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Abstract: The destructive 2023 moment magnitude (Mw) 7.8-7.7 earthquake doublet ruptured
multiple segments of the East Anatolian Fault system in Turkey. We integrate multi-scale
seismic and space-geodetic observations with multi-fault kinematic inversions and dynamic
rupture modeling to unravel the events’ complex rupture history and stress-mediated fault
interactions. Our analysis reveals three sub-shear slip episodes during the initial Mw 7.8
earthquake with delayed rupture initiation to the southwest. The Mw 7.7 event occurred 9 hours
later with larger slip and supershear rupture on its western branch. Mechanically consistent
dynamic models accounting for fault interactions can explain the unexpected rupture paths, and
require a heterogeneous background stress. Our results highlight the importance of

combining near- and far-field observations with data-driven and physics-based models for
seismic hazard assessment.

One-Sentence Summary: Seismic and geodetic imaging and dynamic rupture modeling unravel
dynamics and interactions of the Turkey earthquake doublet.
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Main Text:
Introduction

The moment magnitude (Mw) 7.8 and 7.7 Kahramanmarag earthquakes in Turkey on February 6,
2023, caused enormous destruction and tens of thousands of casualties from collapsed structures,
and were one of the deadliest natural disasters for Turkey and Syria over the last millennium (1).
The Kahramanmaras sequence is the first great earthquake doublet with a combined moment
magnitude of 8 recorded in a continental strike-slip fault system. Unlike regular aftershocks that
are over one order of magnitude smaller than their mainshock, doublet events pose a greater
hazard as they can cause more severe damage by striking already weakened buildings and
structures. We show that the Kahramanmaras earthquake doublet involved a remarkable
sequence of sub-events that occurred with varying rupture velocities, geometries, and time delays
on branched fault segments, which challenge our understanding of earthquake interactions and
the dynamics of rupture propagation.

Seismologists commonly approximate earthquakes as point sources or as slip along a single fault
with fixed rupture velocity. However, large earthquakes often rupture multiple fault segments
within a complex network (2-6). Occasionally, events of a comparable magnitude occur within
minutes to hours of the initial event, resulting in earthquake doublets (7-9). Branching faults may
further complicate rupture dynamics (10-12). Whether rupture stops or continues propagating at
fault junctions can determine earthquakes’ eventual size and destructive potential (13). When
applied to complex ruptures on multiple faults, conventional earthquake source imaging often
involves oversimplified assumptions, yielding stark differences in source models and their
interpretations (14, 15). Initial studies of the Kahramanmaras earthquakes presented a wide range
of earthquake models and interpretations (16-21), likely due to focusing on particular datasets
and aspects of the rupture process. These differences motivate unified and self-consistent
approaches that integrate diverse datasets with state-of-the-art rupture models to advance our
understanding of the earthquake dynamics.

We perform a comprehensive investigation of the Mw 7.8-7.7 Kahramanmaras doublet using
data-driven and physics-based analyses applied to near- and far-field seismic and geodetic
observations. Our results reveal that the earthquakes followed unexpected rupture trajectories,
which included delayed backward branching, statically- and dynamically aided triggering, and a
combination of subshear and supershear rupture episodes. These discoveries call for reevaluating
the role of cascading failure mechanisms when assessing the destructive potential of large
earthquakes within complex fault networks.

The geometrically complex Mw 7.8-7.7 earthquake doublet

On Feb 6, 2023, two major (moment magnitude greater than 7) earthquakes ruptured several
previously recognized fault systems within nine hours (Fig. 1). The EAF is a mature transform
fault accommodating up to 10 mm/y of left-lateral motion between the Arabian and Anatolian
plates (22) (Fig. 1). Several Mw ~7 earthquakes occurred on the EAF historically, but none
ruptured the entire southern section of the EAF (23). The estimated dimensions of the historic
events suggest that geometric complexities such as fault bends and step-overs may have
controlled the event sizes (23, 24). The second earthquake (Mw 7.7) occurred on the Savrun-
Cardak Fault (SCF), extending ~150 km along the east-west direction (Fig. 1). The SCF has been
relatively quiescent, with only two moderate (Mw <6) events recorded in the past 100 years (25).
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We constrain the rupture geometry based on surface traces mapped using Synthetic Aperture
Radar data (26) and precisely relocated aftershocks (27, 28). We find that the Kahramanmaras
doublet ruptured at least six major fault segments (Fig. 1). The epicenter of the Mw 7.8
earthquake is located on a subsidiary fault, the Nurdagi-Pazarcik Fault (NPF, fault 1 in Fig. 1A)
(20), from which the rupture propagated to the EAF, and then ruptured along the EAF to both the
northeast and southwest (faults 2 and 3), for a total length of about 300 km. Unlike the historical
M-~7 events, the Mw 7.8 earthquake propagated across at least four possible geometric barriers,
including fault bends and stepovers.

The static slip distribution (Fig. 1B) obtained from inversions of Synthetic Aperture Radar
(SAR) and Global Navigation Satellite System (GNSS) data (Fig. S1-S7) shows that the largest
slip in the Mw 7.8 event is on the EAF at its junction with the NPF, near the towns of
Kahramanmarag and Pazarcik, with peak slip in excess of 8 m. Most of the coseismic slip is in
the upper 20 km of the seismogenic layer (Fig. 1B). Slip at the surface is highly heterogeneous,
consistent with field observations (18), but on average increasing from the southwest to the
northeast ends of the Mw 7.8 rupture (Fig. S8). The area of substantial slip extends to the
northeast from the junction for about 150 km to the western tip of the 2020 Mw 6.7 Elazig rupture
(29) (Fig. 1A). South of the junction, the Mw 7.8 rupture extends to the southern end of the EAF.
The average coseismic slip on the southwest branch of the Mw 7.8 rupture is smaller than the
average slip on the northeast branch (Figs. 1B and S2).

We resolve the spatiotemporal rupture process with a subevent inversion method using both
near- and far-field seismic observations (30, 31). The Mw 7.8 earthquake has six subevents
altogether spanning ~90 s (Fig. 2A). The Mw 6.8 subevent E1 that ruptures the NPF is followed
18 s later by the largest subevent E2 (Mw 7.5) at the NPF-EAF intersection. The earthquake then
ruptured northeastward along the EAF for about 130 km (Mw 7.5 subevent E3), as well as, after a
short delay, backward from the NPF junction for about 150 km along the southwestern segment
of the EAF, with integrated slip equivalent to a Mw 7.4 earthquake (subevents E4-E6).
Teleseismic P-wave back-projection (32) confirms the rupture process with imaged high-
frequency radiation peaks outlining the major subevents (Fig. 2A) and indicating an average
rupture velocity of 3 km/s. To further constrain the slip history, we perform a joint kinematic slip
inversion of the Mw 7.8 earthquake constrained by far- and near-field seismic and geodetic data
(26, 33). Our kinematic inversion results agree with the static and subevent models (Fig. 2B).
The best-fit kinematic slip model images 10-s-delayed backward branching at the NPF-EAF
intersection, toward the southwest (Fig. 2B), constrained by the strong-motion data (Fig. S17). It
also indicates average rupture velocities of 3.2 km/s and 2.8 km/s for the northeastern and
southwestern branches, respectively (Fig. S18). Tracking ground motion pulses at near-fault
strong motion stations along the southwestern segment, also yields a rupture velocity of ~3 km/s
(Fig. S18), confirming an overall subshear nature. All our kinematic models consistently reveal a
~300 km-long complex bilateral multi-segment rupture, subshear rupture velocities, and delayed
triggering of the southwest segment of the Mw 7.8 event (Fig. 2C).

The subsequent Mw 7.7 earthquake ruptured a 150-km long section of the west-trending SCF,
within 90 km of the Mw 7.8 earthquake hypocenter. The aftershock distribution and surface
offsets indicate branching and abrupt changes in strike at both the eastern and western ends of
the Mw 7.7 rupture (Fig. 1). Geodetic data and our associated static slip model (Fig. 1B) suggest
rupture along an 80-km-long segment of the SCF system (fault 4-5 in Fig. 1), but not along the
eastern end of the Siirgii fault that connects to the EAF. Instead, the Mw 7.7 rupture diverted
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sharply onto the Dogansehir branch, which angles to the northeast (fault 6). The Mw 7.7 event
shows a concentrated slip distribution with over 10 m peak slip around its hypocenter, suggesting
a substantially higher stress drop than the initial Mw 7.8 earthquake which spreads lower-
amplitude slip over a larger region.

Our analysis of the rupture history of the Mw 7.7 event identifies four major subevents, lasting for
about 30 seconds (Fig. 3A). The first three subevents, E1-E3, all cluster near the epicenter and
account for over 80% of the total seismic moment, suggesting a compact bilateral rupture in the
central SCF. The focal mechanism (strike of 237°) and location of the last subevent (E4, Mw 7.1)
agree with the static slip model on the Dogansehir branch (Fig. 1B). All subevents of both
earthquakes have almost pure double-couple mechanisms (Figs. 2A and 3A), suggesting that the
strong non-double couple components in the Global Centroid-Moment-Tensor solutions (34)
(Fig. 1A) are due to highly variable rupture geometries. The overall shorter duration and smaller
rupture extent of the Mw 7.7 event make back-projection analysis less effective for resolving
rupture details, but our kinematic finite-slip inversion can still be applied.

The kinematic finite-fault model of the Mw 7.7 earthquake also indicates a compact slip
distribution. In addition, it indicates a westward rupture velocity of approximately 4.5 km/s (Fig.
3B), exceeding the shear-wave speed in the crust. The waveforms recorded at the westward
seismic stations strongly constrain this supershear rupture episode (Fig 3C, Fig. S19), which is
consistent with analysis of high-rate GNSS data (20). In contrast, the eastward rupture likely
propagated at a slower velocity of 2.5 km/s. The intriguing supershear rupture episode may
imply locally higher prestress (35) and high stress drop (36) as in our dynamic rupture models.

Dynamics, triggering, and stress interaction of the doublet

Dynamic rupture modeling involves simulating how earthquakes nucleate, propagate, and arrest.
Unlike purely data-driven kinematic slip inversions, such models predict the evolution of slip,
seismic waves, and surface deformation in a physically self-consistent manner. Detailed,
physics-based interpretations can help verify whether inferred rupture scenarios are mechanically
plausible, but are computationally challenging and typically take years to develop (e.g.,
10,12,13).

We present data-informed dynamic rupture simulations of the 2023 Kahramanmarag earthquakes
that illuminate complex details of the rupture process. Our 3D dynamic rupture models include
stress changes computed from the slip distribution of the static slip model (37), large-scale
variability in fault loading inferred from regional seismo-tectonics, and the relative effects of the
static and dynamic stresses of the Mw 7.8 event on the faults hosting the second earthquake (26,
Fig. S20). The dynamic rupture models independently reproduce the main features of the
kinematic models (Fig. 4, Fig. S21), providing a physics-based validation of the inferred rupture
histories.

Our forward simulations use the complex fault geometries of both earthquakes informed from
geodetic analysis (Fig. 1) to spontaneously replicate the moment rate release, magnitude, rupture
velocity and delays, as well as the lack of instantaneous dynamic triggering of the Mw 7.7 event.
The dynamic rupture synthetics produce surface displacements and slip histories that compare
well to the high-resolution geodetic data (Fig. S22), kinematic rupture representations (Figs. 4,
S21) and observed ground motions (Figs. 5, S23-25). Figure 4A illustrates the modeled Mw 7.8
earthquake dynamics. The NPF-EAF intersection slows sub-shear rupture on the NPF which then
branches with dynamically favorable forward directivity (38) northeastward along the EAF. The
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large fault branching angle poses a strong dynamic barrier in backward-directivity (39) leading
to significantly delayed EAF rupture toward the southwest. Continuous dynamic unclamping,
transient shear stressing and static stress build-up at the fault intersection due to the unilaterally
propagating northeast rupture allows the rupture to eventually fracture the EAF bilaterally (Fig.
S26). Rupture speed remains overall sub-shear during the earthquake (Fig. 4B).

Dynamic rupture modeling of the Mw 7.7 earthquake features bi-lateral rupture with unequal
rupture speeds, confirming dominant supershear westward and sub-shear eastward propagation.
Our Mw 7.8 dynamic rupture model predicts a highly variable pattern of static and dynamic
stresses resolved on the faults that hosted the Mw 7.7 earthquake (Figs. 4C, D). The hypocentral
area of the Mw 7.7 event experienced an increase in static Coulomb stress of several hundred
kilopascals due to the Mw 7.8 earthquake, resulting from both an increase in shear stress and a
decrease in fault-normal compression (Fig. S27). It also experienced a much larger transient
increase in the Coulomb stress of a few megapascals due to passing seismic waves (Fig. 4D),
which nevertheless did not result in instantaneous triggering.

Discussion and Conclusions

Our analyses reveal unexpected rupture paths. The Kahramanmaras doublet originated as a
moderate event on the NPF branch fault with a magnitude of only 6.8, yet the rupture was able to
successfully cross the junction of the NPF and EAF, which would usually be considered a
geometric barrier that conditionally gates the rupture propagation (40, 41). As a result, the
earthquake intensified with the northeastward propagation along the EAF, then dynamically
triggered backward rupture toward the southwest by continuously unclamping and stressing from
the forward branch, eventually culminating in a Mw 7.8 event, with total seismic moment
increased by a factor of 30 compared to the initial rupture on the NPF. In addition, the Mw 7.8
earthquake increased the Coulomb stress on the central part of the SCF, which may have aided
the nucleation of the Mw 7.7 earthquake 9 hours later. The entire process highlights the additional
hazard brought by rupture triggering across a network of faults, challenging earthquake hazard
assessments that typically do not consider such multi-fault triggering scenarios.

The Mw 7.8 earthquake involved backward fault branching, which is highly unfavorable from a
dynamic perspective, thus commonly neglected in hazard studies. Several previous continental
earthquakes, including the 1992 Landers, the 1999 Hector Mine, and the 2002 Denali
earthquakes, have also exhibited localized backward branching (10). Existing explanations of
this phenomenon include backward rupture jumping induced by sudden rupture arresting or
nonuniform prestress fields caused by earthquake cycles (39, 42). Our dynamic rupture models
indicate that backward branching during the Mw 7.8 event does not necessarily require a complex
arrangement of the receiver fault (42) or triggering of supershear rupture (43). Instead, the
progressive build-up of slip on the forward branch of the EAF continuously unclamps and
stresses the backward branch of the EAF, eventually leading to delayed and self-sustained
branching towards the southwest, which is a simple yet effective mechanism.

One of the surprising aspects of the Mw 7.7 earthquake is that it did not rupture through the
eastern Siirgli segment and arrive at the EAF, contrary to earlier suggestions (20), but instead
deviated to the Dogansehir branch. The InSAR, aftershock, and seismic data clearly show such a
deviation (Fig. S1, S14). The straightforward rupture path along the Siirgii fault was encouraged
by the static stress changes due to the Mw 7.8 event (Fig. S27), unlike the sharp deviation to the
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Dogansehir fault which was actually unloaded by the Mw 7.8 event (Fig. 4D and Video S3).
Possible explanations, which may be tested by future geodetic and seismological observations,
include velocity-strengthening behavior of the eastern Siirgii segment, or local stress
heterogeneity, e.g., due to past earthquakes (44). Considerable regional stress heterogeneity, as is
required by our dynamic rupture models (Fig. S20), is implied by extremely complex rupture
geometries involving changes in the strike angle of up to 90 degrees (Fig. 1, Fig. S27) (45).
Some faults in the study area, including the EAF, exhibit shallow creep (46), however creep has
to be pervasive to potentially suppress an incoming dynamic rupture. Observations spanning all
phases of the earthquake cycle are needed to constrain the velocity- and depth-dependent
frictional properties of active faults (47, 48). Shallow creep might be responsible for a substantial
reduction in the amplitude of coseismic slip in the top few kilometers of the upper crust (Fig.
1B), which is well resolved in our inverse models (Fig. S28). Subsequent observations will show
whether this reduction can be compensated by shallow afterslip or constitutes a long-term
shallow slip deficit (49), implying wide-spread off-fault yielding (47, 50).

We also find intriguing variations in rupture velocity across segments of the EAF-SCF fault
network. Although the Mw 7.8 event produced extreme shaking with peak ground accelerations
(PGA) exceeding 1g for near-fault stations, the observed and simulated Mw 7.7 ground motions
are similar or larger when compared at the same distance (Fig. 5, Fig. S23-S24), consistent with
a potentially larger stress drop of the Mw 7.7 event. The modeled and observed Mw 7.7 event
shaking shows less distance dependence, which may be due to the effects of supershear rupture.

The western branch of the SCF experienced a supershear rupture episode, while the eastern SCF

branch and the EAF hosted subshear ruptures with considerable delays. In general, our modeling
shows that the pre-event stress heterogeneities, dynamic and static redistribution of stress and the
geometry of the faults may control these diverse rupture characteristics.

The Kahramanmaras doublet ruptured multiple faults in distinct slip episodes, likely involving
complex stress-triggering processes across different temporal and spatial scales. Such processes
resulted in the increased rupture length and seismic moment of the Turkey earthquake doublet,
and a substantially larger destructive potential compared with the “typical” Mw ~7 historical
earthquakes in the region (23). Such a variability might be interpreted in terms of the super-cycle
model (51). By using integrated methods that combine near- and far-field seismic and geodetic
observations and investigating data-derived models and physics-based rupture simulations, we
show that stress interactions, and static and dynamic triggering worked together across a
complex fault system, resulting in a cascade of rupture with a larger than usual total rupture
length and moment magnitude. Our study shows that complementary data-driven and physics-
based analyses, which in isolation often lead to non-unique or even contradictory results, can
jointly and efficiently unravel highly complex earthquake dynamics based on dense near-field
observations. The unusual static and dynamic interactions during and between the events of the
Kahramanmarag doublet call for reassessment of common assumptions built into seismic hazard
assessments.
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Fig. 1. A multi-fault earthquake doublet. (A) Tectonic background and aftershock seismicity
of the study area near Kahramanmaras, Turkey. Red and purple stars indicate the Mw 7.8 and 7.7
earthquake epicenters from the Turkey Disaster and Emergency Management Authority (53), and
beachballs show focal mechanisms from the Global Centroid Moment Tensor catalog,
respectively. Red and purple lines show surface ruptures identified from SAR data (26). Yellow
dots show aftershocks for the period between the Mw 7.8 and 7.7 earthquakes and black dots are
aftershocks following the Mw 7.7 event (28). The blue line and beachball denote the rupture
extent and focal mechanism of the 2020 Mw 6.7 Elazig earthquake (29). Inset shows the regional
tectonics and major plate boundary faults (solid black lines). Red outline denotes the study area.
(B) Finite-fault model of the 2023 doublet derived from inversions of space geodetic (InSAR and
GNSS) data. Fault segment numbers correspond to those shown in panel (A), in order of their
rupture time: 1 - Nurdagi-Pazarcik Fault, 2 and 3 - East Anatolian Fault, 4-6 - Savrun-Cardak
Fault. The inset panel shows the along-strike averaged coseismic slip normalized by the
maximum slip amplitude, as a function of depth (49).
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Fig. 2. Complex slip evolution of the My, 7.8 earthquake, including delayed initiation of slip.
(A) Subevent model from near- and far-field seismic observations and back-projection results,
suggesting that the Mw 7.8 earthquake initiated on the NPF-1 (fault 1 in Fig. 1B), then
propagated bilaterally, NE along the EAF-2 (fault 2) and SW along the EAF-3 (fault 3). The
rupture of fault 2 terminates around 50 s, while rupture of fault 3 continues for an additional 30 s.
(B) Rupture history within different time intervals from our kinematic slip inversion of far- and
near-field seismic and geodetic data. We infer rupture velocities of 3.2 and 2.8 km/s for the NE
and SW episodes, respectively, and a 10 s delay in the onset of the SW rupture along EAF-3 with
respect to the NE rupture along EAF-2. The slip distribution within each time interval agrees
with the subevent (black circles) inversion. (C) Subevents, back-projection locations and times,
and finite-fault velocities (in B) consistently indicate delayed initiation of slip on branch EAF-3.
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Fig. 3. Asymmetric kinematics of the M,, 7.7 earthquake. (A) Three subevents close to the
hypocenter suggest a bilateral rupture. The fourth event images the rupture of the Dogansehir
branch (fault 6 in Fig. 1B). (B) Asymmetric bilateral rupture velocities of the Mw 7.7 event. The
westward rupture has an inferred supershear velocity of 4.5 km/s, whereas a subshear velocity is
seen towards the east (2.5 km/s). Note that subevent locations are based on their seismic moment
centroids. The slip may not be the largest at the centroid location, specifically for bilateral
ruptures. For example, E3 (10-30 s) averages slip pulses of both the westward supershear and the
eastward subshear rupture. (C) A westward supershear rupture velocity (red waveforms) better
explains observed waveforms (black) at near-fault strong motion stations to the west (triangles in
A) than a subshear rupture (blue).
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Fig. 4. 3D dynamic rupture scenarios and stress-mediated interactions of the My, 7.8 and 7.7
earthquakes. (A) Snapshots of absolute slip rate evolution in the Mw 7.8 dynamic rupture
scenario (Video S1). (B) Modeled rupture speeds in linked dynamic rupture simulations (54) of
both earthquakes indicating dominantly sub-shear rupture speeds but sustained westward
supershear during the Mw 7.7 scenario (Fig. S21, Video S2). (C) Peak absolute dynamic shear
stress perturbation reaching up to 7 MPa measured in the direction of maximum initial traction.
Inset: Evolution of dynamic shear stress and fault strength at the Mw 7.7 hypocenter (black star).
(D) Static Coulomb failure stress changes ACFS assuming a static friction coefficient of 0.6.
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Fig. 5. Peak ground velocities (PGV) plotted against Joyner-Boore distance (R;g) for the
Mw 7.8 (A) and My, 7.7 (B) earthquakes. Observed PGVs from strong motion accelerometers
are indicated by open black circles, and simulated PGVs from the dynamic rupture simulations
are indicated by open blue squares. We bin the PGV data by Ris and plot the medians for each
distance bin (solid markers). The red curve indicates PGV predicted by a ground motion model
(55) assuming an average shear wave velocity for the top 30 m of soil (VS30) of 760 m/s, with
the shaded area denoting its uncertainty. All PGV are rotationally independent geometric mean
values (GMRotD50). We include simulated and observed data at the same locations,

respectively.
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Materials and Methods

InSAR and GNSS observations

We use Synthetic Aperture Radar (SAR) data acquired by the L-band ALOS-2 satellite operated
by the Japan Aerospace Exploration Agency (JAXA), and the C-band Sentinel-1A satellite
operated by the European Space Agency (ESA). ALOS-2 data that cover the earthquake area
include acquisitions from ascending tracks 183, 184, 185, (frames 700 and 750) and descending
tracks 76, 77, and 78 (frames 2850 and 2900) made in the ScanSAR mode, and from descending
track 78 made in the stripmap mode. Sentinel-1A data are acquired from ascending tracks 14,
116, and descending track 21 in TOPS mode. The respective acquisition dates are listed in Table
S1.

Because of the large amplitude of coseismic slip (on the order of 10 m) and extensive surface
disruption, Sentinel-1 interferograms are highly decorrelated within 10-20 km from the fault
traces. Therefore, we use Sentinel-1 SAR data to calculate pixel offsets by cross-correlating the
radar amplitude of full-resolution Single Look Complex (SLC) images taken before and after the
Mw 7.8—7.7 earthquakes. To avoid biases due to excessive filtering and averaging, especially
across the fault trace, we use the raw offsets. To reduce the data scatter, we remove outliers by
calculating the difference between the raw and filtered offsets. Pixels for which the difference
exceeds 1 m are masked out. We do not use the azimuth offsets due to the large pixel size in the
azimuth direction (~14 m), resulting in a low signal-to-noise ratio. Sentinel-1 range offsets used
in our inversions are shown in Fig. S1g-i. For ALOS-2 data, we produce both interferograms
(ScanSAR mode, Fig. Sla-f) and pixel offsets (stripmap mode, Fig. S1j,k).

All SAR data are processed using GMTSAR (56). Contributions to radar phase due to
topography are removed using the SRTM digital elevation model (57). Interferograms are
unwrapped using the branch-cut method (58). Because ALOS-2 L-band data are susceptible to
ionospheric noise, we correct the latter by fitting a linear ramp to the far-field line of sight (LOS)
displacements, and subtracting the respective ramps from the affected interferograms. We
quality-check the data, and manually mask out identified near-field unwrapping errors in ALOS-
2 interferograms (Fig. S1j,k).

We also use observations from continuous Global Navigation Satellite System (GNSS) sites
located within 500 km from the epicentral area. In total, twenty-six GNSS stations are used from
the CORS-TR network operated by the General Directorate of Land Registry and Cadastre, and
the General Directorate of Mapping (Fig. S7). The data are sampled at 30 s intervals. The cutoff
for the elevation angle is set to 10 degrees. Ten days of data are analyzed framing the
mainshocks, five days before and five days after. Each day is treated as a single epoch to have
the best possible accuracy except for the day of mainshocks (Feb 6, 2023). The nine hours
between the two mainshocks are used to represent another epoch to differentiate between surface
displacements due to each event.

The GNSS data are processed using the GAMIT/GLOBK software package in Precise Point
Positioning mode (59). Fourteen IGS stations are used to achieve stabilization based on the ITRF
2014 reference frame. IGS orbits are obtained from the Scripps Orbit and Permanent Array
Center (SOPAC, http://sopac-csrc.ucsd.edu). Earth orientation parameters are obtained from the



United States Naval Observatory (USNO, http://usno.navy.mil). The elevation-dependent model
is applied for the receiver antenna phase center calibrations. The L1 and L2 carrier phases are
combined linearly independent from the Ionosphere (LC) to eliminate the ionospheric delay.
Tropospheric delays generated by the temperature, pressure, and humidity are minimized using
the Global Mapping Function model in 2-hour intervals (60). The FES2004 Ocean Tide Loading
(OTL) global grid is used to simulate ocean tides (61). IERS2003 is used to simulate the Earth
and pole tide models (62).

We use Sentinel-1 range offsets, ALOS-2 interferograms, range and azimuth offsets from
different lines of sight, and coseismic GNSS displacements to constrain the static slip
distribution due to the Mw 7.8-7.7 events. Because the events occurred within a short period of
time, SAR data capture combined displacements due to the two events. The GNSS vector
displacement data are however available for each event individually, as well as for the two
events combined. The computed pixel offsets are used to map the rupture traces and, in
combination with precisely located aftershocks (28), to constrain the sub-surface rupture
geometry (27). Based on this analysis, we model the EAF as a vertical fault, the Nurdagi-
Pazarcik Fault (NPF, fault 1 in Fig. 1A) as dipping to the northwest at 70 degrees, and the Mw 7.7
rupture (the Savrun-Cardak Fault) as dipping to the north at 70 degrees. In our joint inversion,
we assign relative weights of 1 to the interferograms and GNSS data, 0.6 to range offsets, and
0.2 to azimuth offsets.

For computational efficiency and better model resolution, each coseismic displacement map is
sub-sampled using an iterative quad-tree sampling algorithm (63). Given the patch length of ~2
km in the shallowest part of the slip model, we sample the near-field data with a minimum
spacing between the data points of about 300 to 400 meters. The unit-look vectors are computed
by averaging the original values in the same groups of pixels as used for sub-sampling the phase
and pixel offset data.

We extend the rectangular segments approximating the fault geometry to a depth of 30 km and
several kilometers along the fault strike beyond the mapped fault traces. Each segment is divided
into patches with sizes that increase with depth in a geometric progression to ensure that the
model resolution matrix is close to diagonal (64). We apply positivity constraints to the strike-
slip components, such that slip is constrained to be left-lateral on most of the fault segments,
except for segment 5 of the Mw 7.7 rupture (see Fig. 1B) which is allowed to be right-lateral.
The dip-slip components are unconstrained. To prevent large variations in slip between
neighboring fault patches, we apply continuity constraints (which on a regular grid are equivalent
to minimizing the first spatial derivative of slip). We further impose a “soft” zero-slip boundary
condition at the fault edges, except at the Earth’s surface (27).

The inversions are performed using the Green’s functions for both a homogeneous and layered
elastic half-space (65). Unless noted otherwise, results presented in this manuscript correspond to
layered elastic half-space models. We estimate the depth distribution of elastic moduli of the
layered half-space from the 3D seismic tomography models (23). Inversions in which the fault
dip angle was allowed to vary confirm a 70-degree northward dip for the Mw 7.7 fault rupture, a
70-degree westward dip for the Nurdagi-Pazarcik Fault that initiated the Mw 7.8 event, and a
vertical dip on all ruptured sections of the EAF. Figs. S3—S6 show the sub-sampled data,
predictions of the best-fit models and residuals for the data sets used in the inversion. Overall,



our preferred model (Figs. 1B and S2) fits the main features of the displacement field well, with
a variance reduction of more than 96% for the interferograms and 75% for the pixel offsets. We
compute the seismic moment for each event by summing up scalar seismic moments of the
respective slip patches (Figs. 1B and S2). Inversions using a homogeneous half-space give rise to
the moment magnitudes of 7.83 and 7.70 for the first and second event, respectively, assuming
the shear modulus of 33 GPa. Inversions using a layered half-space give rise to the moment
magnitudes of 7.89 and 7.74 for the first and second event, respectively, assuming the depth-
dependent shear modulus from our layered model. Fig. S7 shows a comparison between GNSS
observations and model predictions for each event. Since the static slip model was derived from
data spanning both events, a good agreement between the data and model predictions for
individual events (Fig. S7) indicate that the latter are well resolved and trade-offs between
coseismic displacements due to individual events in our inverse models are minimal. We note
that models assuming a layered elastic half-space do a better job fitting both the near- and far
field GNSS data compared to models assuming a homogeneous elastic half-space, in agreement
with studies of other large earthquakes (26).

Subevent inversion

We apply a subevent inversion method (30, 31) to simultaneously constrain a total of 6 subevents
for the Mw 7.8 earthquake and 4 subevents for the Mw 7.7 earthquake. We determine the number
of subevents by iteratively adding subevent numbers in the inversions until the waveforms are
well fit and the total moment is consistent with the long-period moment from the geodetic
solutions. The major advantage of the subevent inversion method is that it can describe multi-
fault rupture processes with flexible subevent locations, timings, and focal mechanisms, without
imposing strong assumptions on the fault geometry or rupture velocity.

Each subevent has 10 unknown source parameters, including the horizontal location and depth,
centroid time, centroid duration, and 5 deviatoric moment tensor components. Our two-stage
algorithm allows us to search for part of these parameters nonlinearly and invert the data for the
other parameters using a linear approach, which substantially improves the inversion efficiency.
In the outer (first) stage, we use a Metropolis-Hasting Markov Chain Monte Carlo (MCMC)
sampler to drive the search for nonlinear parameters, including subevent locations, timings, and
source durations. In each MCMC sampling step, we perturb one of the nonlinear parameters
while keeping the other nonlinear parameters at their current values (66), which ensures a high
acceptance rate and sampling efficiency. Given the set of nonlinear parameters in the inner
(second) stage, we linearly invert the seismic data for the moment tensors by extending their
linear relationship (67) to multiple sources. Ultimately, the MCMC sampler only needs to search
5 nonlinear parameters for each subevent, which clears the path to extensively explore the model
space.

We generate 192 Markov Chains and eventually keep the best 48 for each inversion, to avoid the
chains being trapped in local minima. Our MCMC inversion incorporates a Bayesian framework
that accounts for data errors and model priors to estimate the model uncertainties. We assign
bounded uniform prior distributions of all nonlinear parameters except the horizontal locations,
for which we set priors based on the aftershock distributions. Although the actual noise and
instrumental errors for the seismic waveforms are minimal, we empirically introduce a data error
of 10% of the misfit to address inaccurate assumptions of the wave propagation processes



(Green’s function). The model uncertainties are ultimately represented by the widths of the
Markov Chain sample distributions, which are equivalent to the posterior probability density
functions.

We incorporate a variety of datasets, including P waves of 63 teleseismic (epicentral distance
between 30°-90°) stations in displacement and velocity, SH waves of 66 teleseismic stations in
displacement, and three-component full waveforms in velocity recorded by 78 local (epicentral
distance within 200 km) strong ground motion stations (Fig. S9-S13). The data are selected from
the Global Seismic Network (GSN), the International Federation of Digital Seismograph
Network (FDSN), as well as the Turkish National (TK) strong ground motion network for good
quality and azimuthal coverage. The weighting of these datasets is set to be 5, 1, and 0.0015 for
similar contributions to the final misfit. We remove the instrument responses and the linear
trends of these data. For the teleseismic data, we rotate the two horizontal components to the
radial and transverse components, and we apply a 0.005-0.15 Hz band-pass filter. For the local
strong ground motion data, we apply a 0.02—0.15 Hz filter. To account for path effects and
picking errors, we allow a time shift up to 2s for teleseismic P waves, 5s for teleseismic SH
waves, and 2s for the regional strong motion data. We calculate Green’s functions using the 1D
velocity model of Giivercin et al. (23) for the crust (Table S2) and the IASPEI91 model (68) for
the deeper earth. We compute teleseismic Green’s functions with a hybrid method that combines
a propagator matrix and ray theory (69, 70), and calculate local Green’s functions based on the
frequency-wavenumber integration method (71).

The seismicity locations and the space geodesy data tightly constrain the fault geometry and
surface ruptures, which provides our subevent inversion with useful priors. For the Mw 7.8
earthquake, we incorporate the horizontal spatial density of its early aftershocks before the Mw
7.7 event as the prior distribution for the subevent locations. We also fix the location of the first
subevent to be at the hypocenter on the NPF, which is well constrained by the InSAR data. For
the Mw 7.7 earthquake, we impose the horizontal spatial density of its aftershocks as the prior for
the subevent locations, and anchor the last subevent at the location where the slip patch on the
Dogansehir branch is observed in the static slip model. Fixing the location of one subevent
avoids all subevents moving their horizontal locations together with the seismograms shifting
simultaneously, thus stabilizing the inversion. The narrow subevent model uncertainty limits for
the Mw 7.8 and 7.7 events reveal that their subevent models are well constrained by the data.

Back projection

We employ a standard time-domain back-projection method (32, 72) to analyze the rupture
propagation of the Mw 7.8 earthquake. This technique has been widely used to detect aftershocks
and resolve earthquake radiation patterns because it does not make many assumptions about the
fault geometry or rupture velocity (9, 73). Back-projection has successfully investigated the
spatiotemporal evolution of complex earthquakes, such as multi-fault rupture events and
supershear earthquakes (74, 75).

We collect P-wave velocity records of the event from all seismic stations within an epicentral
distance range of 30° to 90°. We apply a 0.05-0.5 Hz fourth-order Butterworth filter to the data
and remove records with signal-to-noise ratios (SNR) of less than 3. The SNR is calculated as
the root-mean-square (RMS) amplitude ratio from time windows 10 s before and after the



theoretical P-wave arrival obtained from the International Association of Seismology and
Physics of the Earth's Interior (IASP91) travel-time tables (68). To eliminate any effects of
stations located close to the nodal plane directions, we exclude them from the analysis. We
visually inspect the records and select only those with clear P-wave onsets. Traces with positive
polarities are also discarded. After quality control, we align the traces using multi-channel cross-
correlation with a time window from -2 to 6 s relative to the theoretical P arrivals. Polarity flips
are not allowed during cross-correlation. In total, we use 391 stations to image the rupture
evolution of the Mw 7.8 earthquake, as shown in Fig. S15.

The back-projection procedure first predefines a set of points for potential sources around the
earthquake hypocenter, with a fixed horizontal point spacing of 10 km at the hypocentral depths
(Point-set 1). The potential source point spans an area of 600 km by 600 km, with the earthquake
epicenter located at the center of the points. To improve the spatial resolution of the back-
projection images, we employ a Nth root stacking (N=4) method, albeit at the cost of losing
absolute amplitude information (76, 77). We normalize the records using their peak amplitudes
and inversely scaling by the number of contributing stations within 5° to balance the azimuthal
and spatial coverage of the stations. To evaluate the spatiotemporal migration, we generate back-
projection snapshots using different stacking windows to balance the trade-off between
resolution and robustness (Fig. S15). We normalize the back-projection snapshots by the
maximum power within each window and present them as contours with coherence exceeding
90% of the maximum normalized energy (Fig. S15). The back-projection snapshots exhibit good
agreement with the fault traces. Since the event displays simple linear rupture propagation, we
estimate the average rupture speed of various rupture branches to be approximately 3 km/s for
the Mw 7.8 earthquake.

The Mw 7.8 earthquake ruptured a group of nearly vertical strike-slip faults, and space geodetic
observations enable us to accurately define the fault traces. To limit the potential sources, we
restrict them to be along the fault traces (Point-set 2) for the back-projection analysis. We adopt
the same stacking procedure using the same set of P waves as in Point-set 1. The results,
presented in Fig. 2, include snapshots with varying window lengths that help to infer the
earthquake rupture propagation. The back-projection images are robust and in agreement with
those obtained using Point-set 1.

Kinematic slip inversion

We conduct a joint kinematic slip inversion of the Mw 7.8 and 7.7 earthquakes using both seismic
and geodetic data, following the finite-fault inversion framework of Jia et al. (33). We used the
same fault geometry as used in the static slip inversion (Figs. 1B, S2). The rake angles are
constrained by the corresponding subevent focal mechanisms (rake angles of fault 1-6: 0°, 8°, 0°,
-10°, 180°, 40°). We discretize each fault segment into subfault grids with horizontal and depth
intervals of 6 km and 4 km, respectively. Each subfault grid has a triangle moment rate function
with a duration of 4 s.

For both events, we use one rupture velocity per fault segment, and calculate the rupture time of
each subfault patch based on its in-plane distance from the grid of initial rupture (i.e., the
epicenter on the first segment), which is effectively a slip-pulse rupture expansion. For bilateral
rupture scenarios, estimation of rupture velocity based on subevent locations may be biased.



Through grid-searching (Fig. S18), we obtain the optimal rupture velocities of 3.2 km/s to the
northeast and 2.8 km/s to the southwest for the Mw 7.8 earthquake. Notably, a delay for the
nucleation of the southwest segment is required by the data, and we find the optimal delay time
is 10 s (Fig. S17). For the Mw 7.7 earthquake, we obtain an eastward rupture velocity of 2.5 km/s,
whereas we constrain a westward supershear rupture with an optimal velocity of 4.5 km/s (Fig.
S19). Unlike the Mw 7.8 event, we do not find that any delayed rupture branches occurred during
the Mw 7.7 earthquake.

Once we define the fault geometries, rake angles, and rupture times, the slip amplitudes are the
only remaining unknown parameters. We extend the linearized finite-fault inversion method of
Hartzell and Heaton (78) to model the two earthquakes in a single inversion. We use a
combination of regional strong ground motions, teleseismic P and SH waves in displacement,
two tracks of ALOS-2 ScanSAR line-of-sight displacements, and the Sentinel-1 ascending and
descending range offsets. Processing and filtering of the seismic data and the Green’s functions
follows the same procedures as the subevent inversion described above, but we do not allow any
time shifts for the local strong motion waves to avoid trade-offs between time-shifting and
rupture velocity estimates. Processing of the InSAR data follows the previous static slip
inversion. InSAR Green’s functions are calculated using the same 1D velocity model of
Giivercin et al. (23) with a frequency-wavenumber integration method (71).

We set up a linear system describing the relationship between observed data and the subfault
synthetics,
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synthetics of different data types for unit slip on the corresponding subfault grids. For the seismic
data, both G and d are time series of all stations from end to end, and they are linked to the Mw
7.8 and 7.7 earthquakes independently. The InSAR data and Green’s functions are formatted as
gridded surface line-of-sight (LOS) displacements and they span both earthquakes. Therefore,
the seismic data helps to differentiate the slip distribution for these two events, while the InSAR
data provide constraints on their total slip. We can directly resolve the least-square slip
distributions of the two earthquakes, but the result is unstable because of ill-conditioning of this
inverse problem. To stabilize the inversion, we introduce four types of constraints, including 1)
non-negative constraints on the slip, 2) minimization of the slip differences between adjacent
subfault grids, 3) penalizing slip at the non-surface boundaries of the faults, and 4) minimizing
the L2 norm of the slip distribution (78, 79). These constraints help to avoid unphysical solutions

(Strong motion, teleseismic P and SH waves, and InSAR). G represents the
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(negative slip, enormous strain, etc.) and overfitting. To flexibly incorporate these constraints,
we used the CVX optimization algorithm (80) to solve our inverse problem.

Dynamic rupture simulations

Dynamic rupture models require prescribed initial conditions, including fault geometry, relative
fault strength, prestress, and material properties (81, 82). Our dynamic rupture simulations use
the same model setup for linked forward simulations of both earthquakes (54). We inform our
initial parameterization from observations: fault geometry from geodesy and seismicity, large-
scale fault loading from regional seismo-tectonics and smaller-scale stress heterogeneity from
static slip inversion, and fault strength from first-order earthquake kinematics. We prescribe
larger fracture energy, larger nucleation area, and closer to critically stressed faults for the
second event to capture its rupture dynamics which are distinct from the first earthquake (see
main text).

Fault geometries:

We account for the large-scale geometrical complexities of the fault system, including fault
bends and secondary segments. Our dynamic rupture model includes the faults hosting both
events and the relative effects of the static and dynamic stresses of the Mw 7.8 event on the
dynamics of the second earthquake. We include ten curved, intersecting segments of the EAF
and SCF (Fig. S20) as inferred from geodetic analysis and resembling the fault geometries of the
static and kinematic models. We extend mapped surface fault traces to a depth of 20 km with
varying dip angles ranging between 90° for all EAF segments and 70°N for the main segments of
the second event. The minor Goksun splay (segment 5, Fig. 1) is dipping 90°.

Fault friction and relative fault strength:

We use the widely used linear slip-weakening friction law (83), with static friction coefficient
us=0.6 and dynamic friction coefficient ps=0.2 on all faults. The critical slip distance varies
between Dc= 0.5 m for faults hosting the first earthquake and for the Goksun splay, and D= 1.0
m, implying larger fracture energy for the main faults hosting the second event.

S, the ratio of initial strength excess to nominal stress drop (84), is a measure for the relative
strength of faults in dynamic rupture simulations. While static and dynamic friction coefficients
are constant on all faults, we find that prescribing variable relative fault strength S is required to
dynamically reproduce the first-order earthquake kinematics, such as moment magnitude and
rupture extent. S varies due to variable prestress (next section). Furthermore, the local fault
geometry modulates the prescribed regionally variable relative fault strength (Fig. S20),
implying that locally more optimally oriented fault portions are closer to critically prestressed.

Prestress:

We combine large-scale variability in fault loading inferred from regional seismo-tectonics and
modulated by fault geometry with small-scale heterogeneity inferred from static slip inversion.
We assume depth-dependent effective normal stress and combine shallow mildly over-



pressurized pore fluids, with a pore fluid pressure of y=pwater/p = 0.66, with effectively constant
effective normal stress below ~ 6km (85-87).

Following previous dynamic rupture simulations unraveling complex multi-fault earthquakes
(12, 54, 88, 89), we constrain large-scale variability in fault loading from regional seismo-
tectonic observations (Fig. S20). Here we combine stress inversion (23), InSAR constrained
principal strain rate orientations (90), with recent focal mechanisms (AFA,
https://deprem.afad.gov.tr/event-focal-mechanism) to prescribe an along-strike rotating prestress
state, which is required to dynamically reproduce rupture dynamics of both earthquakes.
Specifically, we find that close-to-optimal loading of the central segment of the second
earthquake reproduces its observed large slip and surface displacements.

Small-scale variability of dynamic rupture parameters cannot be measured in situ and is difficult
to constrain. Dynamic source inversions for friction parameters and the initial state of fault stress
(91, 92) are limited to sufficiently simple dynamic rupture models due to the computational cost
of the forward problem. We derive the spatially-variable static stress changes associated with our
geodetically inferred static-slip model using the same computational model as the dynamic
rupture models. In a pseudo-dynamic calculation, we impose the geodetic slip model and
measure the associated stress heterogeneity (37) in the full stress tensor.

Inferring initial stresses directly from data-driven slip models (93, 94) often requires additional
assumptions and ignores regional tectonic constraints. We combine large-scale and small-scale
prestress heterogeneities based on a few trial dynamic rupture scenarios. We find that balancing
their respective amplitudes using a scaling factor of 0.65 for the smaller-scale stress changes and
S ratios varying between 0.54 and 2.33 (Fig. S20) spontaneously reproduces earthquake
kinematics, geodetic deformation and ground motions of both events very well (Figs. S21-S25).

Nucleation:

We initiate both ruptures by linearly decreasing static frictional strength ps=0.6 to 4 in two
separately-activated gradually expanding nucleation patches of maximum sizes 2 km (Mw 7.8)
and 3 km (Mw 7.7) centered at the same respective hypocenter locations as in the kinematic
model and observationally inferred from AFAD (53). Only a critical portion (95) of the fault
needs to reach failure to nucleate rupture, while other parts of the faults are prestressed well
below critical and yet break dynamically. We use a nucleation patch smoothly varying in space
and time (96) and acting across a minimal-sized perturbation area, avoiding artifacts when
initiating self-sustained spontaneous rupture with minimal perturbation determined in several
trial dynamic rupture simulations.

Material properties and dynamic rupture model domain:

We embed all faults in the same 1D velocity model as the data-driven models (23), which does
not include viscoelastic attenuation. Our dynamic rupture model domain accounts for high-
resolution (450 m) topography from SRTM DEM data (57). We assume a depth-dependent, non-
associated Drucker-Prager elasto-viscoplastic rheology to model coseismic off-fault plastic
deformation (97). We parameterize off-fault plasticity by bulk internal friction coefficient and
3D variable plastic cohesion. We use a uniform bulk friction coefficient of 0.6, matching our on-



fault static friction coefficient, and define plastic cohesion Cpiast as proportional to the 1D depth-
dependent shear modulus p in [Pa] following Roten et al. (98), as:

Chlast = 2 % 10™* max(u(2),2 x 10'°)

We taper bulk cohesion at depths shallower than 2 km, where confinement stresses are low.
Numerical method:

We solve the spontaneous dynamic rupture problem with high-order accuracy in space and time
using the open-source software SeisSol (www.seissol.org). SeisSol uses the Arbitrary high-order
accurate DERivative Discontinuous Galerkin method (ADER-DG) (99) and end-to-end
optimization for high-performance computing infrastructure (100-102). SeisSol employs fully
non-uniform unstructured tetrahedral meshes that statically adapt to geometrically complex 3D
geological structures, such as non-planar, intersecting faults, and topography. SeisSol has been
verified in various community benchmarks (96, 103).

We spatially discretize our model domain in an unstructured tetrahedral mesh consisting of 33
million tetrahedral elements. The mesh is statically adapted to resolve frequencies of at least 1
Hz everywhere, acknowledging the 1D seismic velocity model. We choose a maximum element
edge-length of 300 m at all fault interfaces. The size of the area behind the rupture front where
shear stress decreases from its static to its dynamic value is the process zone width (104). We
here measure the median process zone width as 750 m. The recommended number of elements
required to resolve the median process zone size in a SeisSol dynamic rupture simulation setup
with off-fault plasticity and heterogeneous initial stress conditions is 2 for our chosen polynomial
order of basis functions p =4 (97). Thus, our rupture models are well resolved by our chosen
discretization, noting that each dynamic rupture element provides sub-element resolution.

We spatially discretize our model domain in an unstructured tetrahedral mesh of 31 million
tetrahedral elements. The mesh is statically adapted to resolve frequencies of at least 1 Hz
everywhere in a high-resolution area of 400 km x 200 km with the NE-SW main axis aligned
with the fault system, acknowledging the 1D seismic velocity model at depth. In larger distances
to the faults, mesh resolution adaptively coarsens. We still resolve 0.25 Hz at the edges of the
dynamic rupture model domain which spans a total extent of 600 km x 600 km x 500 km. We
choose a maximum element edge-length of 300 m at all fault interfaces. The size of the area
behind the rupture front where shear stress decreases from its static to its dynamic value is the
process zone width (97). We here measure the median process zone width as 5300 m (90). Our
rupture models are well resolved by our chosen spatial and temporal discretization, which
includes basis functions of polynomial order p = 4, noting that each dynamic rupture element
provides sub-element resolution.

ACFS and ACFD calculations:

We compute ACFS or ACFD across the SCF fault system from the dynamic rupture simulation
of the Mw 7.8 earthquake, which allows us not to be restricted to an a priori assumed planar fault
geometry but to use a full cartesian tensor and account for the full complexity of the fault
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network when resolving on-fault stress changes. We calculate the Mw 7.8 static Coulomb failure
stress changes ACFS at 150 s after initiating the first dynamic rupture simulation, which ensures
that transient seismic waves have left the model domain. We measure ACFS in the direction of
maximum shear tractions at each point of the complex fault system as ACFS = At — f Acn, with
At and Acn being the dynamic shear and normal fault stress changes, and f = ps=0.6 the static
friction coefficient used in the dynamic rupture simulations. We measure the absolute dynamic
Coulomb failure stress perturbation (ACFD) in the direction of maximum initial traction
throughout the rupture time of the first event’s dynamic rupture scenario. We show its maximum
values across the SCF fault system in Fig. 4C of the main text.

To investigate the sensitivity of the computed static stress changes to uncertainties in the
orientation of the nucleation site of the Mw 7.7 event, we compute shear and normal stress
perturbations caused by the Mw 7.8 mainshock on fault strikes ranging from 0 to 360 degrees,
assuming a vertical dip (Supplementary Video S3). Calculations are performed using the best-fit
static slip model of the Mw 7.8 event constrained by SAR and GNSS data (Figs. S1 and S7), and
the boundary element code DIS3D (105, 106). Fig. S27 shows the computed perturbations in the
shear, normal, and Coulomb stress (assuming the coefficient of friction of 0.6) on faults striking
slightly north of west, similar to the orientation of the Cardak fault that hosted the nucleation of
the Mw 7.7 event. The latter was encouraged by both the normal and shear static stress changes.
Note that the Coulomb stress change is positive along a potential rupture path toward the EAF (a
straight eastward continuation of the Cardak-Siirgii fault), unlike the actual rupture path along
the Dogansehir fault that experienced a decrease in the Coulomb stress (see Fig. 4D and Video
S3).

Rupture velocity analysis using near-fault strong motion pulses

The SW part of the EAF is well instrumented with 16 stations located nearly on top of the fault
trace. Records from these stations can thus be used to track the passage of the rupture and
estimate the rupture speed. To that end, we first band-pass filter the strong motions between
0.01-1 Hz and hand-pick the onset timing of the strong pulse that marks the rupture passage.
Knowing the distance between the stations, we then estimate the average rupture speed using a
linear regression. We also use this approach on the ground motions predicted by our dynamic
rupture model to further compare our dynamic rupture model with the observations. From the
observed strong ground motions, we estimate a rupture speed of 3.25 km/s and 2.94 km/s on the
EW and NS component respectively, leading to an average rupture speed of 3.10 km/s. For the
modeled ground motion, we estimate an average rupture speed of 2.97 km/s (2.975 km/s on the
EW component and 2.971 km/s on the NS component). This is consistent with the 2.8 km/s
solution derived from our kinematic slip inversion, confirming an overall subshear rupture on the
SW part of the EAF.

Ground motion analysis

We compute peak ground velocities (PGV) and peak ground accelerations (PGA) for both
earthquakes from local strong motion acceleration recordings and from the dynamic rupture
simulation which resolves frequencies up to 1.0 Hz in a broad region of 400%200%25 km
covering the fault systems of both events and nearby strong motion stations. We compute the
observed PGVs and PGAs using local strong motion data obtained from AFAD (Disaster and
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Emergency Management Authority, 1973) using the automatically processed records for both the
Mw 7.8 and 7.7 earthquakes. We define PGV and PGA as the rotationally-independent geometric
mean (GMRotD50, 107) of the two horizontal components of ground velocity and acceleration,
respectively. We compute the Joyner-Boore distance, Rig (108), for each station using the
representation of fault rupture used in the USGS ShakeMaps (109).

We compute residuals from a ground motion model (55) developed for “all seismically-active
regions bordering the Mediterranean Sea and extending to the Middle East”, by taking the
natural logarithm of the observational and synthetic data divided by the predictions (Fig. S23).
We assume a site condition of VS30=760 m/s for the residual calculation. We used the
OpenQuake (110) software to obtain the ground motion model predictions.

Captions for Animations

Video S1: Slip rate animation, dynamic rupture scenario of the My 7.8 earthquake.
Video S2: Slip rate animation, dynamic rupture scenario of the My, 7.7 earthquake.

Video S3: Static stress changes due to the My 7.8 earthquake on vertical strike-slip faults, as a
function of strike angle, at depth of 5 km.
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Fig. S1. Line of sight (LOS) displacements and pixel offsets used in this study. (a-f) LOS
displacements from ALOS-2 ScanSAR interferograms from ascending tracks 183, 184, and 185,
and descending tracks 76, 77, and 78. (g-jb) Range and (k) azimuth offsets derived from the TOPS
SAR data from Sentinel-1 tracks A14, A116, D21 (g-i), and stripmap mode data from ALOS-2
descending track D78 (j,k). Horizontal and vertical axes represent longitude and latitude, in
degrees. Colors represent displacement amplitude, in meters. Arrows denote a line of sight from
the radar antenna to the ground, and a positive direction of the LOS displacements and azimuth
offsets.
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Fig. S2. Static slip distribution from inversions of space geodetic (SAR and GNSS) data, from a
different perspective than in Fig. 1B, showing the slip distribution on fault segments 1 and 3 in
greater detail. Notation is the same as in Fig. 1B.
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Fig. S3.

Sub-sampled data, model predictions and residuals for the ALOS-2 ScanSAR interferograms
from the ascending tracks 183 (a-c), 184 (d-f), and 185 (g-i). Horizontal and vertical axes
represent eastings and northings in local UTM coordinates, in kilometers, with origin at 37°E,
37°N. Colors represent displacements, in meters.
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Fig. S4.

Sub-sampled data, model predictions and residuals for the ALOS-2 ScanSAR interferograms

from the descending tracks 76 (a-c), 77 (d-f), and 78 (g-1). Horizontal and vertical axes represent
eastings and northings in local UTM coordinates, in kilometers, with origin at 37°E,
37°N. Colors represent displacements, in meters.
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Sub-sampled data, model predictions and residuals for the Sentinel-1 range offsets from the
ascending tracks 14 (a-c), 116 (d-f), and descending track 21 (g-i). Horizontal and vertical axes
represent eastings and northings in local UTM coordinates, in kilometers. Colors represent
displacements, in meters.
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Fig. S6.

Sub-sampled data, model predictions and residuals for the ALOS-2 range offset (a-c) and
azimuthal offset (d-f) from descending track 78. Horizontal and vertical axes represent eastings
and northings in local UTM coordinates, in kilometers. Colors represent displacements, in
meters.
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Fig. S7.

Comparison between GNSS observations (blue arrows) and model predictions (dark red arrows)
from the My, 7.8 event (a) and the My, 7.7 event (b). In panel (b), black and green arrows represent
the observed and modeled displacements at site EKZ1, which are substantially larger than
displacements at all other sites, thus shown on a different scale. Ellipses denote 2-sigma errors in
the displacement solutions.
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Fig. S8.

Comparison between the surface slip predicted by our preferred static slip model (Fig. S2) and
geologically mapped surface offsets (18) for the My 7.8 event. The along-fault profile starts at the
southwestern tip of our slip model (Fig. 1B). Note that the field observations shown in this figure
were not used to constrain our models. Both the model and the data suggest a considerable
heterogeneity in slip amplitude along the earthquake rupture.
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(b) Teleseismic broadband
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Fig. S10.

Waveform fits of the preferred subevent model for the My 7.8 event. Observed data and synthetics
are indicated by black and red lines, respectively. The numbers leading each trace are the station
azimuth and distance. (a) P waves in displacement. (b) P waves in velocity. (c) SH waves in
displacement. (d-e) Local full strong motion waveforms in velocity.
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Fig. S11.

Subevent model uncertainties from the Markov Chain sample distributions. Columns from left to
right indicate the density distribution of subevent centroid times, durations, west-east locations,
north-south locations and centroid depths. Rows represent subevents E1-E6.
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Fig. S12.

Similar to Fig. S10 but for the My 7.7 event.
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Similar to Fig. S11 but for the My 7.7 event.
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Contributions to the teleseismic P waves in displacement from (a) subevents E1-E3 and (b)
subevent E4 for the My 7.7 earthquake. The boxed areas show that the seismic data fits require
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Fig. S15.

Back-projection results for the My 7.8 earthquake. Color contours indicate the normalized peak

energy radiation for specific time windows. Insets display the stations utilized for the analysis
and their corresponding P wave polarity in the lower-hemisphere projection.
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Fig. S16.

Data fits of the kinematic finite-fault model. (a) Fits to the near- and far-field seismic waveforms
for the My 7.8 earthquake. (b) same as (a) but for the My, 7.7 event. (c) Comparison of data and

predictions of line-of-sight displacements for the Scansar track 184 and 77, and range offsets for
the Sentinel ascending and descending tracks.

28



(b) 10-s delay (c) No delay
N

z E N z
el A 1 4616 pa Al
AP N V A
eTAEZVVk Av v 1 AR e "o~
(a) e14624m W Y o1 462Ap A Ao
o122 A ——Np— e1.2712_a ph A
P v
25 o1 4617 A AP o1 4617 ap A,
el A, o 12208 eppyme— ——t Ao
\ag v
et vA e1_B00; ‘}L AP
20 e1 271 A, A e1.2718 A A
Ubam o / N \ ]
— 1 271 [ A el 271 A A
3 v v v \al
<15 e1.2716 v" A el 2716 N A
b4 e1.3143 (i} e1.3143 A K
© Vv Vv [y
2 10 el el 31 VI\ ﬂ/
S
=4 e1.3145 el 314 .ﬂ
£ 4¢-— — Y v
= el A\ e1.3139 A
2 5 2138 “VL“‘_ - " VL' v
= o1 3116 An A\ 1.3116 . Iy
v A s v '
o1 314 '\ . A o1 314 VA A
0 ewm___‘]&,_ A et 311 VA A
e1.3133 e 13133
e1.3141 A _A e1.3141 A A
0 5 10 15 20 13125 A v 14125 n v
Time delay (s) e‘ 213 \/ M | ¥
e h'.._ v ¢ ﬁlza—ecAr-— 4
el 313 ‘A’.__ e1.313; \A]
e1 3126 VA" N et 3126 ‘VA' \f
el o A WY e1.3131 A, O\
v v
etatze . A~o 61.3129 A
v A ng
e1_3136 Y PN 'y ~ el 31368 . . Aa. A~
e Al 3% S hnd =
1,314 A e1_314; A
v Vv
— — —_
0 50 700 0 50 00 0 50 700 0 50 700 "0 50 100 0 50 700
Time (sec) Time (sec) Time (sec) Time (sec) Time (sec) Time (sec)

Fig. S17.

Delay of the backward branching along the southwest segment of the EAF during the My, 7.8
earthquake. (a) Optimal delay of 10 s constrained by grid-search. (b) Fits to the on-fault strong-

motion waves with 10-s time delay. (c) Fits to the on-fault strong motion waves without time
delay.
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Fig. S18.

Rupture velocity analysis for the My, 7.8 earthquake. (a) Data misfits of the kinematic slip
inversion as a function of rupture velocities towards northeast and southwest directions,
respectively. (b) Estimates of average rupture speed on the southwestern part of the East
Anatolian Fault (EAF), using EW/NS components of the observed (black) and dynamic rupture
synthetic (red) ground motions for the stations located atop the SW-EAF. For each station, the
observed and modeled ground motions are offset for visibility. We use the respective peak of the
first strong velocity pulse, marked by black and red points, in each waveform to estimate the
rupture speed. The black and red straight lines are the resulting estimated average rupture speeds.
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Westward supershear rupture velocity during the My 7.7 earthquake. (a) Optimal westward
rupture velocity of 4.5 km/s constrained by grid-search. (b) Fits to the west-propagating strong-
motion waves with a supershear rupture velocity of 4.5 km/s. (c) Fits to the west-propagating
strong motion waves with a subshear rupture velocity of 3.0 km/s.
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Fig. S20.

Initial conditions for dynamic rupture modeling of both large earthquakes. SHmax (orange
numbers) is the complex regional maximum horizontal compressional stress loading on all faults
and varies across the fault system. S (black numbers) is the ratio of initial strength excess to
nominal stress drop and a measure of the relative strength of each fault segment (84). Additional
small-scale initial shear-stress heterogeneity is constrained from the static slip model (Fig. 1).

32



(a) M,, 7.8 Kinematic model (b) M,, 7.7 Kinematic model
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Fig. S21.

Comparison of the accumulated slip at different time intervals from kinematic slip models for the
(a) My 7.8 and (b) My 7.7 earthquakes, with dynamic models for the (¢) Mw 7.8 and (d) Mw 7.7
earthquakes, respectively.
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Fig. S22.

Comparison of the surface displacements predicted by our dynamic rupture models (inset) with
the interferograms derived from ScanSAR data from ALOS-2 ascending track 184 (left) and
descending track 77 (right). RMS mismatch between InSAR data and predictions is 0.14 m and
0.12 m for track 184 and 77, respectively.
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Fig. S23.

GMPE (55) residuals for the observed and simulated peak ground velocities (PGV) plotted

against Joyner-Boore distance (RJB) for the (a) My 7.8 and (b) My 7.7 earthquakes of Fig. 5 of

the main text. All PGV are rotationally-independent geometric mean values (GMRotD50, 107).

The residuals for the observed PGVs are shown by open black circles, and the residuals for the
dynamic-rupture-simulated PGVs are shown by open blue squares. We bin the residuals by RJIB
and indicate the medians for each distance bin with solid markers. The means of the residuals are

printed in the upper left of each panel. We include simulated and observed data at the same

locations, respectively.
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Fig. S24.

Similar to Fig. 5 but comparing peak ground accelerations (PGA) plotted against Joyner-Boore
distance (Ry) for the (a) Mw 7.8 and (b) Mw 7.7 earthquakes. Modeled and observed PGAs,
which are more sensitive to high frequency radiation than PGVs, agree to first order. Observed
PGAs from strong motion accelerometers are indicated by open black circles, and simulated
PGAs from the dynamic rupture simulations are indicated by open blue squares. All PGA

are rotationally-independent geometric mean values (GMRotD50). We bin the PGA data and
synthetics by Ris and plot the medians for each distance bin (solid markers). We include
simulated and observed data at the same locations, respectively.
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Comparison for the dynamic rupture scenario of modeled (red/blue) and observed strong ground
motions (black) for (a) the Mw 7.8 and (b) the Mw 7.7 earthquakes, respectively. Ground velocity
time series at near-fault strong-motion stations are band-pass filtered between 0.01-1 Hz. No

amplitude scaling or time shifts are applied.
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Fig. S26.

Transient shear stressing (left) and dynamic unclamping (right) effects at the fault intersection

due to the northeastward rupture along the EAF.
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Fig. S27.

Static stress changes due to the My 7.8 mainshock, resolved on vertical faults striking 279
degrees (81 degrees counterclockwise from north), similar to the strike of the Cardak fault near
the nucleation site of the My 7.7 event (shown by a white circle). Panels (a), (b), and (c) show the
computed perturbations in the shear, normal, and Coulomb stresses, respectively, at the assumed
depth of 5 km. Colors represent stress changes, in megapascals, on a logarithmic scale. The
calculated Coulomb stress changes assume a coefficient of friction of 0.6. Panel (d) shows the
orientation of potential receiver faults. Results for other possible fault orientations are shown in
Supplementary Video S3.
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Fig. S28.

A synthetic test of the resolving power of our static slip model. We use the preferred fault
geometry and assumed slip distribution, as shown in panel (a), to generate synthetic data at the
same observation points that were used in our inversions. The resulting data set is then inverted
using the same parameters as in inversions of actual data. The resulting slip distribution is shown
in panel (b). Panels ¢ and d compare the along-strike averaged normalized slip as a function of
depth on faults representing the (c) My 7.8 and (d) Mw 7.7 ruptures. Note that the shallow slip is
resolved reasonably well, and no apparent deficit is introduced due to some missing near-field
data (Fig. S1).
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Satellite Mode

Track Number

Preseismic Acquisition Date

Postseismic Acquisition Date

Sentinel-1 Ascending 14 2023/01/28 2023/02/09
Sentinel-1 Ascending 116 2023/02/04 2023/02/28
Sentinel-1 Descending 21 2023/01/29 2023/02/10
ALOS-2 Strip | Descending 78 2022/04/06 2023/02/08
mode

ALOS-2 Ascending 183 2019/09/18 2023/02/15
ScanSAR

ALOS-2 Ascending 184 2022/09/05 2023/02/20
ScanSAR

ALOS-2 Ascending 185 2022/09/10 2023/02/11
ScanSAR

ALOS-2 Descending 76 2022/09/11 2023/02/12
ScanSAR

ALOS-2 Descending 77 2022/09/16 2023/02/17
ScanSAR

ALOS-2 Descending 78 2022/09/07 2023/02/22
ScanSAR

Table S1.

Coseismic Sentinel-1 and ALOS-2 SAR acquisitions used in this study.
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Vp (km/s) Vs (km/s) Density (g/cm”3) Thickness (km)
3.88 2.04 2.38 1
4.52 2.43 2.46 1
5.62 3.03 2.64 2
5.75 3.31 2.66 2
5.85 3.38 2.68 2
5.96 3.43 2.71 2
6.00 3.44 2.72 2
6.05 3.46 2.73 4
6.32 3.62 2.79 4
6.40 3.67 2.81 5
6.83 3.92 2.92 5
6.89 3.94 2.94 7
7.80 4.40 3.22 8
8.22 4.56 3.37 15
8.30 4.61 3.40 0

Table S2.

1D velocity structure used in this study. Model originally from Guvercin et al. (23). The density

is derived following the Nafe—Drake empirical relationship (111).
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