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It has long been conjectured that creeping sections of strike slip faults arrest or subdue earthquake
rupture, partly because of their reduced slip potential and partly because of their velocity-strengthening
frictional properties. However, no instrumentally recorded large earthquake (Mw > 6.8) on any well
instrumented continental strike-slip fault has thus far occurred that has clearly been arrested at a region
of fault creep, rendering it difficult to identify experimentally the parameters that control rupture arrest.

Nearfield GPS, InSAR and creepmeter data from the 2020 Elazig (Turkey) earthquake reveal not only how

Keywords: rupture propagation of a large earthquake is hindered by shallow creep reducing the earthquake size,
rupture arrest but also provide important quantitative insights into the late interseismic, coseismic and post seismic
creep behavior of a creeping fault, which has important implications for evaluating hazard potential of a major
afterslip earthquake on a creeping fault, such as has been forecast for the Hayward fault in California.
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1. Introduction

Ruptures of major continental strike-slip earthquakes generally
nucleate near the base of the seismogenic crust and propagate
upward and laterally until they are arrested by mechanical or ge-
ometrical barriers in the form of step-overs or bends (Aki, 1979).
In general, The more segments that rupture, the greater the size
of the earthquake and the consequential damage (Nissen et al.,
2016). It has long been thought that creeping sections of faults can
act as barriers to earthquake rupture propagation partly because
of their velocity strengthening frictional behavior (Thatcher, 1975;
Lindh and Boore, 1981; Marone et al., 1991), and partly because
of their reduced slip potential (Biirgmann et al., 2000). Striking
examples are the 1857 Fort Tejon and 1906 San Francisco earth-
quakes that appear to have nucleated or terminated at the ends
of the central creeping segment of the San Andreas fault in Cali-
fornia (Sieh, 1978; Thatcher, 1975). However, the absence of large
earthquakes on well monitored creeping strike slip faults during
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the instrumental period makes it difficult to identify experimen-
tally the parameters that control rupture arrest, and evaluate the
hazard potential of a major earthquake on creeping faults. Reasons
for this are that creeping faults with a well constrained geode-
tic history of hybrid creep and seismic rupture are relatively rare
and no major earthquakes have occurred near these locations in
the past several decades (Harris, 2017). To determine the future
seismic behavior of these regions, considerable theoretical ingenu-
ity has been expended in simulating the influence of fault creep
in arresting or subduing a rupture. However, though these studies
have provided insights into rupture propagation into creep domi-
nated fault regimes, the constraints derived from these theoretical
models depend on trade-offs in a range of numerical values of
physical parameters used in the simulations (Kaneko et al., 2010;
Noda and Lapusta, 2013; Avouac, 2015; Harris, 2017). Detailed field
observations and instrumental measurements on creeping faults
and contiguous major earthquakes provide crucial constraints on
these input parameters, not only for effective seismic hazard mit-
igation but also for a better understanding of the nucleation and
arrest of earthquakes (Biirgmann et al., 2000; Hough and Martin,
2015; Avouac, 2015; Chen and Biirgmann, 2017). Here we ana-
lyze GPS, InSAR and creepmeter data from the January 24, 2020
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Black Sea

Fig. 1. Tectonic map of Eastern Turkey with active faults (black lines) (Emre et al., 2018), depicting the configuration of Anatolian, Arabian and Eurasian plates that meet
at the Karliova Triple Junction (KTJ]) and their relative motions deduced from GPS (yellow arrows with %95 confidence ellipses in Arabian reference frame (Reilinger et al.,
2006) and InSAR observations (color coded mean line-of-sight velocity field on Sentinel-1 ascending track 43) on a shaded elevation image from Shuttle Radar Topographic
Mission 90-m posting digital elevation data (Farr and Kobrick, 2000). White star indicates the epicenter of the January 24, 2020 Mw 6.8 Elazig earthquake. Blue circles mark

the edges of the creeping section along the East Anatolian Fault.

Mw 6.8 Elazig earthquake on the East Anatolian Fault (EAF) in east-
ern Turkey, which provides important quantitative insights into the
behavior of a creeping fault during the earthquake cycle (Fig. 1).

2. January 24, 2020 Mw 6.8 Elazig earthquake

The 2020 Elazig earthquake ruptured the central section of
the East Anatolian Fault (EAF), a ~600-km long major left-lateral
strike-slip fault in Eastern Turkey that accommodates a relative
motion of ~10 mm/yr between the Arabian and Eurasian plates
(Reilinger et al., 2006) (Fig. 1). Together with its conjugate, the
North Anatolian Fault, the EAF accommodates the westward es-
cape of the Anatolian plate from the continental collision between
the Arabian and Eurasian plates that commenced during the Late
Miocene (~11 ma) along the Bitlis-Zagros suture in southeastern
Turkey and Iran (Sengor et al., 1985). Based on geological and mor-
photectonic observations, the total offset along the EAF has been
estimated to be around 25 km (Duman and Emre, 2013). Unlike
the NAF that exhibited a remarkable westward migration of large
earthquakes during the 20" century, the EAF had been mostly
quiet since the 19" century (Duman and Emre, 2013).

The earthquake broke almost half of the Piitiirge seismic gap
along the EAF (Duman and Emre, 2013), causing extensive dam-
age particularly in the city of Elazig and giving rise to 41 fatalities
and hundreds of injuries due to the collapse of poorly constructed
buildings. Earthquake scaling laws (Wells and Coppersmith, 1994)
predict that earthquakes of this magnitude on continental strike
slip faults can be expected to produce a ~30 km-long surface
rupture. It was with some surprise then, no surface rupture was
reported although postseismic investigations yielded significant ev-
idence for widespread fissures, landslides and fractures related to
lateral spreading along the historical fault trace (Tatar et al., 2020).

The absence of an extensive coseismic surface rupture was sub-
sequently confirmed by interferometric synthetic aperture radar
(InSAR) observations based on European Union’s Sentinel 1A/B
satellites that imaged the earthquake area 3 days after the main-
shock (Pousse-Beltran et al., 2020; Ragon et al,, 2021; Taymaz et
al., 2021; Konca et al.,, 2021). InSAR and seismological observa-
tions reveal that a ~40-km-long subsurface segment of the EAF
fault between Sivrice and Doganyol ruptured from a nucleation
depth of around 12 km propagating upwards and mostly south-
westward along the fault, terminating a few kilometers below the
surface (Taymaz et al., 2021; Pousse-Beltran et al., 2020; Ragon et
al., 2021). The subsurface arrest of the rupture apparently resulted
in a slip deficit of the order of 1 m on the shallow fault. Previous
studies have invoked various reasons for this slip deficit: immatu-
rity of the fault (Taymaz et al., 2021; Pousse-Beltran et al., 2020),
fault geometry (restraining bend) (Tatar et al., 2020), presence of
metamorphic rocks (Tatar et al., 2020), artifacts in modeling (Ragon
et al,, 2021), inefficient dynamic stresses (Gallovic et al., 2020), and
inferred surface creep (Chen et al,, 2020; Konca et al., 2021). We
show here that this surface segment was the locus of aseismic slip
in previous decades, that rapid afterslip is currently with a decay-
ing rate following the earthquake.

3. Surface deformation due to the earthquake cycle along the
Piitiirge Fault

3.1. Geodetic data sets and processing

We use the European Space Agency’s Envisat and Sentinel-1,
and Japanese Space Agency’s ALOS-2 radar satellite data to calcu-
late the surface deformation during the earthquake cycle in the
study region. The number of images and the time spanned are
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given in Supplementary Table 1. Envisat raw data are focused to
single look complex images using ROI_PAC (Rosen et al., 2000),
from which interferograms are calculated using the Doris InSAR
processing software (Kampes and Usai, 1999). Sentinel-1 Interfer-
ometric Wide (IW) swath data are processed using the Generic
Mapping Tools Synthetic Aperture Radar open source InSAR pro-
cessing tools (Sandwell et al., 2011). ALOS-2 data are processed
using the InSAR Scientific Computing Environment (ISCE) software
(Rosen et al., 2015; Liang and Fielding, 2017). Effects of topography
in all the interferograms, except the coseismic ones, are removed
using the Shuttle Radar Topography Mission (SRTM) 1-arcsec post-
ing digital elevation model. A 12-m posting TerraSAR- X DEM is
used to simulate the topographic phase in the coseismic inter-
ferograms. Unwrapping errors and areas with deformation due to
gravitational mass movements along slopes are also corrected/re-
moved manually in the coseismic interferograms. In addition to the
20 km span of the EAF that is covered with water (due to the
Euphrates River), there were additional incoherent areas near the
fault zone. These too are removed using a coherence threshold of
0.2. A trend is then removed from the unwrapped coseismic in-
terferograms. The final unwrapped data are subsampled using the
quadtree algorithm (Jénsson et al., 2002).

InSAR time series for the interseismic and postseismic peri-
ods are calculated with a single master network of interferograms
using the software package StaMPS that allows the selection of
persistent scatterers using both amplitude and phase information
(Hooper et al., 2012). The TRAIN Toolbox (Bekaert et al., 2015) is
used to correct atmospheric effects in InSAR measurements with
ERA Interim data (Dee et al., 2011) for interseismic InSAR time se-
ries, and a power law function for the postseismic time series.

Interseismic displacements prior to the earthquake are mapped
using Envisat data acquired between 2003 and 2010 on both de-
scending and descending tracks (Supplementary Fig. 1). We use
Sentinel-1 data for mapping the interseismic displacements be-
tween 2014 and 2019, and postseismic displacements between
2020 and 2022 on two ascending and one descending tracks (Sup-
plementary Figs. 2-4). Mean LOS interseismic velocities calculated
from InSAR times series in the descending and ascending tracks are
decomposed into vertical and horizontal (east-west) components
(Funning et al., 2005). The latter is further projected on to the fault
strike assuming that the east-west horizontal motions are merely
due to left-lateral motions due to relative plate motions across the
EAF (Supplementary Fig. 5). Figs. 2a and 2b show mean fault par-
allel Envisat and Sentinel velocity fields obtained by stacking fault
parallel velocity fields decomposed from different combinations of
ascending and descending tracks.

Survey and continuous GPS (Fig. 1) data are processed us-
ing GAMIT/GLOBK software (Herring et al., 2010) with the final
ephemerides of IGS (International GNSS Service, http://igscb.jpl.
nasa.gov) products between 2010 and 2021 for continuous GPS
(cGPS) sites between 2015 and 2021 in ITRF2014 (International
Terrestrial Reference Frame) for survey GPS (sGPS) sites. While
the nearest ¢GPS station is located 30 km to the north in Elazig
city, five sGPS sites are present within a few km from the fault
in the earthquake area (Figs. 1, 2c). Seven campaigns before the
earthquake (biannually with the exception of 2018) and 3 survey
campaigns following the event were carried out in sessions of at
least 10 hours using dual-frequency GPS receivers and geodetic an-
tennas. The cGPS sites were reoccupied a day after the earthquake
in order to estimate coseismic offsets with negligible postseismic
deformation using a linear extrapolation of pre-earthquake data to
the day of the earthquake (Fig. 2; Supplementary Fig. 6; Reilinger
et al.,, 2006).

We installed a creepmeter 11 days after the earthquake on the
fault near the epicenter (38.388°E, 39.187°N) where we observed
en-echelon fractures on the frozen snow a few days after the main

Earth and Planetary Science Letters 608 (2023) 118085

shock (Fig. 2d). The creepmeter is 16-m long and was installed at
30° to the fault resulting in a fault-normal sampling width of 8 m.
Nearby en-echelon cracks seen in the adjoining road surface, and
briefly in the crust of recent snow, were approximately 2-m wide
and were estimated to have been caused by ~3 cm of sinistral
shear.

3.2. Modeling surface deformation

We model the inter-, co- and post-seismic deformation cap-
tured by InSAR (in line-of-sight) and GPS (in horizontal) using
Poly3D, a 3D-boundary element method that uses triangular dis-
locations in a linear elastic and homogeneous half-space (Thomas,
1993). Inversions are carried out with Poly3Dinv software that uses
a damped least square minimization and a scale-dependent um-
brella smoothing operator to avoid any nonphysical oscillatory slip
distribution (Maerten et al., 2005). Using triangular elements al-
lows one to generate a more realistic 3D fault surface and to avoid
the possibility of gaps that can be encountered in the middle of the
earthquake rupture due to a ~10° change in the fault strike when
rectangular dislocations are used. In order to find an optimum fault
dip, a Monte Carlo based analysis with simulated annealing nonlin-
ear search scheme is used with a single rectangular fault (Sudhaus
and Jénsson, 2009). We then construct a triangular mesh of 90 km
long that follows the surface trace of the EAF from surface down
to 19 km of depth with a uniform dip value of 77° based on the
results of the Monte Carlo based analysis, in agreement with the
seismological focal mechanism solutions (Supplementary Table 2;
Supplementary Fig. 7). Before modeling the interseismic creep and
postseismic afterslip on the triangulated fault surface, interseismic
deformation is inverted and removed from the velocity fields us-
ing a deep lithospheric scale vertical fault below the modeled fault
(Supplementary Figs. 8-10). Although background seismicity, In-
SAR data, mainshock and aftershocks all suggest a dipping fault
along this section of the EAF (Pousse-Beltran et al., 2020; Konca
et al, 2021, Supplementary Table 2, Fig. 2e), we use a vertical
shear zone below the fault. This is because a lithospheric scale dip-
ping fault gives rise to an asymmetry in the velocity fields across
the fault, which is not observed neither in the GPS nor in the In-
SAR interseismic velocity fields. It is very likely that fault steepens
downwards below the lower crust. However, for the sake of sim-
plicity, a single vertical fault 19 km below the fault trace is used.

In order to evaluate the uncertainty of slip inverted for inter-,
co- and post-seismic phases, spatially correlated noise based on
data co-variance is generated and added to the InSAR data sets
and then inverted 500 times (e.g., Funning et al., 2005; Sudhaus
and Jénsson, 2009). Standard deviations are then calculated on
each triangular patch and then slip with high standard deviations
(>65% of the inverted slip) is filtered out from final slip distribu-
tions (Supplementary Fig. 11).

We also used profiles of fault-parallel horizontal InSAR veloci-
ties to calculate the rate of creep and afterslip along the surface
trace of the fault. 6-km long fault perpendicular profiles (3 km on
each side of the fault) are extracted from these maps at about ev-
ery 1.5 km (Supplementary Fig. 4i). Considering the density of the
PS points in the velocity maps, data sampling width across the
profiles is chosen to be 2 km for Envisat and 0.4 km for the Sen-
tinel velocity maps. Data points within 0.5 km from the fault are
discarded. We calculate creep rate and amount of afterslip along
the fault by fitting a linear trend to fault parallel horizontal dis-
placements and calculating the offset at the fault trace as the rate
of creep or afterslip (Supplementary Fig. 12). Error bars given are
based on 1-standard deviation of the root-mean-square residuals
obtained following the linear regression.
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Fig. 2. InSAR and GPS measurements during the earthquake cycle, and distribution of the first 18 days of aftershocks. Color coded images shaded with the SRTM data are
fault parallel (N56°E) InSAR velocities and offsets during the interseismic (a, b), coseismic (c) and postseismic (d) periods. (e) Distribution of aftershocks (fill color is based
on focal depths) during an 18-day period following the January 24, 2020 Mw 6.8 Elazig earthquake (Melgar et al., 2020). Blue line indicates projection of the rupture to
the surface based on the extent of the coseismic slip higher than 20 cm at depth. Red and green beach balls show the focal mechanisms of the mainshock and the largest
aftershock (Mw 5.6 August 4, 2020), respectively. Note the depth distribution of aftershocks and their location being overwhelmingly on the northern side of the fault indicate
a significant northward dip. Dashed line a-a’ shows the location of the profile given in Fig. 3. Red lines are active faults.

3.3. Interseismic deformation

As seen in Figs. 2a and 2b, the sharp change in the mean fault
parallel interseismic velocity field across the Piitiirge fault is clear
evidence for surface creep, which appears as a step in the veloc-
ity field across the fault as observed in fault perpendicular profiles
of A-A’ in Fig. 3 (see Supplementary Fig. 13 for other profiles). The
presence of surface creep is also clearly manifest in GPS veloci-
ties available towards the eastern end of the earthquake rupture
near Lake Hazar (Figs. 2b, 3). The Paleozoic metamorphic rocks
made of up mostly mica-schist, through which the Piitiirge seg-
ment runs, appear to be what facilitates fault creep as they provide
the velocity-strengthening, weak phyllosilicate minerals in the fault
gouge necessary for creep (Carpenter et al.,, 2011) (Supplementary

Fig. 14). We note that this shallow creep that extends ~75 km
further to the east along the fault (Fig. 1) was undetected in previ-
ous InSAR studies (Cavalié and Jénsson, 2014; Bletery et al., 2020),
most likely due to the different MT-InSAR technique they used
with over multi-looking of SAR images, and subsequent course spa-
tial sampling in order to increase the signal to noise ratio. The
Envisat and Sentinel-1 velocity fields are in good agreement and
show that the Piitiirge segment had been creeping at rates vary-
ing from a few mm/yr up to the far field plate velocity of 1 cm/yr
at least since 2003 until the January 2020 rupture (Figs. 4a, b).
While surface creep is fairly shallow and confined mostly to the
uppermost 3-4 km of the crust on the western side of the fault, it
penetrates much deeper depths to the east where the fault appears
to be locked at shallow depths. The depth of the hypocenter sug-



Z. Cakir, U. Dogan, A.M. Akoglu et al.

Earth and Planetary Science Letters 608 (2023) 118085

A
Rl -
T 10
E 0 lyus
g s
= 10
'S 20
= =50
>
S 10
[]
g 5
o
= 0 4
>
£ -5
-10

4 3 2 -

Coseismic displacement (cm)

-5 1 2 3 4 5
Distance from fault (km)
Interseismic  Interseismic Interseismic Model (2D) Coseismic  Postseismic
(2003-2010) (2014-2019) (2014-2019) (2014-2020) (24.01.20) (02.20-05.21)
un T264-T400 24 T116-T123 o GPS -— Inte_:_seismic mT116-T1 23 T116-T123
00 T035-T400 v~ T043-T123 = creep T043-T123 == T043-T123

Fig. 3. Profiles of fault-parallel interseismic InSAR and GPS velocities (with 1 ¢ uncertainties) and coseismic and postseismic offsets across the Puturge segment. (a) Inter-
seismic velocities along profile A-A’ shown in Fig. 1. Envisat (blue dots) and Sentinel-1 (red dots) InSAR data and GPS measurements (yellow circles with 1 uncertainties) are
in excellent agreement and reveal surface creep as a step at the fault. Paired numbers in the legend (e.g., T264-T400) show track numbers of satellites used to calculate hor-
izontal velocities and displacements (Supplementary Figs. 1, 2). (b) Close-up view of profile A-A’ in the near field (see Fig. 2e for its location) together with coseismic and
postseismic offsets and interseismic models with and without creep. Note that the rupture does not reach the surface since the coseismic displacements (purple dots) show
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gests that the rupture probably nucleated within the ductile-brittle
transition zone at depth.

3.4. Coseismic deformation

Coseismic surface deformation of the main shock was captured
by Sentinel-1 and ALOS-2 SAR satellites and sparsely distributed
GPS stations (Fig. 2¢; Supplementary Fig. 4). The pattern and con-
tinuity of coseismic deformation in interferograms (Supplementary
Fig. 4) and displacement profiles (e.g. Fig. 3) across the fault along
most of its trace imply that the surface rupture hardly reaches to
surface. This observation is consistent with our field observations
and GPS measurements west of Lake Hazar where the coseismic
displacement few hundred meters to the fault (i.e. G4 and G5 in
Fig. 2c) is significantly smaller than those just 2-2.5 km to the
north, implying relatively much higher coseismic slip below the
surface (Fig. 2c). The slip distribution obtained by triangular dis-
location modeling shows an elongated elliptical pattern with three
lobes of high slip or asperities below the shallow creeping sections
of the fault, in good agreement with previously inferred slip dis-
tributions (Taymaz et al., 2021; Pousse-Beltran et al., 2020; Ragon
et al, 2021; Gallovi¢ et al., 2020; Melgar et al.,, 2020) (Fig. 4c).
Coseismic slip peaks to 1.9 m at depths of ~4 km above the
hypocenter with only a few cm of slip at the surface near the
epicenter (Figs. 4c, d). The point where the earthquake nucleates
on the subsurface fault is located at the edge of the high slip
lobe, again in good agreement with slip distribution deduced from
tele-seismic body-wave finite-fault inversions (Gallovic et al., 2020;
Taymaz et al., 2021), supporting the hypothesis that the nucleation
point is often located in regions of low coseismic slip (Reilinger et
al., 2006; Floyd et al., 2016). Although the peak slip occurs at shal-
low depths (4-5 km), coseismic slip decreases rapidly towards the
surface from nearly 2 m to near zero at depths of 1-1.5 km, leaving
the shallowest segment of the fault with apparently no significant
slip. In the following section we discuss below the implications
of en-echelon surface cracks and subsequent creep on the surface
fault near the epicenter. The western end of the rupture appears
also to be associated with aseismic near-surface creep. (Fig. 4a).

3.5. Postseismic deformation

Large earthquakes, particularly those on strike slip faults, are of-
ten followed by afterslip at shallow depths (Bilham, 1989; Cakir et
al,, 2012; Floyd et al., 2016; Harris, 2017; Nevitt et al., 2020). Previ-
ous InSAR studies report a few cm of afterslip following this earth-
quake (Pousse-Beltran et al., 2020; Taymaz et al., 2021; Gallovic et
al.,, 2020), but claim that afterslip ceased after a few weeks. In or-
der to better estimate the spatiotemporal characteristics of the af-
terslip, we have calculated InSAR time series using Sentinel-1 data
spanning a time interval of 16 months following the main shock.
We use not only a single track, but all the available tracks of the
Sentinel-1 satellite that cover the earthquake area from 3 different
look angles (Supplementary Fig. 3). Fig. 2d shows the mean ve-
locity map calculated from mean decomposed horizontal velocities
using the same procedure applied to the interseismic InSAR time
series describe above. Afterslip, like interseismic creep, is manifest
as an abrupt reversal in the direction of horizontal motions within
a distance of +150 m across the fault. As seen in Figs. 4d and 4e,
and noticed previously (Taymaz et al., 2021), afterslip is not con-
fined to the broken section of the fault, but extends well beyond
the rupture tips, reaching up to 15 cm/yr of slip toward the edges
of the earthquake rupture. Modeling of postseismic InSAR data in-
dicates that afterslip on the fault surface is taking place within
the shallow slip zone and around the coseismically ruptured sub-
surface at depth (Fig. 4d). Note that most of the large-amplitude
afterslip to the west of the coseismic slip area is in fact coseismic
slip of the largest aftershock (Mw 5.6) that took place on August
4, 2022 (see Supplementary Fig. 15).

Checker box tests and uncertainty analysis using inversions of
InSAR data with spatially correlated synthetic noise indicate that
most slip down to about 3-4 km of depth is resolvable (Supple-
mentary Fig. 16). Although, the uncertainties of inverted coseismic
slip between 39.00E and 39.15E are relatively high due to the ab-
sence of coseismic InSAR data in the nearfield to the north of the
fault where coherences of interferograms are low, interseismic and
postseismic slips at shallow depths have relatively lower uncertain-
ties all along the fault due to the presence of abundant nearfield
InSAR data points (Supplementary Fig. 4).
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e cycle. (a) Interseismic slip distribution based on Envisat and Sentinel data (Figs. 2a, b),
(yellow star) and the largest (Mw 5.6) aftershock (green star) in August 4, 2020. Blue

lines are contours of coseismic slip in (c). (b) Surface creep rate along the fault inferred from Envisat (blue circles) and Sentinel-1 (inverted triangles) data. c, Distribution
of coseismic slip and the first 18 days of aftershocks (gray circles). Note that the aftershocks surround the region of coseismic slip which barely reaches to the surface. (d)
Distribution of afterslip during the first 16 months of the postseismic period. The August 4, 2020 aftershock (green star) coincides with the western tip of the coseismic
rupture. (e) Postseismic afterslip at the surface before and after the August 4, 2020 aftershock from InSAR (inverted triangles) and creepmeter (green circle) measurements.
(f) Projection of the rupture to the surface (red line) based on the extent of the coseismic slip at depth, and the extent of afterslip observed at the surface (dashed lines).
Note that the slip distributions at different periods spatially complement each other; while the shallow slip deficit is filled by interseismic creep and postseismic afterslip,

deeper slip deficit is filled by coseismic slip.

Contrary to the previous claims of rapid decay in afterslip, the
creepmeter measurements show that afterslip continued during at
least ~2.5 years following the earthquake, reaching 12 cm of cu-
mulative slip. It will likely continue for some time as its rate of
~16 mm/yr over the last year is still higher than the far field
plate velocity (~10 mm/yr) (Fig. 5a). The first 18 days of afterslip
data form the creepmeter are fit to an exponential decay with a

time constant of 16.7 days, which suggests that surface slip started
4.5+2 days after the main shock (Supplementary Fig. 17). A dou-
ble exponential decay curve can be fit to segments of the entire
data with the form:

Slip(t) = yo + Al exp[—(t — tp)/taul]
+ A2 exp[—(t — tp)/tau2] mm
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Fig. 5. Results of creepmeter measurements. (a) Evolution of afterslip recorded by creepmeter in the 2.5 years following the earthquake. The first year of data is characterized
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of the epicenter).

where A is the amplitude of slip at time t, y0 is the offset at t =
0 and tau is a time constant associated with the rate of decay.

Prior to a Mw=>5.1, 5.5-km-deep aftershock on 19 March, a
curve with a decay time constant of 27 days fits the data to within
~1 mm accuracy (Fig. 5b). The 19 March aftershock was associated
with sufficient subsurface displacement to incrementally renew af-
terslip. A second exponential with Tau = 32 days can be fit with
similar precision to post 20-March data. The similarity of these
time constants suggests that similar rheology for mainshock and
aftershock moderates the manifestation of surface slip.

A quantitative estimate of slip prior to the installation of the
creepmeter can be derived by extrapolating surface slip measured
by the creepmeter back to a time a few hours after the main-
shock (Fig. 5b). This shows that roughly 60 mm of slip preceded
the installation of the creepmeter, a value that is approximately
double the 30 mm estimated from the apparent slip estimated
from the en-echelon cracks crossing the nearby road, but consis-
tent with the uncertainties attending this estimate. In view of the
probable perturbing effects of early aftershocks with similar mag-
nitudes and distances to the 19 March aftershock, uncertainties in
this extrapolation almost certainly exist. However, the finding in-
dicates that approximately 6 cm of shallow slip occurred within
a few hours to a day of the mainshock. This slip was registered
as en-echelon surface cracks indicating that the causal dislocation
terminated in the subsurface. The thickness of the surface layer
that impeded through-going surface rupture is conjectural, but it
may initially have exceeded 30 m according the results of Parker
et al. (2021), and presumably shallowed in the following weeks
and months (Nevitt et al., 2020).

4. Spatiotemporal evolution of slip over the earthquake cycle

Slip behavior of the Piitiirge segment of the East Anatolian fault
and its spatiotemporal characteristics provide insights to our un-
derstanding of the interplay between aseismic and seismic fault
slip over the earthquake cycle, rupture mechanics and earthquake
physics (Avouac, 2015). As noted by previous studies, a striking co-
seismic slip deficit is present along the uppermost section of the
fault (Fig. 4). This shallow slip deficit is the locus of interseismic
creep and postseismic afterslip that display a spatially complemen-
tary pattern of surface slip along the fault with afterslip being
minimum near the peak interseismic creep rate. We note that the
shallow slip deficit is also partially released by the rupture zone of
the aforementioned Mw 5.6 August 4, 2020 aftershock, where in-
terseismic creep was negligible. Taking into account the slip rate of
the fault, interseismic creep rate and amount of afterslip, we con-
clude that additional afterslip or similar shallow earthquakes are
required to close the deficit in the slip budget at shallow depths
where the interseismic creep rate was observed to be low. The spa-
tial correlation between coseismic slip and aftershocks is also quite
remarkable as the latter surrounds the patches of coseismic slip,
except at superficial depths, suggesting that aftershocks are driven
by deep afterslip (Hsu et al., 2006), which extends well beyond
the rupture tips along the strike of the fault (Figs. 4d, e; Supple-
mentary Fig. 3). Anticorrelation between the pre-seismic creep rate
and the cumulative afterslip along the fault at surface implies that
the shallow coseismic slip deficit is compensated by aseismic slip
during the interseismic and postseismic phases of the earthquake
cycle (Fig. 4).
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5. Arrest of rupture propagation

Observations and modeling of the geodetic data sets imply that
rupture propagation was suppressed abruptly towards the surface
where it encountered the shallow creeping section, resulting in
~8% reduction in seismic moment release (equivalent to an earth-
quake of magnitude 6.0), considering 1-m slip deficit along a 30-
km long, 1.5-km wide uppermost section of the fault. The sudden
arrest at shallow depths requires a significantly higher a-b value of
the rate and state friction law in this shallow velocity strength-
ening creeping section (Marone et al, 1991). This is somewhat
similar to what was observed on the southern half of the Mw
6.0, 2004 Parkfield (Johanson et al., 2006; Brooks et al., 2017) and
the Mw 6.6, 1987 Superstition Hill (Marone et al., 1991), where
shallow creep prevailed. In the case of the Superstition Hills fault,
pre-seismic creep was insignificant (<1 mm/yr). In the following
hours and weeks in both earthquakes subsurface rupture propa-
gated upward into the velocity strengthening region releasing part
of the shallow slip deficit (Marone et al., 1991; Bilham, 2005).
Although slip on the creeping San Andreas fault in the 2004 Park-
field Mw 6.0 earthquake was likely hindered by shallow creep, an
earthquake of this size is not expected to reach to the surface, con-
sidering its peak slip of 40 cm located at a depth around 6 km
(Johanson et al., 2006). A similar rupture arrest was also observed
following the 2003 Mw 6.8 Chengkung Earthquake on the creeping
Longitudinal Valley Fault, Taiwan (Thomas et al., 2014). However,
this event is associated with a reverse fault and the coseismic slip
is centered at much deeper (>9 km) depths compared to that of
the 2020 Elazig earthquake (~4 km).

6. Conclusions

A 19-year geodetic record (2003-2022) bracketing the January
2020, Mw 6.8 Elaz1§ earthquake offers unique insights into late-
interseismic, coseismic and early-afterslip processes involved in
the rupture of a shallow creeping fault during a major earthquake.
Coseismic slip attained maximum values where previous interseis-
mic slip had been insignificant. Conversely, coseismic slip was ab-
sent in the shallow creeping portions of the fault within 1 km of
the surface, where decaying afterslip is expected to continue at de-
caying rates for many years. Minor slip on the surface of the fault
started approximately 4.5 days after the mainshock and continued
as afterslip. Large aftershocks occurred in regions of low coseismic
slip, and where afterslip rates were low. Surface creep extended
tens of km beyond the 40-km- long coseismic rupture. While many
of these observations should come as no surprise, as they have
been observed in part on strike slip fault earthquakes elsewhere,
they provide a template for the future failure of creeping faults
where major earthquakes are anticipated such as the Hayward
(USA) (Biirgmann et al., 2000; Aagaard et al., 2012) and Chaman
(Pakistan and Afghanistan) (Fattahi and Amelung, 2016) faults. In
some cases, the slip distributions we observed have been mod-
eled using theoretical assumptions concerning a range of possible
behaviors. The 2020 Elazig earthquake thus provides important
geodetic constraints that may enable some of the parameters cho-
sen in dynamic and mechanical earthquake studies to be refined,
leading to more realistic scenarios of anticipated future rupture
initiation and arrest, and the evolution of fault slip.
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