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Onset of aseismic creep on major strike-slip faults
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ABSTRACT

Time series analysis of spaceborne synthetic aperture radar (SAR) data, GPS measure-
ments, and field observations reveal that the central section of the Izmit (Turkey) fault that
slipped with a supershear rupture velocity in the A.D. 1999, M 7.4, Izmit earthquake began
creeping aseismically following the earthquake. Rapid initial postseismic afterslip decayed
logarithmically with time and appears to have reached a steady rate comparable to the pre-
earthquake full fault-crossing rate, suggesting that it may continue for decades and possibly
until late in the earthquake cycle. If confirmed by future monitoring, these observations iden-
tify postseismic afterslip as a mechanism for initiating creep behavior along strike-slip faults.
Long-term afterslip and/or creep has significant implications for earthquake cycle models,
recurrence intervals of large earthquakes, and accordingly, seismic hazard estimation along
mature strike-slip faults, in particular for Istanbul which is believed to lie adjacent to a seismic
gap along the North Anatolian fault in the Sea of Marmara.

INTRODUCTION

Understanding the behavior of active faults in
response to tectonic stresses is a critical issue in
earthquake physics and seismic hazard assess-
ments (Carpenter et al., 2011). While most active
faults are unstable and move abruptly, releasing
in seconds to a few minutes the strain accu-
mulated around them for decades to centuries,
some faults slip continuously, storing little or no
strain and are therefore considered to be unlikely
to produce significant earthquakes as long as
this behavior persists (Biirgmann et al., 2000).
Although aseismic fault creep was first reported
over half a century ago along some major plate
boundary faults, including the San Andreas
fault in California (United States) and the North
Anatolian fault in Turkey, the origin and physi-
cal processes of fault creep remain subjects of
debate (Schleicher et al., 2010). Two primary,
complementary, and competing mechanisms
have been proposed to explain the mechanics of
aseismic fault creep: (1) the presence of weak
mineral phases such as clay and phyllosilicates
in the bulk composition of fault zones (Carpenter
etal., 2011) or the formation of highly localized,
phyllosilicate-rich interconnected networks of
shear planes or foliations (Collettini et al., 2009)
via chemical and mechanical processes, and/
or (2) trapped fluid overpressures within fault
zones (Byerlee, 1990). Although recent observa-
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tions (Lockner et al., 2011) support the idea that
aseismic creep is controlled by the presence of
weak rocks in the fault zone rather than by high
fluid pressures, analysis of rock samples from
active (Holdsworth et al., 2011) and exhumed
(Warr and Cox, 2001) fault zones suggests that
transient fluid overpressures do occur in many
fault zones and are most likely generated during
coseismic faulting due to shear heating, low per-
meability, high water content, and low strength
of clay-rich shear zones.

Whether due to mineralogy and/or fluid
pressure affects, how or when stable aseismic
surface creep initiates on active faults remains
uncertain. The fact that creeping segments of
the North Anatolian fault at Ismetpasa and the
San Andreas fault in the San Francisco Bay area
also rupture coseismically suggests to us that
fault creep may be initiated as postseismic after-
slip (Cakir et al., 2005; Schmidt et al., 2005), a
mechanism that could not be confirmed previ-
ously due to the lack of pre- and post-earthquake
observations on these fault sections. In this study
we use space geodetic data and recent field
observations along the A.D. 1999 Izmit earth-
quake rupture (Fig. 1) to demonstrate continuing
afterslip that appears to grade into steady-state
creep on a >60-km-long segment of the Izmit
coseismic fault, supporting seismic slip as one
of the possible mechanisms for initiating steady-
state creep on mature strike-slip faults.

THE 1999 IZMIT EARTHQUAKE
The M 7.4 Izmit earthquake on 17 August
1999 occurred on the North Anatolian fault,
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Figure 1. Map of the 1999 I1zmit earthquake re-
gion (Turkey) showing the coseismic surface
rupture (thick white lines), active faults (black
lines), and GPS velocities (black arrows) with
95% confidence ellipses relative to Eurasia
between A.D. 2002 and 2011. Dashed rect-
angles are frames of ERS and ENVISAT satel-
lite images studied and are labeled in white
with track numbers. White and black arrows
indicate satellites’ line of sight look, and flight
directions, respectively. Brackets indicate lo-
cation of profile in Figure 4B.

with a supershear rupture velocity (Bouchon
et al., 2001) along its central segment, caus-
ing the loss of more than 18,000 people and
heavy destruction in the eastern Marmara
region of Turkey (Barka et al., 2002) (Fig. 1).
The event was not completely unexpected
because westward-migrating earthquakes that
broke an ~1000-km-long section of the North
Anatolian fault between 1939 and 1967 had
already occurred near Izmit (e.g., Stein et al.,
1997). Another large and destructive earth-
quake is expected to occur in the near future
(with a probability of >50% over the next
30 yr) further west along the North Anatolian
fault under the Sea of Marmara, 20 km south
of Istanbul (Parsons, 2004). Earlier studies of
postseismic deformation of Izmit using GPS
and interferometric synthetic aperture radar
(InSAR) measurements interpreted the surface
deformation within the first few months fol-
lowing the event as due primarily to afterslip
on and below the Izmit rupture (Biirgmann et
al., 2002; Cakir et al., 2003, Ergintav et al.,
2009). Later postseismic deformation has
been attributed to viscoelastic relaxation of the
lower crust and/or upper mantle (Hearn et al.,
2009; Wang et al., 2009).
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PRE- AND POST-EARTHQUAKE
SURFACE DEFORMATION

Using the persistent scatterer InSAR (PSI)
technique, we generated time series and mean
radar line-of-sight (LOS) velocity maps of the
surface movements in the Izmit region during
~10 yr before and after the earthquake from
SAR images generated by the European Space
Agency’s ERS and ENVISAT satellites. We
used SAR images on a descending track of ERS
(track 64) and two overlapping and neighbor-
ing ascending tracks of ENVISAT (tracks 157
and 386) to investigate the pre- and post-seismic
deformation fields, respectively (Fig. 1). Multi-
temporal InSAR techniques such as PSI are
required when studying subtle and slow defor-
mation along active faults because they allow
a reduction in the effects of noise and signal
decorrelation due to atmospheric changes, digi-
tal elevation model (DEM) errors, and orbital
inaccuracies by filtering in time and space, and
selecting only the most coherent pixels for anal-
ysis. We processed the SAR data using the soft-
ware package StaMPS with the SRTM-3 DEM
for the removal of the topographic phase con-
tribution (Hooper, 2008). We removed orbital
residuals using the best-fitting plane parameters
estimated by StaMPS. The detailed process-
ing procedure can be found in Hooper (2008).
Postseismic GPS data for the period between
A.D. 2002 and 2011 were processed with the
GAMIT/GLOBK GPS software (Herring et al.,
2010).

The mean LOS velocity field from 22 SAR
images on track 157, and 14 SAR images on
track 386 (Fig. 2) acquired between 2002 and
2009 reveals that the Izmit-Akyazi segment that
ruptured at a supershear speed during the 1999
Izmit earthquake (Bouchon et al., 2001) is now
aseismically creeping (Figs. 3A and 3B). The
generation of fractures with right-lateral slip on
a concrete wall built across the fault south of
Izmit (29.942°E, 40.72°N) in 2008 and repeated
geodetic survey measurements of a nearby off-
set channel wall confirm the aseismic surface
slip (Fig. DR1 in the GSA Data Repository!).
Surface creep along the supershear section
of the fault is evident in the postseismic radar
LOS velocity field on both tracks, and can be
seen as a sharp change in colors from blue to
red across the fault in Figures 3A and 3B. The
absence of such sharp or abrupt changes across
the fault in the preseismic LOS velocity field
deduced from 24 ERS SAR images acquired on
track 64 between 1992 and 1999 indicates that
the fault was not creeping, and was therefore
locked up to the surface before the 1999 Izmit

!GSA Data Repository item 2012322, supple-
mentary figure showing field observations of sur-
face creep, is available online at www.geosociety
.org/pubs/ft2012.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O.
Box 9140, Boulder, CO 80301, USA.
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Figure 2. Baseline plot of synthetic aper-
ture radar (SAR) images used to calculate
the deformation field and time series before
and after the 1999 Izmit earthquake. Plot
points are labeled with date of image acqui-
sition (yymmdd). A: ENVISAT track 157. B:
ENVISAT track 386. C: ERS track 64. Stars
indicate master orbits chosen for persistent
scatterer INSAR (PSI) analyses.

A 'postseismic (T386)

Figure 3. Surface displacements along the
1999 Izmit earthquake rupture as deduced
from interferometric synthetic aperture radar
(InSAR) time series. A,B: Mean line-of-sight
(LOS) velocity field (denoted by colors) after
the earthquake. C: Mean LOS velocity field
before the earthquake. Dashed lines are loca-
tions of profiles shown in Figure 4A. White in-
verted triangles are GPS stations (see Fig. 5).
T157—ENVISAT track 157; T386—ENVISAT
track 386; T64—ERS track 64.

earthquake (Fig. 3C). The LOS velocity field on
track 386 shows that surface creep is restricted
to the supershear segment because there is no
velocity contrast across the Karadere segment,
although some aseismic slip on the Karadere
segment may occur at seismogenic depths (Peng
and Ben-Zion, 2006). In addition, the SAR data
provide no information on possible creep along
the submarine fault segment to the west in the
Gulf of [zmit.

Profiles of pre- and post-seismic InSAR and
GPS fault-parallel velocities plotted in Fig-
ure 4, together with surface velocities predicted
by elastic screw dislocation models for creep-
ing and non-creeping faults, better illustrate the
change in fault behavior after the earthquake;
postseismic surface or near-surface creep along
the fault is manifested by steps at the fault in the
otherwise nearly flat velocity profiles (Fig. 4A).
The absence of steps in the pre-earthquake
velocity profiles attests to the absence of shal-
low fault creep prior to the 1999 earthquake.
The pattern and height of steps along the post-
earthquake profiles are controlled by the locking
depth and rate of aseismic creep, respectively;
the steeper the step, the shallower the locking
depth, and the higher the step, the higher the
creep rate. Thus, while vertical jumps in profiles
indicate creep reaching to the surface (i.e., zero
upper locking depth), gradual rises show deeper
locking depths.

MODELING

We modeled the fault-parallel InSAR veloc-
ity profiles using screw dislocations on two infi-
nitely long and vertical faults stacked vertically
in an elastic half space (Savage and Burford,
1973): one fault representing the steady-state
interseismic creep below 12 km (to infinity) at
a fixed rate of 27 mm/yr (Reilinger et al., 20006),
and the other fault representing the shallow
creeping section above. Four parameters are
estimated from the profiles: creep rate, depths
to the top and bottom of the creeping segment of
the upper fault, and a shift in the reference point
for velocity. To estimate these parameters, we
use a modified bootstrap procedure with a least
squares optimization algorithm with an upper
bound of 27 mm/yr for the creep rate and 12 km
for the depth to the bottom of the creeping sec-
tion. Bootstrap standard errors and 95% confi-
dence limits are estimated from the 500-param-
eter estimates. Despite some discrepancies,
independent parameter estimates from the two
sets of SAR data are generally broadly consis-
tent (Figs. 5C and 5D). The creep rate increases
eastward from 5 to 10 mm/yr near Izmit to the
pre-earthquake, cross-fault rate of 27 + 2 mm/
yr near Lake Sapanca, diminishing to zero at the
eastern end of Izmit-Akyazi segment (Fig. 5C).
Although creeping depth (i.e., depth to the bot-
tom of the creeping section of the upper fault)
increases eastward from 4-5 km to 10-12 km
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Figure 4. Velocity profiles and modeling. A: Fault-parallel horizontal velocities before (left
panel) and after (right panel) the Izmit earthquake, observed and modeled along profiles
perpendicular to the fault (see Fig. 3A for profile locations). B: GPS and interferometric syn-
thetic aperture radar (INSAR) velocities plotted versus distance from fault along profile A-A’
shown in Figure 1. Red curve shows best fitting model to GPS data. Model parameters are
given in Figures 5C and 5D. All velocities are calculated assuming radar line-of-sight dis-
placements are due to purely horizontal motion on an east-west-trending strike-slip fault.
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Figure 5. Slip characteristics of the Izmit fault. A: Supershear and Karadere segments of
the Izmit earthquake rupture (black lines) and the Sapanca micro-GPS network (inverted
triangles, with red denoting pre-earthquake stations). B: Coseismic surface slip (Emre et al.,
2003). C, D: Creep rates and depths to the top and bottom of the creeping fault deduced from
elastic dislocation modeling of interferometric synthetic aperture radar (INSAR) data. E: Time
series of fault-parallel component of baseline change between SMAS and SISL GPS bench-
marks (red squares) shown in A and postseismic INSAR data (blue and purple circles) for a
nearby point. Blue curve is a fit to the GPS data of the form a + bt + ¢ log(t) (tis time in years)
with line thickness showing 95% prediction bounds. The coefficients a, b, and ¢ inverted
with a Levenberg-Marquardt inversion approach are 0.19 + 0.7 mm, —-0.54 + 0.1 mm, and 4.66
+ 0.5 mm, respectively. Star indicates Izmit earthquake, with date shown in the form dd-mm-
yyyy. Shaded sections in B-D correspond to Lake Sapanca section where parameters are
not well constrained. T157—ENVISAT track 157; T386—ENVISAT track 386.
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(Fig. 5D), deep creep (>12 km) south of Ada-
pazari is likely due to the non-tectonic LOS
signal in the city observed in all InSAR data
(Fig. 3).

DISCUSSION

Except for the first 10 km of the fault east of
Izmit, aseismic creep does not appear to reach
the surface although it is very shallow (mostly
<1 km) (Figs. 4A [profile 1] and 5D). This may
result from distributed creep and/or anelastic
deformation within the less-consolidated and
more-fractured surface materials, which would
broaden the zone of deformation around the
fault and thus mimic the effects of a fault locked
at a superficial depth. In this case, the observa-
tions we present are consistent with creeping
up to the surface at rates reaching the pre-earth-
quake cross-fault rate of 27 = 2 mm/yr along the
full ~60 km length of the Izmit-Akyazi supers-
hear rupture segment.

The occurrence of shallow fault creep finds
support from displacements along the fault
monitored since the early 1990s using a near-
field small-aperture GPS network west of Lake
Sapanca (Fig. 5A). The slip history of the fault
is illustrated in Figure 5E using the fault-par-
allel component of baseline change between
two GPS points located ~3 km from, and on
either side of, the fault which is projected on to
the LOS for comparison with the InSAR time
series. The GPS and InSAR measurements are
in good agreement and show that rapid post-
seismic afterslip started immediately after the
earthquake following the coseismic offset of
~3 m between the two GPS points (Barka et al.,
2002). As expected, afterslip decays logarith-
mically with time and appears to have reached
a steady-state stage over the last decade or so,
indicating that fault creep continues at present
and may continue for decades and possibly
until late in the earthquake cycle (i.e., ~200—
300 yr). To the extent that this proves to be
the case, postseismic afterslip has evolved into
fault creep with time.

Fault creep reaching the surface along the
Hayward (San Andreas fault) and Ismetpasa
(North Anatolian fault) fault segments may
have been induced in a similar way; postseis-
mic afterslip may have evolved into long-term
fault creep following the large earthquakes
in A.D. 1868 (Schmidt et al., 2005) and 1944
(Cakir et al., 2005), respectively. Surface creep
may have been driven initially by coseismic
stress changes as postseismic afterslip, but the
absence of a clear correlation between the dis-
tribution of coseismic surface slip and creep rate
(Figs. 5B and 5C) suggests it is now driven by
another mechanism, possibly the deep relax-
ation processes inferred by Hearn et al. (2009).
Trapped pore-fluid overpressures in the fault
zone induced by the supershear rupture propa-
gation may also be an important mechanism for
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initiating fault creep behavior. Continuation of
surface creep to date, however, requires unusu-
ally slow dissipation of overpressures and/or the
presence of weak minerals in the fault zone.

The pattern of postseismic GPS and LOS
velocities shown in Figure 4B and elastic mod-
eling suggest that a significant amount of elastic
strain has been released along the central section
of the Izmit fault during the last decade, retard-
ing stress accumulation on the fault as a whole
and causing stress concentrations on locked
portions of the fault, particularly at its tips.
Accordingly, models of stress transfer need to
include the additional changes in stress caused
by aseismic fault creep that can promote or
retard failure on adjacent faults. This is particu-
larly important for the seismic gap segment of
the North Anatolian fault in the Sea of Marmara
south and west of Istanbul that is expected to be
hit by a destructive earthquake within a couple
of decades (Parsons, 2004).

CONCLUSIONS

We investigated pre- and post-earthquake
surface deformation along the North Anatolian
fault in the 1999 Izmit earthquake region using
space geodesy and field observations. We show
that shallow sections of the supershear segment
of the 1999 Izmit rupture began to creep aseis-
mically after the earthquake, initially at a rapid
rate that graded into a steady-state rate compa-
rable to its long-term, pre-earthquake slip rate.
This suggests that surface creep along major
strike-slip faults may be initiated as postseismic
afterslip following a large earthquake. Although
fault creep appears to correlate spatially with the
supershear segment of the Izmit coseismic fault,
a causal relationship has not been established.
Further monitoring of fault movements using
the GPS network in Sapanca and a recently
established GPS network near Izmit will help
clarify the longer-term creep behavior of this
segment of the North Anatolian fault, the role
of postseismic afterslip in initiating subsequent
fault creep, and how these mechanisms impact
estimates of stress transfer and earthquake
recurrence times.
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