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Abstract We studied the dynamic rupture propagation of the February 6th, 2023 (Mw 7.8, 01:17 UTC)
Pazarcık (Kahramanmaraş), Turkey, earthquake by incorporating the non-planar fault structure, the regional
stress field, and a data-driven friction parameterization into numerical simulations. To explain the rupture ex-
tent of 200 km and the average speed, a regional non-uniform load is necessary andwas determined from the
orientation and intensity of the principal stresses. Careful analysis of near-fault strongmotions suggests that
the critical slip-weakeningdistance (Dc) varies smoothly along the fault strike (between0.6 - 1.2m)withmean
value of 0.86 ± 0.34m. Such friction and prestress heterogeneities help to explain local kinematic features of
the rupture process imaged by Delouis et al. (2023) (e.g., two supershear rupture transients) where the fault
geometry played a major role. As expected, we found clear correlation between rupture speed and radiation
efficiency (ηr) along the fault, both metrics with peak values near the maximum PGAs recorded. This is the
first earthquake where local heterogeneity of rupture dynamics and near-fault groundmotion can be studied
together and the methodologies introduced will serve to generate comprehensive earthquake scenarios to
assess the seismic hazard in other regions.

要旨 本研究では，2023年 2月 6日 (Mw 7.8，世界標準時 01:17)にトルコで発生した Pazarcık(Kahraman-
maraş)地震の動的破壊伝播について，非平面断層構造，地域応力場，データから推定されたすべり弱化摩
擦法則を数値シミュレーションに統合することによって検討した．断層近傍の強震動データから慎重に解
析した結果，すべり弱化の臨界距離（Dc）は約 0.6-1.2m（平均 0.86m）で，走向に沿って空間的に変動す
ることが示された．その結果、断層の形状が破壊の進行に主要な役割を果たしていること、また、破壊の
広がりと破壊速度を説明するためには、地域的に不均一な応力が必要であることが示された。発表された
運動学的インバージョンモデルと整合させるためには、長さ 250kmにわたって最大 7つの応力ゾーンが
必要である。走向に沿った Dc 変動は、その下の地震発生帯からの放射エネルギーに従って、ピーク速度
分布を改善する。これは、動的破壊モデルと観測データを用いて、地震破壊と断層近傍の地震動の空間的
不均質性を研究した最初の地震である。展開されたパラメタリゼーションアプローチは、包括的な地震シ
ナリオを再現するのに有効であり、今後の地震ハザードの応用に役立つと考えられる。
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Resumen Estudiamos la dinámica de la ruptura del terremoto del 6 de febrero de 2023 (Mw 7.8, 01:17
UTC) en Pazarcık (Kahramanmaraş), Turquía, incorporando a las simulaciones computacionales la geometría
no plana de la falla, el campo regional de esfuerzos y una parametrización de la fricción desprendida de los
datos. Para explicar la extensiónde la ruptura de 200 kmy su velocidadmedia, es necesaria una carga regional
no uniforme, que se determinó a partir de la orientación y la intensidad de los esfuerzos principales. El análi-
sis de los movimientos fuertes cercanos a la falla sugiere que el deslizamiento crítico de fricción (Dc) varía
suavemente a lo largo del rumbo de la falla (entre 0,6 - 1,2 m) con un valor medio de 0,86 ± 0,34 m. Tales het-
erogeneidades de fricción y esfuerzos permitieron explicar características cinemáticas locales de la ruptura
observadas por Delouis et al. (2023) (e.g., dos transitorios supershear) donde la geometría de la falla jugó un
papel importante. Como predice la teoría, encontramos una clara correlación entre la velocidad de ruptura
y la eficiencia radiativa (ηr) a lo largo de la falla, ambas métricas con valores pico cerca de los PGA máximos
registrados. Este es el primer terremoto en el que se pueden estudiar conjuntamente la heterogeneidad de la
dinámicade la rupturayelmovimientodel terrenopróximoa la falla, demodoque lasmetodologías introduci-
das servirán para generar escenarios sísmicos que permitan evaluar con mayor confiabilidad la peligrosidad
sísmica en otras regiones.

Non-technical summary Two strong earthquakes hit the south-east of Turkey and Syria on the
February 6th, 2023. More than ten stations were installed along the Eastern Anatolian fault and recorded the
strong ground motion near the fault. We study Kahramanmaraş earthquake (Mw 7.8, 01:17 UTC) by integrat-
ing the non-planar fault structure, the regional stress field, and adata-driven spatially variable slip-weakening
friction into numerical simulations. A careful analysis from the near-fault strong motion data suggests a crit-
ical slip-weakening distance (Dc) of about 0.6-1.2 m (0.86 m on average) showing a spatial variation along
the strike. The fault geometry plays a principal role in rupture progress, and non-uniform regional stress is
required to explain the rupture extension and rupture speed. In order to be consistent with a published kine-
matic inversion model, up to seven-zone stress model is needed over 250 km long. Dc-variation along the
strike improves the peak velocity distribution, according to the radiation energy from the seismogenic zone
beneath. This is the first earthquake allowing to study the spatial heterogeneity of seismic rupture and near-
fault groundmotionusing simulations andobservations. Thedeployedparameterization approach is valid for
reproducing comprehensive earthquake scenarios, sowouldbeuseful for further seismic hazard applications.

1 Introduction

On the 6th Feburary 2023, two strong earthquakes hit
Eastern Turkey, an Mw 7.8 at 01:17:32 Universal Time
(UTC) inPazarcık (Kahramanmaraş) and thenanMw7.7
at 10:24:47 UTC in Elbistan (Kahramanmaraş). Seismo-
logical information has been shared since then by the
Turkish organizations AFAD (Disaster and Emergency
Management Authority) and KOERI (Kandilli Observa-
tory and Earthquake Research Institute, Boğaziçi Uni-
vesity) in particular. The earthquakes occurred in a seis-
mic gap previously identified for its low strain rates,
i.e. for a long recurrence time of historical earthquakes
(e.g. Güvercin et al., 2022; Karabulut et al., 2023). As nu-
merous seismological/ geodetic/geological studies have
already shown (e.g. Melgar et al., 2023; Jia et al., 2023;
Barbot et al., 2023; Delouis et al., 2023; Chen et al.,
2024), these large earthquakes are related to multiple
fault segments with major surface ruptures along the
East Anatolian fault zone. In particular, the first event
(hereafter the Kahramanmaraş earthquake) started on
the Narlı normal fault before reaching the Kahraman-
maraş Triple Junction where rupture propagated bilat-
erally with a left-lateral strike-slipmechanism for about
300 km along the main section of the East Anatolian
fault (EAF).
To better understand the main rupture of the Kahra-

manmaraş shock in a regional context, let us exam-
ine some aspects of the 1999 Izmit earthquake, which
occurred on the North Anatolian fault (i.e., 600 km
northwest; Figure 1) and has been extensively studied
through seismological and geodetic data, satellite inter-
ferometry and field observations. Although few near-

fault stations recorded the event, several dynamic rup-
ture simulations were carried out to discuss the rup-
ture transfer from one segment to another (e.g. Har-
ris et al., 2002; Aochi and Madariaga, 2003) along the
almost continuous fault trace that contained, however,
some irregularities such as bends and jogs. Aochi and
Madariaga (2003) tested different fault geometries and
demonstrated that the dynamic rupture process of that
earthquake was strongly controlled by small variations
in the fault geometry. The fault structure inferred from
the analysis of satellite interferograms allowed for im-
proved earthquakemodels in terms of the rupture front
acceleration and the resulting final slip distribution.
Among the four near-field seismic stations operational
during the Izmit event, the two closest within a few kilo-
meters from the fault (SAR, YPT) recorded relatively
simple velocity waveforms associated with the passage
of the rupture front next to the stations. Theoretically,
at such distances from the fault, the velocity waveform
is close to the slip-rate at the nearby rupture front so
that it was possible to quantify the fault friction in this
case (Cruz-Atienza and Olsen, 2010). Dynamic rupture
simulations were able to reproduce such waveforms by
assuming a mechanically reasonable stress reduction
(slip-weakening) process within an appropriate scale.
Near-fault observations remain limited to a small num-
ber of earthquakes and observational sites, similar to
station Pump Station 10 (PS10) during the 2002 Denali
earthquake (Dunham and Archuleta, 2004; Eberhart-
Phillips et al., 2003), where friction could also be quanti-
fied (Cruz-Atienza and Olsen, 2010). From this perspec-
tive, theMw7.8Kahramanmaraş earthquake, whichhas
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a similar faulting mechanism and was recorded by at
least 11 near-fault accelerometers (i.e. within 3 km of
the source), represents a globally unique opportunity to
apply the similar analysis technique from the 1999 Izmit
earthquake to study thedynamics of the ruptureprocess
and its impact on strong motions at the local scale, tak-
ing into account the non-planar fault geometry.
In the past, fault geometry and earthquake rupture

were first examined from a geological point of view. Ge-
ometrical irregularity and fault segmentationhavebeen
shown relevant to the initiation, development and ter-
mination of the rupture process (e.g. King and Nábělek,
1985; Nakata et al., 1998). Dynamic rupture simula-
tions on segmented planar faults were possible in the
1990’s (Harris and Day, 1993; Kame and Yamashita,
1997; Kase and Kuge, 1998) until complex fault geome-
tries became accessible with different methods in the
2000s (Aochi et al., 2000; Oglesby et al., 2000; Aochi and
Fukuyama, 2002; Kame et al., 2003; Ando et al., 2004;
Harris et al., 2009; Cruz-Atienza andVirieux, 2004; Cruz-
Atienza et al., 2007). Nowadays, dynamic rupture sim-
ulations are systematically developed for many earth-
quakes to understand their generation process in geo-
dynamic frames (e.g. Kaneko et al., 2010), as is also
the case for seismic radiation to better estimate the
seismic hazard (e.g., Guatteri et al., 2003; Olsen et al.,
2009; Gallovič and Valentová, 2023). Since large earth-
quakes tend to occur repeatedly on known and increas-
ingly well-characterized faults, the fault geometry is a
preset condition where the governing friction law and
the initial stress field represent the major challenge
to achieve a better understanding of the phenomenon.
For this reason, it is essential to have physically consis-
tentmethodologies to establish the prestress conditions
and to extract as much information as possible about
friction from the recorded seismograms, which is what
is proposed in the present work.
Several studies on the dynamic rupture of the 2023

Kahramanmaraş earthquake have been conducted in
two and three dimensions to explain the multiple seg-
mentation of the rupture and emphasize the impor-
tance of the system heterogeneity (Jia et al., 2023; Ding
et al., 2023; Gabriel et al., 2023; Wang et al., 2023; Ab-
delmeguid et al., 2023). These works focused on the
mechanisms that allowed the rupture transfer from the
initial splay fault to the EAF and then propagate bilat-
erally along the nonplanar fault that characterized the
event. They also sought to explain why the Mw 7.7 El-
bistan earthquake occurred nine hours later and only
~20 km to the north. In this paper, we focus on the
200 km long southwestern fault segment (Figure 1) of
the EAF that ruptured in the Mw 7.8 Kahramanmaraş
earthquake, because this is the first event where lo-
cal heterogeneity of rupture dynamics and near-fault
ground motion can be studied together from both the
simulations and the near-fault seismograms, which are
invaluable observations affected predominantly by the
rupture process near the seismic stations. Our primary
objective here is the dynamic explanation of the rup-
ture process, described kinematically in an extraordi-
nary way previously, and of the numerous and unprece-
dented near-fault strong motion records.

2 Earthquake Dynamic Model
2.1 Fault geometry
It has long been recognized that fault geometry is cer-
tainly one of the most important factors in earthquake
dynamics (e.g., Aochi and Fukuyama, 2002; Aochi and
Madariaga, 2003; Tago et al., 2012; Cruz-Atienza and
Virieux, 2004; Cruz-Atienza et al., 2007; Adda-Bedia and
Madariaga, 2008). For this reason, we built a detailed
fault model based on the Line-of-Sight displacement
discontinuity clearly defined in satellite interferograms
(e.g. Reitman et al., 2023), where significant along-strike
geometric variations are found (Figure 1). Evidence of
surface rupture extends across the entire region, with
offsets of up to 7.5 m in some places (e.g. Provost et al.,
2024). As for the model at depth, we assumed a simple
vertical fault up to 17 kmdepth, which is consistentwith
the left-lateral strike-slip focal mechanism (e.g. AFAD,
Global CMT among others).
We are primarily interested in the relationship be-

tween rupture propagation and near-fault ground mo-
tions along the fault segment of the EAF shown in Fig-
ure 1b, namely the southwestern part of the Mw 7.8
rupture. Therefore, although the earthquake initiated
on a secondary splay fault before reaching the EAF
where rupture propagated bilaterally (e.g. Melgar et al.,
2023; Barbot et al., 2023; Delouis et al., 2023), the non-
planar fault model we adopted represents the main
continuous segment of EAF over 250 km long without
branches. Thus, in our numerical simulations, rup-
ture nucleation is assumed around the triple junction
where the splay fault meets the EAF (Figure 1b). This
assumption does not undermine the generality of the
model and allows us to focus the discussion on the rup-
ture process in the target area only. The local reference
frame we use is rotated 30° clockwise, so that Carte-
sian coordinates X (N30° E) and Y (N60° W), assumed
in the analysis, roughly correspond to the fault-parallel
and fault-normal directions, respectively, particularly
where most of the stations of interest are located.

2.2 Friction Law
We assume that fault slip is governed by a linear slip-
weakening law (e.g. Ida, 1972). The fault strength (σ) is
thus a function of fault slip (∆u) so that

σ(∆u) = τr + (τp − τr)
(

1 − ∆u

Dc

)
H(1 − ∆u

Dc
) (1)

for (∆u ≥ 0), where τp and τr are the peak strength
and residual stresses, Dc is the critical slip-weakening
distance, and H(•) is the Heaviside step function. The
breakdown strength drop is defined as∆τb = τp−τr and
according to the Coulomb failure criterion,

τp = c + µsσn and τr = µdσn (2)

where σn is the normal fault stress, µs and µd are static
and dynamic friction coefficients, and c is the fault co-
hesion. The model parameters are summarized in Ta-
ble 1, which are the same as those previously used by
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Figure 1 Study area of the 2023 Turkish earthquake sequence. (a) Map of faults, stations and seismicity during the first
72 hours after the 01:17 Kahramanmaraş earthquake. The epicenters of the two principal events are illustrated by a star.
In the upper left-hand corner, the map of Turkey is shown. (b) The detailed map of the fault model adopted for numerical
simulations is shown in local coordinate (X, Y) rotated to N30°E. The map area corresponds to a rectangle in panel (a). Two
open stars indicate the nucleation points selected for dynamic rupture simulations. (c) The fault model for the 1999 Izmit
earthquake, for comparison, after Aochi andMadariaga (2003). The areas of panels (b) and (c) are also illustrated in a regional
map on the top left of panel (a).

Aochi and Ulrich (2015). The constitutive parameters in
Equation 2 are constant, but τp and τr are expected to
vary according to σn along both dip and strike. In ad-
dition, Dc can also vary in space. We shall explain this
along with the pre-stress condition in the next section.

2.3 Pre-Stress Condition

Although estimating the stress field prior to an earth-
quake is always difficult, Aochi and Madariaga (2003)
and Aochi and Ulrich (2015) proposed a simulation
framework where the initial and boundary conditions
on the fault are consistent with generic and site-specific
knowledge. In this framework, it is assumed that the
optimal orientation of the fault is tangential to the
great circle described by the relative motion of tectonic
plates. In the region of the East Anatolian fault, the
motion between the Anatolian and Arabian plates is
less than half that of the North Anatolian fault region
(Reilinger et al., 2006), where major earthquakes oc-
curred over the past century, such as the Mw 7.6 Izmit
earthquake in 1999 (Figure 1c). Although the horizon-
tal velocity field in the EAF region is difficult to quan-
tify due to its low strain rates, Aktuğ andKiliçoğlu (2005)
andMahmoud et al. (2013) independently estimated the
Euler Pole parameters associated with the relative plate
motion.
Figure 2 summarizes the strike of our fault model

as well as the great circle tangential directions derived
from the two Euler Pole models mentioned above. The
strike of the fault varies from N70°E in the north to
N20°E in the south. Moreover, since the Euler pole de-
termined by Mahmoud et al. (2013) (49.098°N, 6.043°E)
is much further away than the pole determined by Ak-
tuğ and Kiliçoğlu (2005) (33.814°N, 38.417°E), the opti-
mal orientation of the fault in the first case remains
nearly the same at latitudes encompassing the fault (red
lines), while in the second case, the optimal orientation
varies considerably (blue lines) so that both models are
inconsistent and thus mutually exclusive. For this rea-
son, as we shall describe in Section 4, we decided to
undertake a parametric stress analysis to find reason-
able initial conditions for our earthquake model based
on the following considerations.
From the strategy proposed by Aochi and Ulrich

(2015), we assumed that the shear and normal stresses
(τ, σn) on the fault plane (Equation 2) are given by
the principal stresses according to the Mohr circle, as
schematically illustrated in Figure 3. Considering that
theMw7.8 earthquakeoccurred along a strike-slip fault,
we let the axes of themaximumandminimumprincipal
stresses (σ1, σ3) be in the horizontal plane and the inter-
mediate stress axis (σ2) in the vertical direction. In na-
ture, these stresses are determined by factors at differ-
ent scales such as long-term regional deformations and
residual strain from local seismicity. However, since
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Parameter Quantity (Unit)
Static friction coefficient µs 0.3
Dynamic friction coefficient µd 0.24
Cohesive force c 5 MPa
P- and S-wave velocities VP and VS 6000 m/s, 3464 m/s
Shear Modulus G 32.4 GPa
Element size ∆s in BIEM 500 m
Time step ∆t in BIEM 0.0417 s
Grid size ∆s in FDM 200 m
Time step ∆t in FDM 0.01 s

Table 1 Model parameters used in this study.

Figure 2 The fault model (black) and the optimal fault
plane inferred from the twodifferent Euler polemodels. We
adopt the pole location at (49.098°N, 6.043°E) from Mah-
moud et al. (2013) and (33.814°N, 38.417°E) from Aktuğ and
Kiliçoğlu (2005). Two stars indicate the nucleation points
supposed in the simulations. The triangles show the seis-
mic station locations. On the right panel, the change in az-
imuth is compared along latitude.

this study focuses on the coseismic earthquake process
and the resulting ground motions, we made the sim-
ple assumption that normal tractions increase linearly
with depth (Figure 3b) and that shear tractions along the
fault are bound by the static and dynamic friction coef-
ficients through the Coulomb failure criterion (straight
lines in Figure 3a). For rupture to propagate sponta-
neously, the potential stress drop, ∆τ = τ − τr, should
be positive and large enough (Das and Aki, 1977). Given
the principal stresses, the optimal orientation of the
fault plane is defined as the closest to the Coulomb fail-
ure. The angle for this optimal orientation, Φ, is usually
measured from the direction of the maximum princi-
pal stress in the mechanical framework. In this study,
Φ corresponds to its azimuth in the geographical co-
ordinate system. Thus, for such an optimally oriented
fault plane, we define the parameter T (Aochi and Ul-
rich, 2015) with respect to the Coulomb friction lines
such that

T ≡ ∆τ

∆τb
|
on optimal fault Φ

= τ − µdσn

c + (µs − µd)σn
|
on optimal fault Φ

(3)

In this definition, T is directly governed by the exter-
nal principal stresses (σ1, σ2, σ3) and could be nega-
tive. However, we limit our interest to 0 ≤ T ≤ 1 be-
cause we need the rupture to start propagating sponta-
neously. Therefore, given a value of T, the initial trac-
tion vector on each point of the non-planar fault can be
computed from Equation 3. We also consider that the
absolute stress increases with depth due to lithostatic
confining pressure as shown in Figure 3b. This con-
dition is applied up to a depth of 12 km, below which
we assume a plastic and dissipative conditionwhere the
fault strength does not increase any more (σp = σp(z =
12km)) andDc becomesmuch longer (Figure 3c). Above
12 kmdepth, based on the observations discussed in the
Section 3, we initially assume Dc = 80 cm up to 4 km
depth, where Dc begins growing to 2 m at the surface (z
= 0 km) to account for a dissipative fault zone in the shal-
low crust that stabilizes rupture propagation, as sug-
gested in several previous studies of rupture dynamics
(e.g. Olsen et al., 2009; Aochi and Ulrich, 2015). A larger
shallow Dc is also necessary to mitigate the limitations
of a homogeneous medium and to emulate the effect of
an upper low velocity layer that slows the rupture veloc-
ity (e.g. Mikumo et al., 1987). Along-strike variations in
Dc suggested by the near-fault ground motions will be
discussed later.

2.4 Dynamic Rupture and Wave Propagation
Numerical Methods

To simulate earthquake dynamic rupture, we adopt a
3D Boundary Integral Equation Method (BIEM) (Aochi
et al., 2000) including the mirror source approximation
for the free surface (Aochi and Fukuyama, 2002). Al-
though the method is limited to a homogeneous half-
space, the portability of this method allows the para-
metric stress analysis presented later in Section 3.2. In
general, a suite of BIEM is useful to consider the scal-
ing issue and fracture problem, as meshing/remeshing
is flexible (e.g. Ando et al., 2004; Ide and Aochi, 2005)
and to provide different rupture scenarios in different
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Figure 3 (a) Mohr-Coulomb diagram for T = 0.75. Mohr
circles are illustrated for three different depths. The dots
on the circles indicate the initial stress applied to each el-
ement of the fault model illustrated in Figure 1. It is im-
plicitly assumed that σ2 = (σ1 + σ3) /2 corresponds to
lithostatic pressure minus hydrostatic pressure as a func-
tion of depth. (b) Distribution of the maximum and mini-
mumprincipal stresses, σ1 andσ3, and the deviatoric stress
∆σ = (σ1 − σ3) /2 along depth for T = 0.75. (c) Distribu-
tion of critical slip weakening distanceDc along depth. The
same parametrization as in Aochi and Ulrich (2015).

fault systems emphasizing the role of fault geometry
(e.g. Aochi and Ulrich, 2015; Ando and Kaneko, 2018),
while other volumetric methods such as finite element,
spectral element and discontinuous Galerkin methods
allow the simulations in a more complex medium (e.g.
Tago et al., 2012; Jia et al., 2023; Gabriel et al., 2023). Our
interest is focused on the ground motions in the vicin-
ity of the fault, at very short distances, where pulse-
like waveforms, mostly determined by the close rup-
ture, dominate and where therefore the assumption of
a homogeneous medium is a reasonable first approx-
imation. Our standard fault discretization consists of
square subelements with a size (∆s) of 500 m, leading
to 546 (along-strike) x 34 (along-depth) = 18 564 subele-
ments. The time step is ∆t = ∆s

2Vp
= 0.0417 s for a

total simulation time of about 75 s (1820 steps). Rup-
ture is initiated by a sudden circular crack with radius
of 3 km where τp = τr at time t = 0, so that a stress
drop instantaneously occurs. Once an earthquake sce-
nario is simulated, we use the slip-rate time histories
on the fault to compute the ground motion in a second
step by means of a 3D Finite Difference Method (FDM)
(Aochi and Madariaga, 2003) that solves the elastody-
namic equations in a layered half-space (Supplemen-
tary material Figure S1). As this procedure is sequen-
tial, we can test different crustal structures for the same

rupture scenario treated as a kinematic source model
(Supplementary material Figure S2). In the following
discussions, we adopt model (b) of Figure S1, hereafter
called as our reference model, which has a slight shal-
low velocity variation and is close enough to the homo-
geneous model. This model improves the peak values
at the near-source stations compared to the homoge-
neous model, and inhibits the generation of large sur-
face waves behind the rupture front passage at frequen-
cies 0.2-0.4 Hz. Based on the space and time grid sizes
reported in Table 1, themaximum resolvable frequency
in the FDMsimulations is fmax = Vsmin

(5∆s) = 3.2Hz (Levan-
der, 1988).

3 Data Analysis and Simulation Re-
sults

3.1 Fault FrictionConstraint fromStrongMo-
tion Data

Eleven accelerometers recorded the earthquake within
3 km from the fault trace. This gives us an unprece-
dented opportunity to understand some aspects of the
rupture front dynamics. Since the peak slip-rate at each
fault point is mechanically correlated with the stress
breakdown time, Tc (Mikumo et al., 2003; Fukuyama
et al., 2003), the peak off-fault velocities can be used
to estimate the latter parameter and hence the slip-
weakeningdistance (Dc, Equation 1) fromdisplacement
records, as proposed by Fukuyama and Mikumo (2007)
for the 2000 Tottori and 2002 Denali earthquakes. How-
ever, the stress breakdown frequencies (lower bounded
by 1/Tc) that convey information about the dynamic
process in the cohesion zone decrease exponentially
with distance from the fault in sub-shear rupture earth-
quakes, making it difficult to estimateDc reliably (Cruz-
Atienza et al., 2009). Only ground motion at fault dis-
tances less than about the width of the cohesion zone,
Lc, is meaningful, what happened in the 2004 Parkfield
earthquake (Cruz-Atienza et al., 2009) because the rup-
ture did not reach a steady supershear rupture regime,
where conical Mach waves carry such information at
much longer distances, as observed for the 1999 Izmit
(Figure 1c) and 2002 Denali earthquakes (Cruz-Atienza
and Olsen, 2010). In the case of the Mw 7.8 Kahra-
manmaraş earthquake, apart from a couple of possi-
ble supershear episodes, rupture along the fault seg-
ment shown in Figure 1b maintained a sub-shear rup-
ture propagation regime (Delouis et al., 2023).
Figure 4a shows the acceleration record at station

4616 projected into the fault-parallel (i.e., X axis) di-
rection (N30°E). This site is located some 20 km west
of the epicenter (Figure 1) and only ~2.9 km from the
main fault trace. Since the actual rupture initiated on
a secondary splay fault before reaching the main EAF
(Melgar et al., 2023; Delouis et al., 2023), the major en-
ergy burst associated with the rupture front (with Peak
Ground Acceleration (PGA) of 580 gal) arrived some
25 s after the first wave arrival, when the rupture front
passed right next to the station. This feature of the
seismogram repeats in all sites analyzed here (Supple-
mentary material Figure S3), which are located to the
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Figure 4 Processing of strong motion data at station 4616 for the estimation of fault cohesive zone parameters. (a) Raw
fault-parallel (N30°E) acceleration record, where Te is the estimated arrival time of the main shock wave and T0 is the initial
time for further analysis. (b) Velocity window starting at T0 after one integration using an automated baseline correction
algorithm and 1 s tapering. Note that Te is clearly defined in the velocity waveform. (c) Velocity and displacement (double
integration by the samemethod) seismograms starting at Te, low-pass filtered at 0.4 Hz and unfiltered. Proxies for the stress
breakdown time, Tc, and the slip-weakening distance, D′′

c , are given at the time of peak velocity (see text).

southwest of station 4616 (Figure 1b). To estimate the
stress breakdown time, Tc, we identified the arrival
time of the rupture-front shock wave in each seismo-
gram. To this end, we first integrated the accelera-
tion record through an automated baseline correction
method (Melgar et al., 2013) to obtain velocity and dis-
placement seismograms. Figure 4b displays the result-
ing velocigram cut at T0, the initial time 3 s before the
main wave arrival time, denoted as Te. After 1s-Tukey
tapering, we lowpass filtered the traces at 0.4 Hz. Fig-
ure 4c compares the filtered and unfiltered displace-
ment and velocity seismograms starting at Te, where
Tc corresponds to the time of the peak velocity and D′′

c

to the displacement at that moment (Mikumo et al.,
2003; Fukuyama et al., 2003). The double prime nota-
tion for D′′

c , introduced by Cruz-Atienza et al. (2009),
simply serves to differentiate the valuemeasured on the
fault, D′

c, from the value measured off the fault, which
is subject to wave propagation and free surface effects.
The values of Tc and D′′

c determined for the other sta-
tions with the same procedure are shown in Figure S3
and summarized in Figure 5. The blue curve in Fig-
ure 5b (left axis) gathers theD′′

c valuesmeasured at each
site along with an error bar corresponding to an un-
certainty of 40% (also valid for Tc), which is a rough
estimate obtained from numerical experiments (Cruz-

Atienza et al., 2009). An average D′′
c value of 86 +/-

34 cm is reported in the figure legend along with the
PGA (red curve, right axis) per sitemeasured as the geo-
metricmean of the peak values on both horizontal com-
ponents.
To assess whether measured values of Tc and D′′

c are
representative of the stress drop duration and the asso-
ciated slip at the rupture front, respectively, we first es-
timated the width of the cohesion zone (i.e., of the rup-
ture front), Lc, considering both, an average rupture ve-
locityVr of 3.5 km/swith an uncertainty of 40%, and the
40 % uncertainty on Tcmentioned in the previous para-
graph. Lc values (given by Vr times Tc) incorporating
bothuncertainties vary between 4 and 12 kmalongmost
of the fault (mean value of 9.2±8.3 km between -80 and
30 km), as illustrated by the blue curve in Figure 5c (left
axis) with the corresponding error bars. As the rupture
nears its end (stations 3131 and 3132), the width of the
cohesion zone increases significantly, reaching values
above 20 km. Thus, to find out whether the stations are
close enough to the fault for D′′

c to be representative of
Dc, the slip weakening distance (Equation 1), we plot-
ted the ratio between Lc and the distance of each sta-
tion to the fault trace, D, as a red curve in the same Fig-
ure 5c (right axis). Values greater than one (i.e., above
the red dotted line) indicate that the sites are located
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Figure 5 Estimates of dynamic source parameters from acceleration records within 3 km from the fault trace. (a) Fault
surface projection and strong motion stations. (b) Proxy of the slip weakening distance, D′′

c (left axis, blue curve), and peak
ground acceleration (geometric mean of horizontal components) (right axis, red curve). Note the anti-correlation between
the two observables. (c) Width of the rupture front cohesive zone, Lc, assuming an average rupture velocity of 3.5 km/s (left
axis, blue curve). Error bars contain 40% uncertainties on rupture velocity and stress breakdown times (see text). The slip-
weakening distance,Dc, can only be reliably estimated for distances to the fault (D) shorter than Lc. The red curve (right axis)
depicts the ratio Lc / D, so sites with values greater than 1 (red dotted line) are likely at a good resolution distance for Dc

estimates. Note that all stations are above the resolution threshold.

at distances from the fault less than Lc, the width of
the cohesion zone, and therefore that D′′

c is likely rep-
resentative of Dc on the fault (Cruz-Atienza et al., 2009).
Since all the stations are above this threshold, then the
estimates of D′′

c reported in Figure 5b should be a rea-
sonable proxy of the actual values of Dc in fault seg-
ments close to the stations. However, Lc was not de-
termined independently of Tc. The breakdown time,
Tc, was estimated from seismograms (Figure 4c), so
if not well resolved (due to wave propagation effects),
then the above Lc estimates are not well resolved ei-
ther and thus the above exercise is not a rigorous test
of Dc resolution. To mitigate such an uncertainty, Fig-

ure S4 shows the distribution of Lc along the fault deter-
mined directly from the simulation results of our pre-
ferred earthquake model discussed later in Section 4.4.
Although highly variable in space (mainly due to rup-
ture speed variations), themean value in the upper 5 km
is Lc = 6.0±4.8 km, which is close to those reported in
Figure 5c (blue line) and more than twice the fault dis-
tances of all stations. From these arguments, we believe
that our estimates of Dc should be reasonable enough.
Possible implications of the along-strike variation of

Dc suggested by our results on the earthquake dynam-
ics, along with some energy budget considerations, will
be discussed in Section 4.4 from numerical simulations
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in light of the observed strong motion.

3.2 Uniform stress field analysis
To find reasonable values for the fault prestress condi-
tion leading to sustained spontaneous rupture, we first
performed a parametric analysis for the optimal fault
direction (Φ) and the magnitude of the Mohr circle (T )
defined in Equation 3). The first question is whether a
uniform stress field can explain the rupture extension
over 250 km long. Let us focus on the southwestern
fault segment. If we consider the tangential direction
derived from these Euler poles as the optimal rupture
direction, given the discrepancy between that direction
with the strike along the fault (Figure 2), then there
would be significant inconsistency/uncertainty (larger
than 30° at many places) in the construction of the pre-
stress condition. For this reason, we choose to explore
systematically different values for such an optimal di-
rection.

Figure 6 Parameter study under a horizontally uniform
stress field. Nucleation is set at (a) X = -50 km and (b) X =
0 km along the fault. The result shows the final magnitude
givenbysimulation. Whiteareas indicate thecases that rup-
ture could propagate far enough beyond X = -190 km or X =
-40 km in each case, respectively. (c) Rupture extension and
the surface rupture in the simulation for the selected cases.
The star represents the nucleation position for each simula-
tion. Cases 2 and 6 are successful.

We initially set the nucleation point at X = -50 km (in
the rotated coordinate system; Figure 1b), which is west
of the triple junction where the initial splay fault meets
the EAF and far enough to the north to mitigate any
effect of nucleation on the subsequent rupture propa-
gation in the zone of interest, where seismic stations
concentrate. Figure S5 shows an example of the ini-
tial conditions for Φ = N30°E and T = 0.80. Although
the external principal stress is horizontally uniform, the
shear and normal stresses vary along the fault as a func-
tion of fault strike because of the non-planar fault ge-
ometry. We explored values of T ∈ [0.6, 1.0] and Φ ∈

[N10◦E, N70◦E] in the parametric analysis depending
on the location of the nucleation point. Figure 6a shows
the simulation results in terms of the final magnitude.
Sincewe are only looking for themodel parameters that
allow rupture to extend across the entire fault (i.e., be-
yondX= -190 km), the favorablemodel space is very lim-
ited to the white area. Outside this area, rupture either
stops somewhere in themiddle of the fault or fails to ini-
tiate successfully. In no case did rupture propagate to
the right-side, beyond the prominent fault bend, so the
prestress condition in that northern segment should be
different from that in the southern segment.

To explore the northern segment (X > -40 km), where
the initial splay fault reaches the main fault, we moved
the nucleation point to X = 0 km and performed a sim-
ilar analysis. In this case, we look for ruptures reach-
ing X = -40 km, where the fault bends. Again, the favor-
able model space is minimal as depicted by the white
area (Figure 6b). In this northern segment, the stress
magnitude T could be slightly lower, indicating that the
fault geometry is closer to the optimal fault direction
in this part. Figure S6 shows the comparison between
the three conditions A, B and C, in which the stress field
is extremely high (T = 0.98). Nevertheless, none of the
conditions (with different hypocenter positions and op-
timal fault directions) succeeded in producing the rup-
ture length expected between X = 0 km and -190 km.
It should be noted that cases B and C share the same
stress condition but have a different nucleation posi-
tion. Since the final magnitudes of these cases are dif-
ferent, then the nucleation point at X = 0 km is not fa-
vorable for the given stress condition. In condition B,
the rupture behavior is unusual, as the rupture jumps
to around X = 80 km, which is an unrealistic scenario
for this earthquake.

This parametric study allows us to conclude that a
homogeneous stress field orientation across the entire
fault cannot explain the rupture extension of the Kahra-
manmaraş earthquake, indicating that the optimal di-
rections for the fault strike should be around N60°E in
the northern segment, and around N30°E in the south-
ern segment. This variation is similar to the great-circle
tangential direction deduced from the model of Aktuğ
and Kiliçoğlu (2005), but there remains a significant dif-
ference in the middle by a difference of more than 45°
(Figure 2). Given the fault length of over 200 km, it is not
surprising that the principal stress direction changes
along the fault path, as has already been demonstrated
in dynamic rupture simulations for the 1992 Mw 7.3
Landers earthquake (Aochi and Fukuyama, 2002) and
the 2008 Mw 7.9 Wenchuan earthquake (Tang et al.,
2021). Theoptimal stressmagnitude (T ) rangesbetween
0.70 and 0.80, which is within the limits found in previ-
ous studies (e.g. Aochi and Ulrich, 2015) and consistent
with the values expected to produce near-fault ground
motions in accordance with Ground Motion Prediction
Equations (Aochi et al., 2017).
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3.3 Sustained rupture propagation under
non-uniform stress field

Since no combination of the model parameters ex-
plored in the previous section allowed for a complete
earthquake rupture from nucleation at X = 0 km to -
200 km, here we shall build a consistent model that al-
lows for continuous, large, sustained rupture. To this
end, we combined the two preferred models found in
the parametric analysis above, namely, Φ = N30°E and
T = 0.80 for X < -40 km (Figure 6a) and Φ = N60°E
and T = 0.75 for X ≥ -40 km (Figure 6b), and placed
the nucleation point at X = 0 km. Figure 7 shows the
initial stresses and fault dynamic parameters along the
fault for this two-zone model. Compared to the fault
parameterization under a uniform stress field (Figure
S5), in this new model the potential stress drop is over-
all larger, particularly on the northern fault segment.
As a result, the two-zone model produced a sustained
and complete fault rupture as shown in Figure 8a. Fur-
thermore, the correlation found between irregularities
in fault geometry and lateral variations in the peak slip
rate and final slip reveal the major role that fault ge-
ometry plays even in a simple stress tectonic setting.
However, rupture speed was faster than the shear-wave
velocity (supershear) over more than 190 km (i.e. be-
tween -220 and -30 km with Vr close to 5 km/s), and this
cannot explain the observed seismic waves as demon-
strated in Figure 9a, where the model-predicted wave-
forms are far ahead and larger than those observed. The
synthetic seismograms show a fast-propagating shock
wave, a signature of supershear earthquakes, which is
absent in the observations. This is consistent with pre-
vious works, which have shown that most of the rup-
ture process of this earthquake took place in a subshear
regime (e.g. Melgar et al., 2023; Delouis et al., 2023).
To slow down the rupture process, we further adapt

our source model by subdividing the stress field into
four zones every 80 km length. Two of them are set with
lower stress levels and the southernmost zone redirect-
ing the stress is assumed to arrest the rupture. Figure 8b
shows the simulation results from this four-zonemodel.
Although there are still some episodes of supershear
rupture, the overall process maintains a sustained sub-
shear regime with rupture velocities around 3.3 km/s
that produced a remarkable ground motion prediction
when compared to observed seismograms (Figure 9b),
particularly for the shock wave arrival times. The am-
plitude itself does not change significantly between the
twomodels. Previously, Jia et al. (2023) andGabriel et al.
(2023) were also able to reproduce the general char-
acteristics of near-field ground motions from dynamic
rupture simulations, including five common stations as
our simulations (4624, 4616, 2712, 2718 and 3139). The
near fault ground motions are mainly characterized by
a dominant pulse corresponding to the passage of the
rupture front in all simulations. It is interesting to note
that their and ourmodels are well timed at station 2712,
while the simulations are generally too early at station
2718. In our simulation it is difficult to reproduce well
the fault parallel component at the positions between
X = -100 km and X=-150 km, although it is still good in

Figure 7 Initial condition on the fault plane for 2-zone
model. Horizontal axis presents the distance along the
fault. From top to bottom, initial shear stress, initial normal
stress, fault strength, stress excess required for rupturing,
possible stress drop and Dc. The contours show the rup-
ture times (see Figure 8b) every 1 s.

the fault perpendicular component. Thus, our simu-
lation could capture the macroscopic rupture propaga-
tion well, but some local conditions could be further
improved, as suggested by Kidoh et al. (2024), who pro-
pose a short pulse generation on this segment near sta-
tion 3139. This exercise shows that the four-zonemodel
is globally consistent with previous knowledge of the
earthquake and observational expectations. For this
reason, we will consider the four-zone source model as
a reference model for further discussion.

3.4 Generalized dynamic sourcemodel
The detailed source inversion of the Pazarcık-
Kahramanmaraş earthquake introduced by Delouis
et al. (2023) reveals that the rupture propagation ex-
perienced two localized supershear transients in its
southwestern segment along the EAF. This kinematic
model benefits from an unprecedented data set next
to the fault that captured interesting properties of
the rupture process on a local scale, which gives us
the opportunity to look for more detailed features of
the underlying dynamics. To this end, our four-zone
reference model requires further complexity due,
admittedly, to residual prestress heterogeneities not
accounted for by our principal stress setup.
Figure 8b shows that the reference four-zone model

already exhibits two main supershear rupture tran-
sients around X = (-200, -160) km and (-50, -20) km.
However, they are spatially shifted (about 10-40 km for
both cases) when compared to the supershear tran-
sients found by Delouis et al. (compare Figure 8b with
their Figure 5). This indicates that our reference model
is not heterogeneous enough primarily in terms of the
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Figure 8 Simulation results of dynamic rupture propagation in cases in which the nucleation at X = 0 km allows rupture to
propagate until the left end. The assumption on the stress field is given by the split zones at top. The fault geometry and final
slip distribution on the ground surface are illustrated in themiddle. Snapshots show the spatio-temporal evolution of the slip
rate on the non-planar fault, projected along the X-axis. Stars indicate the nucleation point. (a) Two-zone cases assembling
the two better parameter sets from the previous parameter studies. (b) Four-zone cases, adjusted to be comparable to the
observed rupture velocity.

stress initial load and friction. After gradually and care-
fully increasing the number of stress zones along the

fault (see Figure S7 for five- and six-zone models), we
found that the seven-zone model shown in Figure 10a
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Figure 9 Comparison of velocity waveforms between the simulated ground motions (orange) and observations (black) at
selected stations, whose locations are shown in Figure 1b. Synthetic ground motions are aligned at t = 17 s in the figure. X-
and Y-components correspond briefly to fault-parallel and fault-normal components. The maximum and minimum ground
velocities are indicated by red and blue dots, open marks for the simulation and solid ones for the observations. Cases (a)
and (b) correspond respectively to each case in Figure 8. Low-pass filter is applied up to 1 Hz.

best reproduces the expected overall rupture features
including the two supershear transients predicted by
the kinematic model (white squares); one around X =
-120 km, and the other between X = -70 and -50 km,
just southwest of the large, northern fault bending. The
stress values T for the seven-zone model are indicated
in Figure 10c. Comparing to Figure 8b, a relatively low
stress zone around X = -20 km was indeed necessary to
keep sub-shear rupture propagation in this area, which
corresponds to the shadow part of the splay fault where
the Mw 7.8 earthquake started. We also found neces-

sary a high stress zone surrounding the fault wrinkle at
X = -130 km,which is consistentwith the expected strain
concentration around that fault geometric irregularity.

Source models tested so far consider an along-strike
constantDc (Figure 7 andbottomof Figure 10a) that cor-
responds to the average value of our D′′

c estimates de-
termined from the strongmotion records shown in Fig-
ure 5b. Although the uncertainty of these estimates is
large, they feature spatially consistent along-strike vari-
ations that may be real to some extent, so let us now
evaluate the effects of such Dc variations on the source
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Figure 10 Dynamic rupture simulations from the seven-zone stress model for (a) uniform horizontal Dc distribution and
for (b) along-strike non-uniform Dc distribution estimated from D′′

c (Figure 5). Top, fault geometry and station locations.
Second row, along-dip averaged rupture times and local rupture velocities compared with the kinematic model of Delouis
et al. (2023). The third and fourth rows display the rupture velocity (normalized by Vs = 3.464 km/s) and maximum slip rate
on the fault surface. Bottom,Dc distributions for bothmodels. (c) Summary of the seven-zone stress intensity along the fault
for both models.

propagation and radiation. To preserve the rupture ini-
tiation process, frictional parameters are unchanged
for X >-35 km. As for the rest of the fault, while keep-
ing the seven-zone stress distribution and large near-
surface Dc values like in all previous simulations (see
also Figure S8 for further discussion), for depths be-
tween 4 and 12 kmwe imposed the along-strike linearly
interpolated D′′

c values shown in Figure 5b as Dc on the
fault (see bottompanel of Figure 10b). Simulation result
for this case is shown in Figure 10b. Although small,
there are some significant differences with the along-
strike constant Dc model (Figure 10a). In terms of lo-
cally averaged rupture times, bothmodels explain simi-
larly well the inverted kinematic model of Delouis et al.
(2023) (white squares). However, the two supershear
transients are better captured in the variable Dc model,
particularly between -75 and -50 km. Rupture arrest
for X <-175 km is also better described thanks to larger

Dc estimates at the three westernmost stations, which
also bound to lower values the peak slip rates (PSR) in
that ending segment. We also find that two of the PSR
maxima are in the supershear fault regions around -
125 km and -65 km, with depths between 9 to 12 km.
In fact, the correlation between average rupture speed
and PSR holds alongmost of the fault surface, as can be
seen in the phase diagram shown in Figure 11a. From
this figure it is also clear that only the supershear tran-
sient around -125 km reached an averaged PSR above
3 m/s, while the other twomaxima above this threshold
took place in fault segments under subshear ruptures
speeds.

Following Díaz-Mojica et al. (2014) and Mirwald et al.
(2019), from our dynamic source model (i.e., from the
evolution of the shear traction at each fault point) we
estimated the radiation efficiency across the fault. De-
fined as ηr = Er

(Er+G) , where Er is the radiated energy
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Figure 11 Rupture characteristics for the seven-zone stress model with along-strike non-uniform Dc distribution (Fig-
ure 10b). (a) Along-dip averaged peak slip rate as a function of rupture speed along the fault strike. (b) Along-dip averaged
radiation efficiency as a function of rupture speed along the fault strike. (c) Final slip distribution and (d) absolute rupture
speed.

and G the fracture energy or breakdown work (Hus-
seini, 1977; Venkataraman and Kanamori, 2004; Cocco
et al., 2006), this source parameter quantifies howmuch
of the energy available to propagate the rupture is radi-
ated compared to the stress breakdown work retained
in the source. Theoretical models for the three fracture
modes predict that ηr grows with rupture speed so that
it is low (ηr < 0.4) for deep and tsunami earthquakes
andhigh (0.4 < ηr < 0.8) for shallow intraplate ruptures
(Venkataraman and Kanamori, 2004; Mirwald et al.,
2019). Figure 11b shows the distribution of ηr along
the fault as a function of locally-averaged rupture speed
normalized by the shear wave velocity. As expected

from theory and similarly to the PSR (Figure 11a), ra-
diation efficiency is overall linearly related to the rup-
ture velocity and spans over a wide range going from
0.1 to 0.9 for 0.3 <Vr/Vs <1.1 (excluding rupture arrest),
with highest values above 0.7 (excluding rupture initi-
ation) within both supershear rupture transients (i.e.,
around -100 and -70 km). In contrast, the fault segment
exhibiting the largest PSR around -175 km (Figures 10b
and 11a), while rupturing on subshear regime (Vr/Vs ≈
0.75), it was relatively inefficient with ηr ≈ 0.45, which
is explained by the low prestress level and the higher
Dc value in the final segment of the fault (see the lower
panels of Figure 10b).
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Figures 11c and 11d show the final slip and the ab-
solute rupture speed distributions for the along-strike
variable Dc model already presented in Figure 10b. The
slip distribution presents a segmentation controlled
mainly by the fault geometry, as previously noted for
our four-zone reference model (Figure 8b), with two
slip deficit areas close to those determined by Delouis
et al. (2023) around X >-50 km and X <-100 km (see blue
shades in Figure 10). Figure 12 shows the synthetic seis-
mograms at near-fault stations from the 7-zone model
with and without the horizontal variation in Dc, cor-
responding to Figure 10a and 10b, respectively. Our
model, though, also has a slip deficit around -130 km
related to the wrinkle-like fault irregularity, where the
rupture struggles to propagate. As mentioned earlier,
the rupture velocity is highly variable, especially for -
150 <X <-100 km, where the wrinkle-like geometric bar-
rier is found and where the observed PGVs (and PGAs,
Figure 5b) are maximum, as shown with the blue solid
curve in Figure 13 (left axis) at stations 3139, 3145 and
3144, and where the radiation efficiency overcomes 0.8
(Figure 11b). Thus, these strong-motion maxima ap-
pear to be related to the supershear transient around
-120 km at station 3144 and to the fault geometry irreg-
ularity at stations 3139 and 3145. Although smaller at
some sites, the model-predicted PGVs for frequencies
smaller than 3 Hz (blue dotted curve) follow the same
general pattern observed along the fault, with twomax-
ima at stations 3145 and 3144, where the rupture under-
goes remarkable speed changes (see orange curve). As
for the PSR (Figure 11a), comparison of the average rup-
ture velocity between 5 and 12 km depth (orange curve,
right axis) with the PGVs reveals a noteworthy corre-
lation, where the largest seismic bursts are very close
to fault segments with fast rupture (e.g., stations 3144
and 2712) or where the fault undergoes a sharp geomet-
ric change (i.e., a sort of kink where large amplitude
diffracted waves are expected; e.g. station 3145). In
contrast, our model is unable to explain the largest ob-
served PGV at station 3139, where rupture slows down
right after clearing the wrinkle-like barrier.
The aspects of the rupture process described above

can be better appreciated in Figure 14 (and Supplemen-
tary Movie S1), where the slip rate evolution is shown
along with the three-dimensional fault geometry. Af-
ter initiating bilaterally where the splay fault meets the
EAF, the rupture propagates southwestward in a sub-
shear regime to cross the first major fault bending,
where the slip rate decreases significantly (see Movie
S1). About 30 km ahead (t = 26 s), the rupture under-
goes the first supershear transient where Dc decreases
(Figure 10b) just before encountering the second ma-
jor fault bending, where it slows down again. Around
44 s, the earthquake reaches the second supershear
transient where radiation efficiency is maximum (Fig-
ure 11b) (and where Dc is minimum, see the bottom
panel of Figure 10b) and where the model predicts the
maximumPGVs (and PGAs, see Figure 5b) in agreement
with the data (see Figure 13). The wrinkle-like fault bar-
rier brutally slows the rupture to resume velocity in the
subshear regime along the final, relatively flat segment
of the fault. Thus, our dynamic source model shows

how fault geometry played a preponderant role during
the Kahramanmaraş earthquake and how variations in
rupture speed are responsible for the observed along-
strike variations of the observed strong motions (Fig-
ures 12, 13, and S9 in Supplementary material). Along-
strike variations of Dc estimated directly from the rup-
ture front shock wave improved the model predictions
in terms of both the expected locations of the supers-
hear rupture transients and the spatial distribution of
the observed PGVs. Our modelling framework repre-
sents the first attempt to integrate the non-planar fault
geometry, a heterogeneous regional stress field and a
three-dimensional variation of Dc over the source, all
three factors derived from geological, tectonic and seis-
mological observations. The resulting rupture process
is thus a juxtaposition of these factors, which are in fact
interrelated.

4 Discussion and Conclusions
We have simulated the dynamic rupture propagation
and the near-fault ground motions of the February
6th 2023 01:17 UTC Pazarcık-Kahramanmaraş, Turkey,
earthquake along a non-planar fault structure deter-
mined from satellite interferograms assuming a re-
gional principal stress field and depth dependent slip-
weakening friction estimated directly from near-fault
strong motion records. To better understand the re-
lationship between the dynamic rupture parameters
and the near-fault groundmotion along the fault strike,
we focused on the ~200 km length, best-instrumented
south-western segment of the earthquake. To this pur-
pose, we adopted a modeling framework previously in-
troduced for scenario earthquakes along theNorth Ana-
tolian fault (Aochi and Ulrich, 2015). Namely, the initial
stress on the fault is loaded by the external principal
stresses while the depth-dependent rupture criterion
and slip-weakening friction govern the rupture process.
By assuming an orientation of the optimal fault plane
with respect to the principal stresses of N30°E south of
latitude ~37.4° and N60°E north of it, this simple frame-
workwas able to explain the rupture extent over 200 km
with an average rupture velocity of 2.8 km/s, so that
the arrival times and low-frequency (f <3 Hz) amplitude
of shock waves recorded at 11 stations along the fault
strike were also explained. To this end, the intensity
of the stress field should be non-uniform (i.e., should
vary along the fault strike) in at least four (and optimally
seven) distinct segments with lengths ranging between
20 and 80 km, conditions that produced significant vari-
ations of the rupture process. In no case was a uniform
stress field along the entire source able to reproduce ei-
ther the actual extent of the earthquake or the observed
ground motion.
Careful analysis of strong motions next to the fault

allowed us to constrain friction along the causal fault
plane. Passing near the stations, the shock wave associ-
ated with the rupture front revealed a spatially consis-
tent along-strike variation of the critical slip-weakening
distance, Dc, ranging between 0.6 and 1.2 m with an
average value of 0.86 +/- 0.34 m. The cohesion zone
width also featured variations in space going from ~3 to
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Figure 12 Comparison of velocitywaveforms from the simulations of 7-zone stressmodel without andwith horizontal vari-
ation ofDc. The simulated groundmotions (orange) and observations (black) are plotted along fault strike (See also caption
of Figure 9). Cases (a) and (b) correspond respectively to each case in Figure 10. Low-pass filter is applied up to 1 Hz.

~12 km over a ~100 km fault segment (Figure 5 bottom
panel), with minimum values where recorded PGAs ex-
ceeded 640 gal (Figure 5middle panel). Following a sim-
ilar strategy, Ding et al. (2023) and Yao and Yang (2023)
estimated Dc from seismic records that led to higher
estimates than ours. Unlike our approach, where the
rupture-front shock wave was isolated prior to the dou-
ble integration of acceleration via a baseline correction
method, Ding et al. (2023) and Yao and Yang (2023) de-
termined D′′

c from long displacement time series that
suffer from the well-known baseline drift inherent in
inertial accelerometers. In their procedure, these au-
thors also ignored the effect of the free surface in the es-

timation ofD′′
c which amplifies themotion in such away

that the factor 2 introduced by Fukuyama and Mikumo
(2007) is unnecessary, as demonstrated by Cruz-Atienza
et al. (2009). For these reasons, Dc estimates in the
aforementioned studies are likely to be significantly af-
fected by factors unrelated to the rupture process. We
acknowledge, however, that since they explored a suf-
ficiently wide range of Dc values, their main conclu-
sions should not be significantly affected by this prob-
lem. The very same issue arising both from the dou-
ble integration baseline drift and the misleading factor
2 for estimating D′′

c is also present in the work by He
et al. (2024). Beyond the factor 2 used erroneously by
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Figure 13 Along-strike distribution of rupture speed (right axis) and off-fault observed (solid) and synthetic (dotted) fault
parallel PGVs (left axis). Rupture speed is averaged between 5-12 kmdepth. Seismogramswere low-pass filtered at 3 Hz. The
station locations are shown on top.

these and other authors in the literature, we must em-
phasize that the double integration of accelerations is a
very delicate matter that, despite using a baseline cor-
rection, often leads to large displacement errors that
grow rapidly as the record elapses (e.g. seeMelgar et al.,
2013). In our case, estimates of D′′

c derive mostly from
the first 3 s (or less) of the main shock wave and within
distances from the fault smaller than the local dimen-
sion of the rupture cohesion zone, which is themost re-
liable Dc resolution criterion (Cruz-Atienza et al., 2009).
Therefore, unlike the previous works mentioned and
despite other sources of error intrinsic to such Dc de-
termination strategy (see Cruz-Atienza et al. (2009)), we
believe that our D′′

c estimates (Figure 5 middle panel),
which are smaller than those reported for this earth-
quake in previous works, should be related (and thus
reliable) to some extent to the actual stress breakdown
process along the fault.

The kinematic source model determined by Delouis
et al. (2023) allowed us to study some details about the
earthquake dynamics. Relatively small perturbations
of the prestress level along the fault together with the
along-strike variation of Dc inferred from the strong
motions, allowed us to explain satisfactorily the rupture
times including the two supershear rupture transients
found in the invertedmodel. The analysis of the energy
partitioning at the rupture front revealed that the maxi-
mum PGAs observed come from a fault segment where
the rupture propagated in the supershear regime. In
that segment the radiation efficiency reached its max-
imum value above 0.8 and it is where Dc is minimum
around 0.6 m. The high PGAs recorded at stations 3139
and 3145, just southwest of that supershear transient,
could bedue to diffractedwave radiationwhere the fault
geometry features a wrinkle-like irregularity (i.e., a sort
of fault kink). Overall, the rupture velocity of our source

model is highly variable locally, with values normalized
by the shear wave speed between 0.3 and 1.1, and fluc-
tuations of ηr between 0.1 and 0.9 that clearly correlate
with rupture speed. It is because of these large local
variations that the model can explain the most promi-
nent, overall features of the earthquake, such as the
kinematically inverted rupture times and themain seis-
mic energy bursts.
In this paper, we have emphasized the importance

of Dc variations both vertically and horizontally on the
rupture process together with the stress field, which is
reasonable from the point of view of energy balance
(e.g.Mikumo et al., 2003). The rupture process and seis-
mic radiation are also influenced by the medium het-
erogeneiety such as the low-velocity shallow layer (e.g.
Inoue and Miyatake, 1997; Abdelmeguid et al., 2025) or
velocity reduction in the fault zone (e.g. Ma and An-
drews, 2010; Schliwa et al., 2025). The impact of the
shallow layer is very clear in the wave propagation even
from the kinematic point of view, as also shown in Fig-
ure S2 (Supplementary material). The rupture process
strongly depends on the condition we impose. In our
configuration, seismic radiation from the shallow part
ismoderated by themechanical fault consideration of a
large Dc, which slows down the cohesive zone process.
Such fault (zone) rheology in the shallow part should
certainly be an important factor to be considered in
seismic hazard assessment.
In summary, we could build a reasonable dynamic

source model for the Mw 7.8 Pazarcık-Kahramanmaraş
earthquake constrained from the near-fault seismic ob-
servations. The model is consistent with the unprece-
dented source inversion by Delouis et al. (2023) in terms
of rupture propagation and captures the main features
of the recorded strongmotions at eleven stations within
3 km from the fault trace. We found that fault geome-
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Figure14 Evolutionof slip velocity along the three-dimensional fault geometrypredictedbyourpreferredmodel described
in Figure 10b and dissected from Figures 11 and 12. See text.

try played a major role in rupture propagation and seis-
mic wave radiation, and that none of the uniform pre-
stress field assumptions can reproduce the 200 km rup-
ture extension. At least four, slightly different prestress-
intensity zones along the fault strike and two principal
stress orientations are necessary, which implies that the
stress field in the crust is heterogeneous at the earth-
quake scale. Furthermore, along-strike variations of Dc

estimated directly from the rupture front shock wave
improved the model predictions in terms of both the

expected locations of the supershear rupture transients
and the spatial distribution of the observed PGVs. Radi-
ation efficiency and rupture speed are highly variable
along the fault at local scale and correlate with each
other, as expected from rupture mechanics theory, so
that the largest PGAvalues are foundwhere radiation ef-
ficiency is maximum (above 0.8) along one supershear
transient. Observational insights into lateral friction
and prestress heterogeneities may thus have important
implications for furthermodeling scenario earthquakes
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in the globe.
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