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The overall-subshear and multi-segment rupture of
the 2023 Mw7.8 Kahramanmaras, Turkey
earthquake in millennia supercycle
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On February 6, 2023, an Mw7.8 earthquake hit the East Anatolian Fault (EAF) and Narli Fault
(NF), followed by an Mw7.5 event on the Suirgli Fault. We combine multiple seismic datasets,
global navigation satellite system recordings, and radar satellite images with finite fault
inversion and slowness enhanced back-projection to study the rupture kinematics. Our
analysis reveals that the rupture originated on the NF, propagating 120 km northeast at
3.05km/s and 200 km southwest at 3.11km/s after reaching the EAF junction, exhibiting
overall subshear speeds. Further Mach wave analysis confirms the subshear rupture,
matching the prediction using close-Rayleigh speeds. The unexpectedly-large slip on some
EAF segments suggests a supercycle lasting >900 years. The EAF geometry is similar to the
San Andreas-San Jacinto Fault system, while the latter has higher slip rates but without large
earthquakes on its southern segments since 1857, carrying the potential of an M8
earthquake.
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n February 6, 2023, two powerful earthquakes of moment

magnitude (Mw) 7.8 and 7.5 hit south-central Turkey

and northern Syria (Fig. 1). The earthquakes, which
occurred only 9h apart, shook the regions around Gaziantep,
Kahramanmaras, Malatya, and Hatay, severely affecting the local
population. These earthquakes produced ruptures that are among
the longest ever recorded in continental strike-slip earthquakes,
with fault lengths of ~368 km and ~133 km for the Mw 7.8 and
Mw 7.5 ruptures, respectively!. The earthquakes triggered a
basin-wide tsunami alert, and a small tsunami was generated in
the Eastern Mediterranean Sea. The two earthquakes resulted in
severe damage to buildings and infrastructure in Turkey and
Syria, with a reported loss of at least 50,000 lives and many more
injured?.

The earthquake doublet occurred in the East Anatolian Fault
Zone (EAFZ), and the rupture reached the northern end of the
Dead Sea Fault Zone (DSFZ). The DSFZ is a major tectonic
boundary between the African and Arabian plates in the Middle
East. It has a complex geometry and has caused devastating
earthquakes in the past, including the 1138 M7.1 Aleppo, 1837
M?7.1 Galilee, and 1927 M6.3 Jericho earthquakes. The EAFZ is a
major left-lateral strike-slip fault that runs for approximately
700 km (ref. 3) along the eastern edge of the Anatolian Plateau. It
has been responsible for numerous large earthquakes in the past,
including the 995 (M7.4), 1114 (M >7.8), 1789 (M7.4), 1893
(M7.1), 1905 (M6.8) events*~©. More recently, there has been a
series of damaging earthquakes across southeastern Turkey
including the 1998 M6.3 Adana-Ceyhan, 2003 M6.4 Bingol, 2011
M?7.1 Van, 2010 M6.1, and 2020 M6.7 Elazig earthquakes. Fault
mapping of the EAFZ shows several fault segments and splay
faults that have accommodated varying degrees of seismicity
throughout their histories>7. Prior to the 2023 earthquakes, the
2020 Elazig earthquake was the most recent M >6.5 event to

rupture the EAF. It occurred further east, on the Piitiirge segment
of the EAF, and it was not estimated to increase the Coulomb
stress on the Pazarcik segment®?. The 2023 Mw 7.8 earthquake
started close to the junction of the Pazarcik and Amonos seg-
ments of the EAF. The Disaster and Emergency Management
Authority of Turkey (AFAD) placed its epicenter close to a splay
fault referred to as the Narli Fault (NF). The Mw 7.5 aftershock
occurred about 90 km north, on the Cardak fault segment of the
Stirgii Fault.

To analyze the source processes associated with the Kahra-
manmarag earthquakes in Turkey, we utilize two methodologies:
seismic array Slowness Enhanced Back-Projection (SEBP)!? and
joint Finite Fault Inversion (FFI)!L12. SEBP is applied to both the
Mw 7.8 mainshock and the Mw 7.5 aftershock, while FFI is spe-
cifically applied to the Mw 7.8 mainshock and resolves the slip
distribution on the NF and EAF. SEBP and joint FFI indicate that
during the Mw 7.8 mainshock, the rupture first initiates and pro-
pagates on the NF. After reaching the junction with the EAF, it
propagates bilaterally at overall subshear speeds, extending 120 km
to the northeast at 3.05km/s and 200km to the southwest at
3.11km/s. We further validate subshear speeds by local seismic
recordings and far-field Rayleigh waves analysis. Our investigations
reveal the presence of an earthquake supercycle on the EAF whose
complete period is 2900 years. We discover geometric similarities
between the EAF system and the San Andreas Fault system. These
findings hold crucial implications for seismic hazard evaluations in
California and other global strike-slip fault systems.

Results and discussion

Rupture kinematics of the Mw 7.8 and 7.5 events. We apply the
SEBP and joint FFI to analyze the source processes associated
with the 2023 Mw 7.8 Kahramanmaras, Turkey earthquake and
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Fig. 1 Spatiotemporal distribution of high-frequency (High-Freq) radiators and multiple datasets used in joint FFl. Diamonds denote the High-Freq

radiators for the Mw 7.8 earthquake, color-coded by rupture time relative to the origin time of the event and with size proportional to the normalized BP
power. Radiators imaged by the China array are shown in a and by the Alaska array are shown in b. All China and Alaska stations are shown in the lower
inset of a. Color circles denote the same as diamonds but for the Mw 7.5 earthquake. Blue to red background shows the ground displacement in east-west
direction (@) and in north-south direction (b) from radar satellites (Methods). a The gray dots denote the seismicities occurring from Jan 1st, 2023 to Mar
14th, 2023, from the AFAD catalog. The white triangles denote the strong motion stations used in SEBP validation (Methods). The diamonds with magenta
edges correspond to the 5 s radiator (see Results section). b S1-S6 denote the vertical fault planes adopted for FFI. The red arrows indicate the coseismic
deformation measured by GNSS stations. The white and magenta triangles denote the strong motion stations and teleseismic stations used by joint FFI,
respectively. The segments of the EAF by Duman and Emre32 are denoted by the brown dash lines and labeled names. ¢ The tectonic setting of the 2023
Mw 7.8 Kahramanmaras earthquake. The red rectangle indicates the study region in a and b. The fault trace data are from Emre et al.'4, Mahmoud et al.%>,

and Styron et al.%.
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apply SEBP to the Mw 7.5 event. The slip planes of the Mw 7.8
Kahramanmaras earthquake are constructed on six vertical fault
segments (segments S1-S6, Fig. 1b) extracted from the SAR
image-based surface traces (Fig. la, b) and aftershock distribu-
tions. During the joint FFI study, we divide these fault segments
into subfaults and invert for the rupture histories of individual
subfaults simultaneously! 12 using seismic waveforms observed
in both close-fault (<50km) strong motion and teleseismic
(3000-10,000 km) stations as well as the ground deformation
captured by high-rate Global Navigation Satellite System (GNSS),
and Synthetic Aperture Radar (SAR) speckle tracking from
Sentinel-1 satellite, InNSAR and multiple aperture interferometry
(MAI) from ALOS-2 and LuTan-1 satellites (Supplementary
Figs. 1-8). The SEBP analysis is based on the technique developed
by Meng et al.!1 (see Methods for more details). We collect the
broadband seismograms from two large-aperture arrays at tele-
seismic distance, located in China (CH) and Alaska (AK; the
lower inset in Fig. 1a). Slowness correction terms for the main-
shock are derived using nearby aftershocks (Supplementary
Table 1 and Supplementary Figs. 9 and 10) to further mitigate the
spatial bias caused by path effects (Methods).

To account for the influence of random seed selection in
simulated annealing inversions, we conduct 10 FFIs for the Mw
7.8 event using different random seeds. This approach helps us
explore the uncertainty arising from multiple optimal solutions
within the model space. All 10 inversions result in similar
solutions as expected, with negligible standard deviation on the
objective function values (~0.6% of the average), coseismic slip
distributions and moment rate functions (Supplementary Fig. 11).
Considering that all 10 models are plausible solutions, we present
the model with the smallest objective function value. Its coseismic
slip distribution is shown in Fig. 2 and Supplementary Figs. 12
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and 13, the rupture evolution on fault planes is presented in
Supplementary Movie 1, and the coseismic slip rate is shown in
Supplementary Fig. 13b. The final coseismic moment is
My = 7.67 x 1020 Nm (Mw 7.85), with an average slip of 3.1 m.
The preferred slip model features three large slip asperities north
and south of the hypocenter, one located on the EAF near the
junction with the splay fault, another at 70 km northeast of the
junction, and one at the south Pazarcik and north Amanos
segments. The peak slip is 9.2m and occurs on the Pazarcik
segment. The south rupture on the Amanos segment of the EAF
has relatively uniform and shallow slip, with an average value of
~3.1m. The along-fault averaged slip as a function of depth is
shown in Supplementary Fig. 14. The largest average slip occurs
at ~4 km depth, with a value of 4.4 m. According to the FFI, the
rupture duration is ~100s, with the southwest rupture tip
reaching the southern Amanos fault, close to the Karasu Fault
(Fig. 1). The total rupture length is estimated to be ~370km,
based on our SEBP results. This value is very close to that
estimated by field and satellite data (~368 km, ref. 1).

Our FFI analysis reveals that the 2023 Mw 7.8 Kahramanmarag
mainshock has a heterogeneous rupture process. As shown in
Supplementary Fig. 13a and Movie 1, the rupture starts on the
splay NF, but 92% of the seismic moment is released on the
Erkenek, Pazarcik, and Amanos segments of the EAF as three
high slip patches (Fig. 2 and Supplementary Fig. 15). The rupture
first propagates on the ~N33.5°E oriented NF for ~50 km and
reaches the NF’s northern end at ~20 s, consistent with the SEBP
results of the AK and CH arrays (Fig. 3b). At the junction of the
NF and the EAF, our slip model shows spatially and temporally
complex rupture fronts. The earliest slip on the EAF occurs at
~15s, then propagates bilaterally towards the northeast and
southwest. The northeast rupture lasts ~40 s and extends to the
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Fig. 2 3D view of the preferred slip model. Segment indices and lengths are labeled at bottom. Fault names are annotated on the top. The yellow star

denotes the hypocenter.
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Fig. 3 Spatial and temporal evolution of High-Freq radiators and slip rates. a The moment rate function (MR, black line) and the BP power for SEBP
results of CH array (purple line) and AK array (blue line). b Along-fault distance and time of BP radiators and slip rates. The junction of the splay fault and
the main fault is set as the origin of the distance axis, and the northeast is the positive direction. The origin time of the Mw 7.8 event is set as the origin of
the time axis. Unless otherwise stated, subsequent references to distance and time use this definition. The diamonds and circles denote the High-Freq
radiators imaged by the CH and AK arrays, respectively. The colormap denotes the slip rate averaged across depth. The red and magenta slants show the
fitted rupture speeds for the SW and NE fronts delineated by High-Freq radiators, respectively. ¢ Vertically exaggerated envelopes of detrended, demeaned,
bandpass filtered (1-4 Hz) fault-parallel components of strong motion stations shown in Fig. 1a. The red line indicates the SW speed fit using the timing and
distance of second envelope peaks at southern stations. The red dots indicate the time at which these peaks occur for a particular station’s distance along

the fault.

Piittirge segment. The southwest rupture continues on the
Pazarcik and Amanos segments for ~80 s after the junction. To
better compare the rupture evolution imaged by the SEBP and
FFI, we project the high-frequency (High-Freq) radiators imaged
by SEBP onto the FFI fault planes (Fig. 3b). The subfaults’ slip
rates, defined as the slip amplitude divided by the rise time, are
averaged across the depth and plotted as a function of their
curvilinear distance along the FFI faults. The High-Freq radiators
imaged by SEBP show an overall subshear northeast rupture
process consistent with the FFI slip model, with an average
propagation speed of ~3.05 km/s. The first 80 km of the southwest
rupture is only partially imaged by SEBP and is obscured by the
strong northeast front; this interference is expected when the
separation distance between radiators of a bilateral rupture is
shorter than the BP resolution!3. The interference of the bilateral
fronts also slightly affects BP imaging between —80 and —150 km,
during which the slip in FFI appears 1-5 s earlier than High-Freq
radiators. The overall south rupture speed resolved by SEBP is
~3.11 km/s, which also indicates a subshear rupture. A secondary
BP energy peak appears in the power curves between 120 and
140s, after the trough at 100s (Fig. 3a, Supplementary
Movies 2-5). This peak corresponds to the radiators in the
Eastern Mediterranean Sea (Fig. 1a, b) and could be generated by
an immediate aftershock or a subevent on the offshore part of the
Karasu fault, close to the Cyprus arc (see Rupture Speed and
Extent section for more discussion).

The SEBP results are further validated by local strong motion
recordings (Fig. 3c). The recordings show two pulses of energy
that form easily distinguishable peaks at most displayed stations.
The first pulse attenuates with distance from the epicenter as
expected from the geometrical spreading of seismic waves. We
trace S-phases radiated from selected High-Freq radiators
obtained from the BP results of the CH array to test whether
the arrival times of these S-phases at station locations coincide
with time frames of high energy release. The magenta vertical
bars indicating the theoretical S-wave arrival from the 5s High-
Freq radiator (the diamond with a magenta edge in Fig. 1la)
coincide well with this first energy pulse. However, the second

4

pulse of energy does not attenuate with distance. In Fig. 3c, we
notice an abundance of High-Freq radiators, indicated by the
cyan diamonds, at southern stations at the time of the second
energy pulse. They correspond to the SW-ward rupture front
passing through these stations along the Amonos segment. The
amplitude of the second pulse of energy is thus maintained by the
contribution of source areas closest to each station. We do not see
two envelopes of energy at stations in the north, which we
attribute to the rupture pattern observed from SEBP: the north
rupture travels at speed comparable to the local shear wave speed
(Vs =3.39 kmy/s, ref. 3), so that S waves from the hypocenter and
the rupture front arrive near northern stations almost simulta-
neously. In contrast, the south stations see two envelope peaks
separately because the SW rupture starts at least 15s after the
earthquake’s initiation and north from the epicenter.

For the SEBP of the Mw 7.5 event (Fig. 1 and Supplementary
Fig. 10, Supplementary Movies 6-9), the CH array result shows
that the rupture propagates bilaterally along the East-West
trending Stirgli Fault. Further east, the rupture traveled along a
curved path, which corresponds well with bends seen in the fault
mapping of the Siirgii Fault Zone!“. The rupture fronts then
terminate at ~65 km east and west of the epicenter, spanning a
rupture length of ~130km, which is also close to the length
estimated from field and satellite datal. The rupture speeds are
~2km/s eastward and ~3.6 km/s westward. The rupture seems to
stagnate in the first 8s of the event, likely due to the
aforementioned signal interference in bilateral ruptures!3. The
westward rupture speed of 3.6 km/s is very close to the local shear
wave speed of 3.3-3.5km/s (refs. 1%), and supershear rupture
might occur on parts of the west Siirgli Fault. Faster western
rupture is reported in the slip model by Melgar et al. 19, in which
a maximum rupture speed of 4.8 km/s is preferred.

Rupture speed and extent of the mainshock. The Mw 7.8 event
ruptured multiple faults and involved a complex propagation
process. A key question is whether the rupture speeds during the
mainshock exceed local shear wave speed (Vs). Supershear
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ruptures, which propagate faster than Vs, can generate stronger
ground motion!” and cause more severe damage than subshear
ones. Supposing a local Vs of 3.39 km/s at 4-12 km depth where
most slip occurs, the overall speeds for the northeast (Vyg=
3.05 km/s) and southwest (Vgw = 3.11 km/s) are both subshear.
Contemporary studies show highly debated rupture speeds
(Supplementary Table 2). Mai et al.!® perform beam-forming BP
and report a Vyg of 3.1km/s and a Vs of 2km/s. Petersen
et al.1? utilize finite source inversion and BP techniques, revealing
an average velocity range of 1.8-2.6 km/s and a maximum velo-
city of 3.4km/s. Yao & Yang?® determine a Vg range of
3.1-3.4km/s and a Vyg of ~3.19km/s through near-field data
analysis and numerical rupture simulations. Melgar et al.!® con-
duct FFI based on high-rate GNSS and local strong-motion data,
identifying a preferred rupture speed of 3.2km/s for both the
northeast and southwest branches. Delouis et al.2! perform finite
source inversion and find that the rupture speeds on the EAF are
globally subshear, with several transiently supershear fault por-
tions. Apart from Delouis et al.2!, supershear ruptures are also
declared in some studies, ranging from 5.1 km/s at the splay
fault?? to 6 km/s at the southwest EAF?3. Rosakis et al. 22 analyze
three strong motion stations near the splay fault and identify that
the rupture propagates at speed near 1.55 Vs (~5.1 km/s) on the
NF after traveling 19.45 km at subshear speeds. Okuwaki et al. 23
perform a potency-density tensor inversion and find a 5-6 km/s
speed for the southwest branch of the rupture. Wang et al.24
simulate the dynamic rupture process of the mainshock, and
report that Vyg is supershear while Vgy varies repeatedly
between supershear and subshear. Abdelmeguid et al.2> report the
occurrence of supershear ruptures at the end of the southwest

segment and the northeast segment of the EAF based on their
observation of larger fault-parallel amplitudes compared to fault-
normal amplitudes in near-field seismic recordings. However, it
should be noted that the interpretation of component amplitudes
alone as strong evidence for supershear ruptures is a subject of
debate?!.

We resolve the discrepancy in reported rupture speeds between
our results and other studies by showing that Mach wave
signatures of supershear rupture are absent in Rayleigh waves
recorded globally (Methods). Long and persistent ruptures
propagating faster than Rayleigh and Love waves produce surface
wave Mach cones with distinguishing signatures in seismograms.
At stations located near a pair of azimuths around the rupture
direction, surface waves emitted by all portions of the source
arrive simultaneously and interfere constructively?®27, leading to
waveform shapes highly similar to those of a nearby smaller event
with shorter rupture duration (e.g, an M5-6 aftershock or
foreshock). The waveform amplitude ratio between the main-
shock and the smaller event should equal their seismic moment
ratio. Figure 4a, b shows the cross-correlation coefficients (CCs)
between the 15-25 s period mainshock waveforms and a nearby
M5.3 aftershock (Supplementary Table 3) waveforms, and Fig. 4c,
d shows their amplitude ratios over moment ratios. We find that
the azimuthal distributions of CCs and amplitude ratios are
distinct from those predicted by a supershear rupture. In
simulations28 and observations of supershear events?®27, the
CC and amplitude ratios feature two maxima at azimuths of
25°-50° relative to the rupture direction and a local minimum at
the rupture direction. But here the CC and amplitude ratios peak
at the two rupture directions rather than on their sides. This

T 1
(b)  Northy aSouth
r _ ’_-"\ ,, \ 0.9 E
- [ [ o
- TN 08 2
I vo.-m R 5]
moanm ¥ o 1078
foheog " mooe
B g m m 5 B 06 §
1 1 | E
- : 05 o
1 L [ 104 Q
1 m | ©
=, ) 10.3
(d) Northl 1South
/ "l"‘~\\ P N 10.4
// l \\\/// | \\\
. 1 1 N
.j03 §
1 1 s
1 1 S
<
1 1
I 1 10.1
1 1
1 1

[ ea—O
0.1 0.2 0.3 0.4

-70 -30 10 50 90 130 170 210 250 290

Azimuth
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distribution pattern is consistent with simulation results of a
subshear rupture traveling at Rayleigh wave speed (Vgayieigh =
0.92 Vs) (ref. 28). For the southwest rupture, several stations
record highly-similar waveforms (CCs > 0.9; Fig. 4a and Supple-
mentary Fig. 16), indicating a rupture speed around Vggyicigh-
Using a local Vs of 3.39 km/s and Vgayieigh = 0.92 Vs, the inferred
rupture speed of 3.12 km/s remarkably matches our SEBP results
(3.11 km/s). For the northeast rupture, the maximum CCs are
slightly below 0.9, indicating its speed should be marginally lower
than Vgayieigh, consistent with our SEBP results.

The rupture process of the mainshock involves bilateral
rupture propagation across multiple phases. To examine the
effects of this bilateral rupture and the rupture kink on the cross-
correlation coefficient of the empirical Green’s function (EGF)
and mainshock waveform, we conduct synthetic tests (Methods,
Supplementary Figs. 17 and 18). Based on the results of our
bilateral rupture synthetic tests, it is observed that when a
supershear rupture occurs, there is a distinct peak couple of CCs
and amplitude ratios observed at specific azimuths around the
strike of the supershear branch (Supplementary Fig. 17¢, d, f, g).
These findings are consistent with observations from previous
supershear earthquakes such as the 2017 Komandorski and the
2016 Romanche events, where similar peak couples were observed
within Mach cones?8, The synthetic waveform’s amplitude
contributed by the subshear branch is found to be low, indicating
its negligible influence on the observation of Mach waves and
Mach cones. The results from the third synthetic case
(Supplementary Fig. 17h-j) where rupture speeds are set to be
identical to those resolved by our SEBP (Vng=0.9Vs and
Vsw = 0.92Vs) align with the observations: when both Vg and
Vsw are close to the Rayleigh wave speed, one peak of CCs and
amplitude ratios appears at the northeast rupture strike, and
another one occurs at the southwest rupture strike (Fig. 4,
Supplementary Fig. 17i, j). The consistency between the observed
and synthetic CCs and amplitude ratio distributions further verify
our conclusion that both Vg and Vg are close to the Rayleigh
wave speeds and are overall subshear. Additionally, we conduct a
synthetic test to simulate a supershear rupture with a 20° kink on
the northeast of the EAF (Supplementary Fig. 18). The results
indicate that the presence of a small angle kink has little impact
on the distribution patterns of CC and amplitude ratio, and the
Mach cone pair remains clearly identifiable. The results of our
synthetic tests confirm the overall subshear speeds observed by
our SEBP and joint FFI. However, we acknowledge the possibility
of local and transient supershear behavior, as found by Delouis et
al.21, For supershear ruptures with lengths comparable to the fault
width, Mach waves could not be identified due to the long-period
nature of surface waves2®.

The small event corresponding to the secondary BP power
peak and occurring around 120 s after the origin time (Fig. 3b)
could be a subevent of the mainshock on the offshore portion of
the Karasu Fault or an immediately triggered aftershock. Similar
short-period emissions are also observed in 108-117s of BP
results by Petersen et al.l1® and are identified as the last stage of
the mainshock by them. We observe scattered and discontinuous
BP radiators and a minimum BP power during 90-120 s (Figs. 1
and 3a), as well as an offshore aftershock gap near Karasu Fault
and the coast (Fig. 1a). In contrast, many aftershocks concentrate
near the southern end of the Amanos segment. Since aftershocks
tend to happen on the edge of major coseismic slip areas to
release the increased stress caused by the mainshock?30, we
interpret that the mainshock rupture ended at the Amanos
segment and the offshore event is a triggered aftershock. To
further validate our hypothesis, we calculate the theoretical S
wave travel time from the last High-Freq radiator on the Amanos
segment to the first radiator in the sea (Supplementary Fig. 19)

using the local velocity model from Guvercin et al3. The
theoretical travel time (30.84 s) matches the time interval between
these two radiators (31.33s) very well. The time consistency
suggests that the offshore event was dynamically triggered by the
S wave emitted by the stopping phase at the south end of the
mainshock rupture.

Earthquake supercycle. During the Mw 7.8 event, most of the
slip and seismic moment took place on the Pazarcik, Amanos,
and Erkenek segments of the EAF (Supplementary Fig. 15).
During the instrumental period between 2007 and 2020, these
segments had far less seismic activity than the northeast part of
the EAF3. Two major patches with coseismic slip amplitude
greater than 8 m on the Pazarcik and Erkenek segments (Fig. 2)
coincide with the seismicity voids on them (Supplementary
Fig. 20). Ambraseys* investigated the historical earthquakes in SE
Turkey and reported temporary seismic quiescence in the 20th
century, though violent events occurred within the preceding few
centuries. The lack of contemporary seismicity on the main fault
contributes to the stress accumulation and gives the main fault
potential to host large coseismic slip during earthquakes. His-
torical documents and field investigations demonstrate that the
most recent events on or near the Pazarcik segment occurred in
1114, 1513, and 1795, with magnitudes of 7.8+, 7.4, and 7.0,
respectively (Fig. 5b; refs. 49). On the Amanos segment,
researchers have identified an ~M7 event in 601, an M7.5 event in
1822, and an M7.2 event in 1872 (Fig. 5b) (ref. ®). On the Pazarcik
and Amanos segments, the time intervals since the reported last
large earthquakes are 218 and 141 years, respectively. The long-
term slip rates inferred from GPS data are 7 mm/year and 3 mm/
year, respectively>!32. The maximum earthquake magnitudes are
7.0-7.3 every 237-772 years (Pazarcik segment) and 7.2-7.4 every
414-915 years (Amanos segment).

During the Mw 7.8 earthquake, the equivalent coseismic Mw
on the Pazarcik and Amanos segments are both greater than 7.49
(Supplementary Fig. 15). Such large magnitudes, released within
relatively short time periods since the last large earthquakes
(100-200 years), exceed the expectation based on the character-
istic earthquake cycle model. The pattern can be explained within
the framework of the earthquake supercycle model on segmented
faults, in which a series of events breaking fault segments
separately can be followed by a larger earthquake that breaks
multiple segments at once®>. In the supercycle model, the
magnitude of one earthquake is not only determined by the
cumulative strain since the last earthquake, but also related to the
residual stresses left by earlier events®%. Such supercycle models
might also feature clusters of events separated by quiescence
periods3>. Supercycle behaviors have been identified on the San
Andreas Fault, the Sumatra subduction zone, the Cascadia
margin, and the Tohoku region3436-39, and could be common,
as suggested by Wallace>.

The latest very large earthquake (M >7.8) on the EAF before
2023 took place in 1114 (ref. °), demonstrating a possible
supercycle return period of ~900 years. To evaluate the validity of
the 900-year period, we compute the seismic moment accumula-
tion history since 1114 and check if the balance could be achieved
between build-ups and releases. We first compute the moment
build-up rates on the Amanos, Pazarcik, and Erkenek segments
where coseismic slip occurred during the Mw 7.8 mainshock. The
moment build-up rate: m’=p-L-H-r, where y is the rock rigidity
inferred from the 1D model3, L is the segment length, H is the
seismogenic zone depth, and r is the long-term fault slip rates. We
set H as 20 km based on the coseismic slip distribution in the
preferred model and the seismicity distribution presented by
Giivercin et al.3. The long-term slip rates are from Duman and
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Fig. 5 Historical earthquakes on East Anatolian Fault and San Andreas
Fault. a History of potential moment accumulation on the EAF segments
involved in the Mw 7.8 mainshock. The blue curve is the moment history of
the low accumulation case, and the orange curve is the moment history of
the high accumulation case. See text for details. The last big drop is the
moment released by the 2023 Mw 7.85 event. b Map of historic
earthquakes#-8 and optimal slip orientation. The blue circles and numbers
indicate the location, year and magnitude of historic earthquakes close to
the faults, and included in the moment history in a. The dark-green circles
denote historic events far from the FFl fault planes and are not included in a.
The red bars indicate the optimal slip orientation computed based on the
regional strain rate field4® by assuming a rock friction coefficient of 0.6 and
the local strain direction being the same as the regional horizontal strain
rate direction. The lower inset shows the geometry of San Andreas Fault
and San Jacinto Fault and historical events. The black arrows near San
Andreas Fault indicate the relative motion of two blocks. Dark blue bars
represent the paleoseismic sites of the 1812 earthquake, adapted from
Lozos>8. Dark green bars represent the paleoseismic sites of the latest 1726
earthquake, adapted from refs. 5253, The pink line denotes the ruptured
fault during the 1857 M7.9 event3°. Red dots and indices denote all M > 6.5
events since 1812. Information of events 1-21in the lower inset can be found
in Supplementary Table 6.

Emre32, and the segment lengths are determined according to our
FFI fault planes and fault maps from Duman and Emre32
(Supplementary Table 4).

We assume all moment build-ups are released seismically. For
major earthquakes (M >7), historical investigations®> provide
information on their magnitudes, locations, and rupture lengths
(Supplementary Table 5). Assuming these catalogs are complete,
we can compute the moment release by those major events. As
depicted in Fig. 5b and Supplementary Table 5, the events in 1872
(M7.2), 1795 (M7), and 1893 (M7.1) are believed to have
occurred on the Amanos, Pazarcik, and Erkenek segments,
respectively (refs. 3-). The 1513 event (M7.4) is likely to have
taken place on a secondary fault rather than the EAF% The
occurrence of the 1822 event (M7.5) on the EAF* remains a

subject of debate due to the absence of fresh fault-related
topographical features®2. On the other hand, it is hard for these
studies to include all smaller events (M <7) before the
instrumental period. We utilize the Gutenberg-Richter (G-R)
law40 to evaluate the seismicity rates of events between Mw 1-7
(excluding 7). These background seismicity rates are influenced
by the b values in the G-R relations, where a lower b value
corresponds to a higher rate. Giivercin et al.3 reports two sets of b
values, differing by approximately 0.2. Thus, we explore two
scenarios: a low accumulation case with b values around 0.9
(ref.3), and a high accumulation case with b values around 1.1
(ref.3; see Table 1 and Supplementary Table 4). Concurrently, we
include the previously mentioned 1822 event (M7.5) in the low
accumulation case but exclude it from the high accumulation case
(Table 1). Our calculations show that in the low accumulation
scenario, the net moment accumulation between 1114 and 2022 is
approximately 32% of the coseismic moment of the 2023 Mw 7.85
mainshock (Fig. 5a), which is equivalent to an Mw 7.52 event. In
the high accumulation case, the percentage and equivalent Mw
are 90% and 7.82, respectively. Although these estimates are
subject to many uncertainties, such as historic earthquake
magnitude estimations*! and temporal variations of geodetic slip
rates*243, it suggests that the 900-year period is close to the low
bound of the supercycle duration. Additional estimates of the
interseismic coupling rate and the fraction of moment released
seismically** are required to explore the upper bound of the
super-cycle duration. A contemporary study*> also conducted
similar moment calculations and estimated cycle lengths,
employing lower rates of geodetic strain accumulation and a
smaller dataset of historical events. They also observe that the
accumulated moment since 1114 is insufficient to account for the
Mw 7.8 event in 2023 and attribute this deficit to potential
overestimations of historical events.

Nucleation on splay faults and implication for San Andreas-
San Jacinto Fault system. SEBP and FFI results show that the
rupture initiates on the splay Narli Fault and continues on the
main EAF. Similar phenomena have been observed in other fault
systems. The 2001 Kokoxili earthquake®, the 2002 Mw 7.9
Denali¥’, and the 2016 Mw 7.8 Kaikoura®® earthquakes also
nucleated on secondary faults and continued onto the main faults.
The reason why Mw 7.8 Kahramanmaras earthquake started on
the splay NF deserves investigation. One possibility is that current
stress fields make the NF more favorable for earthquake nuclea-
tion, which is supported by more abundant seismicity observed
on the NF than on its nearby EAF between 2007 and 2020
(Supplementary Fig. 20; ref. 3). To validate the hypothesis, we
calculate the optimal orientation for the failure planes on and
near EAF (Fig. 5b) based on the strain rate field, assuming a
rock friction coefficient of 0.6 and that the strain shares the same
direction as the horizontal strain rate. Near the hypocenter, the
optimal orientations align better with the strike of the NF than
that of the Pazarcik segment. This is consistent with the active
seismicity on the NF3. The regional optimal failure orientations
also align well with the strike of the Amanos and the Piitiirge
segments of the EAF, but the former shows quiescent seismicity,
and the latter is seismically active. This contrast might be
attributed to the discrepancy in long-term slip rates. From the
east to the west along the EAF, the slip rates substantially decrease
from 10 mm/yr to 1-4 mm/yr.

There is a high resemblance between the San Andreas Fault
(SAF) and the EAF systems (Fig. 5b and Supplementary Fig. 21)
as similar main fault-splay fault geometry is observed at many
sites along the SAF, such as its junction with the San Jacinto Fault
(SJF), the San Gabriel Fault, and the San Gregorio Fault
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Scenarios Geodetic cumulative rate

Table 1 The b values and moment accumulation rates on the East Anatolian Fault.

Background seismicity (Mw 1-7) rate

b values in GR Historic M > 7 events

(Nm/year) (Nm/year) relations (yyyy, M)

Low accumulation  9.628*10" 2.55*10"7 Erkenek: 0.88 1795, M7
Pazarcik: 0.94 1822, M7.5
Amanos: 0.92 1872, M7.2
1893, M7.1

High accumulation 9.628*10" 2.41*1016 Erkenek: 1.30 1795, M7
Pazarcik: 1.10 1872, M7.2
Amanos: 1.10 1893, M7.1

accumulation rate = [geodetic cumulative rate] — [background seismicity rate].

The geodetic cumulative rate = [long-term slip rate]*[fault length]*[fault width]*[rigidity]. The background seismicity rate is a sum of seismicity moments for Mw 1-7 events. The net moment

(Supplementary Fig. 22). Among them, the SJF has the largest slip
rate thus should be paid close attention. At Cajon Pass, the N40-
45°W oriented SJF branches out from the old and mature SAF,
which strikes ~N60°W at this site. Both the SJF and NF are
relatively immature compared to the main faults (the SAF and
EAF), and feature many stepovers’>>0 and dense off-fault
seismicity>!. The long-term slip rates on the SAF (19-34 mm/
year) and SJF (16 mm/year; ref. 43) are much higher than on the
EAF (10 mm/year), and there has been a lack of major
earthquakes (M >7) on the ~500-km-long SAF segment from
Parkfield to the Salton Sea since 1857 (the lower inset in Fig. 5b).
In the southernmost section of the SAF, specifically near the
Salton Sea and Palm Springs, the most recent surface ruptures are
attributed to the 1726 earthquake (Fig. 5b; refs. °>°3). On the SJF
further south of the 1812 event, the time elapsed since the last
great earthquake (Mw >7, Supplementary Table 6) is also more
than 250 years*°4%>, which is longer than the time interval
between the 2023 Mw 7.8 event and the 1800s ones on the EAF.
An ~1000 years supercycle on the SAF was proposed based on
observations at Wrightwood site, where the strain accumulation
is currently approaching the highest level seen in the past 1500
years>®. The recent Kahramanmaras earthquakes, therefore, have
important implications for California. Resemblant to the NF in
Turkey, the SJF also has very active seismicity®! and the rupture
on SJF could potentially trigger the rupture on the SAF. In fact,
the 1812 M7.5 San Juan Capistrano earthquake on the SJF and
SAF might to some extent resemble the rupture propagation
process of the Mw 7.8 Kahramanmaras earthquake: surface
ruptures in the early 1800s are identified along the SAF and
SJF°%%7, and a dynamic rupture model built by Lozos>® shows a
plausible scenario in which the rupture began near Mystic Lake
on the south SJF, and propagated towards the northwest. After
arriving at the junction of SJF and SAF, the rupture jumped
through the stepover and went further northwest along SAF. If a
“Kahramanmaras earthquake” scenario happens: a rupture starts
on the SJF and branches bilaterally on the SAF and releases most
moment accumulation at once, the higher slip rate and longer
time interval suggest a potentially more severe earthquake in
California, with a magnitude of ~8. In-depth investigations into
fault interactions during the 2023 Mw 7.8 Kahramanmaras
earthquake sequence will yield valuable insights applicable to the
SAF and other major fault systems. One aspect worth exploring is
how the rupture on the splay NF triggers the bilateral failure on
the EAF. This investigation is particularly relevant because the NF
and the southwest EAF have an orientation difference of only
approximately 28°. Consequently, slip on the NF is expected to
decrease the static Coulomb failure stress on the southwest EAF,
creating a “stress shadow” that hinders fault failure®®. Detailed
examinations are needed to understand how the southwest
rupture surpasses this stress shadow and its correlation with the
background stress conditions. Such inspections will contribute to

a better estimation and mitigation of seismic hazard risks
associated with the global strike-slip faults.

Methods
SAR data processing. We apply speckle tracking to the Sentinel-1
SAR images for the surface deformation in slant range (radar
line-of-sight, or cross-track) and ground azimuth (along-track)
directions via the InSAR Scientific Computing Environment
(ISCE) version 2 software® using the “topsApp.py” application®!
(Supplementary Fig. 6a—f). The two level 1 Single Look Complex
(SLC) data are coregistered with each other using the geometrical
co-registration with refinement from the enhanced spectral
diversity technique®2. Then we applied the speckle tracking (also
known as pixel tracking, amplitude cross-correlation) analysis to
pairs of Sentinel-1 SLC images (detailed pairs information are
listed in Supplementary Table 7) to estimate the coseismic surface
deformation. We oversampled the coregistered SLC by a factor of
32, used a cross-correlation window or chip with a relatively large
size of 128 pixels in range direction and 64 pixels in azimuth
direction (about 585 x900 m on the ground) to reduce the esti-
mation noise®. To further reduce the offset estimation noise, we
applied a median filter with a ground size of 1.5 x2.2 km; masked
out pixels on the water body or with abnormal offset value
(>5m); for range offsets masked out pixels with offset standard
deviation (STD)>0.5m, and for azimuth offsets masked out
pixels with offset STD > 3.0 m. Then we geocoded all offsets to a
grid in size of 0.00277778° (~300 m) in latitude and longitude.
We apply InSAR and MAI to the ALOS-2 ScanSAR images for
the surface deformation in slant range and ground azimuth
directions via the ISCE-2 software® using the “alos2App.py” and
“alos2burstApp.py” applications®4-% (Supplementary Fig. 6g-j);
and apply InSAR to the LuTan-1 stripmap images for the surface
deformation in the slant range direction via a combination of
Gamma® and ISCE-290 software packages (Supplementary
Fig. 6k). For all interferograms from ALOS-2 and LuTan-1, we
use the SRTM DEM®8 (SRTMGLI, 1 arc second with void-filled,
~30 m), apply the Goldstein filter with a strength of 0.8, unwrap
the interferogram using the minimum cost flow method®® with
near-fault pixels masked out using the surface rupture traces from
Sentinel-1 speckle tracking!. For ALOS-2 InSAR, we multilook
the interferogram by 5 and 28 looks in range and azimuth
directions, respectively; correct for ionospheric delay using the
range split-spectrum technique®®; geocode into a grid in size of
0.000833334° (~90 m; Supplementary Fig. 23a, d). For LuTan-1
InSAR, we coregister the single look complex (SLC) images using
DEM and precise orbits with refinements from cross correlation,
multilook the interferogram by 24 and 28 looks in range and
azimuth directions, respectively; correct for phase unwrapping
errors by adding an integer number of phase cycles (2m) to one
side of the Mw 7.8 rupture using the ALOS-2 descending
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interferogram as reference; geocode to a grid in size of
0.00055556° (~60 m; Supplementary Fig. 24). The ionospheric
delay is not corrected due to the expected weak impact at 6:30 am
local time. For ALOS-2 MAI, we extract burst SLC images from
ALOS-2 full aperture ScanSAR products. The burst SLCs are used
to form burst interferograms. We then compute the MAI
interferograms using the burst interferograms. We multilook
the MATI interferograms by 14 and 4 looks in range and azimuth
directions, respectively. Subsequent processing is the same as
regular InSAR processing. The ALOS-2 ScanSAR system is a
four-look burst system, so we can get three MAI interferograms
with burst separations one, two and three. The final MAI result is
a weighted mean of the three MAI interferograms®, and
geocoded to a grid in size of 0.000833334° (~90 m).

For all measurements in the range direction (Sentinel-1 range
offsets, ALOS-2 and LuTan-1 interferograms), we correct for
tropospheric delay using the ERA5 global atmospheric model”?
via PyAPS’! (Supplementary Fig. 23b, e), for solid Earth tides
following the 2010 TERS convention’2 via PySolid’? (Supplemen-
tary Fig. 23, f).

We combine all observations above to derive the three
dimensional co-seismic deformation (Supplementary Fig. 7),
including three range offsets and three azimuth offsets from
Sentinel-1, two regular interferograms and two MAI interfero-
gram from ALOS-2, one regular interferogram from LuTan-1.
Built upson Fialko et al. (ref. 74), we use a weighted approach to
balance the different uncertainties among speckle tracking, InNSAR
and MAI techniques, and propagate the uncertainties into the
east, north and up components for each pixel. More specifically,
we use the pixelwised speckle tracking STD for Sentinel-1, a
constant STD of 0.32 and 0.30 m for ALOS-2 ascending and
descending MAI (estimated from the non-deforming region in
the far-field) to account for the ionospheric impact, and a
constant STD of 0.05 m for ALOS-2 and LuTan-1 interferograms
to account for residual tropospheric delays. The estimated east,
north and up components are masked using a STD threshold of
0.4, 0.8 and 0.3 m, respectively.

Joint Finite Fault Inversion. The Finite Fault Inversion (FFI)
method was developed after the 1979 Imperial Valley
earthquake”>7° to study the rupture complexities of earthquakes.
With decades of development, current FFI algorithms could
include global and local data to simultaneously determine the slip
amplitude, rupture time, and rise time!»7778, The method has
been widely applied to large earthquakes and provides important
information for hazard assessment and mitigation (e.g., 2004
Sumatra earthquake’?; 2011 Tohoku earthquake®?).

We use the joint FFI to image the fault’s rupture process and
slip distribution! 12, The seismic waveform and geodetic data are
adopted to constrain the slip model. The seismic waveform data
include 20 broadband teleseismic P waves (bandpass filtered to
2-333's, Supplementary Fig. 1), 13 broadband teleseismic S waves
(bandpass filtered to 2-333 s, Supplementary Fig. 1), 23 long-
period teleseismic Rayleigh waves (bandpass filtered to 166-250s,
Supplementary Fig. 2), 17 long-period teleseismic Love waves
(bandpass filtered to 166-250 s, Supplementary Fig. 2), 57 near-
field strong motion recordings (P, SH, SV for 19 stations,
bandpass filtered to 4-40 s and integrate to velocity seismograms,
Supplementary Figs. 3 and 5). The geodetic data include 24 high-
rate GNSS recordings (UD, EW, NS for 8 stations, displacement
waveforms, Supplementary Figs. 4 and 5), static ground
displacements derived from Sentinel-1 SAR data, ALOS-2 and
LuTan-1 InSAR and MAI data (Fig. la, b, Supplementary
Figs. 6-8; see SAR Data Processing for more details). The
combination of multiple datasets could provide better constraints

on the slip amplitude, slip distribution, rupture speed, and rise
time than any single dataset®!:82. The seismic and high-rate GNSS
data are transformed into wavelet domains. Compared with
conventional inversion only in frequency or time domain, the
wavelet transform allows us to simultaneously capture the
characteristics in the high-frequency and low-frequency and
preserve the information in the time-domain!!»12, The misfits for
static ground deformation measured by SAR, InSAR and MAI are
calculated separately since they could not be included in the
wavelet transform. We use the weighted sum-squared residuals to
measure the difference between observed and synthetic data. The
weights are inversely proportional to the standard deviation at
each data point. We identify the fault surface traces from the SAR
images. Six vertical fault planes (segments S1-S6 in Fig. 1b) are
set to model the rupture. We parameterize the fault planes with
45 and 7 subfaults in the along strike and dip directions,
respectively. We adopt the Laplacian smoothing constraints for
fault slip!! and perturbations of rupture initiation time at
individual subfaults®3. The subfault size is 9km (along strike)
by 3 km (downdip; Supplementary Fig. 12). The hypocenter is set
at 37.218°N, 37.007°E, 7.5 km depth (adapted from a relocated
hypocenter shared by Sezim Ezgi Giivercin on Twitter). The
rupture velocity is allowed between 1.5km/s to 4.9 km/s with a
reference speed of 3.0 km/s, and the rake angle is allowed +30°
from the reference angle of 11° provided by Global Centroid
Moment Tensor Catalog. The Green’s functions for local strong
motion waveforms and static displacements are computed using
the f-k integration approach by Zhu and Rivera®* and the 1-D
crust model by Giivercin et al.3. Subfaults are interpolated to
1km x 1km when plotting, to improve the visualization (Fig. 2
and Supplementary Fig. 13).

Slowness-Enhanced Back-Projection (SEBP) and validation. A
method that allows for clear source images to be obtained as soon
as data is available and without accurate fault parameters is back-
projection (BP). This source imaging technique tracks the pro-
pagation of earthquake rupture fronts based on coherent seismic
recordings from dense networks of seismometers8. Results of BP
show the spatiotemporal evolution of ~1 Hz radiators and are
useful in obtaining rupture parameters such as length and
speed86-87,

In our study, we use the Multitaper-MUItiple SIgnal Classifica-
tion (MUSIC) type of BP enhanced by the use of ‘reference
windows’. This removes an apparent drift in the radiators towards
stations in the array that would otherwise be displayed in the
image results, allowing for sharper images to be obtained®. In
standard BP, 1-dimensional velocity models (e.g., IASP91, ref. 89)
are used to obtain travel times of P-waves from the mainshock
hypocenter to station locations. In reality, these travel times
deviate from those predicted using a 1D model due to ray path
effects caused by Earth’s 3D structure. To account for this, BP
corrects the travel times using the hypocenter alignment
method3%0. This method assumes that the first arrival on
observed seismograms comes from the hypocenter location
obtained by a local catalog (Disaster and Emergency Management
Authority of Turkey; AFAD for our application) and then cross-
correlates the first 8s of the P-wave recordings. The key
assumption of this standard approach is that these travel time
errors are uniform over the whole rupture area, which is only
valid for locations close to the hypocenter.

To accurately account for travel time errors further away from
the hypocenter, the BP method we use utilizes the spatial
derivatives of travel times (slowness) with respect to source
locations for a given station, and is hereafter referred to as
Slowness-Enhanced back-projection (SEBP19). This additional

COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:379 | https://doi.org/10.1038/s43247-023-01030-x | www.nature.com/commsenv 9


www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-01030-x

correction term is computed using locations of aftershocks within
the rupture area. For each aftershock, the travel times relative to
the hypocenter are compared with the predictions without the
slowness correction term. Then, any differences are mapped to
the slowness correction term by dividing them by the distance
between the mainshock and the aftershock. Several studies have
shown that SEBP provides more precise rupture location and
speed estimates!0-27:91,92,

We collect the vertical components of the P wave broadband
seismograms from two large-aperture arrays at teleseismic
distance, located in China (CH) and Alaska (AK, the lower inset
in Fig. 1a). The regular-size AK array contains ~200 stations, and
the frequency band with high resolution and enough signal-to-
noise ratio (SNR) is 0.5-2 Hz. The vast CH array includes more
than 700 stations available for BP, which ensure high SNR in
1-4 Hz BP and provide better resolution than regular-size arrays.
For the SEBP of the Mw 7.8 event, 718 seismograms from the CH
array in 1-4Hz and 182 seismograms from the AK array in
0.5-2 Hz are included. For the SEBP of the Mw 7.5 event, we
process 719 and 153 seismograms from the CH and AK arrays,
respectively. We carried out SEBP with a 10-s-long sliding
window with a 1-s-long step. Slowness correction terms are
derived using 11 and 7 nearby aftershocks for the CH and AK
applications to the Mw 7.8 event, with 6 and 5 aftershocks for the
CH and AK array applications to the Mw 7.5 event, respectively.
The mainshock and aftershocks’ hypocenter locations and
magnitudes based on the AFAD catalog are shown in
Supplementary Tables la-d, along with comparisons of our
aftershock locations before and after slowness calibration
(Supplementary Figs. 9 and 10). The root-mean-square distance
error relative to the AFAD locations decreases by at least 61%
after calibration for all our applications.

The dense network of accelerometer stations along the Pazarcik
and Amanos segments (white triangles in Fig. la) provides us
with a good benchmark to validate the SEBP results. We collect
recordings from 33 near-field accelerometer stations. After
detrending and demeaning accelerometer recordings, we
bandpass-filter them using a frequency band of 1-4 Hz to match
the BP band of the CH array application. We then calculate and
smooth the envelopes of each recording using the Hilbert
transform method. We do not include several northern stations
on our plot in Fig. 3¢ since, at the time of this study, they did not
have available data in the time window of interest. We trace
S-phases radiated from the fixed High-Freq radiators obtained
from CH array BP results (Fig. 1a) to test whether the arrival
times of these S-phases at station locations coincide with time
frames of high energy release. We use the TauP toolkit for ray
tracing, where we assumed a 1-D velocity model from Guvercin
et al.3. Since that velocity model does not provide a Moho depth
estimate, we adopt a Moho depth of 37 km from the CRUST1.0
global velocity model at the location of the mainshock. The High-
Freq radiators resolved by CH array BP are also plotted in Fig. 3¢
according to their along-fault distance and time.

Mach wave searching and synthetic tests. For ruptures propa-
gating at speeds lower than Rayleigh and Love waves speeds,
surface waves generated by all portions of the source arrive at far-
field stations at different time. If the rupture speeds (Vr) increase
to faster than Rayleigh and Love speeds, at stations located near a
pair of azimuths around the rupture direction, surface waves
emitted by all portions of the source arrive simultaneously and
interfere constructively?®. The azimuth pair is called Mach cones,
and the surface waves recorded within Mach cones are Mach
waves. Due to the simultaneous arrival within Mach cones, the
waves from all sub-sources interfere constructively. Theory

predicts that the shapes of bandpassed seismograms should be
identical or highly similar to those from a smaller reference event
(hereinafter referred to as EGF event) with analogous focal
mechanisms2®. The EGF event usually has a magnitude of 5-6.
The amplitude ratios of waveforms between the large supershear
and EGF events equal their seismic moment ratios. Since the
Rayleigh and Love waves have speeds very close to the shear wave
speeds (Viayleigh = 0.92Vs), Mach waves and Mach cones are also
believed to be unique features of supershear ruptures.

The similarities between waveforms are measured by
standard cross-correlation coefficients (CCs): CC(Uu)=
filU,-ui/ filUiUiZfiluiui, where U and u are the main-

shock and EGF event displacement waveforms, respectively. We
use @ to denote the angle between the rupture direction and the
source-station azimuth. Theory predicts Mach cones at @p;: Q=
arccos(Vyayleigh/ V1), Where Vpayieigh is the Rayleigh wave speed
and Vr is the rupture speed. The Mach angle is then positively
related to Vr. For the rupture with a speed of Vrayieigh, the Mach
cone appears in the frontal direction of the rupture with ®=0.
When Vr increases to 1.5Vrayleigh (1.38Vs), @y increases to 49°.

We collect 46 vertical components of broadband seismic
recordings (BHZ). To limit the effect of surface wave dispersion,
seismograms are bandpass filtered to 15-25s. The period is
shorter than the mainshock duration but longer than the EGF
duration, keeping the point source effect of the EGF event and the
finite source effect of the mainshock rupture. In actual
observation, due to the dispersion of surface waves and the
source directivity effect, highly-similar waveforms can be found
in an azimuth range around @),. The apparent source duration is
Ta= Ty x D(®), where D(®)= I-cos(®) x V/Vgayleigh- Similar
waveforms appear in angle ranges satisfying Ta « Tc, where Tc
is the center period of waves and is the 20s in our case.
Considering the possible travel time errors caused by the 3D path
effect, we manually pick the EGF Rayleigh wave arrivals. We
calculate the CCs in the 200-300 s window to include the entire
envelope of EGF Rayleigh waveforms. Apart from CCs, we also
compute the ratio: R = Rymp/Rimom> Where Ry, is the amplitude
ratio between the waveforms of the mainshock and EGF event,
Riom is the seismic moment ratio between the mainshock and
EGF event.

To better understand how the distribution patterns of CC and
R vary with rupture speeds, Bao et al.28 performed synthetic tests
to explore scenarios with different rupture speeds and present CC
and R’s distribution as a function of @. When Vr = Viayieign, CC
and R are maximized in the rupture direction. For supershear
ruptures, CC and R reach their maximum on the two Mach cones,
whose @y varies from 25° to 50° depending on the rupture
speeds. The 2023 Mw 7.8 Kahramanmaras earthquake ruptured
bilaterally, with the northeast branch striking ~N40°E and the
southwest branch striking ~S20°W. The maximum peaks of CC
and R appear near these two directions (Fig. 4b, d), indicating
that both branches should propagate by speeds close to Vrayleigh
(see the main text for more detailed discussions).

Vallée and Dunham?® derive the theory and present observa-
tions of Mach waves based on the assumption of a long unilateral
rupture, where the rupture length is substantially greater than the
fault width. Moreover, the selected stations should be in far-field,
where the station epicenter distance is much larger than the
rupture length. To meet the far-field assumption, 44 of our
stations are located beyond 20° (>2200 km), with 2 closer stations
(6-8°, approximately 660-880km) included as well In a
compound rupture comprising segments with different rupture
speeds and directions, waveforms from subshear segments
interfere destructively at stations along the Mach cone, con-
tributing minimally to the overall recordings?®. It is confirmed by
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the observations that Mach waves from long and sustained
supershear segments can be distinctly identified in many large
strike-slip events involving multiple rupture phases. These events
include the following examples: the 2001 Mw 7.8 Kokoxili
earthquake, where a supershear segment is enclosed between two
subshear segments?%; the 2016 Mw 7.1 Romanche earthquake,
characterized by a westward supershear back-propagation
following an eastward subshear rupture®3; and the 2021 Mw 7.4
Maduo earthquake, exhibiting simultaneous westward subshear
and eastward supershear propagations®.

The rupture process of the 2023 Mw 7.8 Kahramanmaras
earthquake is highly complex, involving bilateral rupture
propagation across multiple phases. To examine the effects of
this Dbilateral rupture and the rupture kink on the cross-
correlation coefficient of the empirical Green’s function (EGF)
and mainshock waveform, we conduct synthetic tests. In these
tests, the synthetic mainshock rupture propagation is simulated as
a series of sub-sources. The waveforms of the synthetic
mainshock rupture are modeled as the superposition of EGF
waveforms, considering the rupture times and locations of
different sub-sources. The slip distribution on the East Anatolian
Fault is used to establish a bilateral rupture model (Supplemen-
tary Fig. 17a). The northeast rupture has a strike of N50°E and a
length of 140 km, while the southwest rupture has a strike of
S20°W and a length of 200 km. The interval between sub-sources
is 9km, evenly distributed along the rupture path. We tested
three rupture scenarios: (1) northeast rupture speed Vg = 1.2 Vs,
southwest rupture speed Vow=0.7 Vs; (2) V=07 Vs,
Vew=12 Vs; (3) Vng=109 Vs, Vew=0.92 Vs. Case (3)
represents the rupture speeds resolved by our SEBP and joint
FFI (as discussed in the main text). The synthetic waveforms and
EGF waveforms are filtered to 15-25s, and we assume a Rayleigh
wave speed of 0.92 Vs at the center frequency (1/20 Hz). Cross-
correlation coefficients are then measured between the synthetic
waveforms and EGF waveforms (Supplementary Fig. 17¢, {, i), as
well as the amplitude ratios of the synthetic waveforms to the
seismic moment ratios (Amp_ratio/Mom_ratio, Supplementary
Fig. 17d, g, j). We also conduct a synthetic test to simulate a 140-
km-long supershear rupture (Vr =1.2 Vs) with a 20° kink in the
middle (Supplementary Fig. 18). This case simulates the kinked
fault we observe on the northeast East Anatolian Fault.

Moment accumulation history. We include the Amanos,
Pazarcik, Erkenek segments of the EAF, where the coseismic slip
of the Mw 7.8 quake occurred, in the computation. The moment
accumulation history consists of two parts: the moment build-up
and moment release. The build-up rate:

m’=u-L-H-r, where p is the rock rigidity, L is the segment
length, H is the seismogenic zone depth, and r is the long-term
fault slip rates. We set H as 20 km based on the coseismic slip
distribution in the preferred model (Fig. 2) and the seismicity
distribution presented by Giivercin et al.3. The long-term slip
rates are from Duman and Emre32. The segment lengths are
determined according to our FFI fault planes and fault maps in
Duman and Emre3? (parameters are listed in Supplementary
Table 4).

We assume all moment build-ups are released seismically and
divide the release into two parts. The first part is the moment
unloading by major events (M > 7). Historical investigations*~¢
provide information about their magnitudes, epicenter locations,
and rupture lengths. Assuming these catalogs are complete, we
can compute the moment release by major events. However, it is
hard for these studies to include all smaller events (M < 7) before
the instrumental period. We utilize the Gutenberg-Richter (G-R)
law#* to evaluate the seismicity rates of events between Mw 1 and

7. The G-R law states that the number (N) of earthquakes with a
magnitude larger than M over a certain period on a given
fault obeys:

logio(N)=a—b - M, where a and b are G-R law constants
determined empirically by regional seismicity data.

Giivercin et al.? investigated the seismicity of the EAF between
2007 and 2020. They evaluated the a and b values for each
segment of EAF (listed in Supplementary Table 4). With these
values, we can calculate the seismicity rate (R) for magnitudes 1-7
on each segment. The annual seismic moment (Mo’) of earth-
quakes with magnitude M is then:

Mo’ =R - 10(1.5M+9.1),

Summing Mo’ for M1-7 earthquakes, we get their annual
moment release rate on the fault. The final moment accumulation
history is the moment build-up minus moment release (Fig. 5a).

Data availability

The Copernicus Sentinel-1 data are provided by the European Space Agency and
obtained from the Alaska Satellite Facility (https://search.asf.alaska.edu/) via Seamless
SAR Archive (SSARA), a service provided by the EarthScope Consortium. The ALOS-2
data are provided by the Japan Aerospace Exploration Agency through Sentinel Asia and
the International Disaster Charter. The LuTan-1 data are provided by the China Centre
for Resources Satellite Data and Application. The fault rupture traces are obtained from
USGS!. The high-rate GNSS data are provided by TUSAGA-AKktif (https://www.tusaga-
aktif.gov.tr/). The strong motion data are available at the Disaster and Emergency
Management Authority of Turkey (AFAD; https://tadas.afad.gov.tr/event-detail/ 15499).
The moment tensor solutions come from the Global Centroid Moment Tensor project
(CMT; http://www.globalemt.org). The seismic data are provided by the IRIS (https://ds.
iris.edu/wilber3/) and the Data Management Center of China National Seismic Network
at Institute of Geophysics, China Earthquake Administration (http://www.seisdmc.ac.cn).
The local earthquake catalog is available at AFAD (https://deprem.afad.gov.tr/event-
catalog). The SAR data used in inversions, the station list used in Mach wave searching,
SEBP results, and the FFI slip model are available at: https://doi.org/10.5281/zenodo.
8402190.

Code availability

The SAR processing is performed using the ISCE-2 software®0, available at https://github.
com/isce-framework/isce2 with postprocessing recipe available at https://doi.org/10.
5281/zen0do.8098260. The MATLAB code of SEBP is available at https://github.com/
Ismeng/MUSICBP/tree/SEBP. The Python code of Mach wave analysis is available at
https://github.com/lsmeng/MUSICBP/tree/MachWave. The finite fault inversion codes
used in this study are available upon request.
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