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Abstract Characterizing the spatiotemporal evolution of creep is essential to constrain fault slip budget
and understand creep mechanism. Studies based on interferometric synthetic aperture radar and Global
Positioning System (GPS) satellite observations until 2012 have shown that the central segment of the 17
August 1999 Mw 7.4 Izmit earthquake on the North Anatolian Fault began slipping aseismically following
the event. In the present study, we combine new interferometric synthetic aperture radar time series, based
on TerraSAR‐X and Sentinel 1A/B radar images acquired over the period 2011–2017, with near‐field GPS
measurement campaigns performed every 6 months from 2014 to 2016. The mean velocity fields reveal that
creep on the central segment of the 1999 Izmit fault rupture continues to decay, more than 19 years after
the earthquake, in overall agreement with models of postseismic afterslip decaying logarithmically with
time for a long period of time. Along the fault section that experienced supershear velocity rupture during
the Izmit earthquake creep continues with a rate up to ~ 8 mm/year. A significant transient accelerating
creep is detected in December 2016 on the Sentinel‐1 time series, near the maximum creep rate location,
associated with a total surface slip of 10 mm released in 1 month only. Additional analyses of the vertical
velocity fields show a persistent subsidence on the hanging wall block of the Golcuk normal fault that also
ruptured during the Izmit earthquake. Our results demonstrate that afterslip processes along the North
Anatolian Fault east‐southeast of Istanbul are more complex than previously proposed as they vary
spatiotemporally along the fault.

1. Introduction
1.1. Fault Creep and Seismic Potential

A better understanding of seismic and aseismic slip behaviors of active faults is a crucial challenge for the
estimation of seismic hazard (Avouac, 2015). While most active faults release abruptly the strain that has
accumulated over long time, some other faults slip continuously or transiently (e.g., Burford & Harsh,
1980; Thatcher, 1979). Aseismic slip occurring within or around the seismogenic zone along continental
faults is usually referred to as creep. Studies over the last decades show that aseismic slip occurs at varying
depths and rates in the seismogenic crust and hence creeping faults also generate earthquakes but usually
less frequently and/or of smaller size than the fully locked fault segments (Cetin et al., 2014; Jolivet et al.,
2013; Kaneko et al., 2013; Maurer & Johnson, 2014; Schmidt et al., 2005). Therefore, determining the relative
budget of seismic and aseismic slips, as well as their spatiotemporal interactions and relationship with fault
properties, is crucial for determining the seismic potential of active faults (Avouac, 2015; Bürgmann et al.,
2000; Bürgmann & Thatcher, 2013; Harris, 2017). Aseismic slip can occur with various temporal behaviors:
it can be steady (e.g., Fialko, 2006; Motagh et al., 2007), as observed during the interseismic period, or tran-
sient (e.g., Hayes et al., 2014), either triggered by a major earthquake and decaying with time (postseismic
relaxation known as afterslip, e.g., Lienkaemper et al., 2001) or spontaneously generated by processes still
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poorly understood. Frictional properties, fault geometry and lithology, as well as pore fluid pressure varia-
tions were proposed to explain creep behavior (Avouac, 2015; Bürgmann, 2018). For example, the presence
of clay‐rich gouges and high fluid pressure appear as key factors for the presence of creep (Carpenter et al.,
2011, Kaduri et al., 2017, 2018). Recent development and widespread use of advanced space‐based techni-
ques, particularly interferometric synthetic aperture radar (InSAR), has revealed that steady or transient sur-
face creep behavior along major continental faults is more common than previously thought. A recent
review by Harris (2017) discussed the earthquake potential of shallow creeping continental faults using
worldwide data. Reported cases include the Hayward fault (Savage & Lisowski, 1993; Schmidt et al.,
2005), the Supersitition Hills fault (Bilham, 1989; Wei et al., 2009), and the Central San Andreas Fault in
California (De Michele et al., 2011, Jolivet, Candela, et al., 2015, Khoshmanesh & Shirzaei, 2018), the
Longitudinal Valley fault in Taiwan (Champenois et al., 2012; Thomas et al., 2014), the Ismetpasa segment
of North Anatolian Fault in Turkey (Ambraseys, 1970; Bilham et al., 2016; Cakir et al., 2005; Cetin et al.,
2014; Kaneko et al., 2013; Rousset et al., 2016), the Izmit and Marmara segment of the North Anatolian
Fault (Cakir et al., 2012; Ergintav et al., 2014; Hussain et al., 2016), the Haiyuan fault in China (Jolivet
et al., 2012, 2013, Jolivet, Simons, et al., 2015), the El‐Pilar fault in Venezuela (Jouanne et al., 2011,
Pousse‐Beltram et al., 2016), and the Chaman fault in Pakistan (Barnhart, 2017; Fattahi & Amelung,
2016). These studies show that the spatial patterns (rate and rate‐change distribution along strike and with
depth) vary significantly. These variations may be exploited to develop a better understanding of aseismic
slip processes and their relationships with seismic hazard (Avouac, 2015).

1.2. Postseismic Creep Along the North Anatolian Fault: Previous Measurements and Objectives
of the Present Study

The Anatolian plate is bounded by the right‐lateral North Anatolian Fault and the left‐lateral East Anatolian
Fault to the north and east‐southeast of Turkey, respectively. This plate is moving westward due to the con-
vergence of the Arabian and Eurasian plates. The 1600‐km‐long North Anatolian Fault is a major continen-
tal strike‐slip fault, known as one of the most active faults in the eastern Mediterranean region, with an
average slip rate of 24 ± 2 mm/year (Reilinger et al., 2006). This right‐lateral fault has ruptured between
1939 and 1999 in a sequence of eight M > 7 earthquakes, with a westward migration that started near
Erzincan in the east and reached the Sea of Marmara in the west. This migration has been explained by
the cumulative Coulomb stress transfer during and between successive earthquakes along strike (Stein
et al., 1997). Assessment of seismic hazard in theMarmara region suggests that a large and destructive earth-
quake (M > 7) may occur with a probability of >35–70% in the next 30 years under the Sea of Marmara,
20 km south of Istanbul (Armijo et al., 2005; Parsons, 2004).

The Ismetpasa and Izmit segments of the North Anatolian Fault are the two sections inland that exhibit shal-
low aseismic creep in the uppermost few kilometers of the upper crust. Creep is also inferred below the
Marmara Sea from the study of microseismicity and geodesy (Ergintav et al., 2014; Schmittbuhl et al.,
2016). Based on the observations of the slow displacement of a wall at the train station of Ismetpasa in the
period 1957–1969, and railway maintenance reports, the fault creeping behavior at Ismetpasa was first docu-
mented by Ambraseys (1970), a decade after the first observation of this phenomenon on the San Andreas
Fault (Steinbrugge et al., 1960). Various measurements afterward (Global Positioning System [GPS],
InSAR, light detection and ranging [LIDAR], creepmeter, and field observations) allowed to better charac-
terize the spatiotemporal properties of creep along the Ismetpasa fault section (Aytun, 1982; Bilham et al.,
2016; Cakir et al., 2005; Cetin et al., 2014; Deniz et al., 1993; Eren, 1984; Kaduri et al., 2017; Kaneko et al.,
2013; Ozener et al., 2012; Rousset et al., 2016). All studies combined show that the creep rate is decaying with
time following the 1944 rupture (Cetin et al., 2014), so that creep has been interpreted as postseismic relaxa-
tion. Gouges formed within the fault zone rocks contain low friction minerals that could explain the creep-
ing behavior of the fault (Kaduri et al., 2017).

The Izmit creeping section of the North Anatolian Fault was the locus of theMw 7.4 Izmit earthquake on 17
August 1999. This earthquake ruptured 145 km of the western section of this fault, along five segments sepa-
rated by releasing stepovers. The rupture extended from Düzce in the east to the submarine segment of the
Hersek delta in the Marmara Sea in the west (Barka et al., 2002; Figure 1). The 1999 Izmit rupture propa-
gated at a supershear rupture velocity (5 km/s) over a large part of the fault zone (Bouchon et al., 2001).
This earthquake was followed by the Mw 7.2 Düzce earthquake 86 days after, which ruptured a 45‐km‐
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long segment of the North Anatolian Fault (Cakir, de Chabalier, et al., 2003; Konca et al., 2010). The Izmit
earthquake modified the stress distribution on this fault and played an important role in the occurrence of
the Düzce event by promoting stress change and postseismic deformation transients (Cakir, Barka, et al.,
2003; Hubert‐Ferrari et al., 2000).

First observation of creep along the central segment of the Izmit rupture was documented by Cakir et al.
(2012), using GPS and a Persistent Scatterer Interferometry (PSI) analysis of 24 ERS SAR images, acquired
between 1992 and 1999, and 36 Envisat SAR images, acquired between 2003 and 2009. These authors inves-
tigated pre‐earthquake and postearthquake surface deformation along the supershear segment of the Izmit
rupture and concluded that, as no creep was measured before the 1999 Izmit earthquake, the surface creep
was related to postseismic afterslip, with a rate of 8–10 mm/year. Using GPS data and additional Envisat
images acquired between 2003 and 2012, from both ascending and descending orbits which allowed to better
separate the horizontal and vertical components of creep, Hussain et al. (2016) reported that aseismic slip
was confined to shallow depths (<10 km) and confirmed its decaying creep rate through time. Their results
showed that creep extends spatially from the Gulf of Izmit in the west to the east of Sapanca Lake in the east,
with an average horizontal, fault‐parallel slip rate of 6 mm/year and a maximum rate of 11 ± 2 mm/year,
which is nearly 40% of the annual tectonic loading rate (Hussain et al., 2018; Reilinger et al., 2006). Such slip
deficit implies that elastic strain is still being accumulated on the fault along the Izmit section. Different
models have been proposed to explain such postseismic deformation after the 1999 Izmit earthquake.
Postseismic slip partly consists of afterslip on the fault plane and could be controlled by the frictional proper-
ties of the fault zone after a stress perturbation (Marone, 1998). Using a three‐dimensional viscoelastic finite
element method, Hearn et al. (2009) and Wang et al. (2009) proposed that the postseismic deformations in
the region of the 1999 Izmit and Düzce events were the result of a combination of shallow afterslip and vis-
coelastic relaxation of lower crust and/or upper mantle.

The most recent radar satellite constellations, with greater spatial and temporal resolution, offer the oppor-
tunity to refine the measurement of aseismic slip phenomena and to further understand the underlying pro-
cesses. We demonstrate here the contribution of high‐resolution TerraSAR‐X and Sentinel‐1 InSAR data sets

Figure 1. Tectonic setting and interferometric synthetic aperture radar data coverage. Inset map shows relative plate
motions, with Global Positioning System vectors in a Eurasia fixed reference frame (Reilinger et al., 2006). The study
area along the North Anatolian Fault is indicated with a black rectangle. Dashed rectangles in main figure outline the
location of processed radar images, with track numbers indicated (S: Sentinel 1A/B, TSX: TerraSAR‐X). Gray and black
arrows show line‐of‐sight and flight directions of the satellites, respectively. Shaded topography is from Shuttle Radar
Topography Mission. The 17 August 1999 Izmit surface rupture trace (Barka et al., 2002) and other active faults (Emre
et al., 2013) are drawn with bold black and thin black lines, respectively. The black star indicates the epicenter of the Izmit
earthquake.
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to better characterize in space and time the aseismic slip along the Izmit section of the North
Anatolian Fault.

2. GPS Data and Processing

To complement InSAR Sentinel‐1 data (section 3) in modeling the most recent creep rate (section 4.3) along
the Izmit section of the North Anatolian Fault, we used GPS data that we acquired from 2014 to 2016 during
five campaigns (1 every 6months) along near‐field zone. Figure 2 shows the corresponding GPS velocity field
for the study area. Details on GPS sites, velocities, and associated uncertainties are provided in Table S1 in
the supporting information. GPS data were processed using the GAMIT/GLOBK (V10.6) software developed
by MIT (Herring et al., 2015), following the processing strategy in Ergintav et al. (2009).

3. InSAR Data and Methodology
3.1. Multisensor InSAR Data Set

To monitor the surface creep behavior along the Izmit rupture in the period 2011–2017, we processed radar
images from two different satellites and three different viewing geometries. In order to observe the deforma-
tion pattern at high spatial resolution, we used one X‐band data set of 32 TerraSAR‐X images, acquired in
StripMapmode along ascending orbit (track 24) between 2011 and 2015. We also used three C‐band data sets
with 275 images in total, from three tracks of the Sentinel 1A/B satellites operated by the European Space
Agency, acquired in TOPS mode along descending and ascending orbits (Tracks 58 [Asc], 160 [Asc], and
138 [Dsc]; Figures 1 and 3). Data span the period from October 2014 until July 2017. The 25‐km‐long
Izmit‐Sapanca Lake segment of the 1999 Izmit rupture is entirely covered by all tracks (Figure 1). The tem-
poral resolution of the Sentinel 1 data set increased from 12 days until October 2016 to 6 days after it, after
the launch (April 2016) and starting of operational phase of Sentinel 1B (Figure 3).

3.2. PS‐InSAR Processing

TerraSAR‐X (TSX) interferograms were constructed using the DORIS software developed by The Delft
Institute of Earth Observation and Space Systems at Delft University of Technology (Kampes et al., 2003).
Sentinel‐1 interferograms were processed with GMTSAR software (Sandwell et al., 2011). In both cases,
we used the Shuttle Radar Topography Mission 3‐arcsec (~90‐m spatial resolution) digital elevation model
for correcting topographic contributions to the radar phase. The choice of the master images for each track
has been made so as to minimize the spatial and temporal baselines. For the sake of consistency between the
three Sentinel‐1 tracks, the master image is chosen in November 2015 for all tracks. For the TSX track, it is
chosen in July 2014 (Figure 3).

Figure 2. GPS velocities and 95% confidence ellipses for the period 2014–2016 plotted in Eurasia fixed reference frame
(defined as in Reilinger et al., 2006). GPS profiles aa′, bb′, cc′, and dd′ are projected onto InSAR profiles shown in
Figures 7 and 10 for joint GPS/InSAR inversion. Yellow star indicates the location of the creep meter used in this study.
GPS = Global Positioning System; InSAR = interferometric synthetic aperture radar.
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Following interferogram processing, we used the permanent scatterers InSAR (PS‐InSAR) technique to
compute the displacement time series of each stable PS pixel (PS) in the study area, based on a single master
network and the Stanford Method for Persistent Scatterers (StaMPS; Hooper, 2008; Hooper et al., 2012). This
PS‐InSAR technique is an advanced method used to monitor surface deformation caused by tectonic or
anthropogenic activities. It exploits the radar return signal reflected from persistent scatterers (phase‐stable
targets) such as rooftops, large rock outcrops, bridges, or motorways (Ferretti et al., 2001). It allows
monitoring subtle and slow deformation signal, mitigating errors due to atmosphere, digital elevation
model, and orbital inaccuracies using spatial and temporal filtering. StaMPS uses both amplitude and phase
information to identify PS points. In an initial step, the selection of PS points is performed based on their
noise characteristics, using an amplitude analysis. The amplitude dispersion criterion is defined by
DAmp = (σAmp/mAmp) where σAmp andmAmp are the standard and mean deviation of the amplitude in time,
respectively (Ferretti et al., 2001). In the present study, we selected a threshold value of 0.42 for DAmp, which
minimizes the random amplitude variability and eliminates highly decorrelated pixels in some areas covered
with vegetation, agricultural fields or snow. Once coherent PS points have been selected based on this ampli-
tude analysis, the PS selection is refined by phase analysis in a series of iterations, which allows the detection
of stable pixels even with low amplitude. The next steps of the StaMPS processing include correction of the
residual topographic component and 3‐D unwrapping of the PS phase both spatially and temporally.

Unwrapped interferograms after PS selection were corrected from stratified tropospheric delays using the
freely available Toolbox for Reducing Atmospheric InSAR Noise (Bekaert et al., 2015), based on the ERA‐
Interim (ERA‐I) global atmospheric model. Corrected interferograms were then used to compute mean velo-
city fields in StaMPS. The effect of such corrections is shown on the Figure S1 in the supporting information.

Finally, we transformed the mean velocity fields of each track into an Eurasia‐fixed GPS reference frame,
following the procedure described by Hussain et al. (2016), using the GPS velocities around the 1999 Izmit
rupture published by Reilinger et al. (2006). These GPS velocities are derived from pre‐1999 earthquake
observations (i.e., they do not include coseismic or postseismic deformation).

Figure 3. Plot of baseline versus time of synthetic aperture radar (SAR) images for different tracks and satellites
(S: Sentinel‐1, T: TerraSAR‐X), used to compute displacement fields and time series. Black dots indicate SAR images,
and gray stars indicate the master image chosen for time series analyses.
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4. Results
4.1. Mean Line‐of‐Sight Velocity Fields

Figures 4 and 5 show the mean line‐of‐sight velocity fields calculated from PS‐InSAR time series analysis
along the Izmit earthquake rupture with negative velocities (cold colors) representing motion of the ground
toward the satellite and positive velocities (warm colors) motion away from the satellite. The change of
motion direction across the NAF is attested by the warm/cold color contrast across the fault. Considering
the different geometries of data acquisition (i.e., ascending or descending), it is consistent with a right‐lateral
slip displacement on the fault, due to the westward movement of the Anatolian plate relative to the Eurasian
plate. All line‐of‐sight velocity maps show a very sharp velocity gradient along the central section of the
Izmit rupture, in particular between the Izmit Bay and the Sapanca Lake (Figures 2 and 5), which constitutes
evidence for shallow creep (Bürgmann et al., 2002; Cakir et al., 2012). East of Sapanca Lake, the creep signal
seems to disappear, which differs from previous InSAR results derived from other data sets spanning older
periods (prior 2011; e.g., Hussain et al., 2016).

Figure 4. Mean line‐of‐sight (LOS) velocity fields for the period 2014–2017, from Sentinel 1A/B descending track 138 (a), ascending tracks 58 (b) and 160 (c), and for
the period 2011–2015 from TerraSAR‐X ascending track 24 (d), obtained from permanent scatterer‐interferometric synthetic aperture radar time series analysis, and
expressed in a Eurasia‐fixed reference frame. Negative velocities (cold colors) represent motion of the ground toward the satellite and positive velocities (warm
colors) represent motion away from the satellite. Dashed‐line red boxes indicate the coverage of close‐up views of average LOS velocity fields shown in Figure 5.
Plain‐line red boxes highlight the region selected for decomposing horizontal and vertical velocity fields along the fault in Figures 8a and 8b. Black lines indicate
active faults in the region (Emre et al., 2013). Black vectors show post‐2014, Global Positioning System horizontal velocities from Figure 2.
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The velocity gradient across the fault is sharp and similar in shape in all fault‐perpendicular line‐of‐sight
velocity profiles from different, independent tracks and viewing geometries (Figure 6). The sign difference
for ascending and descending tracks is as expected and related to the projection of the right‐lateral motion
on two opposite line of sights. The creep rate near the surface is proportional to the amount of the line‐of‐
sight velocity offset across the fault measured on these fault‐perpendicular profiles. The creep rates esti-
mated for the three Sentinel tracks (T138, T58, and T160) that span the same time period and TerraSAR‐X
track (T24) are consistent with each other and are around 5 mm/year. In the next sections, we further
explore the spatial variations of the creep rate along fault (sections 4.2 to 4.4) and its potential time evolution
(section 4.5), through a time series analysis of surface deformation using all tracks.

4.2. Fault‐Parallel Horizontal Velocities Versus Vertical Velocities

The InSAR technique measures projections of ground displacements only along the line‐of‐sight look angle.
In order to retrieve the components of 3‐D deformation, InSAR line‐of‐sight displacement fields observed
under different viewing directions (i.e., different satellite tracks) over the same ground location must be
combined (Wright et al., 2004).

In order to analyze the spatial variations of horizontal creep rate along the fault, we inverted the line‐of‐
sight velocity fields to retrieve the horizontal (parallel to the east‐west fault strike) and vertical

Figure 5. Close‐up views on average velocity fields on four different tracks (same tracks as in Figure 4) along the Izmit
Bay‐Sapanca Lake segment of the Izmit earthquake rupture. The sharp velocity jump observed along the fault is
attributed to shallow creep. Red lines indicate 1999 Izmit rupture (Barka et al., 2002), and black lines indicate active faults
(Emre et al., 2013). Boxes with dashed lines contour data points selected to plot profile of Figure 6. Black star indicates
location of the creep meter used in this study. Black vectors show post‐2014, Global Positioning System horizontal
velocities from Figure 2.
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components using the formalism of Wright et al. (2004; Figures 7 and 8; see also Figures S5 for the
associated uncertainties). We neglected here the motion along the north‐south direction, a reasonable
assumption for a strike‐slip fault, consistent with observations of surface displacement during and after
the 1999 earthquake. Only the line‐of‐sight mean velocity fields calculated from Sentinel 1 A/B images,
which cover the same time interval, were used. Initially, we resampled the mean line‐of‐sight velocities
for the ascending and descending tracks onto a similar grid (with a 200‐m pixel spacing) using a
nearest neighbor procedure. Subsequently, we selected pixels existing in all three velocity maps from
ascending and descending tracks. Finally, the inversion was carried out for these pixels, taking into
account the local incidence angle of the satellite view.

The discontinuity observed in line‐of‐sight velocity fields along the North Anatolian Fault is now much
better pronounced in the east‐west horizontal velocity field, especially along the Izmit section of the fault,
between Izmit Bay and Sapanca Lake (Figures 7 and 8a). This sharp discontinuity disappears in the east
of Sapanca Lake. We note a slight velocity gradient also along the Iznik fault ~40 km south of the main
North Anatolian Fault (Figure 7). The vertical component (Figure 8b) does not show any prominent discon-
tinuity across the fault, which implies that aseismic slip is mostly purely horizontal. Variations in the vertical
velocity field are seen at some places around the fault with various spatial patterns and rates, particularly in
the Adapazari basin, as reported previously by Cakir et al. (2012) and Hussain et al. (2016) for the period
between 2002 and 2010 (section 4.4).

4.3. Horizontal Creep Rate Distribution Along Fault

The E‐W horizontal velocity field can be used to analyze the along strike variations of the creep. We first
use a similar approach as Kaneko et al. (2013) to extract the surface creep rate. We plot a series of
8‐km‐long, 2‐km‐wide velocity profiles perpendicular to the fault, every 7 km along strike (Figure 8,
showing one example of profile aa′, and Figure 9). Velocities on both sides of the fault are fitted by a lin-
ear trend and the offset across fault between these best fit lines is measured, corresponding to the creep
rate (Figure 9a). Figure 9c shows strong variations of this creep rate along fault. These variations are at
first order consistent with the results from Hussain et al. (2016), with a maximum creep rate at the same
location, south of Izmit, and an eastward decrease of the creep rate from the Izmit Bay to the east of
Sapanca Lake. However, the maximum creep rate appears to have decreased from ~10 mm/year during
the 2002–2010 period covered by their Envisat data to ~8 mm/year for the 2014–2017 period covered

Figure 6. Line‐of‐sight (LOS) velocities from the four processed tracks along an unique north‐south profile perpendicular
to the 1999 fault rupture near Izmit (see dashed box in Figure 5 for the profile location). Black dots are permanent
scatterer‐interferometric synthetic aperture radar data points within the swath profile, projected onto its centerline. Gray
error bars indicate 1σ variations across profile. Transparent red box indicates location of fault where permanent
scatterer points are not taken into account for calculation of best linear fit to the velocities (red lines). Jumps in the velocity
profiles on the fault indicate surface creep rate (green lines). Red dots are post‐2014 campaign Global Positioning System
velocities projected onto LOS.
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by our Sentinel‐1 data. This is expected due to the temporal decay of the creep rate since the Izmit
earthquake (Cakir et al., 2012).

To further investigate the variations of the creep characteristics along fault (horizontal rate and depth),
together with the tectonic loading (far‐field loading rate and locking depth of the fault), we invert 80‐
km‐long fault‐perpendicular horizontal velocity profiles (Figures 7 and 10), chosen to represent the
along‐strike variability of the creep seen in Figure 9. We use a Bayesian sampling algorithm, which allows
uncertainties on model parameters and trade‐offs between these parameters to be quantified (Figures 10
and 11). The shape of the velocity profiles (Figure 10) confirms the existence of two different deformation
signals: (1) the long‐wavelength arctangent shape associated with the interseismic tectonic strain accumu-
lation and (2) a sharp step at the fault (visible only between the Izmit Bay and Sapanca Lake), due to
surface creep. The interseismic slip rate V is modeled using a screw dislocation at a depth D1 in elastic
half‐space (Savage & Burford, 1973). The creep, from surface to depth D2, with a rate C, is modeled using
the back‐slip approach proposed by Savage (1983), as a combination of slip along the entire fault plane
(product of C and Heaviside function, H xð Þ), and a screw dislocation at depth D2 in reverse sense to
the plate motion. In this configuration, creep occurs from the surface down to a shallow depth D2 only
and the fault is fully locked between depths D1 and D2. The total horizontal slip rate υ xð Þ derived from
InSAR can thus be expressed as

Figure 7. Fault‐parallel, horizontal velocity field inverted from line‐of‐sight velocity fields of all sentinel satellite tracks
used in this study (2014–2017). Black lines are mapped active faults in the region from Emre et al. (2013). Red lines
indicate the 1999 Izmit rupture. Lines labeled A‐A′, B‐B′, C‐C′, and D‐D′ show locations of profiles of Figure 10. Black
vectors show post‐2014, Global Positioning System horizontal velocities from Figure 2.
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υ xð Þ ¼ −
V
π

arctan
x
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� �
þ C

1
π
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x

D2

� �
−H xð Þ

� �
þ a;

wherex is the distance (km) along a direction perpendicular to the fault and a is a constant velocity of adjust-
ment between measured velocities and model.

We use the Bayesian algorithm of Goodman and Weare (2010) with a Markov Chain Monte Carlo sampler
(Foreman‐Mackey et al., 2013) to explore the model parameter space (V, D1, C, D2, and a) and their full
uncertainties. We use Gaussian prior distributions on the locking depth, centered on D1 = 12 km (depth
of seismogenic zone) with a 1σ value of 5 km (Ozalaybey et al., 2002), and on the tectonic slip rate, centered
on V = 25 mm/year (e.g., Cakir et al. (2012), Ergintav et al. (2014)) with a 1σ value of 7 mm/year. An impor-
tant additional constraint we impose here is that the maximum depth of the fault creep must be less than the
locking depth, that is, D2≤ D1 as in Hussain et al. (2016). We assume a uniform prior probability distribution

Figure 8. Enlarged view of the Izmit creeping section of the North Anatolian Fault. Fault‐parallel, horizontal (a) and vertical (b) velocity fields inverted from line‐
of‐sight velocity fields of Sentinel satellite tracks used in this study (2014–2017). A sharp discontinuity observed along the 1999 Izmit rupture reveals shallow creep
between the Sapanca Lake to the east and the Gulf of Izmit to the west. The black rectangle with dashed line labeled a‐a′ in east‐west velocity field indicates
the location of the profile shown in Figure 9a. It is superimposed as well on vertical velocity field in (b) in order to highlight the continuity of the vertical velocity
across fault. The red box indicates location of maps shown in Figure 12. Black vectors show post‐2014, Global Positioning System horizontal velocities from Figure 2.
(c) Geological map of the study region simplified from MTA‐Turkey General Directorate of Mineral Research and Exploitation 1/500,000 scale geologic map.
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for C,D2, and awithin the bounds 0 < C< 8mm/year, 0 <D2 < 20 km, and−20 < a< 20mm/year. For each
model parameters or combination of parameters, we obtain posteriori probability density functions to
analyze uncertainties and covariances and choose the mean of posteriori solution as the most
representative one, close to the maximum solution as posteriori probability density functions are mostly
Gaussian (Figure 11).

The results of the parameters inversion are shown in Figure 10. Figure 11 shows a posteriori probability
density functions for estimated parameters on profile b‐b′ as an example (with high mean values and low
two‐sigma values), as for all profiles (see supporting information for profiles a‐a′, c‐c′, and d‐d'). The most
prominent velocity step, that is, the maximum creep rate (7 ± 0.5 mm/year) is observed on this profile b‐b′
and is consistent, within error bars, with the velocity surface offset measured directly from a short‐length
profile (Figure 9c). Consistently, as well, profile c‐c′ show a creep rate lower than for profile b‐b′. No signifi-
cant horizontal creep is required by the models for the profile d‐d′. This confirms that different segments of
the Izmit rupture have presently different slip behaviors. Trade‐offs exist between some parameters, as
expected, especially between the rates and the depths, while the creep velocity and the tectonic loading

Figure 9. (a) Measuring horizontal creep rate along a fault‐perpendicular velocity profile (profile a‐a′ in Figure 8). Black
dots are E‐W permanent scatterers velocities within the box projected onto profile centerline, with 1σ uncertainties
shown by gray error bars (from data inversion, see text for details). Red straight lines correspond to best fit to the data on
both sides of the fault (with data within a 200‐m distance to the fault, marked with transparent red box are ignored). The
creep rate is the vertical distance (green line) between the two red lines on the profile. (b) Map of the 1999 Izmit
rupture with (c) variations of horizontal creep rate along fault, estimated as in (a), inverted using a Bayesian approach or
inverted from time series analysis (black, red, blue dots and error bars, respectively). Positive creep values in east–west
direction indicate right‐lateral motion.
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rate appear uncorrelated (Figure 11). Mean solutions for the creeping depth vary around the value of 5.5 km
(Figure 10e), consistent with previous studies (Cakir et al., 2012; Hussain et al., 2016) for the central segment
of the rupture.

4.4. Vertical Motion Along the 1999 Rupture

The vertical velocity field shows various anomalies along and near the Izmit rupture zone (Figure 8b). While
local subsidence and uplift areas with varying spatial extent and rate are observed in the vicinity of the fault,
vertical motion localized on the fault zone is observed only in the Golcuk pull apart basin bounded to the
south by an oblique normal fault, on which 2.5 m of vertical offset was observed during the 1999 Izmit earth-
quake (Barka et al., 2002). The subsidence with a rate of the order of 10 mm/year in Gölcük is bounded by
this normal fault. Figure 12 shows the highest spatial resolution of the line‐of‐sight velocity across the fault
from the TerraSAR‐X data set, highlighting a high gradient at the fault location. Such a sharp gradient across
fault may be indicative of creep at shallow depth. However, without any complementary data or modeling
(out of scope of this paper), we cannot exclude that the subsidence is related to compaction of unconsoli-
dated sediments in the basin or water pumping.

Another distinctive feature in the vertical velocity field for the studied period 2011–2017 is the pattern of
localized subsidence in the city of Izmit. This subsidence was first reported by Cakir et al. (2012) using
InSAR analysis of Envisat images between 2003 and 2009. It likely results from urbanization along the north-
eastern boundary of the Izmit basin. As reported by Hussain et al. (2016) using Envisat ASAR images
acquired between 2002 and 2012, the Adapazari basin, a deep sedimentary basin, is subsiding at a rate of
~6 mm/year. The most devastating effects of liquefaction were observed in this basin during the 17

Figure 10. Observed and modeled horizontal velocity profiles (a–d). Profiles are perpendicular to the fault and are shown
on Figure 7. Blue curves show the mean solution of the interseismic model with shallow creep, from the Bayesian
inversion, with corresponding parameters and one‐sigma value given above each curve. Black arrows point to the location
of the mapped active fault. (e) Map view of profiles in a–d in the near field with spatial variations of locking depth and
creep depth estimated for each profile. InSAR = interferometric synthetic aperture radar; GPS = Global Positioning
System.
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August 1999 Izmit earthquake (Bol et al., 2010). A clear velocity gradient is observed west of the Adapazari,
most likely marking a passive boundary between competent bedrock in the north on Sapanca Lake and
Holocene loose fluvial, palustrine and lacustrine deposits in the Adapazari depression (no active fault is
known at this boundary). Finally, an area of uplift, with an uplift rate of ~6 mm/year, is observed in the
Derince neighborhood in the province of Kocaeli northwest of the Izmit bay (Figure 8b), as reported
previously by Cakir et al. (2012).

4.5. Temporal Evolution of Creep

In order to identify potential temporal variations of the creep rate, we performed a time series analysis of the
surface displacement using all Sentinel 1A/B data. For each Sentinel track independently, we computed the
temporal evolution of the fault‐perpendicular line‐of‐sight displacement profile shown on Figure 5 and at
each time step of the time series, we computed the line‐of‐sight displacement offset at the fault (correspond-
ing to surface creep projected in line of sight), using the Kaneko et al. (2013) approach as above in section 4.3.

Figure 11. One‐dimensional and two‐dimensional sampled probability distributions obtained from Monte Carlo Markov
Chain exploration of the model parameters assuming a priori uniform distribution for all model parameters but
locking depth D1 (Gaussian distribution), for profile b‐b′. The diagonal plots display the one‐dimensional marginal
distribution for each parameter independently in the histograms. The panels with clouds of points display the marginal two‐
dimensional distributions. The red solid lines indicate the mean value for each model parameter. Blue dashed lines mark the
95% confidence interval of the probability density functions. The values above each histogram indicate the mean value.
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These displacement offsets were then converted into horizontal creep, assuming pure horizontal motion, as
justified by the results shown in Figure 8, and no motion along the north‐south direction (i.e., pure fault‐
parallel horizontal motion).

Figure 13 shows the derived temporal evolutions of this surface creep for all three independent Sentinel
tracks, and the creep rates appear remarkably consistent. The mean creep rate is 6.5 ± 0.5 mm/year,
which is in a good agreement with the average creep rate of ~7 ± 0.5 mm/year estimated from the ana-
lyses presented Figures 9 and 10. In order to minimize noise and explore creep rate variations, the
obtained displacements (green, orange, and magenta points on Figure 13a) were averaged using 2‐month
bins (blue dots on Figure 13a show the average value with the corresponding one standard deviation
within the bin). This reveals a transient creep event in the time series around December 2016 that lasted
for less than 1 month. A linear inversion of the creep rate, done separately for the periods before and after
this month, allows estimating (1) an amplitude of ~10 mm for this transient creep event, which is equiva-
lent to 1.5 years of steady creep at the mean rate of ~7 mm/year, and (2) its approximate duration of
3 weeks.

To test the statistical validity of this creep event detection from noisy InSAR time series, we computed the
Akaike Information Criterion (AIC, Akaike, 1974), as currently done for the analysis of GPS time series
(e.g., Nishimura et al., 2013). The AIC is computed first for each time series independently, for a model of
linear velocity and a model with a transient in addition. The AIC difference between the two models
(ΔAIC) is indicative of the most robust model (Figure 13c, with a positive difference ΔAIC when the transi-
ent model is favored). We then sum up the ΔAIC of the three independent time series (Figure 13d). The
1‐month transient creep event of December 2016 discussed above has the highest ΔAIC for all three tracks,
thus for the summed ΔAIC. Two other minor peaks of ΔAIC may also correspond to other transients during
the earlier period, only sampled every 12 days.

We also compared the temporal trend of the InSAR time series with that of a creep meter installed near the
epicenter of the Izmit earthquake (see location on Figure 2). This creep meter recorded two transient creep
events in September 2015, with ~2.5 mm of slip, and in December 2016, with ~1 mm of slip (Figure 13a). We
note the temporal correlation with two of the transients detected by InSAR, although slip amplitudes mea-
sured by the creep meter are up to 10 times smaller than the slip amount (10 mm) estimated using InSAR
time series. Such slip discrepancy is likely suggesting that the creep meter underestimates the creep as it
encompasses a small fraction (about 10 m) of the fault zone.

5. Discussion

Our results derived from a PS‐InSAR analysis using high‐resolution multisensor SAR images and GPS cam-
paign measurements along the 1999 Izmit rupture reveal that the fault section with supershear velocities
during the earthquake, between the Izmit Bay and Sapanca Lake (Bouchon et al., 2001), is still creeping

Figure 12. (a) Close‐up view of line‐of‐sight (LOS) velocities across the Golcuk normal fault calculated from TerraSAR‐X
ascending track 24 for the period of 2011–2015. Fault location is indicated by black solid line inland and dashed lines
offshore, inferred from fault geometry inland and bathymetry and shallow seismic profiles in the Sea of Marmara (Barka
et al., 2002). (b). LOS velocity profile along profile a‐a′ shown in (a).
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19 years after the earthquake. The average creep rate during the 2014–2017 Sentinel‐1 period reaches up to
~8 mm/year south of Izmit, a maximum value about half than that reported after the Izmit earthquake and
during the 2002–2010 Envisat period (Cakir et al., 2012; Hussain et al., 2016). We discuss below the potential
factors controlling this long‐lasting creep and its along‐strike variations, as well as the mechanical
implications of the 1‐month creep burst detected during the 3‐year period covered by Sentinel‐1 data.

5.1. Spatial Distribution of Creep and Geometrical and Lithological Control

Supershear velocity ruptures, as the 1999 Izmit earthquake, have mostly been observed along major strike‐
slip faults with overall simple planar geometries (e.g., Bouchon et al., 2010; Michel & Avouac, 2002), but with
local geometrical complexities, stress, or/and frictional heterogeneities along faults that can favor the

Figure 13. Time series of horizontal creep estimated along a fault‐perpendicular profile (see location of the profile in
Figure 5) using all Sentinel data sets and assuming pure horizontal motion parallel to the fault. (a) Blue dots are the
binned averages every 60 days. Error bars show one standard deviation of the distribution of the points within each bin. A
clear transient event is seen around December 2016 (see inset). Red lines are fitted to the two separate segments of the
bin‐averaged data before and after this month. The vertical red line shows the transient creep event amplitude calculated
from the offset of the two red lines. Black dashed line is the best fitting line for the entire data set points that represent
the mean rate (~6.5 mm/year). The period of transient creep, from mid‐November to mid‐December 2016, is highlighted
by the transparent red background in the inset. Blue dashed line shows surface slip measured by the creep meter for
comparison. (b) Raw data showing estimated creep displacement with error bars that indicate two‐sigma standard
deviation of the measurements. (c) Difference of AIC (Akaike Information Criterion) between linear creep rate models
with and without a transient, computed for each track independently. ΔAIC is positive when the transient model is
preferred. (d) Summation of all three ΔAIC, highlighting one major creep burst.
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transition to supershear velocities (Liu & Lapusta, 2008). The spatial coincidence between the presently
creeping and the 1999 supershear velocity segments of the North Anatolian Fault may suggest similar con-
trolling factors for these two phenomena. A possible influence of fault geometry at all scales on creep has
previously been suggested (Jolivet, Candela, et al., 2015). The very linear geometry of the Izmit‐Sapanca
Lake and Sapanca Lake‐Akyazi segments may promote creep, with fault steps and jogs at these segments
extremities controlling the creep lateral extent and first‐order segmentation (Figure 9).

Several mechanisms of creep have been proposed that also correlate the existence of creep with the nature of
the rocks in the fault zone (Moore & Lockner, 2013; Moore & Rymer, 2007). Along the Ismetpasa creeping
section of the North Anatolian Fault, Kaduri et al. (2017, 2018) showed the important role of lithology and
mineral transformation in the fault zone on frictional properties along fault, therefore on creep distribution
along fault. The clay gouges associated with the aseismic slip on this fault section (Figure 8c) are rich in weak
minerals, such as saponite and other smectites (Kaduri et al., 2017). These low friction minerals have been
observed as well along the creeping segments of the San Andreas Fault in California, and the Long Valley
Fault in Taiwan (Moore & Rymer, 2007; Thomas et al., 2014). Along the Izmit creeping section, similar
detailed analysis of rocks compositions in the fault zone remain to be done. However, geological maps reveal
that the central section of the 1999 Izmit rupture coinciding with the maximum surface creep puts in contact
Quaternary alluvial deposits in the central depression of the Izmit basin, north of the fault, and Eocene vol-
canic units south of the fault (Figure 8c). The weathering of these lenses of volcanic rocks could produce
weak minerals such as saponite, favoring the persistency of high creep rate in this location (Kaduri et al.,
2017). These volcanic units become thinner to the east of Sapanca Lake, which could explain why creep is
vanishing eastward.

5.2. High Temporal Resolution InSAR Data Reveal Burst‐Like Behavior of Creep

The high temporal resolution provided by the Sentinel‐1 data set reveals the existence of at least one burst of
creep at the end of 2016, with a good temporal correlation with a transient slip event detected by a creep
meter located nearby. Such type of transient creep event had previously been reported along the
Ismetpasa creeping section to the east, based on the analysis of short repeat time SAR acquisitions from
the COSMO‐SkyMed constellation, over a limited 1‐year period (Rousset et al., 2016). The maximum ampli-
tude (~10 mm in our case, whereas it was ~20 mm along the Ismetpasa section) and duration of these shal-
low bursts (~1 month) are similar. The growing number of evidence for such creep bursts along the North
Anatolian Fault, as also suggested by long time series of creepmeter measurements (Altay & Sav, 1991;
Bilham et al., 2016), and along other major strike‐slip faults worldwide (De Michele et al., 2011; Jolivet,
Simons, et al., 2015; Khoshmanesh & Shirzaei, 2018; Pousse‐Beltram et al., 2016), suggest that continuously
decaying afterslip or steady interseismic creep may not be the rule for creep behavior. Newmechanical mod-
els are required to account for coupling temporal variations at shallow depth and recurrent creep bursts trig-
gering. Long and temporally dense sets of InSAR data will be a key to constrain these models and further
investigate the magnitude, depth, return period, and dynamics of such transient creep episodes, as well as
their contribution to tectonic strain release.

6. Conclusion

We have studied the spatiotemporal evolution of surface displacements along the central section of the 1999
Izmit earthquake with an unprecedented temporal resolution, using 307 SAR images acquired between 2011
and 2017, combined with GPS campaign measurements acquired every 6 months from 2014 to 2016. The
joint analysis of GPS data and all SAR images acquired from multiviewing geometries and multisensors,
through a PS‐InSAR data analysis, allowed to extract both horizontal and vertical motion along the fault
and relevant slip parameters on fault.

Subsidence in the Adapazari basin is still observed, at a rate of ~6 mm/year, as previously reported by
Hussain et al. (2016) using Envisat ASAR images. Other localized subsidence and uplift areas are identified
around the Izmit Bay area. A prominent subsidence is observed for the first time on the hanging wall of the
Golcuk normal fault, which marks the southwestern boundary of a releasing stepover along the North
Anatolian Fault, ruptured during the Izmit earthquake. The high velocity gradient of ~10 mm/year detected
across this oblique normal fault could be due either to passive subsidence in the basin located northeast of it
or most likely to shallow afterslip.
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Our results also show that creep along the Izmit section, previously interpreted as afterslip following the
1999 earthquake, is still taking place and continues to decay more than 19 years after the earthquake. The
along‐strike distribution of the average creep rate is consistent with previous GPS and InSAR studies
(Cakir et al., 2012; Hussain et al., 2016), with a maximum creep rate now reduced to ~8 mm/year. Creep
is spatially correlated with the presence of volcanic rocks on the southern side of the North Anatolian fault
that could produce weak minerals at the origin of creep. The analysis of the high temporal resolution of
Sentinel‐1 data reveals the existence of temporal fluctuations of the creep rate with the detection of a one‐
month burst of creep in December 2016, with an amplitude of ~10 mm. The occurrence of this transient
event, together with similar observations along the Ismetpasa creeping section of the North Anatolian
Fault, suggests that fault afterslip is not evolving continuously with time but can occur through a combina-
tion of continuous creep that decays with time after a major earthquake and accelerating bursts of
creep events.
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