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Abstract

The 2023 M7.8 Kahramanmaraş/Pazarcik earthquake was larger and
more destructive than what had been expected. Here we analyzed near-
field seismic records and developed a dynamic rupture model that
reconciles different currently conflicting inversion results and reveals
spatially non-uniform propagation speeds in this earthquake, with pre-
dominantly supershear speeds observed along the Narli fault and at the
southwest (SW) end of the East Anatolian Fault (EAF). The model
highlights the critical role of geometric complexity and heterogeneous
frictional conditions in facilitating continued propagation and influenc-
ing rupture speed. We also constrained the conditions that allowed
for the rupture to jump from the Narli fault to EAF and to gener-
ate the delayed backpropagating rupture towards the SW. Our findings
have important implications for understanding earthquake hazard and
guiding future response efforts and demonstrates the value of physics-
based dynamic modeling fused with near-field data in enhancing our
understanding of earthquake mechanisms and improving risk assessment.

Keywords: Episodic Supershear, Kahramanmaras/Pazarcik Earthquake,
Supershear Ruptures, Near Fault Strong Motion Records

Introduction

On February 6th 2023, a Mw 7.8 earthquake, currently known as the Kahra-
manmaraş/Pazarcik earthquake, shook the southeastern parts of Türkiye and
northern Syria. Preliminary back projection models based on teleseismic data
as well as multiple seismic inversions suggest that the rupture initiated at
1:17:355 coordinated universal time (UTC) on a splay fault (the Narli fault) in
the near proximity of the East Anatolian fault [1, 2]. The hypocenter location
is estimated by USGS to be 37.230°N 37.019°E with a depth of approximately
10 km [1, 2]. The rupture then propagated north east subsequently transferring
to the East Anatolian fault and starting a sequence of seismic events. Further-
more, subsequent preliminary geodetic inversions confirmed the multi-segment
nature of the Mw 7.8 rupture. The sequence of events resulted in catastrophic
levels of destruction with substantial humanitarian and financial losses[3].

The M7.8 Kahramanmaraş/Pazarcik earthquake was, by many measures,
bigger and more destructive than what had been expected based on historical
records in the past several centuries[4]. The estimated magnitude of the largest
earthquake that occurred on the East Anatolian Fault (EAF) in the last few
hundred years is 7.2 which is believed to be either the 1789 Palu (Elazığ) earth-
quake or the 1872 Amanos earthquake[5, 6]. This estimate is smaller than the
magnitude of the Kahramanmaraş/Pazarcik earthquake. Furthermore, each of
these historic events ruptured a segment of the EAF but none was extended
over multiple segments as the recent event.
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From a geological point of view, there are several features associated with
the fault system that could have contributed to the extent of damage asso-
ciated with the Mw7.8 Kahramanmaraş/Pazarcik earthquake. Studies of the
tectonic setting suggest that the orientation of the EAF with respect to the
principal stresses places several fault segments within a highly stressed regime
that is sensitive to minor perturbations associated with dynamic stress transfer
and dynamic stress rotations. Furthermore, the fault network is geometrically
complex with multiple fault segmentations, kinks, and bends which strongly
influences the dynamics of rupture propagation[7–11]. The existence of geo-
metrical complexity within this high stress regime could further amplify its
role on rupture dynamics through, for example, the emergence of regions
with high stress concentrations, generation of arrest phases, back propaga-
tion of earthquake rupture, or development of episodes of transient supershear
propagation.

Preliminary analysis of the Kahramanmaraş/Pazarcik earthquake based
on the dense network of ground motion stations deployed by AFAD revealed
that the rupture that initiated on the Narli fault has transitioned to supers-
hear speeds prior to eventually triggering the EAF [12]. This initial rupture
propagated along the splay fault at sub-Rayleigh speeds for approximately 19
km prior to transitioning to a supershear event for the remaining length of
the Narli fault before reaching the EAF [12]. Supershear ruptures generate
largely unattenuated shock waves[13], are more efficient in dynamic triggering
[14], and are thus likely to contribute to the migration of the rupture to EAF.
However, It remains to be investigated whether the supershear nature of the
incoming rupture is a sufficient condition for such triggering to occur.

The propagation speed of the rupture along the EAF is currently being
debated with competing views. On one hand, through joint kinematic inver-
sion of HR-GNSS and the ground motion data, Melgar et al 2023 suggested
that the most likely estimate of the rupture speed on the EAF is 3.2 km/s for
the Mw7.8 earthquake[15]. This conclusion is based on an average propagation
speed during the entire event sequence which is most unlikely to be represen-
tative of such a complex fault network with multiple kinks and branches which
result in unsteady, and intermittent rupture propagation[16, 17]. On the other
hand, Okuwaki et al 2023 using potency-density tensor inversion suggests that
the rupture propagation for Mw7.8 earthquake involves discrete segmented
supershear propagation along certain fault segments [18].

These contradicting messages regarding the rupture propagation speed,
along with Gazetas’ work showing abnormally high ground velocities and
acceleration in near fault records near Antakya (G. Gazetas, personal com-
munication, February 20, 2023), prompted us to investigate the possibility of
transient supershear ruptures beyond those observed at the triggering of Mw

7.8 earthquake [12]. To that end, we first utilize the dense seismic network
provided by AFAD to study the ground motion records of stations located in
near proximity of the fault trace. Through mechanistic understanding of the
characteristic features associated with supershear rupture we identify locations
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which demonstrate supershear speeds. We then build a 2D dynamic rupture
model of the Kahramanmaraş/Pazarcik earthquake based on constraints from
the ground motion records, field studies of the tectonic setting, and geometric
features of the fault trace. Through this two-fold approach we provide phys-
ical arguments to better constrain the rupture velocity profile for competing
earthquake kinematic inversions, and provide insight on the mechanisms that
contributed to such devastation and humanitarian loss.

Station Analysis

Fig. 1 A Map of the East Anatolian Fault (EAF) zone highlighting the
estimated location of the hypocenter of the Mw7.8 Kahramanmaraş/Pazarcik
earthquake. : The location of seismic monitoring stations are highlighted by circular
shapes within the map. Stations are distinguished by their colors indicating a ground record
characteristic consistent with sub-Rayleigh (blue), a supershear rupture (yellow), and prob-
able supershear (red). For stations that demonstrate supershear characteristics we indicate
the ratio of fault parallel to fault normal component within the label. (b-e) Examples of
the instrument corrected ground motion records filtered at 2 seconds for multiple stations
highlighting each rupture speed scenario. Inserts to the figure shows a zoomed view of the
stations located at the southern end of the fault trace. The direction of the principal stress
obtained from prior field assessment is highlighted on the map.
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Figure 1 illustrates a detailed mapping of the fault trace obtained from
USGS. It also includes the estimated location of the hypocenter according to
USGS [1], marked by the red star, and the location of multiple seismic stations
deployed by AFAD [2]. Several of these stations are located very close to the
fault surface and thus provide detailed insight into the near-field characteristics
of the fault rupture. For example, Rosakis et al. 2023 used the stations across
the Narli splay fault, labeled on the map with a blue circle 1(4165) and a green
circle 2 (NAR), to show that the rupture went through a transition from sub-
Rayleigh to supershear speeds at an epicentral distance of about 19 km [12].
Similar to Rosakis et al 2023, we investigate the ground motion velocity records
along the fault parallel, the fault normal directions but expand our analysis
here to include all the near-field stations with complete and reliable records.
The raw NS, EW and vertical acceleration records are obtained from (AFAD
: Disaster and Emergency Management Authority) and (KOERI : Kandilli
Observatory and Earthquake Research Institute) respectively (Retrieved 02/09
5:18 PST) [2, 19].

As discussed in Rosakis et al 2023 and Mello et al 2014, a major character-
istic of supershear ruptures [20, 21] is a dominant fault parallel ground velocity
component relative to the fault normal one [22, 23]. Accordingly, we classify
the stations based on the ratio of the fault parallel δu̇sFP to the fault nor-
mal component δu̇sFN into three main categories: (1) a sub-Rayleigh station is
one which experiences a dominant fault normal component, (2) a potentially
supershear station is one in which the FP component is comparable to the
FN component, and (3) a supershear station is one in which the FP clearly
dominates the FN velocity. In the legend, we provide the complete list of the
stations alongside with the value of the ratio of the FP to FN components of
the ground velocity when it represents a supershear case. This analysis allows
us to identify regions along the fault where we suspect a supershear rupture
has propagated during the Mw 7.8 earthquake. Figure 1b-e provides examples
of the ground motion records for each rupture scenario. All the records for the
other stations are included in the Appendix Figure A1.

The ground motion records reveal three locations in which the rupture
propagation speed exceeded Cs. The first incident, discovered in Rosakis et al
2023, occurs along the splay fault (the Narli fault) in very close proximity to the
hypocenteral location [12]. After transitioning to the EAF, the rupture prop-
agated bilaterally. One tip propagated in the NNE direction towards Malatya
while the other tip propagated in the SSW direction towards Antakya. Sev-
eral stations exist along the latter segment and provide sparse but important
constraints on the rupture speed in that direction. Specifically, the records at
stations 4 (2712), 6 (3143), and 7 (3137) show larger FN ground velocity com-
ponents compared to the FP component suggesting sub-Rayleigh propagation
speed along this major segment of the EAF. Station 8 (3145) shows an oppo-
site signature indicated by the dominant FP component in the ground velocity
record. The ratio of the FP to FN components at this station is approximately
1.5 suggesting that the rupture is propagating at a supershear speed. In Figure



231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276

This paper is a non-peer reviewed preprint submitted to EarthArXiv

6 The Dynamics of the Mw7.8 Kahramanmaras Türkiye Earthquake

1, station 9(3141) is located along a segment of the EAF with a strike of 55◦

which varies from the average segment strike of 25◦, indicating that the sud-
den change in the fault strike and the resulting change in the local stress state
is favorable, and could have contributed, to the transition to a supershear rup-
ture. Finally, we observe that the rupture transitioned again to supershear
near the end of the fault trace as indicated by the multitude of stations (10-15)
located in Hatay province. Except for station 11 (3125), the other records indi-
cate a more dominant FP to FN component ratio. However, the ratio varies
between stations. This maybe explained by the complexity of the fault network
within this region. The multiple kinks and branching segments in the southern
tip suggest a complex stress state that contributes to bursts of supershear on
some segments and complex waveform that may obscure the Mach cone sig-
nature in other locations. It also contributes to a stress shadowing effect on
some other segments that may slow down the rupture or even prevent it from
further propagation as it might have been the case for the branch near station
11 (3125).

Our analysis of the near-field station records suggests that the rupture
propagation over the Narli fault as well as the SSW segment of the EAF has
been with a mix of sub-Rayleigh and supershear speeds. Due to the sparsity
of stations around the junction point of the Narli fault with the EAF, as well
as along the NNE segment of the EAF, we do not have enough information
to constrain the propagation speed along these segments. To fill this gap, we
start by developing a mechanistic model for the Narli/EAF junction consistent
with the existing records on the Narli fault as outlined in the next sections.

The Narli/EAF Junction model

In order to better constrain the model along regions with minimal station
deployment we first construct a minimalistic model of the junction between
the Narli fault and the EAF. This simplified model consists of the Narli splay
fault and a small portion of the EAF with the objective of obtaining better
insights into the rupture migration. Figure 2a shows the region of interest and
highlights the sudden change in strike at the intersection. It further shows
the simplified fault geometry in this analysis in which both fault strikes are
aligned with the inferred estimates provided by USGS [1] which approximate
the actual strike based on aftershock records and the complex fault trace shown
in Figure 2a.

In our model we adopt a linear slip weakening friction law. Fault slip starts
at a point when the shear stress reaches the static shear strength level, given
by the product of the static friction coefficient µs and the fault normal com-
pressive stress. The stress then decreases linearly with increasing slip δ, over a
characteristic slip-weakening distance Dc, to the dynamic shear strength, set
by the product of the constant dynamic friction coefficient µd and the fault
normal compressive stress σo.
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No Propagation

Sub-Rayleigh 
to Super-shear

Sub-
Rayleigh

B
Super-shear

Super-shear
Decaying

No Propagation

A A B C

Fig. 2 Geometry and Phase Diagram (strength parameter S and ratio of frac-
ture energies G̃ between main fault and splay fault) of the Junction Model. (a)
The idealized geometry of splay fault (AC) and main fault (ECP) with its angle measured
with respect to the north direction. Purple arrow represents the direction of maximum prin-
cipal stress. (b) Phase diagram of right propagation (C to P direction). There are three
phases: supershear propagation, supershear propagation with decaying velocity, or no prop-
agation. (c) Phase diagram of left propagation (C to E direction). There are three phases:
sub-Rayleigh propagation with transition to supershear after a certain distance, sub-Rayleigh
propagation, or no propagation.

To constrain the model, first we consider the tectonic stress state in the
region. Prior studies suggest that the angle of maximum compressive stress is
in a N16.4°E compression regime (σ1)[24]. Based on this maximum horizon-
tal stress direction, we show in the Appendix Figure B2, that the ratio of the
resolved shear stress to the normal stress on any fault segment is particularly
sensitive to the choice of relative principal stresses magnitudes. For example,
using the strike of the splay fault and the orientation of the maximum com-
pressive stress, it is apparent from the analysis in the Appendix Figure B2
that any stress ratio σ1/σ3 less than 3 would result in a low apparent friction
µ = τ/σo (≤ 0.3) on the splay fault. That is probably inconsistent with trig-
gering on an immature, previously unmapped, fault like the Narli fault, and
it may hinder the rupture continuation on the EAF assuming reasonable val-
ues for the static and dynamic friction coefficients [25, 26]. Specifically, with
low apparent friction, the dynamic stress drop may be too low to enable the
continued propagation past the junction. However, a stress ratio σ1/σ3 of 4 or
more would increase the apparent friction to at least 0.5. This overcomes the
aforementioned limitations.

Another unique constraint on the model, identified in Rosakis et al 2023, is
that the rupture transitioned to supershear on the splay fault after propagating
for approximately 19.5 km at sub-Rayleigh speed. The transition to supershear
depends on the frictional length scale Lf [27, 28] and the strength parameter
S. The strength parameter measures how close the initial stress is to the static
strength S = µs−µ

µ−µd
[20, 29, 30]. The lower S value promotes a fast transition to

a supershear wave, whereas the higher value indicates a favorable condition for
sub-Rayleigh wave propagation[31]. Here we assume a frictional length scale
Lf = GDc/σo(µs−µd) = 1600 m (G is the shear modulus), which is consistent
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with what is typically inferred for large crustal earthquakes [32]. We further
assume that the static friction coefficient is µs = 0.7 which is consistent with
Byerlee’s law [33]. To constrain the dynamic friction coefficient, we use a trial
and error approach to obtain a value for S that would yield a transition length
of approximately 19.5 km. We identify this value of S to be = 0.75. This low S
value is consistent with the rapid transition to supershear propagation that is
inferred from near field observation. From the known S value, we then obtain
the dynamic coefficient friction for the splay fault as 0.327.

Finally, given the above parameters, we adjust the value of the principal
stresses to numerically produce a reasonable value of stress drop which results
in a slip distribution on the splay fault that is consistent with the inferred
slip from the seismic inversion (∼ 1− 3 m). This corresponds to a reasonable
minimum principal stress of σ3 = −15 MPa and a maximum principal stress
of σ1 = −60 MPa [34] According to this estimate, the average slip on the splay
fault is around 2.0 m and the stress drop is 3.61 MPa. Given these parameter
choices the resulting characteristic length Dc corresponds to = 0.316 m. This
completes the choice of parameters for the splay fault, resulting in an inferred
fracture energy Gc = 1/2σ(µs − µd)Dc = 0.998 MJ/m2.

To investigate the implications of the constrained splay fault dynamics on
the continued propagation along the EAF, we consider a parametric study of
the junction region. The objective is to constrain the frictional parameters on
EAF and the properties corresponding to an early bilateral propagation beyond
the junction point. To this end, we introduce a dimensionless parameter G̃
which is defined as GB

c /G
A
c and correlates with the probability for continuous

propagation after the jump between faults. If one considers a rupture transi-
tioning from fault A to fault B, the parameter G̃ measures the relative value
of the fracture energy of fault B to the fracture energy of fault A. This quan-
tity depends on the frictional parameters and the normal stress resolved along
each individual fault. Theoretically, a small value of the G̃ suggests a favorable
continuous propagation due to comparable fracture energy between fault A
and fault B while a large value of the G̃ suggests unfavorable continued prop-
agation. In the context of the junction, all the parameters for the splay fault
(fault A) are known quantities and have been constrained using the above pro-
cedure. The objective here is to investigate the space of S and G̃ parameters
for fault B (Line ECP) that would affect both right propagation (From C to
P) and left propagation (From C to E) of the rupture on the EAF (fault B).

To conduct this investigation we perform multiple numerical simulations
modeling the rupture transition from fault A to fault B covering a wide
spectrum of frictional parameters. Each individual simulation corresponds to
specific choice G̃ and S on the EAF. In each of these simulations the rupture
on fault A was considered to be supershear as consistent with our previous
discussion. Figure 2b shows the phase plot for the forward propagating front
for a wide range of G̃ and S values. We notice that for every value of S there
is a critical value of G̃ such that there is no propagation to the right of the
junction. The relationship between that critical value of G̃ and S is given
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graphically by the boundary between the blue and the white/brown regions.
We observe that as S decreases the critical value of G̃ required for continu-
ous propagation increases. This can be intuitively understood as a competition
between required fracture energy and fault strength, namely as the fracture
energy increases, the initial traction needs to be closer to the static strength
to allow for continuous propagation. However, for values of G̃ that permits the
continued propagation, we observe that the rupture propagates as a sustained
supershear if S is small enough (brown region) and as a decaying supershear
if S is sufficiently large (S > 2.5) (white region). It is obvious from Figure
2b that if there is rupture propagation to the right then this rupture has to
initiate as a supershear rupture regardless of the choice of the parameters.
This is consistent with the experimental analysis conducted by Rousseau and
Rosakis 2003 which investigated the rupture propagation speed for a crack
encountering a branch[35]. The study of Rousseau and Rosakis evaluated a
wide spectrum of branch angles, and showed that for acute branching angles
(similar to the angle between the splay fault and EAF) the crack speed along
the branch would initially be the same or slightly smaller than its propagation
speed prior to encountering the branch[35, 36].

Figure 2c shows the characteristics of the left propagating rupture in terms
of the G̃ and S parameters. We observe that should S > 1.5, regardless of the
G̃ parameter, no back propagation will be observed. We note that S > 1.5
would still allow propagation to the right should G̃ be small enough. Inversely,
if S < 0.9 the rupture will back propagate initially as sub-Rayleigh prior
to transitioning to supershear with the critical value of G̃ increasing as S
decreases. For intermediate choices of S (0.9 < S < 1.5) , if G̃ is small enough,
the rupture can back propagate at sub-Rayleigh speeds or not propagate in
the backward direction at all for higher values of G̃. Seismic inversions reveal
that there is indeed a backward propagating rupture. To further reconcile
the findings for both the right and left propagation, and assuming that the
frictional properties on both segments are the same, we may conclude that
S < 1.5 and a small enough G̃, would satisfy both conditions of backward
propagation and sustained supershear rupture for the forward propagation.

Within the limitations of our linear elastic model that assumes uniform
initial stress and frictional properties on the EAF segment at the junction, the
parametric study above reveals several important findings which we summa-
rize as follows. (1)The continuous propagation of the rupture to the right is
conditional on a critical value of G̃ which depends on S. (2) Should the super-
shear rupture successfully jump from the splay fault to the main fault, the
rupture propagation to the right has to start as a supershear. (3) The contin-
ued propagation to the right of the junction is a necessary but not a sufficient
condition for the triggering of the rupture propagation to the left. This back
propagating rupture additionally requires a relatively low S value (S < 1.5).
(4) If S is too low (S < 0.9), the back propagating rupture could eventually
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transition into supershear. This highlights the critical dynamics of the junc-
tion and the sensitive dependence of the details of the rupture propagation on
the stress and frictional parameters.

2D Dynamic Rupture Model Setup

After constraining the conditions that allow the bilateral propagation of the
rupture on the EAF after jumping from the Narli fault, our next step is to
characterize the rupture propagation along the multiple major fault segments.
To that end, we consider a 2D model of a non-planar branching fault network
of strike slip faults utilizing the estimated fault trace provided by USGS based
on fault offsets [1]. We start by generating a smoother version of the fault
trace by adopting the estimated strikes of the three major segments from the
USGS finite fault model for the M7.8 Kahramanmaraş/Pazarcik earthquake
[1]. We then enrich the model at specific locations by incorporating confirmed
branches and kinks. As shown in Figure 3 the fault model consists of three
primary segments spanning the two strike slip faults: the first segment, AC,
represents the Narli fault (the splay fault that hosted the hypocenter and the
initial rupture propagation). The second and third segments, segments EW
and ET, are both part of the EAF with different overall strike angles consistent
with the USGS model. We extend our model to capture the complexity in the
fault network within the southern part between nodes H and T by incorporat-
ing multiple branches and changes in the strike. We have expanded the model
in the NNE direction by adding segment WX consistent with the mapped fault
trace. We have also added two major branches, segments PV and FG, that are
also confirmed by USGS mapping. Furthermore, since the EAF is a relatively
young fault and is a highly disordered one [37–39], we assume the fault seg-
ments are discontinuous at the locations of different geometric complexities,
such as kinks and junctions between different intersecting faults. We highlight
these locations with blue filled dots in Figure 3. Introduction of this strong
segmentation may lead to transient rupture propagation interruption. How-
ever, this would still be consistent with what is expected on a geometrically
complex fault system with multiple kinks, branches, and changes in strike as
the one studied here.

With the frictional parameters constrained on the splay fault at hand,
together with the findings after conducting the G̃-S parameteric study in the
previous section, we proceed to construct the appropriate frictional parameters
for the other fault segments as follows: First, we assume that the static friction
coefficient is constant for all fault segments and we set it to be µs = 0.7.
This choice is within the reasonable range for the static friction coefficients
according to Byerlee’s law[33]. As the rupture jumps onto the main fault (Line
EW) , we choose S = 0.9 and G̃ = 1.155 so that we can ensure bilateral
propagation beyond the junction point C. This choice of the S parameter
allows supershear rupture to the north east (right) and sub-Rayleigh rupture,
which potentially transitions into supershear, to the south west (left). Given
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an apparent friction µ = 0.612, this sets the dynamic friction to µd = 0.515.
The lower value of G̃ promotes the continuous bilateral propagation along the
main fault. For the fault beyond the left kink (Line EH), S is assumed to
be 2.0 so that sub-Rayleigh rupture is more favorable, which agrees with the
signals received by the near-field stations (Figure 1 Stations 3,4,5). As for the
dynamic friction parameter, all faults beyond the left kink (Point E) have a
dynamic friction coefficient of 0.26. This ensures that µd < µ so the dynamic
propagation is facilitated by a positive dynamic stress drop. It also ensures
that the parameter G̃ is low enough to make it possible for the rupture to
navigate the changes in strike and potentially trigger the branched segments in
the southern region. Due to their orientation with respect to the background
stress field, the faults located in the south end are highly stressed. With the
choice of the frictional parameters outlined above, these faults ended up having
a small S values (∼ 0.4) which makes supershear likely.

Results

Figure 3 illustrates velocity magnitude snapshots of the rupture propagation at
different time steps alongside a sketch of the fault system. The figure also shows
the direction of the maximum horizontal principal stress, label the points of
interest alphabetically, sketch the angles at kink C and kink E and mark each
discontinuous junction point with a blue dot. We have also assigned different
colors to mark different fault segments according to their rupture propagation
speeds as will become apparent from the subsequent discussion. The rupture
is first nucleated by overstressing on the splay fault (Segment AC) with the
epicenter ∼ 30 km from the junction (Point C). The initial rupture propagates
bilaterally with sub-Rayleigh speed, The rupture tip heading south arrests at
the end of the splay fault (Point A). The rupture heading toward the EAF tran-
sitions to supershear speed after ∼ 20 km of sub-Rayleigh propagation(Point
B, Figure 3b). The supershear nature of the transitioned rupture is confirmed
by the near-field stations (NAR), and is reproduced here with the clearly vis-
ible Mach cone in (Figure 3b-c). As the rupture jumps onto the main fault
(Line EW, Figure 3c), the rupture to the north east (right) continues with the
supershear speed (Figure 3d) and eventually jumps into the kink point (Point
W) (Line WX, Figure 3e).

A delayed rupture to the south west (left) initiates at the junction Point
C at around ∼ 20 s, and propagates along segment CE. This time roughly
agrees with the inferences based on seismic inversions [15]. This left going rup-
ture initially propagates with sub-Rayleigh speed (along CD) (Figure 3f) and
eventually transitions into supershear speed (Point D) just before jumping
over the left kink (Point E, Figure 3g). The supershear rupture then gets frus-
trated and transitions to sub-Rayleigh after hitting the junction at the fork
(Point F). The resulting sub-Rayleigh rupture continues propagating along the
straight FH segment towards point H, until it reaches the region of increased
geometrical complexity at the south end of the EAF. As the sub-Rayleigh
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Fig. 3 Idealized fault geometry and velocity magnitude Snapshots at specific
locations along the rupture path. Red arrow represents the direction of maximum
principal stress σ1, the yellow star is where the epicenter is located. Along the fault trace,
each junction point is labeled alphabetically, where the blue dots indicate the discontinuity.
Segment angles associated with junctions C and E are given. Yellow color, blue color and
black color represent fault traces showing supershear, sub-Rayleigh and no propagation
respectively.

rupture approaches the end of the fault segment FH it remotely triggers a
supershear rupture near Point I due to the wave field associated with incom-
ing rupture. This supershear propagates backwards along segment IH towards
Point H and merges with the incoming sub-Rayleigh rupture,(See Figure 3i-j).
The surprising behavior captured by the model agrees with the adjacent near
field records showing that the station close to Point I (Appendix Figure A1f)
receives the rupture signal ∼ 0.5 seconds earlier than the station close to Point
H (Appendix Figure A1e). At the same time, the same rupture propagates at
supershear speed along branch IJ prior to arresting at J (See Figure 3k). As
the radiated waves from the arrested phase propagates towards the southern
end, a new rupture is remotely triggered along segment KT near point K by
the dynamic stress field. This rupture rapidly transitions to supershear as it
continues to travel along the main fault segment KT while simultaneously acti-
vating supershear ruptures along the neighboring branches (for example Point
M, Figure 3l). This main rupture continues to propagate as supershear until
it reaches the end of the fault at Point T (Figure 3m). As shown in Figure
1, there is a cluster of stations in this region that receives supershear signals.
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The fortuitous existence of a cluster of stations near the end of the fault trace,
many of which record the characteristic signatures of supershear propagation,
verifies the model predictions of supershear propagation near Hatay.

Our dynamic rupture model captures the following key features of the
Mw7.8 complex event. (1) The initial nucleation of the rupture along the Narli
fault and its transition to supershear at ∼ 19.5 km away from the hypocenter.
(2) The subsequent triggering of the EAF by the incoming supershear rup-
ture. (3) The bilateral (NNE and SSW) propagation along EAF with a mix
of sub-Rayleigh and supershear speeds. (4) A long portion of sub-Rayleigh
growth along a major SSE segment of the EAF. (5) The sustained supers-
hear growth and eventual arrest of the rupture at the southernmost end of the
fault trace near Hatay. Finally, the model shows that the geometric complex-
ity and the highly heterogeneous stress field contributed to this mix of rupture
speeds along different segments, as well as, additional bursts of supershear
propagation along the various branches of the EAF.

Figure 4a shows peak ground velocity contours for the duration of the
simulated earthquake event obtained from the dynamic rupture model. We
observe regions of intense ground velocity associated with the rupture propa-
gation (highlighted by dashed squares). The width and extent of the intense
ground motion depends on multiple factors such as the rupture propagation
speed, geometrical complexity, and local frictional parameters. As highlighted
earlier, the characteristics of the ground motion vary based on whether the
rupture is propagating at supershear or sub-Rayleigh speeds. The intensity of
the ground shaking would also depend on the stress drop which is influenced by
the frictional parameters. The triggering and path selection along a complex
fault network during the earthquake would play a significant role in the dis-
tribution of PGV (peak ground velocity) within the domain. Furthermore, in
the dynamic rupture model, we also observe high intensity, widely distributed
ground motion near geometrical features such as the junction between the
splay fault and the EAF, as well as around the left kink (Point E).

To associate the ground failure estimates in the Mw7.8 Kahraman-
maraş/Pazarcik earthquake with the ground motion records obtained from the
numerical model, Figure 4b shows a map of the modeled region. On this map,
we superimpose the predictions of the ground failure models generated by
USGS, mainly the landslide and liquefaction estimates[1]. Both ground failure
models are based on analysis of historic records of liquefaction and landslides
of seismically induced ground failure. The landslide distribution models are
generated based on the spatially distributed estimates of ground velocity shak-
ing (PGV), topographic slope, lithology, land cover type, and a topographic
index designed to estimate variability in soil wetness. The landslide distribu-
tion models estimated by USGS are consistent with the mapped coseismic
landslides by the landslide assessment team of the 2023 Türkiye earthquake
sequence (SLATE). The liquefaction model is based on slope-derived VS30,
modeled water table depth, distance to coast, distance to river, distance to
the closest water body, and precipitation and peak ground velocity (PGV).
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Fig. 4 Correlation of ground shaking with ground failure estimates. (a) Peak
ground velocity (PGV) distribution obtained from the numerical simulation of dynamic
rupture. The peak velocity distribution demonstrates regions of large magnitude PGV dis-
tribution. Geometrical complexity, triggering of segmented faults and largely unattenuated
shock fronts due to supershear propagation contributes toward a wider distribution of ground
shaking. (b) Ground failure estimates from USGS showing probability of liquefaction and
landslide. The more extensive ground failure correlates with regions of wider and more
intense ground shaking observed in our numerical model. We note that field reconnaissance
of ground failure shows agreement with USGS predictions.

The liquefaction estimates from the USGS model agree with the preliminary
mapping of liquefaction sites based on remote sensing data [40].

Based on both preliminary reporting and USGS estimates of ground failure
we observe that regions with more distributed (mildly attenuated with distance
from the fault) and intense ground motion obtained from the dynamic rupture
model are consistent with regions of substantially larger destruction. Of course,
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the nature of the failure may be influenced by phenomena such as soil and basin
amplification, in addition of course to the type and quality of construction.
Supershear ruptures with intense ground motion and largely unattenuated
shock fronts would probably amplify the extent and magnitude of damages
associated with either structure or ground failures. Specifically, we observe that
the peak slip rate rapidly change over short distances in regions of supershear
propagation to south (Appendix Figure E4). This non-steady supershear prop-
agation, increases the intensity of shaking and enhances the radiated energy.
Furthermore, we observe that the ground motion records show a relatively
narrow (1-2 seconds) dominant pulse in regions with supershear propagation
such as observed in Antakya (Appendix Figure A1j,k) compared to records
corresponding to sub-Rayleigh propagation (Appendix Figure A1d,e,i). The
presence of a relatively narrow velocity pulse imposes higher demand on the
structures, increasing the possibility of structural collapse.

Specifically, in the dynamic rupture model, we observe supershear prop-
agation at the southern end of the fault segment in the region of Hatay
near Antakya, resulting in high particle velocity magnitude (∼ 2 m/s) and
widespread ground shaking (red dashed box). Simultaneously, the records high-
light significant ground failure associated with both liquefaction and coseismic
landslides within the same region. A similar pattern is also observed in NNE
directions toward Malatya where we may correlate the supershear propagation
in that direction with the estimates of widespread landslides in the region.
Furthermore, the predicted liquefaction zone around the northern end of the
Narli fault (black dashed box) also seems to correlate well with the region of
supershear transition and propagation on that segment.

Discussion

Our analysis of near-field records of the M7.8 Kahramanmaraş/Pazarcik earth-
quake reveals that the rupture propagation speed was spatially not uniform;
rather it varied from sub-Rayleigh to supershear speeds at different sections.
This is consistent with several experimental studies and numerical simulations
of geometrically complex faults which demonstrated that the existence of kinks
and branches may have significant implications on the rupture terminal speed
depending on the geometrical setup in relation to the orientation of the princi-
pal stresses [35, 41, 42]. According to the near-field records, supershear speeds
are observed predominantly along the splay fault (Narli fault) that hosted
the initial rupture, and at the SSW end of the fault trace within the Hatay
region. Furthermore, the geometrical complexity of the fault contributed to the
emergence of transient supershear ruptures as revealed by the ground motion
records showing dominant fault parallel components along fault segments with
steep strike changes relative to the backbone strike. These findings reconcile the
currently available seismic inversions that arrived at contradictory conclusions
regarding the rupture speed.



691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736

This paper is a non-peer reviewed preprint submitted to EarthArXiv

16 The Dynamics of the Mw7.8 Kahramanmaras Türkiye Earthquake

The dynamic rupture model for the junction region between the Narli fault
and the EAF allowed us to identify a regime of frictional parameters, and
infer physical constraints that would be consistent with sustained propagation
along both the NE and SW directions of the EAF. We find that sustained
propagation in the NE direction of EAF necessitates that the rupture initially
propagates to the north at supershear speeds. We have also found that the con-
tinued rupture propagation to the NE is necessary but not sufficient to trigger
a delayed nucleation of the left propagating rupture towards SE. The strength
parameter to the SW side of the junction must also be low enough to enable
the nucleation and propagation of the left propagating rupture. Furthermore,
a combination of high dynamic stress drop on the Narli fault and high stresses
on the EAF appear to have been necessary to facilitate the rupture jumping
across the two faults.

Our dynamic rupture model further highlights the effect of geometrical
complexity on the rupture propagation speed and rupture physics. Through
incorporating the geometrical complexity at the intersection between the Narli
fault and EAF we reproduce a major feature of this earthquake, which is the
emergence of a delayed back propagation ∼ 20 secs to the left of the junction
point. While initially the angle to the left is unfavorable to sustain a rup-
ture propagation, the growth of the stress concentration, due to the dynamic
stress transfer and continued rupture propagation towards the NNE, eventu-
ally overcomes the static strength of the left side of the junction, which has
been lowered due to a tensile stress perturbation imparted by the incoming
rupture on the Narli fault. The combination of these factors led to a delayed
nucleation and subsequent propagation in the SSW direction. Although the
incoming rupture from the Narli fault was supershear, this delayed propaga-
tion initiated as a sub-Rayleigh crack prior to transitioning to supershear in
our model. There is insufficient data from near-field records to confirm this
supershear transition of the left propagating rupture. However, if such tran-
sition occurred , our model predicts that it is short-lived as the rupture tip
gets frustrated by the geometric complexity around the left kink (point E) and
slows down to sub-Rayleigh speeds.

Furthermore, in some particular cases with large changes to the strike
angle a supershear pulse is triggered and forms ahead of the propagating sub-
Rayleigh rupture. This behavior captures an interesting feature within the
ground motion record in which station 8 ( Appendix Figure A1e), located fur-
ther along the fault trace than station 7 ( Appendix Figure A1f), observes
an earlier onset of ground motion. Moreover, the highly segmented nature of
the EAF, which is incorporated in our model, contributed to the acceleration
and deceleration of the rupture tip at different locations, facilitated dynamic
triggering, and enhanced the complexity and intensity of the wavefield which
likely increased the damage extent.

In addition to the role of geometric complexity, our model reveals that the
main rupture tip transitioned to supershear before arriving at Antakya (SW
end of the fault trace). This observation is consistent with both the ground
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motion records revealing dominant FP to FN components within the southern
regions, and the extent of ground failures observed within the region.

Furthermore, our numerical analysis suggests that stress and frictional
conditions on the fault must have been heterogeneous. This heterogeneity
contributed to the continued propagation of the rupture and influenced the
rupture speed. Several segments of the fault are also highly stressed due to
their orientation with respect to the tectonic stress field. This contributed, for
example, to the early supershear transition on the Narli fault and bursts of
supershear propagation in the south. A combination of high dynamic stress
drop on the Narli fault and a critically stressed EAF around the junction point
also facilitated continued propagation. Had the stress field orientation been
different by a few degrees, the overall size of the event could have been much
smaller.

While previous observations indicate that supershear ruptures are more
likely to occur on long fault segments with uniform high stress, on-fault and
off-fault heterogeneities can contribute to the emergence of supershear bursts
as observed in our dynamic rupture model[43–46]. Furthermore, the geomet-
ric complexity may lead to complex wave fields that obscure the Mach cone
signature in the far-field. Additional heterogeneoty in the velocity structure
may also contribute to the masking of the Mach cone in the far-field and
makes it harder to detect[47]. However, supershear ruptures have important
implications on the local hazard, even if their signature is lost in the far field,
due to a combination of factors including (1) a narrow dominant pulse which
could cause amplification of shaking for longer period structures, (2) a largely
unattenuated shear mach front. Finally, when a rupture transitions from sub-
Rayleigh to supershear, there still is a sub-Rayleigh signature following the
leading supershear rupture. This is called the trailing Rayleigh signature and
propagates at Rayleigh wave speed[13, 22, 48]. As a consequence a building
at a near fault location will first experience the intense shaking due to the
shock waves of the leading supershear rupture front. This part of the shaking
will occur very rapidly (hence the narrow velocity pulse) and is character-
ized by the fault parallel component of the ground velocity being bigger than
the fault normal component[22]. Notice in particular the huge discrepancy in
peak velocities between PGVFP and PGVFN (∼ 2 times) in station 3129 in
Antakya, where the city was truly devastated. However, soon (seconds later)
after that, the building will also experience shaking of a different type which
is associated with the passage of the trailing Rayleigh rupture. This shaking,
features a dominant fault normal component. This double punch effect associ-
ated with the first (leading) arrival of the shock front and then the subsequent
(trailing) Rayleigh signature can have a devastating impact on the structure.
The impact of supershear ruptures on ground and structural failures warrant
further investigations.

The role of physics-based dynamic modeling is crucial in our understanding
of the mechanism that led to such a devastating outcome. While we cannot
at the current time predict the occurrences of earthquakes ahead of time,
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we may utilize our interpretations to better guide the response during future
earthquakes.

Methods

All numerical simulations were run using an in-house partial differential
equation solver built on MOOSE framework[49]. Specifically, we utilize the
cohesive zone model capability offered in TensorMechanics system [50] and
implement within it a linear slip weakening law [51] as a traction-separation
relation that governs the evolution of the dynamic rupture. This nonlinear
solver discretizes the governing equations spatially using the finite element
method and temporally using explicit time integration via the central difference
method.
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Appendix A Full Ground Motion Records

Fig. A1 The instrument corrected records of the fault parallel, and fault normal
particle velocities with a 2 second applied filtering for all stations shown in
Figure 1 of the manuscript. Within those records we observe three different categories
classified based on the ratio of the fault parallel to the fault normal component. (1) A
dominant fault normal component suggesting a sub-Rayleigh rupture. (2) A larger fault
parallel component relative to the fault normal component suggesting supershear rupture
propagation. (3) Comparable fault normal and fault parallel components. The velocity pulse
width Tp included in the figures is extracted using methodology presented in Shahi and
Baker 2014 [52]. The width of the velocity pulse is narrower for stations showing supershear
characteristics.

We note that the ground motion record for station 9 shown in Figure A1g
and categorized as probable supershear in Figure 1 show a large degree of
complexity beyond the scope of our mechanistic analysis. Initially within the
ground motion record we observe a comparable FP to FN components then
subsequently we observe large ground motion pulses with primary FP compo-
nent. Accordingly, we opt to categorize the station as probable supershear. The
station complex ground motion record could be attributed to its location in a
region with substantial geometrical complexity and multiple fault branches.

Appendix B Stress Calculation

Given maximum principal stress σ1 and minimum principal stress σ3, the nor-
mal traction σo and tangential traction τ on each fault plane can be evaluated
as follows:
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σo = σ1 sin
2(θ − ψ) + σ3 cos

2(θ − ψ) (B1)

τ = (σ1 − σ3) cos(θ − ψ)sin(θ − ψ) (B2)

Where θ is the fault strike, defined as the angle between the fault plane
and the north direction, ψ is the angle between the maximum principal stress
σ1 and the north direction. From the above equations, apparent friction µ is
expressed as the ratio of shear to normal stress as follows:

µ =
τ

σo
=

(1− 1
(
σ1
σ3

)
) cos(θ − ψ) sin(θ − ψ)

sin2(θ − ψ) + ( 1
(
σ1
σ3

)
) cos2(θ − ψ)

(B3)

Fig. B2 A contour plot showing the ratio of the resolved shear stress to the
normal stress on any fault segment with an arbitrary orientation relative to the
maximum principal stress orientation θ − ψ (the fault strike is θ, which is the
angle between the fault plane and the north direction and ψ is the angle between
the maximum principal stress σ1 and the north direction) for different principal
stress ratios σ1/σ3. We see that the apparent friction µ is particularly sensitive to the
choice of principal stress relative magnitudes. The dashed red and blue lines refer to the
specific orientations of the splay fault and the idealized EAF segment around the junction
respectively at (12 and 42 degrees).

Appendix C Numerical Discretization

In our dynamic rupture simulations, we discretized the domain using 1.7
million triangle elements with element edge size of 200 m. The choice of
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the element size is such that the process zone, which is the fundamental
elasto-frictional length scale in our problem, is well resolved. A more detailed
discussion for the process zone size for slip-weakening friction law is found in
Equations 30a and 33 from Day et. al. 2005 [51]. Day et al. (2005) recommended
using 3-5 spatial cells to resolve this critical length scale. This discretization
level resolves the critical length scale with 7-8 elements. Temporally, we have
used an explicit central difference time integration with time step controlled
by the CFL condition. Specifically, the time step in the dynamic rupture sim-
ulations corresponds to half the CFL bound: △t = 0.5△tCFL = 0.5△x/Cp,
where Cp is the dilatational (pressure) wave speed in the solid crust, which is
equal to 6000 m/s. We use absorbing boundary conditions at the edges of the
simulation domain to enable waves to exit with minimum reflection.
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Appendix D Supershear Transition on Narli
Fault

𝐿#

Fig. D3 A snapshot of the slip rate profile on the splay (Narli) fault around
the time of transitioning from subRayleigh to supershear propagation.The star
represents the hypocenter or the event. The bump at approximately 20km away from the
star is the supershear velocity pulse that forms ahead of the trailing sub-Rayleigh crack. The
transition length, LT , which is the distance between the hypocenter and the supershear pulse
is shown tentatively on the figure. We used an iterative process to find the dynamic friction
coefficient on the splay fault which would result in this specific LT value that matches what
we infered from the analysis of near-field ground motion records on the Narli fault. See main
text for more details.
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Appendix E Peak Slip Rate Spatial
Distribution
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Fig. E4 Peak Slip Rate Spatial Distribution. The 2D scatter plot shows maximum
slip rate across the time history along fault paths in the numerical model.
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Appendix F Frictional Parameters for Fault
Segments

Table F1 Stress and frictional parameters on different fault segments. For the
angle with respect to maximum principal stress σ1, counter-clockwise direction is assumed
positive. For the initial shear stress, the negative value signifies a left lateral shear while a
positive value indicates a right lateral shear. The negative initial normal stress represents
compression.

Segment
Index

Angle with σ1
(Degree)

Initial Shear
Stress τ (MPa)

Initial Normal
Stress σo (MPa)

Apparent
Friction µ

Static
Friction µs

Dynamic
Friction µd

Characteristic
Length Dc (m)

RT 14.521 -10.922 -17.829 0.613 0.7 0.26 0.392
RS 43.784 -22.48 -36.545 0.615 0.7 0.26 0.803
UR 14.455 -10.878 -17.804 0.611 0.7 0.26 0.391
UQ -17.292 12.771 -18.976 0.673 0.7 0.26 0.417
NU 11.472 -8.771 -16.78 0.523 0.7 0.26 0.369
NO -14.971 11.231 -18.003 0.624 0.7 0.26 0.396
LN 11.585 -8.853 -16.815 0.526 0.7 0.26 0.369
LM 37.499 -21.733 -31.676 0.686 0.7 0.26 0.696
KL 14.717 -11.057 -17.904 0.618 0.7 0.26 0.393
IK -7.567 5.874 -15.78 0.372 0.7 0.26 0.347
IJ 12.531 -9.531 -17.118 0.557 0.7 0.26 0.376
IH 38.169 -21.863 -32.186 0.679 0.7 0.26 0.707
YH 8.352 -6.467 -15.949 0.405 0.7 0.26 0.35
FY 8.36 -6.473 -15.951 0.406 0.7 0.26 0.35
FG -15.64 11.682 -18.271 0.639 0.7 0.26 0.401
EF 8.36 -6.473 -15.951 0.406 0.7 0.26 0.35
CE 44 -22.486 -36.715 0.612 0.7 0.515 0.339
AC 12 -9.152 -16.945 0.54 0.7 0.327 0.316
CP 44 -22.486 -36.715 0.612 0.7 0.515 0.339
PV 66.027 -16.706 -52.571 0.318 0.7 0.3 1.05
PW 44.025 -22.487 -36.735 0.612 0.7 0.3 0.734
WX 55.91 -20.888 -45.863 0.455 0.7 0.3 0.916
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[4] Feyiz Kartal, R., Tuba Kadirioğlu, F.: Kinematic of East Anatolian Fault
and Dead Sea Fault. Technical report (2013). https://www.researchgate.
net/publication/271852091

[5] Ambraseys, N.N.: Temporary seismic quiescence: SE Turkey. Technical
report (1989). https://academic.oup.com/gji/article/96/2/311/611031

[6] Ambraseys, N.N., Jackson, J.A.: Seismicity of the Sea of Marmara
(Turkey) since 1500. Geophysical Journal International 141(3) (2000).
https://doi.org/10.1046/j.1365-246X.2000.00137.x

[7] Poliakov, A.N.B., Dmowska, R., Rice, J.R.: Dynamic shear rupture inter-
actions with fault bends and off-axis secondary faulting. Journal of
Geophysical Research: Solid Earth 107(B11), 6–1 (2002). https://doi.org/
10.1029/2001jb000572

[8] Bhat, H.S., Olives, M., Dmowska, R., Rice, J.R.: Role of fault branches
in earthquake rupture dynamics. Journal of Geophysical Research: Solid
Earth 112(11) (2007). https://doi.org/10.1029/2007JB005027

[9] Ma, X., Elbanna, A.: Dynamic rupture propagation on fault planes with
explicit representation of short branches. Earth and Planetary Science
Letters 523, 115702 (2019). https://doi.org/10.1016/j.epsl.2019.07.005

[10] Biegel, R.L., Sammis, C.G., Rosakis, A.J.: Interaction of a dynamic rup-
ture on a fault plane with short frictionless fault branches. Pure and
Applied Geophysics 164(10), 1881–1904 (2007). https://doi.org/10.1007/
s00024-007-0251-2

[11] Bhat, H.S., Dmowska, R., Rice, J.R., Kame, N.: Dynamic Slip Transfer
from the Denali to Totschunda Faults, Alaska: Testing Theory for Fault
Branching. Technical Report 6B (2004). http://pubs.geoscienceworld.org/
ssa/bssa/article-pdf/94/6B/S202/2720488/S202 946b 04601.pdf

https://earthquake.usgs.gov/earthquakes/eventpage/us6000jllz/executive
https://earthquake.usgs.gov/earthquakes/eventpage/us6000jllz/executive
https://doi.org/10.7914/SN/TK
https://tadas.afad.gov.tr
https://tadas.afad.gov.tr
https://doi.org/10.1038/s43247-023-00747-z
https://doi.org/10.1038/s43247-023-00747-z
https://www.researchgate.net/publication/271852091
https://www.researchgate.net/publication/271852091
https://academic.oup.com/gji/article/96/2/311/611031
https://doi.org/10.1046/j.1365-246X.2000.00137.x
https://doi.org/10.1029/2001jb000572
https://doi.org/10.1029/2001jb000572
https://doi.org/10.1029/2007JB005027
https://doi.org/10.1016/j.epsl.2019.07.005
https://doi.org/10.1007/s00024-007-0251-2
https://doi.org/10.1007/s00024-007-0251-2
http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/94/6B/S202/2720488/S202_946b_04601.pdf
http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/94/6B/S202/2720488/S202_946b_04601.pdf


1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196

This paper is a non-peer reviewed preprint submitted to EarthArXiv

26 The Dynamics of the Mw7.8 Kahramanmaras Türkiye Earthquake

[12] Rosakis, A., Abdelmeguid, M., Elbanna, A.: Evidence of Early Supershear
Transition in the Mw 7.8 Kahramanmaraş Earthquake From Near-Field
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