengthening friction to
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Figure 1. Model mesh. The top figure
shows a close-up, centered on the İzmit region.
Points A, B, and C are Marmara Sea fault ref-
erence locations 160, 100, and 20 km west of
the end of the İzmit surface rupture, respec-
tively. Point D is a reference location on the
Yalova fault segment, 20 km from its west end.
The star marks the epicenter of the 12 Novem-
ber 1999 Düzce earthquake, and the heavy
black line marks the 1999 İzmit earthquake
rupture.

model postseismic slip on all parts of the İzmit rupture that
were loaded during the earthquake, as well as at depths ex-
ceeding 15 km. We calculate slip during each time step using
the following equation (Marone et al., [1991], derived from
the equations of Dieterich [1979], or Ruina [1983]).
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V0 is the secular slip rate, (a–b) is an empirical constant
relating fault friction change to change in slip velocity, rn�
is the effective normal stress, ds is the slip per time step, ds
is the time-dependent earthquake-related shear stress re-
solved onto the fault surface, and dt is the time-step length
(1–10 days). This method for modeling stable frictional af-
terslip is similar to the hot friction approach used by Linker
and Rice (1997) to model afterslip following the 1989 Loma
Prieta, California, earthquake.

Equation (1) assumes that steady-state friction is at-
tained during coseismic slip wherever afterslip is modeled.
This means that coseismically, we assume the fault surface

slipped by at least the critical slip distance Dc from frictional
slip theory (Dieterich, 1979; Ruina, 1983). Dc in the crust
has been estimated at 1–10 mm (Marone et al., 1991) or far
less (tens of microns, Blanpied et al., 1995, 1998). In loca-
tions where coseismic slip is less than Dc (i.e., at depth below
the rupture, or off the fault ends), we may overestimate the
rate of slip before Dc is attained because equation (1) does
not account for time-dependent drop in the coefficient of
friction during slip for distances less than Dc. The effect of
this assumption is probably minor unless Dc is much larger
than 1–10 mm.

In our modeling, V0 is fixed at 20 mm/yr, approximately
consistent with the long-term slip rate for the North Anato-
lian Fault (NAF) in western Turkey (e.g., Straub et al., 1997;
McClusky et al., 2000; Meade et al., 2002). We vary the
parameter (A-B) � (a-b) rn�. This parameter increases with
depth in the crust (rn� increases with depth and (a-b) in-
creases with temperature and thus depth), but the form of
this depth dependence in the Earth is not well constrained.
For simplicity, we focus on models with uniform (A-B) on
the postseismically slipping surface. We also run a set of
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models in which (A-B) is constant from 0 to 15 km depth,
then increases linearly to 10 times its upper crustal value
over the next 15 km depth interval. In all the velocity-
strengthening frictional afterslip models, we model the upper
15 km of the NAFZ beyond the ends of the rupture as locked
(i.e., velocity-weakening), with (A-B) below 15 km the same
as below the ruptured segments.

For linear viscous shear zone creep, the slip (i.e., inte-
grated shear strain across the deforming shear zone) per time
step is calculated with equation (2).

d ds

w

t=






δτ
η

(2)

In equation (2), g is the viscosity and w is the width of the
shear zone. We vary the parameter (g/w), which is assumed
to be uniform in our models. We also consider the effect of
varying locking depth (i.e., depth below which viscous creep
is permitted in the model) for the İzmit rupture and adjoining
fault segments. The linear viscous creep model may be in-
terpreted as representing shear zone deformation caused by
linear viscous processes such as intergranular pressure so-
lution creep or diffusion creep. This model may also repre-
sent nonlinear deformation in a shear zone, if postseismic
shear stress change is small compared with pre-earthquake
shear stress on the fault (i.e., the coseismic drop in effective
viscosity of the shear zone is small).

Shallow Interseismic Creep and Our Afterslip Models

Postseismically slipping fault patches are loaded by the
sum of earthquake-related (coseismic and postseismic) stress
changes and pre-earthquake stress. Because stresses on the
western NAFZ prior to the İzmit earthquake are not known,
we model the rate of creep or slip in excess of the pre-
earthquake rate, assuming that it depends solely on earth-
quake-related shear stress change. In taking this approach,
we have built in some assumptions about the interseismic
behavior of the NAFZ, particularly whether the postseismi-
cally slipping patches were slipping before the earthquake.

The evidence for or against interseismic slip on the
NAFZ is vague. GPS data suggest that the NAFZ in the İzmit
region was locked between 0 and 17 km depth before the
İzmit earthquake, but there is a considerable uncertainty
about this estimate (Meade et al., 2002). The İzmit hypo-
center was a hot spot for seismic activity for many years
prior to the İzmit earthquake (Hubert-Ferrari et al., 2001),
but the small earthquakes could have been either at the
boundaries of an asperity at the hypocenter (Honkura et al.,
2000; Onsel and Wyss, 2000) or seismicity associated with
creep at the hypocenter (Reilinger et al., 2000).

If creep occurred interseismically in locations where
postseismic slip was also concentrated, our use of earth-
quake-related shear stress change (rather than total shear
stress) in equations (1) and (2) is appropriate. If the NAFZ

did not slip or creep interseismically above 17 km depth,
however, total shear stress on the fault should be used in
equation (2) to calculate the rate of any viscous shear zone
creep at a depth of less than 17 km. Otherwise, our use of
stress change rather than total stress in equation (2) would
imply that shear stresses on the postseismically slipping
patches was close to 0. Since this is likely untrue, in the
event that the NAFZ was locked down to 17 km depth, our
linear viscous shear zone models may underestimate shear
zone viscosity.

A locked NAFZ down to 17 km depth, even with anom-
alously high stress at the hypocenter, is consistent with mod-
els of continental fault zones that are velocity strengthening
below ca. 10 km depth. Such faults have retarded or negli-
gible rates of slip above depths of 20–25 km late in the
earthquake cycle (Tse and Rice, 1986; Lapusta et al., 2000).
(Nonslipping, velocity-strengthening fault patches could
also be under higher stress than adjoining parts of the fault,
given a higher coefficient of friction.) Thus, even if the
NAFZ was not creeping at depths less than 17 km before the
earthquake, our calculation of frictional afterslip rate based
on earthquake-related stress change (and V0 � 20 mm/yr)
should be appropriate.

Viscoelastic Relaxation and Poroelastic Rebound

It has been shown (in two dimensions) that viscoelastic
relaxation of the horizontal layers may produce horizontal
surface deformation identical to that resulting from afterslip
(Savage and Prescott, 1978). Models of postseismic defor-
mation following the 1992 Landers earthquake (e.g., Savage
and Svarc, 1997; Pollitz et al., 2000) suggest that the two
processes can yield similar horizontal surface deformation
in the three-dimensional case as well. We have developed
models of linear viscoelastic relaxation of the lower crust to
evaluate whether this process, rather than frictional afterslip
or linear viscous fault-zone creep, could be responsible for
an early İzmit earthquake postseismic deformation. Visco-
elastic relaxation of crustal layers is modeled automatically
by the finite-element code when both elastic parameters and
a viscosity are specified. GAEA calculates elastic stresses
after each time step throughout the modeled volume. In ele-
ments where a viscosity is specified, viscous deformation
over the time step interval is also calculated, and the result-
ing nodal displacements are effectively imposed for the fol-
lowing time step. In these models, we vary viscosity in the
lower crust (24–30 km depth) where temperatures are high-
est, and we infer that crustal viscosity is at a minimum. On
the basis of our experience, modeling viscoelastic layers in
the lower crust or upper mantle (rather than in the middle
crust) gives us the best chance of producing a long wave-
length, temporally rapidly decaying transient of the appro-
priate magnitude.

We have also developed a simple model to evaluate
whether poroelastic rebound contributes significantly to an
early postseismic deformation following the İzmit earth-
quake, as it might have after the 1992 Landers, California,



176 E. H. Hearn, R. Bürgmann, and R. E. Reilinger

earthquake (Peltzer et al., 1998). Poroelastic rebound occurs
when the compressibility of permeable, water-bearing
crustal layers increases with time after an earthquake, caus-
ing the crust to expand or contract continuously. Total poro-
elastic surface deformation may be estimated by calculating
surface displacements for elastic models with poroelastic
layers that are undrained (less compressible, coseismic con-
dition) and drained (more compressible, postseismic condi-
tion after coseismic water pressure gradients have vanished)
and differencing the two solutions (e.g., Roeloffs, 1996;
Peltzer et al., 1998). In our model, we assume that the un-
drained and drained Poisson’s ratios are 0.28 and 0.25, re-
spectively, and that poroelastic changes to the compressi-
bility are significant in the upper 18 km of the crust.

Parameter Estimation

Using either a Monte Carlo or grid search approach, we
invert for rheological parameters by minimizing the cumu-
lative summed squared residual (SSR) between modeled and
measured displacements at GPS stations. Residuals to the
measured surface displacements at each GPS site are calcu-
lated at 10-day intervals between the İzmit and Düzce earth-
quakes; the sum of these residuals over eight intervals is the
quantity that is minimized. At campaign mode GPS sites,
where daily position data are not available, we interpolate
displacements at the end of each 10-day period using
summed exponential and linear functions (Ergintav et al.,
2002). Only GPS sites with three or more observations be-
tween the İzmit and Düzce events are used in the inversion.
For the simple models presented in this study, only one pa-
rameter is formally estimated (g/w, [A-B], or lower crustal
g). We also explore the effect of changes to locking depth
for our linear viscous fault zone creep models by running
three suites of models with locking depths set at 5, 10, and
20 km.

Coseismic Model

Before postseismic deformation can be dynamically
modeled, an elastic model that accurately represents coseis-
mic stress changes in the crust and upper mantle is required.
Ideally, this model should incorporate a layered elastic struc-
ture representing continental lithosphere and a detailed, co-
seismic slip distribution obtained assuming this elastic struc-
ture. However, as we wish to compare our dynamically
modeled slip to postseismic slip distributions that were es-
timated with an elastically uniform Earth model (Bürgmann
et al., 2002), we assume the same uniform elastic parameters
(G � 30 GPa, m � 0.25) in our models. We address sepa-
rately how using a layered elastic structure (described in the
section Model Mesh and Method) affects estimates of co-
seismic and postseismic crustal stresses, and whether using
such a model would alter our main conclusions.

Figure 2 shows modeled and measured coseismic sur-
face displacements at most of the 51 GPS stations that were
displaced by at least 3 mm during the earthquake. Our mod-

eled displacements are similar (but not identical) to those
reported by Reilinger et al. (2000), as both models assume
the same elastic structure and similar coseismic slip. The
sum of the squared residuals weighted by two times the for-
mal one-sigma measurement errors (weighted residual sum
of squares [WRSS]) is 9600. This represents a reduction of
96% in WRSS relative to a model in which surface displace-
ments are zero at all GPS sites. Most of the misfit between
the model and GPS data is in the near field and may arise
because large, short-wavelength variations in the displace-
ment field cannot be properly represented by our model
mesh. In addition, near-field displacements are highly sen-
sitive to small spatial variations in coseismic slip. When we
interpolate coseismic slip from a segmented, linear rupture
model (Reilinger et al., 2000) to different nodal positions on
our curvilinear modeled fault, some smoothing is introduced
in the slip distribution and in the displacement field close to
the fault.

Modeled coseismic shear stresses resolved onto the İz-
mit rupture surface (assuming horizontal slip vectors) are
shown in Figure 3. At the hypocenter and at the west end of
the Karadare segment, where patches of low coseismic slip
are surrounded by areas of higher slip, the fault surface is
loaded by up to 4 MPa. Shear stresses of up to 10 MPa occur
locally beyond the rupture ends and at depth below the co-
seismic rupture. Coseismic shear stress drops are comparable
in magnitude (about 5–10 MPa) at the high slip patches.

Effect of Layered Elastic Structure

When we impose the slip distribution, reported by Rei-
linger et al. (2000), on the layered elastic structure described
in the Methods section, the fit to coseismic surface displace-
ments is significantly degraded; the WRSS increases by a
factor of 3. In particular, the layered elastic model yields
smaller displacements (and a worse fit to measured displace-
ments) in the intermediate to far-field. The differences be-
tween modeled and measured surface displacements are of
the order of centimeters, and far exceed the two-sigma dis-
placement measurement errors of nearly all GPS sites.

This result is not surprising. Many studies have shown
that strike-slip dislocations in a layered elastic structure in
which G increases with depth, produce more localized sur-
face displacements than equivalent dislocations in a uniform
half-space (e.g., Rybicki, 1971; Savage, 1987). To produce
displacements comparable to those from a layered elastic
dislocation model, a half-space elastic model requires a shal-
lower dislocation depth (Savage, 1987). Thus, in order to
reproduce the surface displacements of half-space elastic
model, a realistic layered Earth model requires added slip at
depth.

To evaluate how much added slip our layered elastic
model needs to reproduce observed coseismic surface dis-
placements, we invert these displacements for slip on a
three-panel İzmit fault model, using both layered and uni-
form elastic models. We model uniform slip on the Golcuk,
East and West Sapanca, and Karadare segments with panels
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Figure 2. Modeled coseismic displacements and measured displacements as re-
ported by Reilinger et al. (2000). Error ellipses show 95% confidence intervals. The
model, shown with black arrows, assumes a uniform (G � 30 GPa, m � 0.25) elastic
Earth and the coseismic slip distribution reported by Reilinger et al. (2000). Near-field
displacement vectors are shown in the inset so that details in this area may be seen. Y,
G, W, E, and K are the Yalova, Golcuk, West Sapanca, East Sapanca, and Karadare
fault segments, respectively.

at 0–9, 9–18, and 18–24 km depths and use a Monte Carlo
approach to solve for slip on these panels that minimizes the
misfit between the modeled and measured surface displace-
ments. Figure 4 illustrates how the summed squared misfit
to coseismic displacements varies with the total moment of
the modeled slip (assuming G � 30 GPa). The layered Earth
model requires more slip to fit surface displacements as well
as the uniform elastic model, and this added slip appears to
be concentrated below 9 km. Admissible moments for the
layered elastic model are about 30% greater than for the
uniform elastic model. This finding is consistent with the
fact that seismic moment estimates based on layered Earth
models (2.3–2.6 � 1020 N m; Bouchon et al., 2002; Delouis
et al., 2002; Gulen et al., 2002) are about 25%–40% greater
than geodetic moment estimates, which are based on a uni-
form elastic model with G equal to 30 GPa (1.6–1.7 � 1020

N m; Reilinger et al., 2000; Feigl et al., 2002).
We created hypothetical slip distributions with moments

of 2.1 � 1020 and 2.5 � 1020 N m to see how well layered
elastic models, incorporating extra slip at depth, can repro-
duce coseismic displacements from a uniform elasticity dis-

location model using the Mw � 1.7 � 1020 N m slip distri-
bution, as reported by Reilinger et al. (2000). We also
evaluated differences in stresses predicted by models of dis-
locations in layered and uniform elastic structures, when the
models produce similar surface deformation. The hypothet-
ical slip distributions were created by adding slip at 12–18
km and 12–24 km, respectively, to the coseismic slip distri-
bution, as reported by Reilinger et al. (2000). The Mw �
2.1 � 1020 N m model gives Coulomb stresses comparable
to the uniform elastic model at the Düzce hypocenter and at
near-field points C and D on the Marmara Sea and Yalova
faults, respectively (Fig. 1), but yields lower coseismic Cou-
lomb stresses than the uniform elastic model in the far-field.
This model fits surface displacements about as well as the
uniform elastic model (WRSS � 7500), but the far-field dis-
placements are consistently too small. The Mw � 2.5 �
1020 N m model gives greater coseismic Coulomb stresses
at the Düzce hypocenter and at near-field reference points C
and D than those estimated using a uniform elastic model
(see subsequently). This model fits surface displacements
somewhat better than our uniform elastic model (WRSS �
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Figure 3. Coseismic shear stress on and be-
low the İzmit rupture surface. Shear stress is
resolved onto a plane tangent to the fault sur-
face at each modeled fault node, and horizontal
slip is assumed. The İzmit hypocenter is shown
with a star. Y, G, W, E, and K are the Yalova,
Golcuk, West Sapanca, East Sapanca, and Kar-
adare segments, respectively. The top figure
shows shear stresses for the uniform elastic
model with G equal to 30 GPa and coseismic
slip as reported by Reilinger et al. (2000).
Given G (30 GPa) in the upper crust, Mw for
this slip distribution is 1.7 � 1020 N m. The
middle and bottom figures are for the layered
elastic model (see text), using augmented slip
distributions with Mw 2.1 � 1020 N m and 2.5
� 1020 N m, respectively. The top and bottom
figures are from models that match coseismic
surface displacements equally well, yet the
modeled shear stresses are significantly differ-
ent, especially below 10–15 km. In the lower
crust near the hypocenter, for example, shear
stresses in the top and bottom figures differ by
a factor of 10.

3600, a 98% reduction relative to a model with zero dis-
placement at all stations). Both the layered elastic models
yield very large increases in shear stress on and below the
İzmit rupture surface (by up to a factor of 3 and a factor of
10, respectively, in the lower crust below the hypocenter).
We do not know exactly how the added deep slip required
by the layered elastic models is distributed, so estimates of
fault-zone stresses from these models are approximate.

Coseismic Coulomb Stress Changes
on Neighboring Faults

Using our uniform elastic model, we estimated that the
coseismic Coulomb stress increased by 0.14 MPa on a plane
dipping 50� north at the Düzce hypocenter (dip of the Düzce
rupture is from Ayhan et al., 2001). In this location, the
rupture surface experienced a right-lateral shear stress in-
crease of 0.14 MPa and less than 0.01 MPa of compressional
stress across the dipping fault surface. Our coseismic Cou-
lomb stress estimate is consistent with the 0.1–0.2 MPa es-

timate of Parsons et al. (2001) and the 0.06–1.0 MPa esti-
mate (for the entire Düzce rupture surface) of Hubert-Ferrari
et al. (2001).

We also estimated coseismic Coulomb stresses at four
points (Points A, B, C, and D) on the vertical strike-slip
faults in the Marmara Sea (Fig. 1, points A–D). Points A,
B, and C are located 160, 100, and 20 km west of the western
end of the İzmit earthquake rupture, respectively, and point
D is on the Yalova segment of the NAF, approximately 20
km from its western terminus. All these reference points (and
the Düzce hypocenter) are at a depth of 9 km. At points A–
D, we estimate coseismic Coulomb stresses of 0.003, 0.025,
0.20, and 0.48 MPa, respectively. For comparison, Parsons
et al. (2001) estimated Coulomb stress increases of 0.05–0.5
MPa within about 40 km of the west end of the rupture, and
Hubert-Ferrari et al. (2001) estimated Coulomb stress in-
creases of 0.1 to 0.5 MPa within 25 km of the west end of
the İzmit rupture.

Using our layered elastic model and the Mw � 2.5 �
1020 N m coseismic slip distribution, we estimated that the
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Figure 5. Sensitivity of cumulative summed
squared residuals to changes in postseismic model pa-
rameters. Top, middle, and bottom figures are for the
viscoelastic lower crust, linear viscous shear zone,
and frictional afterslip models, respectively. In the
bottom figure, results for models incorporating lay-
ered elastic structure are also shown (x). In all of the
figures, the SSR is summed over eight 10-day time
steps for all 28 GPS stations with three or more oc-
cupations between the İzmit and Düzce earthquakes.
For comparison, a model with no surface displace-
ment yields a SSR of 0.14.

coseismic Coulomb stress at the Düzce hypocenter is 0.24
MPa. In this case, the modeled Düzce rupture surface ex-
perienced a right-lateral shear stress increase of 0.19 MPa
and about 0.1 MPa of tensional stress. At reference locations
A–D, this model yields coseismic Coulomb stress increases
of 0.002, 0.029, 0.22, and 0.76 MPa, respectively.

Afterslip Models

Creeping Viscous Shear Zone

For linear viscous shear zone models with uniform g/w,
the best fit to time-dependent horizontal GPS displacements
was obtained with g/w � 1.0 � 1013 Pa sec/m (e.g., g �
1 � 1016 Pa sec and w � 1 km). We also varied the depth
below which viscous creep was permitted and found that a
depth of 10 km overall worked better than 5 or 20 km.

For the best linear viscous shear zone model, the cu-
mulative SSR over 28 stations (56 degrees of freedom) and
eight 10-day time intervals, was 0.041 m2 (this quantity is
not weighted by the measurement errors). This represents a
reduction of 69% relative to a model in which no postseismic
displacement occurred. Figure 5 shows the sensitivity of SSR
to the variation in g/w. Displacements measured at the con-
tinuous stations have small errors and contribute dispropor-
tionately to error-weighted measures of model misfit. Thus,
the WRSS after 80 days is 290 for the best linear viscous
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large amount of slip at depth on the Karadare segment (Reilinger et al., 2000; Bürgmann
et al., 2002), which none of our dynamic afterslip models can produce.

shear zone creep model, but 90% of this is from the 10 con-
tinuous stations. Minimizing the WRSS and the SSR give the
same g/w (1.0 � 1013 Pa sec/m).

Figure 6 and Table 1 show modeled and measured sur-
face displacements 80 days after the İzmit earthquake (i.e.,
up to within 1 week of the Düzce earthquake), as reported
by Ergintav et al. (2002). Our linear viscous shear zone
model underpredicts postseismic displacements at GPS sites
within 10 km of the rupture because no creep is modeled at
depths shallower than 10 km. In the Marmara region, mod-
eled displacements are too large and too fault parallel. Al-
lowing slip only at depths exceeding 20 km resolves this
problem but intensifies the misfit to near-field displacements
to such a degree that the overall model fit to GPS data is
compromised. (Conversely, allowing creep below 5 km
depth reduces misfit at near-field stations, but significantly
degrades the fit to displacements in the Marmara region.)

One way around the problem of insufficient near-field
displacements might be to incorporate poroelastic rebound
in the model (e.g., Peltzer et al., 1998). We evaluate this
possibility by modeling postseismic displacements caused

by poroelastic rebound (Fig. 7) and determining whether
scaling these displacements and adding them to the modeled
displacements, shown in Figure 6, could reduce the misfit to
GPS data in the near field. Figure 7 shows that near-fault
displacements caused by poroelastic rebound are mainly
fault normal and are largest near the ends of the rupture.
This suggests that the additional, fault-parallel motion re-
quired at near-field stations such as SMAS, MURT, and
SISL cannot be supplied by poroelastic rebound.

South of the İzmit rupture, modeled displacements are
more fault-parallel than GPS observations (Fig. 6, stations
MEKE, IUCK, IGAZ, and AGUZ). This is true for all of the
models presented in this article: the contribution to the cu-
mulative SSR from these four stations is 0.011, or 20% of
the total SSR for all the 28 stations. Triggered creep on the
Iznik Valley fault and possibly the Mudurnu Valley fault,
detected on InSAR interferograms (Wright et al., 2001; Feigl
et al., 2002), may have occurred postseismically and thus
may cause some of the model misfit in this region.

Figure 8 shows afterslip on and below the İzmit rupture
at several time intervals between the İzmit and Düzce events.
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Table 1
Modeled and Measured Postseismic Displacements After 80 Days

East Sigma FS LVC VELC North Sigma FS LVC VELC Up Sigma FS VLC VELC

Continuous Stations
ANKR �6 1.6 �1.6 �3.1 �2 2 1 0.9 1.9 0.6 �3.5 2.5 0.1 0.3 �0.5
MURT �44 1.5 �24.7 14.3 �20 �18 1.2 �4.8 2.8 8.7 �7.1 4.7 6.2 �3.1 �1.8
BEST 53 1.6 38.9 45.2 40.8 2 1.1 �0.3 �2.5 6.1 �20.8 4.1 �1.4 �2 2.7
UCGT 43 1.6 22 40.1 45.5 �16 1.1 �5.2 �5.3 0 �36.7 3.8 �0.5 �2.5 �2.6
HAMT �26 2 �27.7 �18.9 �22 �22 1.5 �33.8 �4.6 �5.9 �6.1 4.5 6.3 4.9 1.3
TUBI 21 1.5 13.2 24.9 21.1 �9 1 �11.8 �6.5 �22.3 �16.5 3.6 �8.2 �3 3.9
KANT 13 1.4 13.2 22.9 29.6 �10 1 �11.4 �19 �15.6 �6.7 3.6 �1.9 �4.4 �1.4
DUMT �26 1.3 �21.5 �32.2 �29.6 �15 1 �14.4 �11.2 �20.6 �8 3.1 7.3 7.8 4.7
MERT �2 2 1.4 3.2 3.4 �1 1.4 �1.2 �2.5 0.8 �6.9 4.2 0 0.1 �0.9
ULUT �12 7.4 �8.9 �13.7 �19.8 �10 6.3 �8.1 �11.2 �22.6 �15.2 13.3 �0.2 0.4 12

Campaign-mode Stations
AGOK �19 7.7 �27.6 �35.2 �25 0 4.6 27.8 21.8 8.4 �7 22 �18 �19.7 �5
IUCK �27 7.4 �27.4 �37.6 �44.9 �14 7 4.5 3.8 �3.5 �13.7 25 �4.5 �3.1 2
IGAZ �32 8.6 �27.7 �38.4 �46.5 �14 11 2.8 3 �4.8 �28.2 22 �4.2 �2.8 2.8
KTOP �38 11 �20.3 �32.3 �20.9 12 11 27.8 6 12.9 �21.2 130 �8.4 �7 �2.5
PIRE 40 11 35.6 42.1 37.2 �18 14 �8.1 �7.3 15.3 6.9 18 �6.5 �7.7 1.2
SEF4 �53 9.2 �23 �36.4 �36 3 13 1.2 5.8 13.4 �19.8 46 �9.9 �6.5 �2.6
KANR 18 9.2 28.6 41.4 43.2 20 7 �3.2 �7.4 11.8 0.3 33 �0.3 �2.7 8.5
MEKE �38 6.9 �33.7 �41.3 �48.7 �16 5.5 11.5 6.9 3.3 �9 20 �5.8 �4.7 �2.4
AKCO 36 22 26.5 39 45.1 �7 9.7 �13.6 �11.2 �3.3 19 65 �3.5 �4.3 �3.2
GLCK �5 6.7 �9 �6 �7.2 �13 4.8 �36 �3.8 �6.4 1.7 20 4.7 4.4 0
OLU4 �17 18 �16.9 �21 �16.5 �14 18 �11.4 �5.9 �23 �37.6 140 7 3.4 �4.3
SISL 40 11 49.4 16.2 11.8 3 8 15.7 0.4 3.8 �9.4 26 5.2 3.4 �1.3
CINA �16 11 �14.9 �28.8 �19 �14 6.5 �10.3 �14.2 �13.2 70.3 222 5.2 9.8 5.3
SMAS �51 11 �45.7 �10.1 �12.8 11 7.3 10.2 0.9 4.6 �38.7 36 5.1 0.9 �2.5
FIS4 �4 13 �9.4 �19.4 �20.1 �10 20 �6.3 �13.1 �4.7 �25 71 0.6 3.3 8.3
MADT 2 1.4 �0.5 �1.2 �0.5 2 0.8 0.6 �1.2 0.8 �4.7 3.6 0 0 0.1
AGUZ �45 22 �25.7 �31.7 �34.7 �17 13 30.7 23.3 12.3 �16 46 �14.8 �16.7 �7.5
KDER �22 86 22.9 16.8 6.8 13 36 10.1 11.8 10.8 �11.7 170 10.2 22.3 �2.9

FS, frictional afterslip; LVC, linear viscous fault zone creep; VELC, viscoelastic lower crust. At campaign-mode stations, displacements at 80 days are
interpolated using functions as reported by Ergintav et al. (2002).

Since the creep rate is proportional to ds, significant slip
occurs in areas of positive coseismic shear stress off the fault
ends and on and below the rupture surface. Slip is concen-
trated below the hypocenter and on the western Karadare
fault segment and occurs at greater depths as time pro-
gresses, consistent with postseismic slip inversions (Bürg-
mann et al., 2002). However, unlike the inversions, this
model yields significant afterslip west of the coseismic rup-
ture and no slip at depths of less than 10 km on the İzmit
rupture surface.

Velocity-Strengthening Frictional Slip

For our frictional afterslip models with uniform values
of A-B, the best fit to time-dependent GPS data was obtained
using (A-B) � 0.19 MPa (0.43 MPa for the layered elastic
model). Figure 5 illustrates how sensitive the SSR between
the modeled and GPS surface displacements is to this param-
eter. The SSR, summed over 28 stations (56 degrees of free-
dom) and eight 10-day time intervals, is 0.040 m2 (0.036 m2

for the layered elastic model). The WRSS between the mod-
eled and measured displacements after 80 days is 190.

The fit of modeled site displacements to GPS displace-

ments in the very near field is superior to that for the viscous
shear zone model because of near-surface creep (Fig. 9 and
Table 1). At continuous stations HAMT and MURT, the
frictional afterslip model yields fault-normal displacements
comparable to observations, which are due to end-effects
from shallow, high-afterslip patches on the fault. Displace-
ments at SISL and SMAS are also modeled well because of
shallow afterslip. For stations in the Marmara Sea region
(HAMT, KANT, TUBI, OLU4, CINA, DUMT, FIS4, and
ULUT), the SSR is 0.0019 m2, compared with 0.0044 m2 for
the viscous shear zone model. Modeled displacements be-
yond the west end of the İzmit rupture are smaller and more
fault normal than estimated by the viscous shear zone model,
resulting in a better fit to the data in the Marmara region.
Displacements in this region are smaller and more fault-
normal because there is less slip at depth beyond the end of
the coseismic rupture (see Fig. 8). This is because afterslip
is proportional to eds (rather than to ds) and is thus more
localized to the most highly stressed regions than it is for
the viscous shear zone model. Afterslip is concentrated at
and below the hypocenter and the western Karadare seg-
ment, which is more consistent with slip inversions (Reilin-
ger et al., 2000; Bürgmann et al., 2002).
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shown in Figure 6 will not improve the fit of the linear viscous shear zone model
vectors to GPS displacements.

For the models in which the value of (A-B) increases
linearly below 15 km depth, the best results are obtained
when the upper crustal (A-B) is 0.10 MPa (0.17 MPa for the
layered elastic model). For these models, far-field displace-
ments are lower than for models with uniform A-B values
due to inhibited slip at depth. This difference raises the cu-
mulative SSR in the Marmara region by a factor of 4 and
increases the total SSR to 0.076 (0.065 for the layered elastic
model). Thus, our modeling favors a fault that is weakly
velocity-strengthening below, as well as within, the upper
crust.

Viscoelastic Lower Crust Model

Relaxation of a linear viscoelastic layer at 24–30 km
depth, with a viscosity of 5.0 � 1016 Pa sec, reproduces the
surface displacements between the two earthquakes about as
well as the frictional afterslip model (Fig. 10 and Table 1).
The cumulative SSR is 0.036 m2, representing a reduction of
72% relative to a model with no postseismic displacement.
Similar (but not identical) horizontal displacements are ob-
tained with alternate models in which g/layer thickness is
identical, as long as the top of the viscoelastic layer is at a

depth of about 24 km. The sensitivity of the cumulative SSR
to changes in viscosity for a 6-km-thick, lower crustal layer
is shown in Figure 5.

The WRSS for 80-day displacements is greater for this
model than for the other two models (390 versus 290 for the
viscous shear zone model and 190 for the frictional afterslip
model). This is because this model fits displacements at sta-
tions with large measurement errors better than it fits dis-
placements at continuous stations and campaign-mode sta-
tions with relatively small measurement errors. As with the
viscous shear zone model, near-field postseismic displace-
ments are underestimated, and poroelastic rebound in the
uppermost crust cannot make up the difference between
modeled and observed near-field displacements.

The required lower crustal viscosity for our best linearly
viscous lower crust model (1.0 � 1017 Pa sec) is consistent
with volatile-rich, quartz-bearing rocks, deforming at high
temperatures (450–600�C for wet quartzites, Jaoul et al.,
1984; Wang et al., 1994). Our linear viscous lower crust
model could also represent weakly nonlinear deformation
(such as that of wet Westerly granite, with n � 2, Hansen
and Carter, 1983), which would be indistinguishable from
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Figure 9. Modeled and measured (or interpolated) GPS station displacements after
80 days for the velocity-strengthening frictional afterslip model. This model does the
best job of fitting GPS data at sites in the Marmara region (because afterslip on the
Yalova segment is suppressed) and at sites close to the earthquake rupture (because
shallow afterslip is permitted). This model also reproduces displacements at sites with
the smallest measurement errors (such as continuous stations) better than competing
models.

We can contrive a nonlinearly viscous lower crust
model to produce decaying surface velocities that are more
consistent with GPS observations. A successful nonlinear
lower crust model would have to have an effective viscosity
that (1) was initially about 1 � 1017 Pa sec in the vicinity
of the earthquake (comparable to our linearly viscoelastic
lower crust result), and (2) increased to at least 1018�1019

Pa sec after lower crustal stresses returned to pre-earthquake
levels. Effective viscosity of a nonlinear material drops with
increased stress as shown by equation (3).

η
η
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


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−

d

n

, (3)

dr is the coseismic differential stress increase, r0 is the pre-
earthquake differential stress, n is the stress exponent, g0 is
the pre-earthquake effective viscosity of the lower crust, and
g is the effective viscosity just after the earthquake. Given
a coseismic stress change in the near-field lower crust of 5
MPa and n � 3, pre-earthquake stress (r0) would have to

linearly viscoelastic deformation if the pre-earthquake dif-
ferential stress exceeded about 10 MPa in the lower crust.
Given the surface heat flow of 70–80 mW/m2 along the west-
ern NAFZ, and other thermal parameters as reported by
Mueller et al. (1997), temperatures exceeding 450�–500�C
could be attained at depths exceeding about 20 km. How-
ever, a weak viscoelastic layer would probably manifest it-
self at the surface by widening the plate boundary shear zone
at the surface (Roy and Royden, 2000). This is not consistent
with the relatively simple and narrow geometry of the NAF
system in this part of Turkey. In addition, the viscosity re-
quired by our model is significantly lower than most viscos-
ity estimates for weak, continental lower crust (e.g.,
�1018�1019 Pa sec, Li and Rice, 1987; Kruse et al., 1991).

Another major problem with the linearly viscoelastic
lower crust model is that it does not adequately reproduce
the decay in early postseismic surface velocities with time.
Our model that best fits surface displacements between the
İzmit and Düzce earthquakes significantly overestimates sta-
tion displacements 300 days after the earthquake (Ergintav
et al., 2002), particularly in the far-field.
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Figure 10. Modeled and measured (or interpolated) GPS station displacements after
80 days for the linear viscoelastic layer relaxation model. This model systematically
overestimates far-field displacements and underestimates displacements close to the
rupture trace, but because of smaller residuals at MEKE, IGAZ, IUCK, and AGOK,
the SSR is comparable to that of the frictional afterslip model (though the weighted
residual sum of squares [WRSS] is much greater).

0.1 MPa during the 87 days between the İzmit and Düzce
earthquakes (Figs. 11 and 12). Our linear viscous shear zone
model indicates that Coulomb stress increased by 0.12 MPa
during this interval. These stress estimates have high uncer-
tainties because both the models perform poorly at fitting
available surface displacement data from the Düzce region
prior to the 12 November earthquake.

Postseismic Coulomb stress estimates from the fric-
tional afterslip model are highly sensitive to the depth inter-
val over which afterslip is permitted beyond the east end of
the İzmit rupture. Our default assumption is that beyond the
ends of the coseismic rupture, frictional afterslip can occur
below a depth of 15 km. If no afterslip is permitted at any
depth east of the İzmit rupture, the total postseismic Cou-
lomb stress change at Düzce is 0.02 MPa. If afterslip is per-
mitted at all depths (i.e., the velocity-strengthening param-
eters used for the coseismic rupture are also used beyond the
rupture boundaries), the total postseismic Coulomb stress
change at the Düzce hypocenter before the 12 November
earthquake is about 0.13 MPa. (In this case, the Coulomb
stress actually starts to decline before the Düzce earthquake,
as stress is released by creep at the hypocenter.) Neither of
these possibilities may be ruled out by GPS data from east

be 0.5–2 MPa to drop effective viscosity by a factor of 10–
100, as required by equations (1) and (2). Experimentally
derived nonlinear flow laws for typical quartzofeldspathic
rocks (a summary has been given by Carter and Tsenn, 1987)
show that several rock types could produce such behavior
at temperatures exceeding 400�C, but the strain rates asso-
ciated with the required pre-earthquake stresses would have
to be of the order of 10�19/sec. These values are several
orders of magnitude lower than strain rates thought to be
typical of deforming continental crust at plate boundaries
(�10�14�10�15/sec). Furthermore, the required pre-earth-
quake stress is so low that linearly viscous diffusion creep,
rather than nonlinear power law creep, would likely be the
dominant process (e.g., Tsenn and Carter, 1987). For these
reasons, nonlinear viscous deformation of the lower crust is
not likely the main cause of accelerated, early post-İzmit
earthquake deformation.

Postseismic Stresses at the Düzce Hypocenter

Using our best frictional afterslip model, we estimated
that Coulomb stress at the Düzce hypocenter (for horizontal
right-lateral slip on a plane dipping 50� north) increased by
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of the İzmit rupture; there are too few reliable measurements
to adequately constrain the distribution of afterslip in this
area.

Postseismic Stresses on Marmara Sea Faults:
First 300 Days

To evaluate how models that fit GPS data collected prior
to the Düzce earthquake perform over a longer time interval,
we forward model displacements for 300 days after the İzmit
earthquake and compared them with GPS data (reported by
Ergintav et al., 2002). The displacement data are corrected
for the Düzce earthquake coseismic displacements and for
secular deformation. We focus our comparison on sites in
the Marmara region, where Düzce earthquake postseismic
effects are limited. Figure 13 illustrates that our velocity-
strengthening frictional afterslip model fits time-dependent,
horizontal surface displacements better than the competing
models at the five continuous GPS stations of the Marmara
area.

Unlike the horizontal data, vertical displacement data
are not well fit by any of the models. This may be because
of shallow crustal processes (such as groundwater pumping)
that are not modeled. Furthermore, errors in vertical dis-
placements may significantly exceed the formal one-sigma
errors shown in Table 1 (as the presence of large, spatially
correlated anomalies in the vertical displacement data would
suggest).

Modeled Coulomb stresses at Marmara Sea points A,
B, C, and D during the first 300 days after the İzmit earth-
quake are shown in Figure 14. At all four points, we estimate

Coulomb stresses for right-lateral, horizontal slip on vertical
surfaces at 9 km depth. The frictional afterslip model, which
fits the GPS data better than the linear viscous shear zone
and lower crust models in this area, indicates that post-
seismic Coulomb stress change during the 300 days after the
İzmit earthquake was about 15%–25% of the coseismic Cou-
lomb stress magnitude at these points. The postseismic Cou-
lomb stress magnitude relative to the coseismic Coulomb
stress increases with distance from the fault, but both values
are less than 0.01 MPa beyond about 120 km from the
rupture.

Secular Coulomb stressing rates of 0.01 MPa/yr (Straub
et al., 1997; Hubert-Ferrari et al., 2001, southern Marmara
region) to 0.04 MPa/yr (Hubert-Ferrari et al., 2001) are in-
ferred for the major NAFZ faults in the Marmara Sea. Only
at points C and D in the near field does the frictional afterslip
model predict postseismic stressing rates comparable to or
greater than the minimum inferred secular stressing rate, and
the post-İzmit Coulomb stressing rate at points C and D falls
far below the minimum secular rate by 100–200 days after
the earthquake. Beyond about 100 km from the west end of
the İzmit rupture (point B), the frictional afterslip model
suggests that the postseismic Coulomb stressing rate never
exceeds the minimum secular stressing rate.

The linear viscous shear zone creep and viscoelastic
lower crust models predict far greater stressing rates on the
Marmara Sea faults than the frictional afterslip model. In the
near field, the viscous shear zone model yields the largest
Coulomb stresses, whereas in the far-field, the viscoelastic
lower crust model predicts greater Coulomb stresses. After
300 days, postseismic stresses estimated by these models are
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Figure 11. Coulomb stress (MPa) at the
Düzce hypocenter 0, 10, 20, 40, and 80 days
after the İzmit earthquake, from models incor-
porating frictional afterslip (left) and linear vis-
cous shear zone creep (right). These stress cal-
culations are for horizontal slip on a surface
dipping 50� N at the Düzce hypocenter coor-
dinates. The linear viscous creep model trans-
fers more stress to the upper crust than the fric-
tional afterslip model, particularly beyond the
Düzce hypocenter, because more afterslip is
modeled at depth beyond the east end of the
İzmit rupture. The spatial variation in Coulomb
stress on this surface illustrates that error
ranges for the modeled stresses (Fig. 12) are
large, even when the poor resolution of GPS
surface displacement data in this area is not
taken into account.
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up to an order of magnitude greater than those from the
frictional afterslip model. The linear viscous shear zone and
viscoelastic lower crust models also predict postseismic
stressing rates in excess of the secular rate for at least 300
days after the İzmit earthquake at all reference locations but
A (160 km from the rupture). The large differences between
models in estimated Marmara fault stresses and stressing
rates are important because these models produce roughly
comparable postseismic velocities at the Marmara region
GPS sites (Fig. 13).

Discussion

We have modeled time-dependent surface deformation
between the İzmit and Düzce earthquakes, assuming either
linear viscous creep or velocity-strengthening frictional af-
terslip on and below the İzmit rupture and contiguous sur-
faces to the east and west. We favor velocity-strengthening
frictional afterslip over linearly viscous shear zone creep or
viscoelastic lower crust relaxation to explain early post-
seismic deformation following the İzmit earthquake. This

finding does not rule out the possibility that another form of
nonlinearly stress-dependent shear zone creep could also be
responsible for the early postseismic deformation. Such
creep would have to occur rapidly on the İzmit rupture (but
not beyond its ends) and in the midcrust, at temperatures of
less than 400�–500�C.

Our frictional afterslip model is consistent with geolog-
ically constrained, conceptual models of crustal-scale con-
tinental fault zones, which involve frictional slip in the upper
to middle crust, and viscous creep on a widening shear zone
at greater depths (e.g., Sibson, 1983; Hanmer, 1988). Vis-
cous creep may be underway at depth along the NAFZ and
could contribute to longer term (slowly decaying) post-
seismic deformation of the crust around the İzmit rupture.
We suggest, however, that linear viscous creep deep on the
NAFZ did not begin to contribute significantly to the post-
seismic deformation during the first 300 days after the earth-
quake: if it had, more afterslip (and larger fault-parallel dis-
placements) would have been observed at the Marmara
region GPS stations. (Given sparse GPS coverage east of the
İzmit rupture, and possible triggered slip and Düzce post-
seismic deformation in this area, we do not feel justified in
speculating on patterns of [and mechanisms for] postseismic
slip east of the İzmit rupture.)

Although the cumulative SSRs over the first 80 days are
comparable for all the three models, the frictional afterslip
model fits GPS displacement data better in the near-field and
the Marmara Sea region, and at sites where measurement
errors are small (such as the continuous stations). The fric-
tional afterslip model also fits displacements during the first
300 days after the İzmit earthquake better than the viscous
shear zone model or the viscoelastic lower crust model (Fig.
13). In the region where our frictional afterslip model fits
the data most poorly (south of the rupture, at stations IGAZ,
AGUZ, MEKE, and IUCK), triggered creep may have dis-
torted the ground surface, causing localized misfit between
our models and the data (Feigl et al., 2001; Wright et al.,
2001). As reported in our companion article (Bürgmann et
al., 2002), the slip inversions assume that data from IGAZ,
AGUZ, MEKE and IUCK are reliable, resulting in a solution
with very high slip on the western Karadare segment. If this
assumption is correct, and motion of these stations does re-
flect postseismic processes associated with the İzmit fault,
we do not adequately model postseismic deformation east of
the rupture, and our estimates of Coulomb stress at the
Düzce hypocenter may be too low. High slip on the Karadare
segment would have a small to negligible effect on our
postseismic Coulomb stress estimates for faults in the Mar-
mara Sea region.

Another feature of post-İzmit GPS surface displacement
data that is more consistent with a frictional afterslip model
than with the competing models presented in this study, is a
very rapidly decaying velocity-transient (tc � 12 hr) at con-
tinuous GPS stations TUBI and DUMT (T. A. Herring, 1999,
personal comm.). This transient appears to have a magnitude
that is less than half that of the tc � � 60-day transient but
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Figure 12. Coseismic and postseismic stresses at
the Düzce hypocenter between the İzmit and Düzce
earthquakes. FS, velocity-strengthening frictional af-
terslip model (uniform and layered elastic cases are
both shown); LVC, linear viscous shear zone creep
model. Shear stress changes are responsible for most
of the Coulomb stress increase for both afterslip mod-
els when a uniform elastic structure is modeled. For
the elastically layered model (with our Mw 2.5 � 1020

N m slip distribution) the coseismic Coulomb stress
is greater, and tension across the Düzce fault surface
contributes a significant component to the Coulomb
stress.
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Figure 13. Forward-modeled and observed displacements
of Marmara region continuous GPS sites during the first 300
days after the Izmit earthquake (data are from Ergintav et
al., 2002). (a) Station KANT; (b) station TUBI; (c) station
DUMT; (d) station HAMT; (e) station ULUT. Black, gray
solid, and gray dashed lines represent the frictional afterslip,
linear viscous shear zone creep, and linear viscoelastic lower
crust models, respectively. Over this longer time interval,
the frictional afterslip model appears to reproduce the hori-
zontal displacements better than the other two models. Ver-
tical displacement data do not favor any of the models.
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is too large to have been produced by aftershocks. Such rap-
idly decaying surface strain immediately after the earthquake
is consistent with velocity-strengthening frictional afterslip
because the slip rate is proportional to eds (rather than to ds).
This can lead to a very rapid initial slip on localized, highly
stressed parts of the fault surface. Rapidly decaying post-
seismic velocity transients with tc less than 3 days are doc-
umented in strain meter and continuous GPS data following
earthquakes in many parts of the world (e.g., Wyatt et al.,
1994; Heki et al., 1997; Bechor et al., 2001; Bürgmann et
al., 2001). In the case of earthquakes on dipping faults, this
deformation has been attributed to aseismic slip (mechanism
unspecified) or to velocity-strengthening frictional afterslip.
Since these very rapidly decaying velocity transients seem
to follow earthquakes in varied tectonic settings, a single
process that is common to diverse crustal environments,
such as frictional afterslip, seems the most plausible cause.
It is reasonable to suppose that such afterslip can continue
at increasingly modest rates during the weeks following an
earthquake, perhaps on fault patches that were more mod-
erately stressed than those responsible for the transient of tc
less than 12 hr.

Our best estimate of velocity-strengthening parameter
(A-B) is smaller than expected, given the accepted values of
(a-b) and rn� in velocity-strengthening parts of the midcrust
to upper crust (�0.01 and 15 MPa/km depth, respectively,
e.g., Marone [1991]; Blanpied et al. [1995]). Given these
parameter values, the value of (A-B) should increase linearly
from 0 to 4 MPa in the crust. If we assume a uniform effec-
tive normal stress of 50 MPa below 2.5 km depth (following
Lapusta et al., 2000), then (A-B) should be 0.5 MPa through-
out the crust, which is in better agreement with our findings.
Thus, low (A-B) could indicate that rn� in the crust is small

(�50 MPa) because of elevated hydraulic pressures in the
shear zone. Alternately, if we assume more typical pore pres-
sures in the crust, the low (A-B) could mean that (a-b) is
smaller than what the laboratory studies suggest (e.g., [a-b]
� 0.001�0.003 rather than 0.01 in the upper to middle
crust). Our finding that a low (A-B) is required to reproduce
observed İzmit earthquake postseismic deformation is con-
sistent with the study of Linker and Rice (1997), whose mod-
els require a uniform (A-B) of 0.5 MPa to explain post-
seismic deformation following the 1989 Loma Prieta,
California, earthquake.

A weakly velocity-strengthening fault zone penetrating
through the middle crust is also consistent with significant
coseismic slip below 15 km, which is required by our elas-
tically layered coseismic model. (A more strongly velocity-
strengthening material below the seismogenic zone would
have prevented much downward propagation of the rupture.)
Frictional slip laws with two state variables (e.g., Blanpied
et al., 1998) could be responsible for such weakly velocity-
strengthening conditions in the middle crust (i.e., at tem-
peratures of less than �500�C).

We have examined the possibility that our use of large
model elements might have caused us to underestimate (A-
B). The concern was that if we used a smaller nodal spacing,
we might better capture high shear stresses at interfaces be-
tween high and low coseismic slip patches, which could lead
to larger estimates of (A-B). We ran test models of a simple
Mw 7.4 strike-slip earthquake with uniform slip on a straight
fault, using 2- and 6-km-thick elements in the upper to mid-
dle crust. The more finely discretized model yielded a max-
imum shear stress of 10 MPa just below the rupture (over
twice that of the more coarsely discretized model), but shear
stress decreased more markedly with depth. Characteristic

0 100 200 300
0.022

0.030

0.038

0.046 B

0 100 200 300
0.45

0.50

0.55

0.60
D

Days since earthquake Days since earthquake

C
ou

lo
m

b 
st

re
ss

  (
M

P
a)

C
ou

lo
m

b 
st

re
ss

  (
M

P
a)

0.01 MPa/yr

0 100 200 300

0.20

0.22

0.24

0.26

0.28

0.30

0 100 200 300

0.003

0.004

0.005

0.006 A

C

0.
01

 M
P

a/
yr

0.01 MPa/yr
0.01 MPa/yr

Figure 14. Modeled coseismic and post-
seismic Coulomb stresses at reference points
A, B, C, and D (shown in Fig. 1) during the
first 300 days after the İzmit earthquake. The
Coulomb stress is for horizontal, dextral slip
on vertical E–W-oriented surfaces and is cal-
culated at 9 km depth. Black, gray solid, and
gray dashed lines represent the frictional after-
slip, linear viscous shear zone creep, and vis-
coelastic lower crust models, respectively. The
frictional afterslip model consistently yields
less postseismic stress transfer than the other
two models. The viscoelastic lower crust
model yields the greatest Coulomb stress
changes in the far-field, whereas the viscous
fault-zone creep yields the largest Coulomb
stress changes in the near field. Figure 13 il-
lustrates that modest differences in Marmara
region ground surface displacements accom-
pany these diverse postseismic stressing his-
tories.
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decay times for near-field surface velocities were smaller for
the more finely discretized case (�10 days versus �60 days)
because once the narrow, high-stress interval below the rup-
ture had slipped, shear stresses remaining on the structure
were too low to maintain afterslip at a remotely comparable
rate. However, similar values of (A-B) yielded similar total
postseismic displacements. As the İzmit earthquake post-
seismic displacements are characterized by both a transient
with tcequal to 80 days and (locally) a smaller amplitude
transient with a decay time of hours, we suggest that the
distribution of coseismic slip overall was probably fairly
smooth (as shown by Reilinger et al., 2000) and that our
elements adequately represent the spatial variation of slip
(and coseismic shear stress) over most of the fault. However,
localized fault patches with high coseismic shear stress may
be responsible for the tc � 12 hr velocity transient.

Sensitivity of Coulomb Stress Estimates to Model
and GPS Data Errors

There are two major sources of error in our Coulomb
stress estimates. First, a model that fits surface displacement
data within small tolerances may be nonunique. Different
models that fit surface displacements reasonably well may
yield significantly different Coulomb stress estimates. The
most obvious example of this is our finding that a layered
elastic model with extra slip below 9 km that matches co-
seismic surface displacements as well as the uniform elastic
model yields far greater coseismic Coulomb stresses in the
near field.

Another potential source of large errors in crustal stress
estimates arises from the fact that though different models
yield distinct deformation patterns, the differences may be too
small to detect with GPS data, particularly from campaign-
mode sites with few occupations. For example, models of
linear viscous creep, viscoelastic lower crust relaxation, and
frictional afterslip give surface displacements at many Mar-
mara Sea region campaign-mode sites that are distinct, yet
are within the 95% confidence limits for displacement mea-
surements (i.e., two times the one-sigma values in Table 1).
However, these models give significantly different post-
seismic stress changes at Marmara region reference points
A–D (Fig. 14). Although the models we examine produce
distinct displacement fields, we may only distinguish be-
tween them if the 95% confidence limits for horizontal dis-
placements (at least at some stations) are less than about
5 mm. We may choose a preferred model and estimate post-
seismic stressing on Marmara Sea faults with some confi-
dence, chiefly because of the small error ranges associated
with continuous GPS stations in the area.

Modeling the time decay of surface deformation is cru-
cial to the understanding of the dynamics of postseismic de-
formation. Models that fit surface displacements equally
well over a particular time epoch may perform differently
over a different time interval. For example, models of all the
three classes that we evaluate may be devised to fit the mea-

sured postseismic displacements prior to the Düzce earth-
quake about equally well (though when misfit is weighted
by measurement error, the frictional afterslip model is fa-
vored). However, the best-fitting viscoelastic lower crust
model predicts less surface velocity decay with time than the
other two models. Three hundred days after the İzmit earth-
quake, this model yields displacements that are too large in
the intermediate to far-field (e.g., Fig. 13, stations KANT
and ULUT). Long-term monitoring at the intermediate- to
far-field GPS sites is thus invaluable for discerning between
models.

The Future

Without accounting for stress contributions from the
Düzce event, our favored model predicts that measurable
postseismic deformation (i.e., �2 mm/yr) caused by afterslip
should cease at most GPS site locations within about 5 yr.
The duration of observable postseismic deformation caused
by afterslip (and/or linear viscous shear zone creep) depends
on (1) how long it takes to relieve coseismic shear loading
of the fault surface and (2) for velocity-strengthening fric-
tional slip, how long the rupture surface remains velocity-
strengthening. If greater postseismic surface velocities per-
sist over the next several years, relaxation of viscoelastic
lower crust or upper mantle will likely be the cause.

Figure 15 illustrates the decay in shear stress on the
İzmit rupture surface during the first 300 days after the İzmit
earthquake. Our modeling suggests that afterslip has re-
leased about 90% of the total available coseismic shear strain
energy on the NAFZ (somewhat less for the layered elastic
model). This means that most of the afterslip that can occur
has occurred. Much of the residual shear stress is concen-
trated at depths of less than 15 km off the fault ends, where
velocity-weakening conditions likely prevail. Residual shear
stresses in the upper crust east of the İzmit rupture were
probably relieved by the Düzce event. The western end of
the coseismic rupture (Yalova segment) was coseismically
loaded by up to 1 MPa, and shear stresses increased there
by another ca. 0.2 MPa during the first 300 days after the
İzmit earthquake.

Both coseismic and postseismic slip have loaded the
lower crust and upper mantle. Viscoelastic relaxation in re-
sponse to this loading should continue for years or decades,
though the rate of such relaxation (and associated upper
crustal deformation) is uncertain. In parts of western Turkey,
seismic data indicate that low-density, quartz-bearing rock
comprises the lower crust, and surface heat flow data suggest
that this lower crust is hot (Mindavelli and Mitchell, 1989;
Mueller et al., 1997; Pfister et al., 1997; Saunders et al.,
1998). Such lower crust could relax over short timescales,
so we may see the effects of viscoelastic relaxation in this
region within the next few years. On the other hand, sharp
gradients in secular velocities across NAFZ segments in
western Turkey and the Marmara region may suggest that
the lower crust in this region is interseismically strong (B. H.
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Hager, 2000, personal comm.) and that viscoelastic relaxa-
tion of the lower crust during the next few years should be
insignificant. Continued monitoring of the postseismic de-
formation of the İzmit earthquake will allow us to distin-
guish between these two views and will teach us a great deal
about crustal rheology and the evolution of seismic hazard
in western Turkey.

Conclusions

İzmit earthquake postseismic deformation prior to the
Düzce earthquake was caused by the afterslip on and below
the coseismic rupture. Regardless of how this slip or creep

is modeled, it is concentrated around the hypocenter and on
the western Karadare segment, where coseismic slip is low
and the fault zone is coseismically loaded. Our frictional
afterslip model has the added advantage of producing sig-
nificant afterslip on the rupture surface in the upper crust but
only minor afterslip on the Yalova segment, and thus ex-
plains the main features of afterslip inversions presented in
our co-author’s article (Bürgmann et al., 2002). This model
also reproduces time-dependent GPS displacements better
than the competing models in the Marmara region, in the
near field, and at the continuous GPS stations.

Our best frictional afterslip model requires that (A-B)
� (a-b) rn� � 0.2 MPa (0.4 MPa for a more realistic, lay-
ered elastic structure). Our result suggests either high pore
pressure (and thus low rn�) in the NAFZ at depth or a low
(a-b) value (�0.005) at depths exceeding a few kilometers.

The coseismic Coulomb stress change at the Düzce hy-
pocenter caused by the İzmit earthquake (for right-lateral
slip on a surface dipping 50� N) was at least 0.14 MPa.
Before the Düzce earthquake, another 0.1 MPa of Coulomb
stress accumulated at the hypocenter. Over the first 300 days
after the earthquake, postseismic Coulomb stresses on the
Marmara fault within about 160 km of the rupture were
about 15%–25% of the coseismic value (Fig. 14). Three hun-
dred days after the earthquake, postseismic stressing rates
on the NAFZ in the Marmara region declined to values equal
to or less than the secular Coulomb stressing rate (0.01 MPa/
yr). Our Marmara region Coulomb stress estimates are well
constrained by continuous GPS data, which clearly allow
little or no postseismic slip along the Yalova segment or
further west.

Afterslip has released about 90% of the coseismic shear
loading on the NAFZ. Much of the remaining strain energy
is deep in the crust and in the seismogenic zone beyond the
west end of the rupture. We anticipate that postseismic de-
formation will continue at a low rate in the Marmara region,
because of viscoelastic relaxation of the lower crust and lim-
ited afterslip or viscous creep at depth on the NAFZ.

In conclusion, we wish to point out the importance of
incorporating layered elastic structure in dynamic post-
seismic deformation models, especially when the goal is to
estimate fault-zone rheology or constitutive relations. De-
tailed modeling of postseismic slip relies heavily on the
driving (coseismic) stresses, which are severely affected by
elastic layering. We also caution that uniform elastic models
that correctly reproduce coseismic surface displacements
may significantly underestimate Coulomb stress changes on
the nearby faults.
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Figure 15. Shear stress evolution on and below
the İzmit rupture up to 300 days after the earthquake,
from our favored frictional afterslip model. Not con-
sidering stress changes accompanying the Düzce
earthquake, about 90% of the coseismic loading has
been relieved. This suggests that continued afterslip
or creep at depth on the NAFZ would produce only
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near the İzmit earthquake (17 August 1999, M 7.5), rupture zone,
Bull. Seism. Soc. Am. 92, no. 1, 194–207.

Feigl, K. L., F. Sarti, H. Vadon, S. McClusky, S. Ergintav, R. Bürgmann,
A. Rigo, P. Durand, D. Massonet, and R. Reilinger (2002). Estimating
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Seism. Soc. Am. 92, no. 1, 230–244.

Hanmer, S. (1988). Great Slave Lake shear zone, Canadian Shield: recon-
structed vertical profile of a crustal scale fault zone, Tectonophysics
149, 245–264.

Hansen, F., and N. Carter (1983). Semibrittle creep of dry and wet Westerly
Granite at 1000 MPa, in Proc. of the 24th U.S. Symposium on Rock
Mechanics, Texas A & M University, College Station, Texas, 429–
447.

Heki, K., S. Miyazaki, and H. Tsuji (1997). Silent fault slip following an
interplate thrust earthquake at the Japan Trench, Nature 386, 595–
598.

Honkura, Y., A. M. Isikara, N. Oshiman, B. Ücer, S. Baris, M. K. Tuncer,
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