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Abstract Rupture speed is a crucial parameter of earthquake dynamics and influencing associated seismic
hazards. Accurately resolving the rupture evolution of large earthquakes is essential for identifying factors
governing earthquake physics. In this study, we investigate the kinematic rupture processes of the 2023 Mw7.8
and Mw?7.7 eastern Turkey earthquake doublet. We integrate various complementary data sets and methods,
including 3D surface deformation, teleseismic back-projection, near-fault strong motion waveform analysis,
and finite fault inversions, to resolve the rupture details. Our results reveal that the Mw7.8 earthquake
predominantly involves an asymmetric bilateral rupture on the main fault, with part of the northeastward rupture
reaching super-shear speed (~5.2 km/s), while the southwestward rupture propagates primarily at the
generalized Rayleigh speed (~3.4 km/s), a characteristic of an inhomogeneous fault zone separating two
dissimilar materials. This directional dependence on rupture speed may be attributed to a material contrast
between the softer Anatolian plate and the stiffer Arabian plate, as supported by the fault zone head wave
observations and tomography models. In contrast, the Mw7.7 event features a bilateral super-shear rupture,
likely due to its occurrence on intraplate faults without substantial material contrast across the fault. This study
underscores the importance of incorporating detailed fault zone structures and high-quality near-fault
observations into earthquake physics and seismic hazard analysis.

Plain Language Summary An earthquake is produced by the rupture, or rapid dislocation, along a
fault. For large earthquakes (e.g., M > 7.5), the rupture can propagate for hundreds of kilometers, typically at a
speed of several kilometers per second. The intensity of the shaking energy radiated from an earthquake is
closely related to the rupture speed, making it a critical parameter for understanding earthquake physics and
assessing seismic hazards. In this study, through a holistic analysis of dense seismic and geodetic data sets, we
resolve the rupture kinematics of the 2023 Mw?7.8 and Mw7.7 eastern Turkey earthquake doublet. We
demonstrate that the Mw7.8 event exhibited a bilateral rupture pattern with a northeastward rupture speed
exceeding the local shear wave speed, while the southwestward rupture speed closely approached it. This
asymmetric pattern aligns well with theoretical predictions and laboratory experiments for faults separating
dissimilar materials. Such material contrasts, also evidenced across the fault hosting the Mw7.8 event, appear to
have played a significant role during the rupture. Our results underscore the importance of near-fault
observations and the integration of multiple data sets and disciplines in the study of earthquake physics.

1. Introduction

Earthquake hazards are closely related to the dynamic rupture process that determines the dynamic stress drop and
how an earthquake releases destructive seismic energy (Freund, 1979; Hiroo Kanamori & Brodsky, 2004;
Lambert et al., 2021; Madariaga, 1983]. While hazard assessments often assume simplified rupture processes
(Gerstenberger et al., 2020), actual earthquake ruptures are generally more complex due to unaccounted me-
chanical (Noda & Lapusta, 2013), geometrical (Hamling et al., 2017), and material (Harris & Day, 1997) het-
erogeneities within fault zones. Particularly, real earthquakes can exhibit highly variable rupture speeds, ranging
from sub-Rayleigh to super-shear (Burridge et al., 1979; Das & Aki, 1977a, 1977b; A. J Rosakis et al., 2007; Xia
et al., 2004].
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Figure 1. Overview of the East Anatolian Fault (EAF) Zone. (a) Seismotectonic setting of the EAF, illustrating the focal
mechanisms of the doublet from the Global Centroid Moment Tensor (GCMT) catalog (Ekstrom et al., 2012) with red stars
marking the epicenters (Lomax, 2023). Thin black lines depict active faults (Styron & Pagani, 2020), and red lines indicate
the surface fault traces produced by the doublet (Reitman et al., 2023). Gray dots represent aftershocks of the doublet (Ding
et al., 2023; Lomax, 2023). (b) 3D static surface deformation resulting from the doublet (Ma, Li, et al., 2024). Color and
arrows shows the vertical deformation and horizontal motion, respectively. (c) Distribution of historical large events
(ellipses) (Duman & Emre, 2013) and fault parallel strike-slip rates (Aktug et al., 2016) along the left-lateral EAF.

Rupture speed is a key physical parameter governing the dynamic stress field and the partitioning of energy
between radiated seismic and fracture energy (Freund, 1979; H. Kanamori et al., 1998). A higher rupture speed
indicates a greater amount of energy is radiated as destructive seismic energy (Hiroo Kanamori & Brodsky, 2004;
Lambert et al., 2021). Particularly, when a rupture propagates at super-shear speed, a Mach cone develops, along
which shear waves from earlier and later ruptures arrive simultaneously, resulting in more destructive ground
shaking (Dunham & Bhat, 2008). Therefore, understanding the mechanisms that control rupture speed is crucial
for assessing seismic hazards. In this study, we demonstrate that the 2023 Mw7.8&7.7 Turkey earthquake doublet
involved complex rupture processes characterized by varying rupture speeds, including sub-Rayleigh, super-
shear, and generalized Rayleigh speeds (a characteristic speed of an inhomogeneous fault zone separating two
dissimilar materials (Ben-Zion, 2001)). These complex rupture processes carry significant implications for
earthquake physics and seismic hazards.

The 2023 Turkey earthquake doublet occurred along the left-lateral East Anatolian Fault (EAF) system, which
accommodates the relative motion between the Arabian and Anatolian plates. This system had been seismically
quiet for over a century (Nalbant et al., 2002) until 2020 when an Mw6.8 event ruptured the northern EAF
(Figures la and 1c). On 6 February 2023, a series of powerful earthquakes struck, beginning with an Mw7.8
earthquake that dislocated the south part of the EAF, followed 9 hours later by an Mw7.7 earthquake that ruptured
the nearby intraplate faults within the Anatolian plate (Melgar et al., 2023; Reitman et al., 2023). These events
resulted in more than 60,000 casualties, left 2.7 million people homeless and caused extensive damage to Turkey
and nearby countries. Remote fault mapping (Reitman et al., 2023) and USGS finite fault model analysis
(Goldberg et al., 2023) suggests that the Mw7.8 event ruptured faults totaling over 300 km in length, comparable
to the 2001 Mw7.9 Kunlunshan and 2002 Mw7.9 Denali intraplate earthquakes. While the Mw7.8 earthquake
initiated on the Narl1 fault off the main EAF, it primarily ruptured the Erkenek, Pazarcik, and Amanos segments
on the EAF, with the fault strike and strike-slip rate changing dramatically from ~240° to ~10 mm/yr in the
Erkenek and Pazarcik segments to ~200° and ~4.5 mm/yr in the Amanos segment (Aktug et al., 2016)
(Figures 1a and 1c). The Mw7.7 event has a rupture length of ~150 km. The majority of the Mw7.7 event rupture
is located on the Cardak fault which has an even slower slip rate (~2.5 mm/yr) (Duman & Emre, 2013). The last
major earthquake on this fault likely occurred between 3,215 + 125 BCE and 825 £ 55 CE (Balkaya et al., 2023).
Satellite images have revealed severe destructions along ruptured faults, and extensive off-fault building damages
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observed over a large area, including southeast of the Narli, Erkenek, and Pazarcik segments, northwest of the
Pazarcik segment, at the southwest termination of the Anamos segment, and north of the Cardak fault (Voelker
et al., 2024; Yu et al., 2024).

The EAF marks a distinct transition in topography, crustal structure, and crustal thickness between the East
Anatolian and Arabian plates. For instance, the East Anatolian Plate is, on average, over 1 km higher and features
a thicker crust (Ogden & Bastow, 2022) with slower seismic velocities (Delph et al., 2017; Rodgers et al., 2024)
and higher seismic attenuation (Zhu et al., 2023) compared to the Arabian plate. Therefore, the EAF effectively
acts as a boundary separating two dissimilar materials. Such bi-material fault zones may significantly influence
dynamic rupture processes. Theoretical analysis (Adams, 2001; Ranjith & Rice, 2001; Weertman, 1980), nu-
merical modeling (Ben-Zion, 2001; Cochard & Rice, 2000; Harris and Day, 1997), and laboratory experiments
(Bhat et al., 2010; A. J. Rosakis et al., 2007; Shlomai & Fineberg, 2016; Xia et al., 2005] support that on faults
separating dissimilar materials, bilateral ruptures develop asymmetrically. In the direction where the more
compliant material moves toward (defined as the positive direction), strong slip-stress interactions are more likely
to result in a pulse-like rupture traveling at the generalized Rayleigh speed if the material contrast is moderate, or
at the shear wave speed of the slower material if the material contrast is substantial. Over long distances, the
generalized Rayleigh rupture may eventually transition to a super-shear rupture with speed close to the “highest”
of the two pressure wave (P-wave) speeds, depending on the material contrast, fault friction, and tectonic stresses
(Bhat et al., 2010; A. J. Rosakis et al., 2007; Sammis et al., 2010). Conversely, in the opposite direction (negative
direction), super-shear rupture propagation near the “lowest” of the two compressive wave speeds is more likely.
The role of this mechanism in the dynamic rupture processes of the 2023 Turkey doublet has not been thoroughly
discussed.

The Turkey earthquake doublet was extensively documented through diverse data sets, including dense strong
motion stations spanning from near-fault to regional distances, GNSS stations, teleseismic stations, and both
optical and SAR satellite imagery. Notably, over 15 strong motion stations are located within 5 km of the Amanos
fault trace (Figure la). To constrain the slip distribution and kinematic rupture processes of the earthquake
doublet, these data sets have been analyzed using various techniques, either individually or in combination (e.g.,
static and/or kinematic finite fault inversion, multiple point source inversion, back-projection, forward dynamic
modeling, and mechanistic analysis of near-fault record signatures) (Abdelmeguid et al., 2023; Barbot
et al., 2023; Chen et al., 2024; Delouis et al., 2024; Gabriel et al., 2023; He et al., 2023; Jia et al., 2023; Liu
etal., 2023; Mai et al., 2023; Melgar et al., 2023; Okuwaki et al., 2023; A Rosakis et al., 2023; Wang et al., 2023;
Xu et al., 2023; Zhang et al., 2023). The two earthquakes are characterized by bilateral ruptures, with the Mw7.8
event featuring ruptures propagating northeast and southwest, and the Mw7.7 event exhibiting east and west
propagations.

High-quality and dense geodetic and strong motion data have enabled high-resolution measurements of surface
deformation caused by the earthquake doublet, providing accurate imaging coseismic slip distributions on
ruptured faults. Research shows that the majority of the slip of the doublet occurred at depths shallower than
15 km, with notably heterogeneous slip distributions (Barbot et al., 2023; He et al., 2023; Jia et al., 2023; Liu
et al., 2023; Ma, Li, et al., 2024; Ren et al., 2024). Multiple major slip patches, where peak slip exceeded 7 m,
were observed on the Pazarcik, Erkenek, and Cardak segments, while secondary patches dominated the slip
pattern on the Amanos and Savrun segments. Additionally, Coulomb stress calculations indicate that slip on the
EAF has increased the stress on the Cardak faults, potentially promoting the Mw7.7 event (He et al., 2023; Jia
et al., 2023; Liu et al., 2023). However, kinematic rupture models in the literature display significant discrep-
ancies, particularly regarding the speed of rupture propagation. For instance, Abdelmeguid et al. (2023), Liu
et al. (2023), Ren et al. (2024) and Chen et al. (2024) argued that the northeast propagating rupture in the Mw7.8
event could reach super-shear speed, while many others (Delouis et al., 2024; Jia et al., 2023; Melgar et al., 2023;
Xu et al., 2023; Zhang et al., 2023) suggested it was sub-shear. For the southwest propagating rupture, Zhang
et al. (2023) reported a sustained super-shear rupture on the Amanos segment, whereas most other research
contends that this segment primarily hosted sub-shear rupture. Additionally, it is well-established that the
westward-propagating rupture of the bilateral Mw7.7 event was super-shear, supported by strong evidence from
near-field strong motion and high-rate GPS stations located west of the rupture. However, the nature of the
eastward-propagating rupture remains inconclusive, with studies such as Jia et al. (2023), Melgar et al. (2023),
and Zhang et al. (2023) suggesting it was sub-shear, while Chen et al. (2024) and Liu et al. (2023) argue for a
super-shear propagation.
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In this study, we resolve the kinematic processes of the Mw7.8 and Mw7.7 earthquake doublet to explore the
extent to which fault zone heterogeneities contribute to realistic earthquake dynamics. Using a path-calibrated
teleseismic BP (Zeng et al., 2022), we trace the evolution of high-frequency radiation associated with the
doublet. We highlight the noteworthy agreement between our BP results and near-fault strong motion observa-
tions, as well as surface rupture. Leveraging prior constraints from BP and near-fault strong motion data analyses,
we conduct joint finite fault inversions using 3D surface deformation data (Ma, Li, et al., 2024), teleseismic body
waves, and data from near-fault to regional strong motion and high-rate GNSS stations. Our finite fault models
successfully reproduce near-fault to regional data up to 0.5 Hz. Additionally, waveform observations from a
station pair located on opposite sides of the Amanos segment illustrate the presence of fault zone head waves due
to material contrast across the EAF. Our findings reveal that the Mw7.8 earthquake primarily involves an
asymmetric bilateral rupture, with part of the northeastward rupture reaching a super-shear speed (~5.2 km/s),
while the southwestward rupture propagates primarily at the generalized Rayleigh speed (~3.4 km/s). This
behavior underscores the role of inhomogeneity of the fault zone in earthquake dynamics. Conversely, the Mw7.7
event exhibits a bilateral super-shear rupture. Our findings suggest that in addition to geometrical and pre-stress
heterogeneities, fault zone heterogeneities significantly influence the complexity of rupture dynamics.

2. Data and Methods
2.1. Teleseismic Back-Projection

To resolve the spatial-temporal evolution of the high-frequency (HF) (0.3-1.0 Hz, Figure S2 in Supporting In-
formation S1) radiation of the doublet, we conduct the back-projection (BP) analysis using teleseismic array
records (Figure 2a inset) (Text S1 in Supporting Information S1). BP takes advantage of source-receiver reci-
procity and back-propagates the array HF waveform data to the source region, tracing the location and time of
sources by either maximizing the stacking power in time domain (Ishii et al., 2005) or the coherence in frequency
domain (Yao et al., 2011). However, the BP results may suffer from large uncertainties because the travel time,
which is used to back-propagate HF waveforms, calculated using a 1D velocity model may not be accurate due to
3D source-side velocity structure (Zeng et al., 2022). To lessen the effects of source-side 3D structures on travel
time calculations, we adopt a travel-time path calibration scheme, in which travel time correction is made by using
the travel time of well-relocated, or calibration, events in the source region (Zeng et al., 2022).

This method starts by calibrating travel times from the source region to a teleseismic array using travel time
measurements from intermediate magnitude (e.g., M5.5-6.5) events near the target (large) events, followed by the
path-calibrated back-projection. For calibration, we select three events located in the rupture area of the doublet
(Figure Sla in Supporting Information S1). We relocate large aftershocks and the epicenters of the doublet with
BP to validate the calibrated BP method. As shown in Figures S1b and S1d in Supporting Information S1, the BP-
inferred locations of these events closely match their catalog locations (Ding et al., 2023; Lomax, 2023), with
average and maximum deviations of 7 and 11.5 km, respectively. We consider this average deviation as the BP
location uncertainty (Zeng et al., 2022). The BP-derived HF radiation evolution for the doublet, represented by the
locations and timings of HF radiators, is illustrated in Figure 2a. Most HF radiators are located within 10 km of the
ruptured fault traces, consistent with the BP location uncertainty of ~7 km.

To determine the propagation distance of the HF radiators and, consequently, the rupture speeds, we orthogonally
project the HF radiators onto a simplified version of the fault surface traces (Figure S6 in Supporting Informa-
tion S1). We then measure the distance of these projected HF radiators along the fault surface traces relative to a
reference point—the junction of the Narl1 fault and the Pazarcik segment for the Mw7.8 event, and the epicenter
for the Mw7.7 event, respectively. Figure Sle in Supporting Information S1 provides a conceptual illustration of
this projection and distance measurement process. For the Mw7.8 event, HF radiators occurring within the first
18 s are projected onto the Narli fault. The temporal progression of these HF radiators is illustrated in Figures 2b—
2d. Notably, we observe spatial clustering of BP radiators in the map-view plot. For instance, BP radiators appear
to stagnate near the epicenter of the Mw7.7 event for ~7 s (Figures 2a and 2c). Based on waveform analyses and
synthetic tests (Text S1 in Supporting Information S1), we show that the stagnation is due to the finite length of
coherent wave trains in the used waveforms.

We further validate the BP results using dense near-fault velocity waveforms from strong motion stations along
the EAF. We also orthogonally project the strong motion stations (triangles in Figure 2a) onto the Amanos fault
trace, and their velocity waveforms are sorted by distance along the fault and plotted alongside BP results
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Figure 2. High-frequency radiation evolution of the Turkey doublet. (a) Map view of the back-projection (BP) results
showing BP radiators for the Mw7.8 and Mw7.7 events as squares and diamonds, respectively, sized by normalized BP
power and colored by time (see color bars). Purple and blue triangles mark near-fault strong motion stations that recorded
signals from the Mw7.8 event, with corresponding waveforms displayed in (b) and (c). Point A, the junction of the Narl1 fault
and the Pazarcik segment, serves as reference (0 km) for measuring distances along the fault for the Mw7.8 event. The lower-
right inset displays the distribution of teleseismic stations used in the BP analysis. (b) Fault parallel (FP) waveforms along the
Amanos segment from near-fault stations shown in (a), with stations projected to the fault line and distances measured
relative to reference point A. BP results are similarly plotted. Two red lines trace the onset and cessation of the velocity
pulses recorded by the near-fault strong motion stations. The vertical bar labeled 2 m/s’ represents the scale of the fault-
parallel velocity motion. (c)—(d) Relationship between BP timing and distances from BP radiators to reference points along
fault lines for the Mw7.8 and Mw7.7 events, respectively. The reference location for the Mw7.7 event is its epicenter.

(Figures 2b, 2c and S4 in Supporting Information S1). The HF radiator locations and timings along the Amanos
segment align well with the strong motion data (Figure 2b). For instance, a cluster of HF radiation at 50-55 s near
station 2,718 corresponds to a rupture pulse (50-56 s) in the strong motion waveforms. The consistency between
BP results and near-fault strong motion records strengthens our confidence in reconstructing rupture processes of
the doublet.

2.2. Finite Fault Model

We resolve the coseismic slip evolution of the doublet by conducting Finite Fault Model (FFM) (Ji et al., 2002)
with a joint inversion of seismic and 3D surface deformation data (Figure 1b). The seismic data include near-fault
to regional strong motion and 1-Hz regional high-rate GPS (Figure la and Figure S6 in Supporting Informa-
tion S1) waveforms, along with teleseismic body waves. The 3D surface deformation field is down-sampled from

ZENG ET AL.

5of 15

85U8017 SUOWIWIOD BA 11D 8|ed!dde U Aq pauBA0h 818 SO 1e YO ‘88N JO S3NJ 0} AReJq 1T 8UIIUO AB]IAA UO (SUOPUOD-PUE-SWeI00" A8 |1 A eI 1 jeu Uo//Stiy) SUORIPUOD pue swie 1 8L 8eS *[5Z02/80/T0] Uo Akeiqiauliuo Ao1im ‘ABojouyos L Jo 1sul eluioyied Aq 095TE08rSZ02/620T OT/I0p/W0o A8 im AreiqpuljuosandnBe//sdny woly pepeojumod ‘9 ‘G20 '95E669TZ



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2025JB031560

that in Ma et al. (2024a) (Text S3 in Supporting Information S1). We derive a simplified version of the fault
geometry constrained by the geodetic data (Ma, Li, et al., 2024) and surface rupture traces (Reitman et al., 2023),
and we use 7 and 4 fault segments to approximate the ruptured faults of the Mw7.8 and 7.7 events, respectively
(Figure S6 in Supporting Information S1). The dip angles of these segments roughly align with those determined
in Ma et al. (2024a). Additionally, we conduct waveform modeling of a Mw6.3 aftershock to constrain the
shallow crust velocity structure, which is crucial for calculating Green's Functions in the inversion (Text S3 in
Supporting Information S1), and to compare the shallow shear wave speeds with the rupture speeds. The optimal
crust velocity model is shown in Figure S7 in Supporting Information S1.

Throughout the inversion process, to reduce trade-offs between model parameters, we have refined the search
space for rupture speed history based on BP and near-fault strong motion waveform analyses. For the Mw7.8
event, the speeds of the northeastward and southeastward propagating ruptures are constrained to be centered
around the speed from BP analysis (mostly = 0.5 km/s). For the Mw7.7 event, the rupture speed is specifically
limited between 3.0 and 5.5 km/s. Notably, for the Mw7.8 event, we have introduced a prescribed delay of 10 s for
the southward propagating rupture relative to the northward propagation, as evidenced by BP and near-fault
strong motion waveform analyses (refer to Figure 2¢ and S5b in Supporting Information S1).

3. Results
3.1. Rupture Processes Inferred From Teleseismic Back-Projection

Our BP results indicate that the Mw7.8 event initiated on the Narl1 fault at a speed of ~2.6 km/s and propagated
northeastward to the Pazarcik segment on the main EAF. Near-fault strong motion stations close to the Narli fault
recorded dominant fault-parallel over fault-normal velocity waveforms, suggesting that the rupture likely tran-
sitioned to super-shear speed after initially propagating at sub-Rayleigh speeds for the first 19.5 km, near station
4,615, just before intersecting the EAF (Abdelmeguid et al., 2023; A Rosakis et al., 2023). The rupture then
propagated bilaterally along the EAF, moving northeast into the compressional quadrant and southwest into the
dilatational quadrant of the left-lateral Narli fault rupture, upon reaching the Pazarcik segment.

The northeastward rupture maintained a super-shear speed of ~5.2 km/s for ~60 km before slowing near the
Pazarcik and Erkenek segments junction, transitioning to slower rupture at ~3.2 km/s on the Erkenek segment
before stopping. The southwestward rupture, delayed by ~10 s compared to the northeastward rupture, propa-
gated ~25 km on the Pazarcik segment and ~155 km on the Amanos segment at a stable speed of ~3.4 km/s. The
delayed rupture may have been caused by that the northeastward rupture initially posed a dynamic barrier on the
backward segment, but subsequently generated dynamic unclamping, transient shear stressing, and static stress
buildup (Jia et al., 2023). These factors eventually led to the rupture of the southwest segment. Additionally, data
from near-fault strong motion stations 4,624 and 4,625 suggest the southwestward rupture reached 3.3-3.5 km/s
within 25 km of the Narli fault and Pazarcik segment junction (Text S2 and Figure S5c in Supporting Infor-
mation S1). Tracing the initiation of velocity pulses recorded by near-fault waveforms (Figure 2b and Figure S4 in
Supporting Information S1) also derives a speed of 3.4 km/s for the southwest propagating rupture, consistent
with BP result. This speed is roughly 9% larger than the Rayleigh wave speed (~3.1-3.2 km/s, considering a shear
wave speed of 3.4-3.5 km/s, representative of the shear wave velocity at 5—10 km depth in our preferred velocity
model constrained by waveform modeling (Figure S7 in Supporting Information S1)), the canonical speed of a
stable strike slip rupture in a homogenous fault zone, suggesting a “super-Rayleigh” speed. At ~ 45 s, a HF
radiation cluster burst southwest of the epicenter. Given that intense aftershocks occurred near this cluster (Figure
Slc in Supporting Information S1), it likely represents a triggered rupture on the Narli fault, activated by the
dynamic stress associated with the rupture on the Amanos segment.

Several other key features of the Mw7.8 rupture process are further corroborated by near-fault strong motion
records. For example, if the super-shear rupture initiated near station 4,615 and propagated northeastward without
deceleration until rupturing the Erkenek fault, a predicted Mach cone should arrive at station 4,611 ~20 s after the
event origin, aligning well with the large-amplitude arrival recorded there (Figures S5a and S5b in Supporting
Information S1). Additionally, assuming no delay in the southwestward rupture initiation, the predicted arrival at
station 4,616 would be ~24 s after the origin, ~8 s earlier than observed (Figure S5b in Supporting Informa-
tion S1), suggesting an ~8-s delay in southwestward rupture initiation, consistent with the BP analysis-derived
delay of ~10 s. Near station 4,408, HF radiators show two temporal sub-clusters separated by ~8 s (high-
lighted by blue ellipses in Figures 2a and 2c). The waveforms recorded by this station also show two rupture
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Figure 3. Finite fault models and representative waveform fittings for the doublet. (a) Moment-rate function of the doublet. (b) Depth profile of the rupture model for the
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fittings are presented in Figure 4. (c) Rupture model of the Mw7.7 event. In panels (b) and (c), gray bars highlight the major fault segments hosting super-shear ruptures.
High-frequency radiators are placed at bottom of the rupture models.

pulses with similar separation (Figure S5d in Supporting Information S1). By comparing the strong motion data
(Figure S5d in Supporting Information S1), BP result (Figure 2c), and finite fault model (Section 3.2 and
Figure 3), the observed double-pulse feature can be attributed to cascading failure of deeper and shallower slip
patches near station 4,408.

The Mw7.7 earthquake originated at the center of the Cardak fault, and then propagated both eastward and
westward simultaneously (Figures 2a and 2d). The rupture quickly transitioned to super-shear speed in both
directions. The eastward rupture traveled at ~4.4 km/s for ~40 km, then continued northeastward at the same
speed for an additional ~20 km before slowing to ~2.8 km/s for another ~20 km. The westward rupture
maintained a speed of ~4.7 km/s for ~45 km before decelerating to ~3.1 km/s on the Savrun fault, where it
eventually stopped ~20 km further west.

3.2. Coseismic Slip Evolution

The preferred finite fault models of the doublet are presented as depth profiles in Figure 3 (slip) and S14 (rise time
and average slip rate defined as the ratio between slip and rise time). The snapshots of the coseismic slip evolution
for the doublet are also shown in Figures 5 and 6. These models produce excellent fits to the strong motion data
(Figure 4, S8, and S11 in Supporting Information S1), the 3D surface deformation field (Figures S10 and S13 in
Supporting Information S1), high-rate GPS data (Figures S8 and S11 in Supporting Information S1), and tele-
seismic waveforms (Figures S9 and S12 in Supporting Information S1). Especially, for the Mw7.8 event, near-
fault strong motion waveforms are well-matched up to 0.5 Hz (Figure 4 and S8 in Supporting Information S1).
Considering that the rupture speed constraints in finite fault inversion are primarily guided by the BP results, such
reconciliation provides further confidence in both FFM and BP results.

The Mw7.8 event lasted ~80 s—twice the duration of the Mw7.7 event—with its peak moment rate about half that
of the Mw7.7 event (Figure 3a). Both events featured heterogeneous slip distributions. We observed dominant slip
patches with peak slip exceeding 7 m on the Pazarcik, Erkenek, and Cardak faults, and secondary slip patches with
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Figure 4. Near-fault strong motion waveform fitting for the Mw7.8 event, presented in displacement (left) and velocity (right). Observed data are shown in black, and
synthetics are in red, filtered between 0.02 and 0.5 Hz. The maximum amplitude of the data is indicated at the end of each waveform pair. Stations with red station IDs
correspond to those shown in Figure 3c. Station 4,408 is prominently displayed at the top, located near the Erkenek segment north of the epicenter. The broadband
velocity waveforms recorded by station 4,408 are shown in Figure S5d in Supporting Information S1. The locations of these stations can be found in Figure 1 and S6 in

Supporting Information S1.

peak slip around 6 m on the Amanos and Savrun faults. Most of the slip occurred at shallow depths (<10 km), with
significant deeper slips (>10 km) observed on the Pazarcik, Erkenek, and Cardak faults. Especially, the identified
super-shear ruptures occurred on fault segments with larger slip amplitude and longer rise time (Figures 3b, 3c,
and S14 in Supporting Information S1), suggesting significant dynamic weakening during these ruptures.

Comparison between the HF radiator location and coseismic slip distribution suggests that HF energy is primarily
radiated from the edges of slip patches and areas where the fault geometry changes (Figures 2 and 3), consistent
with observations made for other earthquakes (Avouac et al., 2015; Lay et al., 2012; Ma, Zeng, et al., 2024;
Uchide et al., 2013; Wei et al., 2022). In addition, the snapshots of coseismic slip and HF radiation suggest that
generally the HF radiation precedes coseismic slip (Figures 5 and 6). However, given the overall short rise time
(Iess than 10 s) and the finite length (~10 s) of the coherent train of HF waveforms (Figure S2 in Supporting
Information S1), it is challenging to discuss unambiguously how the rupture front is followed by slip. Such
analysis for a megathrust event (e.g., the 2011 Mw9.1 Tohoku-Oki earthquake (Wei et al., 2012)), which features
longer rise times for slip on a fault patch, could better illustrate the relationship between rupture front and slip.

The super-shear segments identified in this study coincide with areas that experienced widespread off-fault
building damage (Yu et al., 2024). This correlation suggests that high rupture speeds likely contribute to
intense ground shaking and consequently, severe seismic hazards. For the northeast-propagating rupture of the
Mw7.8 event, our findings indicate it reached super-shear speed along the Narli and Pazarcik faults. This aligns
with the results presented by Abdelmeguid et al. (2023), Chen et al. (2024) and Ren et al. (2024), although the
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Figure 5. Spatial-temporal evolution of the coseismic slip and high-frequency (HF) radiation (squares) for the Mw7.8 event.
Snapshots are taken at 10-s intervals. We only display the slip on the Narli fault in the 0-10-s snapshot, as there is almost no
slip observed after 10 s. HF radiators located on the Narli fault are displayed on the bottom of the coseismic slip.
exact values of rupture speeds differ. Liu et al. (2023) and Wang et al. (2023) reported that super-shear occurred
on the Erkenek and Pazarcik segment, respectively. In contrast, most other studies suggest a sub-shear speed for
this rupture (Delouis et al., 2024; Jia et al., 2023; Melgar et al., 2023; Xu et al., 2023; Zhang et al., 2023).
For the southwest-propagating rupture of the Mw7.8 event, our analysis, along with most other studies (Chen
et al., 2024; Delouis et al., 2024; Jia et al., 2023; Liu et al., 2023; Mai et al., 2023; Melgar et al., 2023; Xu
et al., 2023), resolves it to be dominantly sub-shear, although localized super-shear rupture over the last ~50 km
have been suggested by Abdelmeguid et al. (2023), Liu et al. (2023) and Wang et al. (2023). The predominantly
sub-shear rupture contrasts with Zhang et al. (2023), who argue for a sustained super-shear rupture propagating
southwest.
For the Mw7.7 event, data from near-field strong motion and high-rate GPS stations provide strong constraints on
the west-propagating rupture. Our waveform modeling of the strong motion station data suggests a super-shear
rupture speed of ~4.7 km/s for the westward rupture (Figure S15 in Supporting Information S1), consistent with
most other analyses of near-field to regional seismological and high-rate GPS data (Chen et al., 2024; Jia
et al., 2023; Liu et al., 2023; Melgar et al., 2023; Ren et al., 2024). However, there are discrepancies regarding
whether the eastward-propagating rupture is super-shear. We argue that these discrepancies are mainly due to the
data used. In our analysis, along with Liu et al. (2023)'s and Chen et al. (2024)'s studies, a super-shear eastward
propagation can improve the fit to data (up to ~0.5 Hz in our study) from strong motion (e.g., station 4,406 in
Figures S11 and S15 in Supporting Information S1) and high-rate GPS stations closest to the fault to the east. In
contrast, other studies favoring a sub-shear rupture either neglect these data, use them at lower frequencies, or
achieve a less optimal fit (Jia et al., 2023; Melgar et al., 2023; Ren et al., 2024; Zhang et al., 2023).
4. Discussion and Conclusion
The doublet exhibits complex rupture dynamics, which can be influenced by factors such as stress and geometry
heterogeneities in the fault zone, coseismic dynamic/static stress loading, and static stress interactions between
ZENG ET AL. 9 of 15
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Figure 6. Spatial-temporal evolution of the coseismic slip and high-frequency (HF) radiation (diamonds) for the Mw7.7
event. Snapshots are taken at 5-s intervals.

the two earthquakes (Abdelmeguid et al., 2023; Jia et al., 2023; Liu et al., 2023; Toda et al., 2023). In particular,
the Mw7.8 event features asymmetric rupture speeds and a “super-Rayleigh” rupture along the Amanos segment.
We propose that material contrast across the East Anatolian Fault (EAF) also significantly contributes to the
complexity of these dynamics.

Besides evidence from attenuation (Zhu et al., 2023) (Figure S16a in Supporting Information S1), shear wave
speed (Delph et al., 2017; Rodgers et al., 2024) (Figure S16b in Supporting Information S1), and crustal thickness
(Ogden & Bastow, 2022) contrasts across EAF, we demonstrate that Fault Zone Head Wave (FZHW) obser-
vations support that the separates the more compliant East Anatolian plate and the harder Arabian plate. FZHWs
propagate along the fault interface and refract toward seismic stations in the slower medium, and these waves
typically have an emergent onset and inverted polarities compared to direct P waves (Figure 7a inset) (Ben-Zion
& Malin, 1991). We analyze seismic waveforms from two adjacent stations located on opposite sides of the
Amanos fault (stations KAMA and 2,712, shown in Figure 7a). We first compare waveforms with positive po-
larity at both stations, which correspond to a left-lateral strike-slip focal mechanism. Limited data availability
from station 2712 restricts our comparison to only four waveform pairs.

Overall, waveforms at station 2712 have a more impulsive onset compared to those at station KAMA (Figure 7c¢),
indicating FZHW s recorded by station KAMA and therefore a slower seismic wave velocity on the western side
of the Amanos fault (i.e., East Anatolian plate). The time separation (At) between FZHWs and the first P waves
increases with the distance to station KAMA, demonstrating a FZHW moveout (Figure 7b). This moveout
suggests a material contrast of ~8% across the Amanos fault (Text S4 more in Supporting Information S1) (Ben-
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Figure 7. Fault Zone Head Waves (FZHWs) observations. (a) Seismic stations (blue triangles) and seismicity (brown circles)
used to detect potential Fault Zone Head Waves (FZHWs). The inset shows how FZHW:s are generated. (b) Potential FZHWs
recorded at station KAMA, with their arrivals marked by blue triangles. The linear FZHW moveout suggests that the seismic
wave speed of the East Anatolian plate is approximately 8% slower than the average seismic wave speed of the Arabian and
East Anatolian plates. (c) Comparison of waveforms recorded at stations KAMA and 2,712. All waveforms displayed for
station 2,712 feature positive polarity, consistent with a left-lateral strike-slip focal mechanism. Although the stations are in
close proximity, station KAMA recorded more emergent first arrivals compared to those at station 2,712, indicating the
presence of FZHWs.

Zion & Malin, 1991). While the accuracy of material contrast estimations may be refined in future studies, our
observations align with other findings indicating substantial material contrast across the Amanos fault.

Therefore, based on the material contrast and the left-lateral motion of the earthquake slip, the southward and
northeastward directions are the positive and negative directions (see the definition in the Section 1) in the bi-
material EAF fault zone, respectively, aligning well with the observed asymmetrical propagation speeds of the
Mw?7.8 rupture (Figure 8). In the absence of material contrast, a “super-Rayleigh” rupture speed of ~3.4 km/s
in the southwest direction would be mechanically unfavorable for a strike-slip (mode-II) rupture due to
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Figure 8. Cartoon depicting the overall rupture speeds of the doublet, with sub-shear, generalized Rayleigh, and super-shear
ruptures indicated by purple, black, and red arrows, respectively. Stars mark the epicenters of the doublet. The symbols (+)
and (—) represent positive and negative directions in a bi-material rupture scenario, where the positive direction is the moving
direction of the more compliant material, and the negative direction is the opposite.
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unrealistic energy flux near the rupture tip (Freund, 1979). However, with a 10%-20% shear-wave speed
contrast across the fault, a generalized Rayleigh speed of 3.3-3.4 km/s becomes favorable along the positive
direction. Conversely, the northeastward rupture on the Pazarcik segment, propagating along the negative
direction, traveled at a super-shear speed of 5.2 km/s, as also reported by Abdelmeguid et al. (2023) for the
same segment. While less frequent, rupture in the positive direction can still transition into super-shear speed
(Sammis et al., 2010), albeit with a much longer transition length compared to a homogeneous scenario [Bhat
et al.,, 2010; A. J. Rosakis et al., 2007]. The late transition may explain the possible localized super-shear
rupture along the positive direction occurring in the last 50 km of the Amanos segment (Abdelmeguid
et al., 2023; Liu et al., 2023; Wang et al., 2023).

In contrast, the intraplate fault zone hosting the Mw7.7 event exhibits moderate material contrast (Figure 8 and
S16b in Supporting Information S1), facilitating the bilateral super-shear rupture, as shown in BP and FFM
results. The near-instantaneous development of bilateral super-shear suggests a short transition length from sub-
Rayleigh to super-shear rupture, indicating high pre-stress condition (Burridge et al., 1979; Das & Aki, 1977a; A.
J. Rosakis et al., 2007; Xia et al., 2004). This observation aligns with the extended quiescent period of the Cardak
fault and the substantial coseismic slip of the earthquake.

In conclusion, our study highlights that the velocity structure within the fault zone can play a dominant role in the
development of complex ruptures. Unique slip-stress interactions introduced by the bi-material fault zone sub-
stantially impact rupture dynamics, promoting super-shear in some directions and retarding it in others, thereby
affecting ground shaking characteristics along various parts of the fault.
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