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The 2023 M7.8 and M7.5 earthquake doublet near Kahramanmara , Turkey,
provides insight regarding how large earthquakes rupture complex faults.

Here we determine the faults geometry using surface ruptures and Synthetic
Aperture Radar measurements, and the rupture kinematics from the joint
inversion of high-rate Global Navigation Satellite System (GNSS), strong-

motion waveforms, and GNSS static displacement. The M7.8 event initiated on
a splay fault and subsequently propagated along the main East Anatolian Fault
with an average rupture velocity between 3.0 and 4.0 km/s. In contrast, the
M7.5 event demonstrated a bilateral supershear rupture of about 5.0-6.0 km/s
over an 80 km length. Despite varying strike and dip angles, the sub-faults
involved in the mainshock are nearly optimally oriented relative to the local
stress tensor. The second event ruptured a fault misaligned with respect to the

regional stress, also hinting at the effect of local stress heterogeneity in
addition to a possible free surface effect.

As one of the most active intra-continental transform faults in the
Eastern Mediterranean, the left-lateral East Anatolian Fault (EAF) has a
history of destructive earthquakes'. This includes the very recent M,,
6.7 Elazig earthquake in January 2020, which ended a period of relative
quiescence which had followed a burst of earthquakes from 1871 to
1875%. The EAF has an intricate geometry with bends, step-overs, and
sub-parallel faults, particularly in southern Turkey, where the EAF
connects with the Dead Sea Fault (DSF) at the triple junction between
the Arabian and African plates and the Anatolian block (Fig. 1). The
segmented and complex geometry of the faults in that area might
seem unfavorable for the development of large earthquakes. Never-
theless, on 6 February 2023 at 01:17:35 UTC, a M7.8 earthquake shook
the southeastern parts of Turkey and northern Syria, followed ~9 h
later by a M7.5 event along the Surgu-Cardak (S-C) fault, situated
90km from the initial M7.8 epicenter (https://tdvms.afad.gov.tr/

event_spec_data). This doublet shook the southeastern parts of Tur-
key and northern Syria resulting in >50,700 human casualties, marking
it as the deadliest event in this region since the 525 Antioch
earthquake®. The M7.8 event's epicenter is located on the Nurdagi-
Pazarik Fault (NPF) splay fault, separate from the main EAF strand,
implying a complex rupture history.

Most studies*® suggest that the initial ~10 s of rupture occurred
on the splay fault NPF of the main EAF strand. Slip on the EAF started
only when the rupture reached their junction. The sub-sequent evo-
lution of the rupture varies substantially among reports. Some argue
for an instantaneous switch to a bilateral rupture®®, while back-
projection imaging reveals a~40-50s lateral propagation toward the
northeast before the southwestward bilateral rupture begins®’. The
rupture speed during the M7.8 event also remains a point of conten-
tion with potential evidence of a supershear rupture® while back-
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Fig. 1| Tectonic setting of the 2023 M7.8 and M7.5 Kahramanmara earthquake
doublet. Red stars indicate epicenters of the doublet. The blue star denotes the
epicenter of the 2020 M6.7 event, the rupture extent of which is delineated with the
black box from Chen et al.?. In this study the M7.8 rupture is divided into 9 planar
sub-faults (A1-A9), and the M7.5 earthquake event, into 6 planar sub-faults (B1-B6).
The green lines represent the surface rupture traces provided by Reitman et al.*.
The locations of aftershocks for the first 20 days® are color-coded with depth. The
inset map indicates major plate boundaries and plate velocities relative to Eurasia™.
AF Africa, AR Arabia, AS Aegean Sea, AT Anatolia, EU Eurasia, DSF Dead Sea Fault,
EAF East Anatolian Fault, NAF North Anatolian Fault.

projection results®*® and finite source modeling* suggest a sub-shear
rupture speed between ~2km/s and ~3.2km/s. Regarding the M7.5
event, lia et al.® found a supershear rupture velocity of 4.5km/s, and
Okuwaki et al." proposed an even higher rupture speed of up to 6 km/
s. These discrepancies emphasize the need for further exploration of
this complex seismic event. Also, how such energetic and large-
magnitude earthquakes could develop despite the rather complex
fault geometry is puzzling. In this study, we investigate this question
based on a detailed analysis of the rupture dynamics of the two
earthquakes and the initial stress on the various fault segments that
were activated during these events.

Here we undertake finite source inversions of the doublets using
both dense near-field GNSS, and strong motion waveforms, con-
strained by remote sensing measurements. We first infer fault dips via
Bayesian inversion using interferometric synthetic aperture radar
(INSAR) measurements while fault strikes are constrained based on the
surface ruptures determined from optical image correlation. We next
present our kinematic finite source model. We further estimate the
background stress field to investigate the mechanisms which might
have enabled energetic ruptures of such a complex fault system.

Results and discussion

Surface ruptures and co-seismic measurements

To constrain the fault geometry, we calculate the 2D horizontal
deformation from C-band Sentinel-1 SAR images and Sentinel-2 optical
measurements by precise co-registration and sub-pixel correlation'
(Supplementary Note 1). We next determine the 3D surface deforma-
tion (see Fig. 2a) by inverting the optical and radar measurements of
surface motion in a total of six independent look directions (four from
Sentinel-1 radar and two from Sentinel-2 optical pixel offsets, see
detailed information in Supplementary Note 2 and Table 1, Fig. 1)**. The
result is validated by comparing with the displacements measured at
the GNSS stations (Supplementary Fig. 2) and similar pixel tracking
geodetic imaging by other studies (Supplementary Fig. 3), the root

mean square error is also presented in Supplementary Fig. 4. The fault
slip vector is measured from the fault-parallel discontinuity of 3D
surface displacements using swath profiles. These profiles are oriented
perpendicular to the rupture and stacked over a 4.8 km along-strike
distance (30 pixels) to help reduce the effect of noise. Because the
vertical displacements are poorly constrained, we only use the hor-
izontal displacements. For each profile swath, we project the surface
displacement into the local fault-parallel and fault-normal directions to
estimate the strike-slip and fault-normal components of horizontal slip
across the rupture. In practice, we invert the projected fault-parallel
surface displacement by fitting how it varies with distance from the
fault using the sum of linear and error functions (using Eq. (1) and (2) in
ref. 14). The uncertainty is estimated from the Jacobian of the residuals
with respect to the model parameters that are used to calculate the
model covariance matrix. The surface displacements, the fault surface
trace, and the fault slip measurements are presented in Fig. 2. These
measurements are used to constrain the fault trace and local strike and
incorporated in the slip inversion as detailed below.

Bayesian inversion of dip angle for each fault segment
Based on the surface ruptures from the 3D deformation, we approx-
imate the fault systems with nine planar fault segments for the M7.8
earthquake, and for the M7.5 earthquake, with six segments (Fig. 1). To
estimate the subsurface dip angles for each segment, we model each
fault segment as a rectangular planar fault with uniform slip. We esti-
mated the model parameters in the Bayesian framework, with applying
the down-sampled line of sight (LOS) displacements of the coseismic
deformation maps from the ALOS-2 interferograms on both ascending
and descending tracks (Supplementary Figs. 6-8) and the coseismic
GNSS offsets (see “Methods”). We estimate the marginal posterior
probability distribution of each parameter using a parallel sequential
Markov Chain Monte Carlo (MCMC) sampler® with 1000 Markov
chains. As such, each parameter space is characterized by 1000 sam-
ples, with dip angle estimates and uncertainties represented by the
median and standard deviation of the sample distribution (Fig. 3 and
Supplementary Table 4). The median model of the parameter samples
indicates segmented dip angles along strike (Supplementary Fig. 9),
and the estimated dip angles generally align with aftershock locations
(Supplementary Fig. 10). The model accounts well for the ALOS-2 LOS
displacements and the GNSS offsets (Supplementary Fig. 11). To sum-
marize, all segments of the M7.8 event are near vertical, while the M7.5
event displays a gentler dip angle, particularly for the branches further
from the epicenter, B1, BS and B6, which only dip around 50° and are
consistent with the estimations from He et al.' through a grid search of
geodetic data fitting. We also note that other studies have inferred B4
and B5 varying from 50°" to be sub-vertical®*® based on aftershock
distributions, implying the subsurface dipping angle estimates of fault
segments by aftershock distributions can be controversial.

We then determine kinematic finite source models of both the
M7.8 and M7.5 events using a standard methodology outlined in
Method.

Characteristics of the M7.8 event
Considering the inconsistencies among previous studies regarding the
transition between the initial rupture of the splay fault and the devel-
opment of the rupture on the main fault strand, we test delays from O
to 50 s between northeastward and southwestward rupture initiation.
We also vary the allowed maximum rupture speeds from 2.0 to 5.0 km/
s, with variable intervals (from 0.2 to 1.0 km/s) to determine the
favorable values and ease the computation burden as well. Our best
fitting models require a 10 s delay for bilateral propagation, consistent
with Jia et al.? as also constrained by strong motion waveforms.

The optimal rupture speeds are quite fast, falling in the range
between 3.0 and 4.0 km/s. However, it is difficult to assess whether
supershear velocities (exceeding the shear velocity of 3.5km/s) are
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