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Abstract Shallow creep along strike-slip faults is essential in releasing strain during earthquake cycles.
However, its origin—whether inherent or triggered by earthquakes—remains debated. Using Interferometric
Synthetic Aperture Radar phase-gradient data, we map shear-strain rates along the East Anatolian Fault Zone
(EAFZ) before and after the 2020 Mw6.8 Elaz1g and 2023 Mw7.8/Mw7.6 Kahramanmaras earthquakes. The
observed strain-rate distributions strongly correlate with coseismic slips in the EAFZ. The stress-driven afterslip
model constrained by the phase-gradient time series reproduces distinct decaying patterns of newly activated
creeping segments, showing that rapid afterslip may decay slowly and keep slipping for decades. Our results
reveal that large earthquakes can accelerate, expand, and trigger shallow fault creep, highlighting the roles of
fault frictional properties and stress changes caused by nearby earthquakes. These findings provide new insights
into fault creep mechanisms and their linkage to large earthquakes, with implications for faulting behaviors.

Plain Language Summary Understanding the silent slips of large-scale strike-slip faults and their
connection with nearby earthquakes is crucial for elucidating the mechanisms and causes of shallow creep, a
topic that remains debated. Interferometric Synthetic Aperture Radar is a powerful tool for mapping millimeter-
level deformation and its spatial variation, that is, strain across faults with high spatial resolution. Here, we map
and investigate the strain distribution of the East Anatolian Fault Zone from 2014 to 2023, with different periods
spanning three significant earthquakes: the 2020 Mw 6.8 Elazig earthquake and the 2023 Mw 7.8 and Mw 7.6
Kahramanmarag earthquake sequence. The shear-strain rates and the postseismic phase-gradient time series
clearly depict the spatial and temporal distribution of shallow slip before and after these earthquakes. Our results
show a strong correlation between shallow slip and earthquakes, revealing how fault frictional properties and
changes in seismic stress influence afterslip behavior. Simulation outcomes provide compelling evidence that
afterslip triggered by earthquakes may continue for decades.

1. Introduction

Creep in the uppermost crust is a commonly observed phenomenon on many strike-slip faults with different
tectonic settings, including the San Andreas Fault (e.g., Jolivet et al., 2015; Steinbrugge et al., 1960), North
Anatolian Fault (NAF) (e.g., Bilham et al., 2016; Cakir et al., 2005; Rousset et al., 2016), Haiyuan Fault (e.g.,
Cavalié et al., 2008; Jolivet et al., 2012), etc. Interseismic creep and transient afterslip are two types of creep
observed at different stages of the earthquake cycle; both slip aseismically and play crucial roles in releasing the
accrued strain at shallow depths (e.g., above 5 km) (Scholz, 1998). Therefore, the spatial extent and temporal
behavior of shallow creep are closely associated with the potential of large earthquakes, offering valuable in-
formation for the understanding of faulting behaviors.

The underlying mechanism of shallow creep is linked to faults' steady-state, velocity-strengthening behavior, as
described by the rate- and state-dependent friction (RSF) law (Dieterich, 1979; Ruina, 1983). Based on this
mechanism, there are two main perspectives on the interseismic fault creep (Harris, 2017): One view suggests that
fault creep observed alongside large earthquakes may be residual from these seismic events (Cakir et al., 2005,
2012; Cetin et al., 2014); The other view suggests that much of the creep observed today results from ongoing
tectonic loading (Bilham et al., 2016; Hussain et al., 2016). With afterslip models constrained by current slip rates
near the 1868 M6.8 Hayward earthquake, it is argued that the derived creep rate is too high to be real in the late
1800s, precluding its origin from afterslip (Langbein et al., 2006; Perfettini & Avouac, 2004). On the other hand,
Liu and Wang (2023) derive the creep distributions from high-resolution shear-strain rates along the NAF,
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Figure 1. Tectonic setting of the East Anatolian Fault Zone and slip distribution of the 2020 Mw6.8 Elazig and 2023 Mw7.8/
Mw7.6 Kahramanmaras earthquake sequence. Black solid lines represent active faults in the region (Emre et al., 2013). Three
beach balls show the focal mechanisms of the earthquakes from USGS. Black arrows indicate the velocities from the GNSS
network (England et al., 2016) in a fixed Eurasian plate frame. Red and blue boxes indicate the ascending and descending
tracks of Sentinel-1 satellites, respectively. Green solid lines and black dots represent the surface ruptures and aftershocks of
the 2023 Turkey earthquake doublet (Lomax, 2023). Pink dots represent the aftershocks of the 2020 Elazig earthquake
(Melgar et al., 2020). (a—c) Present coseismic slip distributions of the 2023 Mw?7.6 Elbistan earthquake, the 2020 Mw6.8
Elazig earthquake (Pousse-Beltran et al., 2020), and the 2023 Mw7.8 Kahramanmaras earthquake, respectively. Black
dashed lines in panels (b, c) indicate the approximate location of the Puturge seismic gap.

revealing a tight link between shallow fault creep and past earthquakes. However, since the studied NAF
earthquakes occurred at least 15 years before the Interferometric Synthetic Aperture Radar (InSAR) acquisition,
direct observations of aseismic slip before and immediately after these events are absent, hindering our under-
standing of how earthquakes interact with their adjacent creeping segment.

The East Anatolian Fault Zone (EAFZ) features a 700-km-long left-lateral strike-slip fault between the Anatolian
and Arabian plates, with a slip rate of ~10 mm/yr (Reilinger et al., 2006; Taymaz et al., 2004). Unlike the NAF,
which experienced significant seismic activities in the 20th century, the EAFZ has been largely quiet since the
19th century (Duman & Emre, 2013; Provost et al., 2024). Recently, the 2020 Mw6.8 Elaz1g earthquake ruptured
part of the main branch of the EAFZ, breaking half of the Piitiirge seismic gap, which has not been ruptured in the
past several hundred years (Duman & Emre, 2013) (Figure 1). Three years later, the 2023 Mw 7.8 Kahra-
manmarag earthquake initiated on a splay fault and ruptured a ~300 km long segment of the main EAFZ. The
rupture then propagated along the Amanos segment to the south and the Ekenek fault to the northeast until it
stopped at ~30 km southeast of the 2020 Mw6.8 earthquake. Following the Mw7.8 event, an Mw7.6 earthquake
struck the Cardak fault and ruptured a ~150 km long northern branch of the EAFZ along the Savrun, Cardak, and
Dogangehir segments (Ezgi Giivercin, 2024; Karabulut et al., 2023; Ren et al., 2024; Zhang et al., 2023). These
recent earthquakes offer a unique opportunity to explore the behaviors of shallow creep before, during, and
shortly after large strike-slip earthquakes.
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Here, we use the InSAR phase-gradient stacking to map the strain rates of the EAFZ before and after the 2020 and
2023 earthquakes with high resolution. With shear-strain rates along the entire EAFZ, we investigate how the
earthquakes affected the shallow creep from 2014 to 2023. Furthermore, we conduct a phase-gradient time-series
analysis to obtain the evolution of the new creeping segments following the 2023 Turkey earthquake doublet.
With our stress-driven afterslip model, we derive the frictional parameters on each segment and predict the
shallow slip rate till 2090. These allow us to investigate the relationship between creep, fault frictional properties,
and earthquake ruptures.

2. Methods

To map the strain rate of EAFZ before the 2020 Elaz1g and between the 2020 and 2023 Turkey earthquake
doublet, we use long-term (1-3 years, with SAR images acquired in the same seasons) interferograms acquired in
2014-2020 and 2020-2023, respectively (Figures S1, S2, and Table S1 in Supporting Information S1). After
testing different window sizes, a 1 km-by-1 km convolution filtering is used to extract the shallow slip signal from
the wrapped interferograms, allowing for distracting the extremely high strain by stacking the phase gradients
along the EAFZ (Text S1 in Supporting Information S1, Liu & Wang, 2023). With stacked phase gradients of the
north-south and east-west direction from ascending and descending tracks, we resample them into the 300 m-by-
300 m grid to calculate the shear strain rate in each patch along the fault under the assumption that the fault-
normal motion is negligible. We also employ a phase-gradient-based time-series analysis (e.g., Cao
et al., 2023) to probe the evolution of the afterslip following the 2023 earthquake doublet. Specifically, instead of
using unwrapped phases, we insert the phase gradient of each interferogram to construct and calculate their time
series in the Small Baseline Subset package (Morishita et al., 2020) (Figure S3 in Supporting Information S1). We
use the line-of-sight (LOS) phase gradient in the north-south direction to represent the temporal evolution of the
afterslip for the 2023 earthquake sequence.

The geometry and coseismic slip distribution of the 2020 Elaz1g earthquake is from Pousse-Beltran et al. (2020)
(Figure 1b). For the 2023 Kahramanmarag earthquake doublet, we process the SAR and optical images from
Sentinel-1/ALOS-2 and Sentinel-2 satellites, respectively, to derive the coseismic deformation (Text S1 and
Figure S4 in Supporting Information S1). By tracing the surface ruptures, we assign 9 and 8 fault segments on the
Mw7.8 and Mw7.6 earthquakes, respectively and inverse their fault geometries based on a Bayesian framework
and Markov chain Monte Carlo method (Bagnardi & Hooper, 2018) (Figures S5 and S6 in Supporting Infor-
mation S1). Then, we inverse the slips of 2 km-by-2 km subfaults on the determined fault planes to obtain the
coseismic slip distribution (Figures 1a and 1c, Figures S7-S9 in Supporting Information S1). Note that from the
source models, a ~50 km seismic gap is apparent on the Purtuge segment among these three earthquakes with
little coseismic slip (Figures 1b and 1c).

We build a stress-driven afterslip model to simulate the afterslip of the 2023 Turkey earthquake doublets (Zhao &
Yue, 2023), which is based on the steady-state RSF:

r= a(fo +(a—b)ln(:—0)> ()

Here, o is the effective normal stress, v is the slip velocity of the fault, f; is the friction coefficient at the steady

state velocity v, among which, o(a — b) and R = In <%) are two critical parameters to characterize the velocity-
dependence friction and initial stress changes. Given these parameters and the stress change induced by the
earthquakes on each patch, we may simulate the time-series line-of-sight deformation on radar's acquisition dates
to obtain simulated interferograms. Then, using the same filtering window and phase-gradient time-series
method, we calculate the phase gradients to determine the optimal model parameters by comparing them with
observations. Note that the stress-driven model is physical-based and thus different from kinematic afterslip

models that fit the time-series deformation to an exponential curve.

3. Result

Shear-strain rates before the 2020 Elazig earthquake clearly reveal several segments with extremely high values
along the EAFZ, indicating the presence of aseismic shallow creeps (Figure 2a). Besides the well-known
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Figure 2. Shear-strain rates of the East Anatolian Fault Zone (EAFZ) between 2014 and 2020. NFC, Nurhak fault complex
and YRDB, Yarpuzlu restraining double bend. (a) The shallow creep segment on the North Anatolian Fault around the
Karliova Triple Junction. (b) Shallow creep segments on some secondary faults southwest of the EAFZ. “ust” means
microstrain, used throughout this paper.

(~100 km) creeping Piitiirge and Palu segments (Cakir et al., 2023), we identify several previously unknown
strain-concentration segments. One segment is around the Karliova Triple Junction (Figure 2b), which may
indicate the long-lasting afterslip of the 1949 M6.8 Karliova earthquake. The other one is along some secondary
faults paralleled with the Amanos Fault, for example, Yasemake Fault in the southwestern EAFZ (Figure 2c¢).
However, the segments ruptured during the 2023 earthquake doublet exhibited no apparent strain-rate concen-
tration, implying their shallow parts were mostly locked before 2020.

The 2020 Elaz1g earthquake ruptured the central portion of the EAFZ, breaking nearly half of the Piitiirge seismic
gap, namely, the southwestern part of the creeping segment (Figures 2 and 3). Before the earthquake, the shear-
strain rates were concentrated along the Piitiirge fault to Palu, reaching up to 2 ust/yr on both sides of Lake Hazar
(Figure 3a). West of the Lake, the 2020 earthquake occurred on a shear-strain gap between two ~15 km-long
high-strain segments. Notably, no surface rupture was reported from InSAR observations imaged the affected
area 3 days after the mainshock (Konca et al., 2021; Pousse-Beltran et al., 2020). The rupture terminated about
3 km below the surface, resulting in a shallow slip deficit of approximately 1 m (Cakir et al., 2023).

To probe how the earthquake affects the pre-existing shallow creep, we calculate the Coulomb stress change at
3 km depth with the EAF as the receiver fault (Toda et al., 2011) and compare it with the derived post-seismic
shear-strain rates for the entire Piitiirge segment (Figure 3b). The calculation is based on images acquired
7 months after the event to preclude the coseismic deformation of large aftershocks (Figure 3b). The derived
shear-strain rates show that the spatial distribution of strain-concentrated regions along the fault extended
significantly toward the southwest, with a shear-strain rate ~2 times greater than the pre-earthquake period. The
extended and accelerated segments lay in the areas with positive coulomb stress changes. We find that maximum
coseismic slips occurred on segments with relatively lower pre- and post-earthquake shear-strain rates than their
adjacent counterparts (Figures 3c—3f).
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Figure 3. Shear-strain rates associated with the 2020 Mw 6.8 Elazi§ earthquake. (a) Indicates the shear-strain rates before the earthquake. The dashed box indicates the
area of the ruptured fault. (b) Indicates the shear-strain rates between August 2020 and January 2023 superimposed with the Coulomb stress changes caused by the
earthquake. The beach balls show the mechanisms and epicenters of the main shock and aftershocks (over Mw 5.0) between February 2020 and January 2023. (c, f)
Show the shear-strain rates with a 1 km interval on fault before and after the earthquake, respectively. (d, e) Show the total and shallow slip from the source model
(Pousse-Beltran et al., 2020), respectively.

Three years after the 2020 Elaz1g earthquake, the Mw 7.8 earthquake ruptured the main branch of the EAFZ,
while the subsequent Mw 7.6 earthquake ruptured the northern branch of the EAFZ. From the shear strain rates
before the earthquakes, we find no apparent shallow creep on both ruptured segments (Figure 3a). The shear-
strain rates across the entire EAFZ from February 2023 to December 2023 provide a comprehensive view of
how the shallowest part of faults behaves after the earthquakes (Figure 4b). Segments with high shear-strain rates
appeared following the earthquakes, representing the triggered shallow afterslip. For the Mw 7.8 earthquake, the
afterslip is concentrated at the northeastern end of the rupture, extending ~50 km along the Piitiirge segment of the
EAFZ. For the Mw 7.6 earthquake, the shallow afterslip has a total length of ~60 km along the Dogansehir fault
and around the Nurhak Fault Complex.

We sample profiles at intervals of 1 km along the fault both before and after the earthquake (Figures 4c—4h). By
aligning the maximum shear-strain rates along the rupture, we also identify an evident compensation to the
averaged coseismic slip of the uppermost 4 km depth. For the Mw 7.8 earthquake, the profile on the northeastern
part of the segment shows that the afterslip is primarily concentrated on the S1 and half of the seismic gap between
the 2020 and 2023 earthquake (Figure 1c), which has very limited shallow coseismic slip (<1 m) on the Piitiirge
segment (Figures 4c—4e). It means that the shallow portion of the middle Piitiirge segment started to creep after the
2020 Mw 6.8 earthquake, and the Mw 7.8 earthquake accelerated it again, given the fact that all three earthquakes
induced positive Coulomb stress changes on this segment (Figure 3 and Figure S10 in Supporting Informa-
tion S1). For the Mw 7.6 earthquake, the afterslip is mainly located in segments S10 and S11. Notably, the
averaged coseismic slip at the uppermost 4 km is much smaller in these two segments than in other segments to
the west, with much larger shear-strain rates (Figures 4f—4h). Interestingly, on the Dogansehir Fault, the strain rate
concentrations form two peaks with lower rates in the middle, where an Mw 7.1 sub-event occurred during the
Mw 7.6 earthquake (Jia et al., 2023) (Figure 4h).

Subsequently, the phase-gradient time series suggests that the strain rates were decaying in the two creeping
segments with different temporal characteristics (Figure 5 and Figure S11 in Supporting Information S1). On the
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Figure 4. Shear-strain rates associated with the Mw 7.8 and Mw 7.6 Kahramanmarag earthquake sequence. (a) Indicates the shear-strain rates before 2020 on the
coseismic area of the 2023 sequence. Black solid lines represent the 17 segments of the coseismic slip model. (b) Indicates the shear-strain rates after the 2023
earthquake sequence. Magenta and green solid lines represent the approximate positions of the along-strike profiles below. Blue dots with numbers show the position of
the selected points with time-series phase gradients shown in Figure 5. (c, ) And (f, h) show the shear-strain rate with a 1 km interval on fault before/after the Mw 7.8
earthquake on the main EAF and the Mw 7.6 earthquake on the Cardak fault, respectively. (d, g) Show the average shallow slip (4 km) of the Mw 7.8 and Mw 7.6

earthquakes, respectively.

Piitiirge segment (points 1-4 in Figures 5a and 5b), hosting the Mw 7.8 earthquake, the phase gradients decayed
relatively slowly, maintaining a rapid creep rate till January 2024. Notably, points 2 and 3, located near the
Yarpuzlu restraining double bend, maintained high rates since the earthquake. On the Dogansehir segment (points
5 and 6 in Figures 5c and 5d) hosting the Mw 7.6 earthquake, the phase gradients decayed more rapidly, reaching a
relatively low rate after September 2023.

We then use a stress-driven model to simulate the shallow afterslip on each SAR acquisition date and search for
parameters that can reproduce the observed time series of LOS phase gradients (Figures S12-S15 in Supporting
Information S1). The best-fiting model shows that the fault frictional properties (o(a — b)) and pre-earthquake slip
rate (V) in the afterslip regions of the two earthquakes differ significantly. Note that V. is different from v, in
Equation 1 (Wang & Biirgmann, 2020, Text S1 in Supporting Information S1). Also, we assume the same o(a — b)
and V,,,. on all fault patches of the two segments and the value of the coseismic stress change on the fault plane is
shown in Figure S17 in Supporting Information S1. Along the main segment of the EAF, the Piitiirge segment
exhibited higher o(a — b) # 0.7 MPa and V.. = 6 X 10~° m/s, which indicates a faster decay on the afterslip, while
the Dogansehir segment has lower o(a — b) ~ 0.4 MPa and V,

e = 3 X 107° m/s (Figures 5a-5d). By applying
these parameters, the stress-driven afterslip model predicts that the Piitiirge segment will maintain a relatively fast
shallow slip with the rate of ~10 mm/yr for decades to come. In comparison, the Dogansehir segment will decay

to a relatively slow shallow slip rate of about 3 mm/yr (Text S1 in Supporting Information S1).
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Figure 5. The temporal evolution of the line-of-sight phase gradients on points 1-6 (Figure 4) after the 2023 earthquake sequence simulated from the stress-driven
afterslip models. (a, b) Show the time-series phase gradients on the Piitiirge segment for the Mw 7.8 earthquake (points 1-4) for ascending track 116 and descending
track 123, respectively. (c, d) Are the time-series phase gradients on the Dogansehir segment for the Mw 7.6 earthquake (points 5-6) for ascending track 116 and
descending track 21, respectively. Black solid lines represent simulations with best fits on both ascending and descending tracks. Green and magenta lines separately
represent the best-fit simulation on the Piitiirge segment and Dogansehir segment, respectively. () Shows the simulated long-term shallow slips (within the 2 km
uppermost crust) of each segment.
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4. Discussion and Conclusion

The shear-strain rates spanning the three recent earthquakes in the EAFZ show that the creep on the EAFZ is
tightly related to the amounts of shallow coseismic slips. Specifically, the 2020 Elazig earthquake initiated on the
previous creeping segment yet in the strain-rate shadow. The earthquake did not rupture to the surface but
expanded (20 km westwards) and accelerated the creeps west of the Lake Hazar. The 2023 Mw 7.8 and Mw 7.6
earthquakes occurred on the previously non-creeping fault, but the earthquakes triggered creeps on the tips of
coseismic ruptures with obvious shallow slip deficits. Interestingly, the shallow creep on the 50 km Purtuge
seismic gap accelerated two times by the 2020 Elazig and 2023 Kahramanmarag earthquakes.

By comparing the shear strain rate of the EAFZ before and after the three earthquakes, and the coseismic slip
distribution inverted using geodetic observations, we show that the creep before the earthquake strongly affects
the magnitudes of coseismic slips. It is consistent with the conclusion that all five shallowly creeping segments on
the NAF are located along earthquake ruptures with relatively lower slip (Liu & Wang, 2023). Furthermore, the
newly obtained shear-strain changes suggest that earthquakes can also accelerate the creeping rate and extend the
spatial distribution of the pre-existing creep segments. A similar scenario may happen on the Ismetpasa creeping
segment of the NAF, which has kept creeping since the 1944 earthquake (Cakir et al., 2005). It was further
influenced by the 1951 earthquake, which produced a shear strain-rate shadow in the segment (Liu &
Wang, 2023), similar to the observed strain-rate shadow caused by the Mw 7.1 subevent on the Cardak segment.
These discoveries highlight that earthquakes are essential in adjusting creeping segments' spatial and temporal
behavior.

The proposed phase-gradient time-series analysis provides a new approach to investigating the strain evolution
due to very shallow slips near the fault (~1 km). With the advantage of the high resolution and sensitivity to the
short-wavelength signal, InSAR phase gradients can be used to derive high-resolution strain rates and shallow
strain series with high temporal resolution. This is particularly useful when applied to wrapped interferograms
shortly acquired after the earthquake. As for the 2023 earthquake sequence, implementing the deformation-based
methods is a challenge due to the strong tropospheric turbulence and unwrapping errors (Figure S16 in Supporting
Information S1).

The stress-driven afterslip model reveals that the heterogeneity of the frictional properties and the difference of
the coseismic stress change on the fault may result in different temporal characteristics of fault creeps. The model
provides evidence that the afterslip may last a long time (>50 years), maintaining a slip rates at the level of
tectonic loading, similar to the creep on the Izmit (maximum ~12 mm/yr) (Aslan et al., 2019; Ozarpaci
et al., 2021) and the Ismetpasa segment (~8 mm/yr) (Rousset et al., 2016) of the NAF after the 1999 Izmit and
1944 earthquakes, respectively. Also, fault creep has been identified on the Laohushan segment (~3 mm/yr) (Ou
et al., 2022) of the Haiyuan fault and on the Ganzi-Yushu fault (~6 mm/yr) (Cai et al., 2024), associated with the
1920 Haiyuan and 2010 Yushu earthquakes, respectively. Our simulation shows that the creep triggered by
earthquakes can remain high rates for decades with large o(a — b), though tectonic loading may also play a role by
providing long-term driving forces in the interseismic stage. In summary, the stress-driven afterslip model il-
lustrates the joint control of coseismic stress changes, fault friction parameters, and pre-earthquake slip velocities
on initiating new creeps, confirming that earthquake-induced afterslip may potentially transition into long-lasting
creep.

To conclude, by applying the InNSAR phase-gradient-based method, we derive the high-resolution shear-strain
rates spanning three earthquakes from 2014 to 2023 on the entire EAFZ. We find that earthquakes can extend
and accelerate pre-existing creeps on faults. Earthquakes and shallow creeps tend to release the strain on different
portions of faults. More importantly, we reveal that proper coseismic stress changes and frictional properties may
stimulate long-lasting creeps on strike-slip faults that can be explained by a physical-based stress-driven model.
As future work, long-term observation, rock experiments and more research on other strike-slip faults are required
to further verify our understanding of fault creep in the earthquake cycle.

Data Availability Statement
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