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SUMMARY

In order to better assess earthquake hazards, it is vital to have a better understanding of the
spatial and temporal characteristics of fault creep that occur on ruptured faults during the
period following major earthquakes. Towards this end, we use new far-field GPS velocities
from continuous stations (extending 50-70 km from the fault) and updated near-fault GPS
survey observations, with high temporal and spatial density, to constrain active deformation
along the My 7.4, 1999 Izmit, Turkey Earthquake fault. We interpret and model deformation as
resulting from post-seismic afterslip on the coseismic fault. In the broadest sense, our results
demonstrate that logarithmically decaying post-seismic afterslip continues at a significant
level 20 yr following 1999 Earthquake. Elastic models indicate substantially shallower apparent
locking depths at present than prior to the 1999 Earthquake, consistent with continuing afterslip
on the coseismic fault at depth. High-density, near-fault GPS observations indicate shallow
creep on the upper 1-2 km of the coseismic fault, with variable rates, the highest and most
clearly defined of which reach 12 mmyr~ (10-15 mmyr~%, 95 per cent c.i.) near the
epicentre between 2014-2016. This amounts to half the long-term slip deficit rate.
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1 INTRODUCTION one of the best observed, well-studied earthquakes in the world (e.g.

The right-lateral, strike-slip North Anatolian Fault (NAF) is one of
the longest and most active strike-slip faults in the world. Start-
ing from the Karliova Triple Junction in eastern Turkey, the NAF
runs westward roughly parallel to and about 100 km inland from
the Black Sea coast, and extends across the North Aegean Sea to
central Greece (Ambraseys 1970; Sengor et al. 2005; Zabci 2019).
The 1939, M,,7.8, Erzincan Earthquake initiated the westward mi-
gration of a sequence of major earthquakes on the NAF (Barka
et al. 1996; Stein et al. 1997; Nalbant et al. 1998; Sengor et al.
2005; Lorenzo-Martin et al. 2006). The last of this sequence was
the 1999, M,, 7.4 1zmit Earthquake (Fig. 1). The 1912 Ganos Earth-
quake (Fig. 1, M, 7.4) bounds the Marmara region to the west; these
events bracket the ‘Marmara Seismic Gap’. The Marmara Seismic
Gap and, indeed, the Izmit Earthquake segment were identified prior
to the Earthquake (Tokstz et al. 1999), so a substantial GPS network
including continuous and survey mode observations was developed
prior to the Earthquake (Straub et al. 1997; McClusky et al. 2000).
These early and continuing geodetic observations, and subsequent
monitoring with GPS and INSAR, make the 1999 Izmit Earthquake
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Toksoz et al. 1999; Armijo et al. 2000; Reilinger et al. 2000; Wright
et al. 2001; Barka et al. 2002; Burgmann et al. 2002).

Post-seismic deformation for the 1999 I1zmit Earthquake has been
reported and investigated by a number of researchers (Ergintav
et al. 2002, 2007, 2009, 2014; Hearn et al. 2002; Cakir 2003;
Cakir et al. 2003). Interpretations and modelling included both
viscoelastic relaxation of the lower crust and/or upper mantle (e.g.
Hearn et al. 2009; Wang et al. 2009), and afterslip on and adjacent
to the coseismic fault (e.g. Ergintav et al. 2009; Cakir et al. 2012;
Hussain et al. 2016a; Aslan et al. 2019). Here, we consider only
afterslip based on observations of continuing surface creep and the
narrow zone of strain surrounding the coseismic fault (e.g. Ergintav
et al. 2014; Yamasaki et al. 2014).

GPS and Interferometric Synthetic Aperture Radar (INSAR) stud-
ies showed that surface creep along the 1999 Izmit Earthquake rup-
ture began after the coseismic displacement as afterslip decaying
rapidly and approaching what was interpreted as steady-state creep
(Cakir et al. 2012). Using additional InSAR data, Hussain et al.
(2016a) reported aseismic slip along the Izmit rupture that reached
the surface, with a maximum rate of 11 == 2 mmyr~?! near the city
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Figure 1. Marmara region with the study area in rectangle. Stars show the 1912 Ganos and the 1999 Izmit earthquake locations from west to east. Red thick
lines shows the 1999 Izmit earthquake surface trace and the black thin lines shows active faults (Emre et al. 2013).

of 1zmit between 2002 and 2010. Using Sentinel 1A/B Terrain Ob-
servation by Progressive Scans (TOPS) images between 2014 and
2017, GPS observations and creepmeter data, Aslan et al. (2019)
confirmed that shallow creep along the Izmit rupture is still ongo-
ing at an estimated rate of 8 mmyr~. They showed that creep
occurs both as a steady process and by episodic accelerated slip
events.

The accuracy in earthquake probability calculations (e.g. Parsons
2004) is directly related to the amount of strain accumulated on the
fault. Aseismic creep along a fault complicates estimates of the
elastic strain and earthquake potential on the fault (Birgmann et al.
2000). Thus, estimation of seismic potential of faults depends on
understanding fault coupling (Bohnhoff et al. 2017). With the help
of geodetic techniques, it is possible to constrain spatiotemporal
evolution of slip (Avouac 2015; Aslan et al. 2019).

In this paper, we provide a recent regional velocity field around
the 1zmit coseismic rupture using GPS data collected 13-20 yr fol-
lowing the Earthquake. These observations are used to constrain
fault-scale estimates of strain accumulation (slip rate and apparent
fault locking depth) on the central 1zmit coseismic fault using sim-
ple, 2-D elastic models. Comparisons with pre-earthquake estimates
of strain accumulation demonstrate that the 1zmit fault continues to
experience post-seismic effects. We further use near-fault GPS ob-
servations between 2014 and 2016 to investigate the temporal and
spatial evolution of across-fault displacements. We use elastic mod-
els to estimate shallow creep rate and apparent locking depth and
show that the largest afterslip is occurring near the Izmit Earth-
quake epicentral region. We combine our models to quantify both
deep and shallow post-seismic behaviour. Finally, we extend a near-
fault GPS baseline observed frequently since before the 1999 earth-
quake and confirm that shallow afterslip on this section of the Izmit
fault is well modelled by logarithmic decay since the time of the
earthquake.

2 GPS DATA AND PROCESSING

GPS velocities between 2013 and 2020 are determined at 49 loca-
tions (Fig. 2). Of these, 30 are measured with survey mode (SGPS)
as profiles oriented perpendicular to the fault, and the rest being

continuous stations (CGPS). As indicated in Table S1 in the Sup-
porting Information that provides details of the GPS observations,
velocities are determined over different time spans. Near-field sGPS
campaigns were conducted five times and twice a year around May
and October between 2014 and 2016 in order to minimize annual
systematic errors. One further campaign was completed in 2019
May only for SMAS and SISL sites in order to extend earlier ob-
servations and observe the latest deformation in the region. All
the observations were collected in sessions of at least 10 hr using
dual-frequency GPS receivers and geodetic antennas. By measuring
these stations close to the fault (from a few metres to 10 km dis-
tance), we aimed to determine the temporal and spatial variation of
any ongoing, aseismic creep. The cGPS data were obtained from the
National Permanent Network in Turkey (TUSAGA-Active), Kocaeli
General Directorate of Water and Sewerage Administration (ISU),
Sakarya General Directorate of Water and Sewerage Administration
(SASKI) and Cayirova Municipality. Installation of these stations
was conducted at different times. TUSAGA-Active stations have the
longest period data between 2013 and 2020. Three stations (ISUU,
GEBZ and EREN) of ISU are the closest continuous stations to
the fault. Although their duration is short (about 2.5 yr), they are
important due to their proximity to the fault and compatibility with
other observations.

The GPS data were processed using the GAMIT/GLOBK (V10.7)
GNSS software (Herring et al. 2018) in three stages (Dong et al.
1998; McClusky et al. 2000; Reilinger et al. 2006). In the first
stage, we use the GAMIT software to analyse phase measurements
from each day to estimate coordinates of each station. In the second
stage, using the GAMIT output h-files that contain ambiguity-fixed,
loosely constrained network solutions, we produce time-series of
daily coordinates of each station. After this step, we inspect for out-
liers and we analyse the time-series from each station to estimate
trend and characterize temporally correlated noise characteristics,
including the estimation of seasonal (annual and semi-annual) ef-
fects. As the last stage, we use a Kalman filter to estimate velocities
with respect to Eurasia for each GPS site, using the equivalent
random-walk noise estimated from the time-series in the previ-
ous step to maintain more realistic velocity uncertainties (Floyd &
Herring 2020). Processing of the survey sites is the same as the
continuous sites in the first two steps. At the third step, we used the
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