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Abstract 

We studied the dynamic rupture propagation of the February 6th, 2023 (Mw7.8, 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 extent of 200 km and the average speed, a regional non-uniform load is 5 

necessary and was determined from the orientation and intensity of the principal stresses. Careful 

analysis of near-fault strong motions suggests that the critical slip-weakening distance (𝐷!) varies 

smoothly along the fault strike (between 0.6 - 1.2 m) with mean value of 0.86 ± 0.34 m. Such 

friction and prestress heterogeneities allowed to explain local kinematic features of the rupture 

process imaged by Delouis et al. (2023) (e.g., two supershear rupture transients) where the fault 10 

geometry played a major role. As expected, we found clear correlation between rupture speed and 

radiation efficiency (𝜂") 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 

ground motion can be studied together so that the methodologies introduced will serve to generate 

comprehensive earthquake scenarios to assess the seismic hazard in other regions. 15 

  

 
  



 

 

1. Introduction 

On the 6th Feburary 2023, two strong earthquakes hit Eastern Turkey, an Mw7.8 at 20 

01:17:32 Universal Time (UTC) in Pazarcık (Kahramanmaraş) and then an Mw7.7 at 

10:24:47 UTC in Elbistan (Kahramanmaraş). Seismological information has been shared 

since then by the Turkish organizations AFAD (Disaster and Emergency Management 

Authority) and KOERI (Kandilli Observatory and Earthquake Research Institute, Boğaziçi 

Univesity) in particular. The earthquakes occurred in a seismic gap previously identified 25 

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 numerous 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), these large earthquakes are related to multiple 

fault segments with major surface ruptures along the East Anatolian fault zone. In particular, 30 

the first event (hereafter the Kahramanmaraş earthquake) started on the Narlı normal fault 

before reaching the Kahramanmaraş Triple Junction where rupture propagated bilaterally 

with a left-lateral strike-slip mechanism for about 300 km along the main section of the 

East Anatolian fault (EAF).  

 To better understand the main rupture of the Kahramanmaraş shock in a regional 35 

context, let us examine 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 interferometry and field observations. 

Although few near-fault stations recorded the event, several dynamic rupture simulations 

were carried out to discuss the rupture transfer from one segment to another (e.g. Harris et 40 

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 improved 45 

earthquake models 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 kilometers 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 50 

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 number of earthquakes and observational sites, as is also station Pump Station 55 

10 (PS10) during the 2002 Denali earthquake (Eberhart-Phillips et al., 2003; Dunham and 

Archuleta, 2004), where friction could also be quantified (Cruz-Atienza and Olsen, 2010). 

From this perspective, the Mw7.8 Kahramanmaraş earthquake, which was recorded by at 

least eleven near-fault accelerometers (i.e., within 3 km of the source), represents a globally 

unprecedented opportunity to study at a local scale the dynamics of the rupture process and 60 

its implications on strong motions considering the non-planar fault geometry.  



 

 

 

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 right-hand corner, 65 

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 and Madariaga (2003). The areas of panels (b) and (c) are also 70 

illustrated in a regional map on the top left of panel (a).  

 

 In the past, fault geometry and earthquake rupture were first examined from a 

geological point of view. Geometrical irregularity and fault segmentation have been shown 

relevant to the initiation, development and termination of the rupture process (e.g. King 75 



 

 

and Nebelek, 1985; Nakata et al., 1998). Dynamic rupture simulations 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 geometries became accessible with different methods 

in the 2000s (Aochi et al., 2000; Oglesby et al., 2000; Aochi and Fukuyama, 2002; Kame 

et al., 2003; Cruz-Atienza and Virieux, 2004; Ando et al., 2004; Cruz-Atienza et al., 2007; 80 

Harris et al., 2009). Nowadays, dynamic rupture simulations are systematically developed 

for many earthquakes to understand their generation process in geodynamic 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 earthquakes tend to occur repeatedly on known and increasingly well-characterized 85 

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 consistent methodologies 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.  90 

Several studies on the dynamic rupture of the Kahramanmaraş earthquake have been 

conducted in two and three dimensions to explain the multiple segmentation of the rupture 

and emphasize the importance of the system heterogeneity (Jia et al., 2023; Ding et al., 

2023; Gabriel et al. 2023; Wang 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 95 

bilaterally along the nonplanar fault that characterized the event. They also sought to 

explain why the Mw7.7 Elbistan 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 Mw7.8 Kahramanmaraş earthquake, because this is the 

first event where local heterogeneity of rupture dynamics and near-fault ground motion can 100 

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 rupture process, 

described kinematically in an extraordinary way previously, and of the numerous and 

unprecedented near-fault strong motion records.  105 

2. Earthquake Dynamic Model 

2.1 Fault geometry 

It has long been recognized that fault geometry is certainly one of the most important 

factors in earthquake dynamics (e.g., Aochi and Fukuyama, 2002; Aochi and Madariaga, 

2003; Cruz-Atienza and Virieux, 2004; Cruz-Atienza et al., 2007; Adda-Bedia and 110 

Madariaga, 2008; Tago et al., 2012). For this reason, we built a detailed fault model based 

on the Line-of-Sight displacement discontinuity clearly defined in satellite interferograms 

(e.g. Rietman 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 115 

a simple vertical fault up to 17 km depth, which is consistent with the left-lateral strike-slip 

focal mechanism of the main rupture on the EAF (e.g. AFAD,  Global CMT among others). 

We are primarily interested in the relationship between rupture propagation and near-

fault ground motions along the fault segment of the EAF shown in Figure 1b, namely the 

southwestern part of the Mw7.8 rupture. Therefore, although the earthquake initiated on a 120 

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, rupture nucleation is assumed around the 

triple junction where the splay fault meets the EAF (Figure 1b). This assumption does not 125 

undermine the generality of the model and allows us to focus the discussion on the rupture 

process in the target area only. The local reference frame we use is rotated 30° clockwise, 

so that Cartesian 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.  130 

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 (Δ𝑢) so that 

𝜎(Δ𝑢) = 𝜏! + )𝜏" − 𝜏!+ ,1 −
#$
%!
.𝐻(1 − #$

%!
) for Δ𝑢 ≥ 0,   (1) 

where 𝜏"  and 𝜏!  are the peak strength and residual stresses,	 𝐷&  is the critical slip-135 

weakening distance, and 𝐻(∙) is the Heaviside step function. The breakdown strength drop 

is defined as Δ𝜏' = 𝜏" − 𝜏! and according to the Coulomb failure criterion,   

𝜏" = 𝑐 + 𝜇(𝜎) and 𝜏! = 𝜇*𝜎),      (2) 

where 𝜎) is the normal fault stress, 𝜇( and 𝜇* are static and dynamic friction coefficients, 

and c is the fault cohesion. The model parameters are summarized in Table 1, which are 140 

the same as those previously used by Aochi and Ulrich (2015). The constitutive parameters 

in Equation (2) are constant, but 𝜏" and 𝜏! are expected to vary according to 𝜎) along 



 

 

both dip and strike. In addition, 𝐷& can also vary in space. We shall explain this along with 

the pre-stress condition in the next section.  

 145 

Parameter Quantity (Unit) 

Static friction coefficient 𝜇( 0.3 

Dynamic friction coefficient 𝜇* 0.24 

Cohesive force c 5 MPa 

P- and S-wave velocities 𝑉+ and 𝑉, 6000 m/s, 3464 m/s 

Material rigidity 𝐺 32.4 GPa 

Element size 𝛥𝑠 in BIEM 500 m 

Time step 𝛥𝑡 in BIEM 0.0417 s 

Grid size 𝛥𝑠 in FDM 200 m 

Time step 𝛥𝑡 in FDM 0.01 s 

Table 1. Model parameters used in this study. 

2.3 Pre-Stress Condition 

Although estimating the stress field prior to an earthquake 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 150 

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 (Relinger et al., 2006), where major 

earthquakes occurred over the past century, such as the Mw7.6 Izmit earthquake in 1999 155 



 

 

(Figure 1c). Although the horizontal velocity field in the EAF region is difficult to quantify 

due to its low strain rates, Aktuğ and Kiliçoğlu (2005) and Mahmoud 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 160 

of the fault varies from N70°E in the north to N20°E in the south. Moreover, since the Euler 

pole determined by Mahmoud et al. (2013) (49.098°N, 6.043°E) is much further away than 

the pole determined by Aktuğ and Kiliçoğlu (2005) (33.814°N, 38.417°E), the optimal 

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 165 

(blue lines) so that both models are inconsistent and thus mutually exclusive. For this 

reason, as we shall describe in Section 4, we decided to undertake a parametric stress 

analysis to find reasonable initial conditions for our earthquake model based on the 

following considerations. 



 

 

 170 

Figure 2. The fault model (black) and the optimal fault plane inferred from the two 

different Euler pole models. We adopt the pole location at (49.098°N, 6.043°E) from 

Mahmoud et al. (2012) 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 

seismic station locations. On the right panel, the change in azimuth is compared along 175 

latitude. 

 

From the strategy proposed by Aochi and Ulrich (2015), we assumed that the shear 

and normal stresses (𝜏, 𝜎)) 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 the 180 

Mw7.8 earthquake occurred along a strike-slip fault, we let the axes of the maximum and 



 

 

minimum principal stresses (𝜎-, 𝜎.) be in the horizontal plane and the intermediate stress 

axis (𝜎/) in the vertical direction. In nature, these stresses are determined by factors at 

different scales such as long-term regional deformations and residual strain from local 

seismicity. However, since this study focuses on the coseismic earthquake process and the 185 

resulting ground motions, we made the simple 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 coefficients through the Coulomb failure criterion (straight lines 

in Figure 3a). For rupture to propagate spontaneously, this means that the potential stress 

drop, 𝛥𝜏 = 𝜏 − 𝜏! , should be positive and large enough (Das & Aki, 1977). Given the 190 

principal stresses, the optimal orientation of the fault plane is defined as the closest to the 

Coulomb failure. The angle for this optimal orientation, 𝛷, is usually measured from the 

direction of the maximum principal stress in the mechanical framework. In this study, 𝛷 

corresponds to its azimuth in the geographical coordinate system. Thus, for such an 

optimally oriented fault plane, we define the parameter T (Aochi and Ulrich, 2015) with 195 

respect to the Coulomb friction lines such that  

𝑇 ≡ ∆1
21"

|3)	3"56789	:8$95	; =
&<(>#?>$)A%

1?>$A%
|3)	3"56789	:8$95	;.   (3) 



 

 

 

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 element 200 

of the fault model illustrated in Figure 1. It is implicitly assumed that 𝜎/ = (𝜎- + 𝜎.)/2 

corresponds to lithostatic pressure minus hydrostatic pressure as a function of depth. (b) 

Distribution of the maximum and minimum principal stresses, 𝜎-  and 𝜎. , and the 

deviatoric stress 𝛥𝜎 = (𝜎- − 𝜎.)/2 along depth for 𝑇 = 0.75. (c) Distribution of critical 

slip weakening distance 𝐷&  along depth.  The same parametrization as in Aochi and 205 

Ulrich (2015).  

 

In this definition, T is directly governed by the external principal stresses (𝜎-, 𝜎/, 𝜎.) and 

could be negative. However, we limit our interest to 0 ≤ 𝑇 ≤ 1 because we need the 

rupture to start propagating spontaneously. Therefore, given a value of T, the initial traction 210 



 

 

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 condition is applied up to a depth of 12 km, below which we 

assume a plastic and dissipative condition where the fault strength does not increase any 

more (𝜎" = 𝜎"(𝑧 = 12𝑘𝑚)) and 𝐷&  becomes much longer (Figure 3c). Above 12 km 215 

depth, based on the observations discussed in the Section 3, we initially assume 𝐷& =

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 shallow crust that stabilizes rupture propagation, 

as suggested in several previous studies of rupture dynamics (e.g. Olsen et al., 2009; Aochi 

and Ulrich, 2015). Along-strike variations in Dc suggested by the near-fault ground 220 

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). Although the method is limited to a homogeneous 225 

half-space, the portability of this method allows the parametric stress analysis presented 

later in Section 3.2. Our standard fault discretization consists of square subelements with a 

size (𝛥𝑠) of 500 m, leading to 546 (along-strike) x 34 (along-depth) = 18 564 subelements. 

The time step is 𝛥𝑡 = 2(
/B&

= 0.0417	𝑠 for a total simulation time of about 75 s (1820 

steps). Rupture is initiated by a sudden circular crack with radius of 3 km where 𝜏" = 𝜏! 230 

at time t = 0, so that a stress drop instantaneously occur . Once an earthquake scenario 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 elastodynamic equations in a layered half-space (Supplementary 

material Figure S1). As this procedure is sequential, we can test different crustal structures 235 

for the same rupture scenario (Supplementary material Figure S2). Based on the space and 

time grid sizes reported in Table 1, the maximum resolvable frequency in the FDM 

simulations is 𝑓78C = 𝑉(76) (5Δ𝑠)⁄ = 3.2 Hz (Levander, 1988).  

3. Data Analysis and Simulation Results 

3.1 Fault Friction Constraint from Strong Motion Data 240 

Eleven accelerometers recorded the earthquake within 3 km from the fault trace. This gives 

us an unprecedented 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-weakening 245 

distance (Dc, Equation 1) from displacement records, as proposed by Fukuyama and 

Mikumo (2007) for the 2000 Tottori and 2002 Denali earthquakes. However, 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 earthquakes, making it difficult to estimate Dc reliably (Cruz-Atienza 250 

et al., 2009). Only ground motion at fault distances 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 rupture 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 255 



 

 

the case of the Mw7.8 Kahramanmaraş earthquake, apart from a couple of possible 

supershear episodes, rupture along the fault segment shown in Figure 1b maintained a sub-

shear rupture propagation regime (Delouis et al., 2023).  

 

Figure 4. Processing of strong motion data at station 4616 for the estimation of fault 260 

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 same method) 265 

seismograms starting at Te, low-pass filtered at 0.4 Hz and unfiltered. Proxys for the stress 



 

 

breakdown time, Tc, and the slip-weakening distance, Dc’’, are given at the time of peak 

velocity (see text).  

Figure 4a shows the acceleration record at station 4616 projected into the fault-

parallel (i.e., X axis) direction (N30°E). This site is located some 20 km west of the 270 

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 energy 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 275 

all sites analyzed here (Supplementary material Figure S3), which are located to the 

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 seismogram. To this end, 

we first integrated the acceleration record through an automated baseline correction method 

(Melgar et al., 2013) to obtain velocity and displacement seismograms. Figure 4b displays 280 

the resulting 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. Figure 4c 

compares the filtered and unfiltered displacement and velocity seismograms starting at Te, 

where Tc corresponds to the time of the peak velocity and Dc'' to the displacement at that 

moment (Mikumo et al., 2003; Fukuyama et al., 2003). The double prime notation for Dc'', 285 

introduced by Cruz-Atienza et al. (2009), simply serves to differentiate the value measured 

on the fault, Dc', from the value measured off the fault, which is subject to wave 

propagation and free surface effects. The values of Tc and Dc'' determined for the other 

stations with the same procedure are shown in Figure S3 and summarized in Figure 5. The 



 

 

blue curve in Figure 5b (left axis) gathers the Dc'' values measured at each site along with 290 

an error bar corresponding to an uncertainty of 40% (also valid for Tc), which is a rough 

estimate obtained from numerical experiments (Cruz-Atienza et al., 2009). An average Dc’’ 

value of 86 +/- 34 cm is reported in the figure legend along with the PGA (red curve, right 

axis) per site measured as the geometric mean of the peak values on both horizontal 

components. 295 

 

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, Dc’’ (left axis, blue curve), and peak ground acceleration 



 

 

(geometric mean of horizontal components) (right axis, red curve). Note the anti-300 

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 305 

1 (red dotted line) are likely at a good resolution distance for Dc estimates. Note that all 

stations are above the resolution threshold. 

To assess whether measured values of Tc and Dc'' are representative of the stress 

drop duration and the associated slip at the rupture front, respectively, we first estimated 

the width of the cohesion zone (i.e., of the rupture front), Lc, considering both, an average 310 

rupture velocity Vr of 3.5 km/s with an uncertainty of 40%, and the 40% uncertainty on Tc 

mentioned in the previous paragraph. Lc values (given by Vr times Tc) incorporating both 

uncertainties vary between 4 and 12 km along most 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 315 

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 Dc'' to be representative of Dc, 

the slip weakening distance (Equation 1), we plotted the ratio between Lc and the distance 

of each station to the fault trace, D, as a red curve in the same Figure 5c (right axis). Values 

greater than one (i.e., above the red dotted line) indicate that the sites are located at 320 

distances from the fault less than Lc, the width of the cohesion zone, and therefore that Dc'' 

is likely representative of Dc on the fault (Cruz-Atienza et al., 2009). Since all the stations 



 

 

are above this threshold, then the estimates of Dc'' reported in Figure 5b should be a 

reasonable proxy of the actual values of Dc in fault segments close to the stations. However, 

Lc was not determined independently of Tc. The breakdown time, Tc, was estimated from 325 

seismograms (Figure 4c), so if not well resolved (due to wave propagation effects), then 

the above Lc estimates are not well resolved either and thus the above exercise is not a 

rigorous test of Dc resolution. To mitigate such an uncertainty, Figure S4 shows the 

distribution of Lc along the fault determined directly from the simulation results of our 

preferred earthquake model discussed later in Section 4.4. Although highly variable in 330 

space (mainly due to rupture speed variations), the mean 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 distances 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 335 

on the earthquake dynamics, along with some energy budget considerations, will be 

discussed in Section 4.4 from numerical simulations in light of the observed strong motion. 

  

3.2 Uniform stress field analysis 

To find reasonable values for the fault prestress condition leading to sustained 340 

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 345 

between that direction with the strike along the fault (Figure 2), then there would have 

significant inconsistency/uncertainty (larger than 30° at many places) in the construction 

of the prestress condition. For this reason, we choose to explore systematically different 

values for such an optimal direction.    

 350 

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 given 

by simulation. White areas indicate the cases that rupture 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 355 

nucleation position for each simulation. 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 360 

propagation in the zone of interest, where seismic stations concentrate. Figure S5 shows an 

example of the initial 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 function of fault strike because of the non-planar fault geometry. We explored values 

of 𝑇 ∈ [0.6,1.0] and Φ ∈ [𝑁10°E, 𝑁70°E] in the parametric analysis depending on the 365 

location of the nucleation point. Figure 6a shows the simulation results in terms of the final 

magnitude. Since we are only looking for the model parameters that allow rupture to extend 

across the entire fault (i.e., beyond X = -190 km), the favorable model space is very limited 

to the white area. Outside this area, rupture either stops somewhere in the middle of the 

fault or fails to initiate successfully. In no case did rupture propagate to the right-side, 370 

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 similar analysis. 

In this case, we look for ruptures reaching X = -40 km, where the fault bends. Again, the 375 

favorable model space is minimal as depicted by the white area (Figure 6b, #6). 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 380 

and optimal fault directions) succeeded in producing the rupture 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 position. Since the final magnitudes of these cases are 

different, then the nucleation point at X = 0 km is not favorable for the given stress 

condition. In condition B, the rupture behavior is unusual, as the rupture jumps to around 385 

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 

Kahramanmaraş earthquake, indicating that the optimal directions for the principal stress 390 

loading should be around N60°E in the northern segment, and around N30°E in the 

southern segment, which is close to the great-circle tangential direction deduced from the 

model of Aktuğ and Kiliçoğlu (2005). 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 Mw7.3 Landers earthquake 395 

(Aochi et al., 2003) and the 2008 Mw7.9 Wenchuan earthquake (Tang et al., 2021). The 

optimal stress magnitude (𝑇) ranges between 0.70 and 0.80, which is within the limits 

found in previous 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).  400 



 

 

3.3 Sustained rupture propagation under non-uniform stress field 

Since no combination of the model parameters explored 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 allows for continuous, large, sustained rupture. To 

this end, we combined the two preferred models found in the parametric analysis above, 405 

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 overall larger, particularly on the northern fault 410 

segment. As a result, the two-zone model produced a sustained and complete fault rupture 

as shown in Figure 8a. Furthermore, 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 geometry 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. between -220 415 

and -30 km with Vr close to 5 km/s), and this cannot explain the observed seismic waves 

as demonstrated in Figure 9a, where the model-predicted waveforms 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 previous works, which have shown that most of the rupture process of this 420 

earthquake took place in a subshear regime (e.g. Melgar et al., 2023; Delouis et al., 2023). 



 

 

 

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 425 

show the rupture times (see Figure 8b) every 1 s.  

  

To slow down the rupture process, we further adapt our source model by 

subdividing zone number one into three zones, two of them with lower stress levels and 

redirecting the stress in the southernmost zone to arrest the rupture. Figure 8b shows the 430 

simulation results from this four-zone model. Although there are still some episodes of 

supershear rupture, the overall process maintains a sustained subshear regime with rupture 

velocities around 3.3 km/s that produced a remarkable ground motion prediction when 



 

 

compared to observed seismograms (Figure 9b). This exercise shows that the four-zone 

model is globally consistent with previous knowledge of the earthquake and observational 435 

expectations. For this reason, we will consider the four-zone source model as a reference 

model for further discussion.  

 



 

 

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 440 

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 the middle. 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 445 

observed rupture velocity.  

 

 

Figure 9. Comparison of velocity waveforms between the simulated ground motions 

(orange) and observations (black) at selected stations, whose locations are shown in Figure 450 

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. No filter is applied. 455 



 

 

3.4 Generalized dynamic source model 

The detailed source inversion of the Pazarcık-Kahramanmaraş earthquake introduced 

by Delouis et al. (2023) reveals that the rupture propagation experienced 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 460 

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 465 

supershear rupture transients 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 

transients 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 stress initial 

load and friction. After gradually and carefully increasing the number of stress zones along 470 

the fault (see Figure S7 for five- and six-zone models), we found that the seven-zone model 

shown in Figure 10a 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, 475 

where a relatively low stress zone around X = -20 km, which is close to the shadow part of 

the splay fault where the Mw7.8 earthquake started, was indeed necessary to localize the 

northern supershear transient in the expected location (compare with Figure 8b). We also 



 

 

found necessary a high stress zone surrounding the fault wrinkle at X = -130 km, which is 

consistent with the expected strain concentration around that fault geometric irregularity.  480 

 

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 Dc'' (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 485 

Delouis et al. (2023). The third and fourth rows display the rupture velocity and maximum 

slip rate on the fault surface. Bottom, Dc distributions for both models. (c) Summary of the 

seven-zone stress intensity along the fault for both models.   



 

 

 

Source models tested so far consider an along-strike constant 𝐷&  (Figure 7 and 490 

bottom of Figure 10a) that corresponds to the average value of our 	𝐷& ’’ estimates 

determined from the strong motion records shown in Figure 5b. Although the uncertainty 

of these estimates is large, they feature spatially consistent along-strike variations that may 

be real to some extent, so let us now evaluate the effects of such 𝐷& variations on the 

source propagation and radiation. To preserve the rupture initiation process, frictional 495 

parameters are unchanged for X > -35 km. As for the rest of the fault, while keeping the 

seven-zone stress distribution and large near-surface 𝐷&  values like in all previous 

simulations (see also Figure S8 for further discussion), for depths between 4 and 12 km we 

imposed the along-strike linearly interpolated 𝐷&’’ values shown in Figure 5b as 𝐷& on the 

fault (see bottom panel of Figure 10b). Simulation result for this case is shown in Figure 500 

10b. Although small, there are some significant differences with the along-strike constant 

𝐷& model (Figure 10a). In terms of locally averaged rupture times, both models explain 

similarly well the inverted kinematic model of Delouis et al. (2023) (white squares). 

However, the two supershear transients are better captured in the variable 𝐷&  model, 

particularly between -75 and -50 km. Rupture arrest for X < -175 km is also better described 505 

thanks to larger 𝐷& 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 

along most of the fault surface, as can be seen in the phase diagram shown in Figure 11a. 510 

From this figure it is also clear that only the supershear transient around -125 km reached 



 

 

an averaged PSR above 3 m/s, while the other two maxima above this threshold took place 

in fault segments under subshear ruptures speeds.  

 

Figure 11. Rupture characteristics for the seven-zone stress model with along-strike non-515 

uniform Dc distribution (Figure 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. 



 

 

 520 

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. Defined as 𝜂! =	𝐸! (𝐸! + 𝐺)⁄ , where 𝐸! is the 

radiated energy and 𝐺  the fracture energy or breakdown work (Husseini, 1977; 

Venkataraman and Kanamori, 2004; Cocco et al., 2006), this source parameter quantifies 525 

how much of the energy available to propagate the rupture is radiated compared to the 

stress breakdown work retained in the source. Theoretical models for the three fracture 

modes predict that 𝜂! grows with rupture speed so that it is low (𝜂! < 0.4) for deep and 

tsunami earthquakes and high ( 0.4 < 𝜂! < 0.8 ) for shallow intraplate ruptures 

(Venkataraman and Kanamori, 2004; Mirwald et al., 2019). Figure 11b shows the 530 

distribution of 𝜂!  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), radiation efficiency is overall linearly related to the rupture 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 initiation) within both supershear rupture 535 

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 𝜂! ≈ 0.45, which is explained by the low 

prestress level and the higher 𝐷& value in the final segment of the fault (see the lower 

panels of Figure 10b). 540 

 

 



 

 

Figures 11c and 11d show the final slip and the absolute rupture speed distributions 

for the along-strike variable 𝐷&  model already presented in Figure 10b. The slip 

distribution presents a segmentation controlled mainly by the fault geometry, as previously 545 

noted for our four-zone reference model (Figure 8b), with two slip deficit areas close to 

those determined by Delouis et al. around X > -50 km and X < -100 km (see blue shades 

in Figure 10). 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 550 

the wrinkle-like geometric barrier is found and where the observed PGVs (and PGAs, 

Figure 5b) are maximum, as shown with the blue solid curve in Figure 12 (left axis) at 

stations 3139, 3145 and 3144, and where the radiation efficiency overcomes 0.8 (Figure 

11b). Thus, these strong-motion maxima appear to be related to the supershear transient 

around -120 km at station 3144 and to the fault geometry irregularity at stations 3139 and 555 

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 two maxima at stations 3145 and 3144, where the rupture undergoes remarkable speed 

changes (see orange curve). As for the PSR (Figure 11a), comparison of the average rupture 

velocity between 5 and 12 km depth (orange curve, right axis) with the PGVs reveals a 560 

noteworthy correlation, 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 

geometric 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 observed PGV at 

station 3139, where rupture slows down right after clearing the wrinkle-like barrier.  565 



 

 

 

Figure 12. 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 km depth. Seismograms were low-pass filtered at 3 Hz. The station locations 

are shown on top.  570 

The aspects of the rupture process described above can be better appreciated in Figure 13 

(and Supplementary Movie S1), where the slip rate evolution is shown along with the three-

dimensional fault geometry. After initiating bilaterally where the splay fault meets the EAF, 

the rupture propagates southwestward in a subshear regime to cross the first major fault 

bending, where the slip rate decreases significantly (see Movie S1). About 30 km ahead (t 575 

= 26 s), the rupture undergoes the first supershear transient where Dc decreases (Figure 

10b) just before encountering the second major fault bending, where it slows down again. 

Around 44 s, the earthquake reaches the second supershear transient where radiation 

efficiency is maximum (Figure 11b) (and where Dc is minimum, see the bottom panel of 

Figure 10b) and where the model predicts the maximum PGVs  580 



 

 

 
Figure 13 Evolution of slip velocity along the three-dimensional fault geometry predicted 

by our preferred model described in Figure 10b and dissected from Figures 11 and 12. 

See text.  

 585 



 

 

(and PGAs, see Figure 5b) in agreement with the data (see Figure 12). The wrinkle-like 

fault barrier 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 590 

observed strong motions. 

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 595 

non-planar fault structure determined from satellite interferograms assuming a regional 

principal stress field and depth dependent slip-weakening friction estimated directly from 

near-fault strong motion records. To better understand the relationship between the 

dynamic rupture parameters and the near-fault ground motion along the fault strike, we 

focused on the ~200 km length, best-instrumented south-western segment of the earthquake. 600 

To this purpose, we adopted a modeling framework previously introduced for scenario 

earthquakes along the North Anatolian 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 605 

of latitude ~37.4° and N60°E north of it, this simple framework was 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) 610 

distinct segments with lengths ranging between 20 and 80 km, condition that produced 

significant variations of the rupture process. In no case was a uniform stress field along the 

entire source able to reproduce either the actual extent of the earthquake or the observed 

ground motion.  

Careful analysis of strong motions next to the fault allowed to constrain friction 615 

along the source. Passing near the stations, the shock wave associated with the rupture front 

revealed a spatially consistent along-strike variation of the critical slip-weakening distance, 

𝐷&, 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 ~12 km over a ~100 km fault 

segment (Figure 5 bottom panel), with minimum values where recorded PGAs exceeded 620 

640 gal (Figure 5 middle panel). In a recent work and following a similar strategy, Ding et 

al. (2023) estimated 𝐷& from seismic records that led to higher estimates than ours. Unlike 

our approach, were the rupture-front shock wave was isolated prior to the double 

integration of acceleration via a baseline correction method, Ding et al. (2023) determined 

𝐷&′′ from long displacement time series that suffer from the well-known baseline drift 625 

inherent in inertial accelerometers. In their procedure, these authors also ignored the effect 

of the free surface in the estimation of 𝐷&′′ which amplifies the motion in such a way that 

the factor 2 introduced by Fukuyama and Mikumo (2007) is unnecessary, as demonstrated 

by Cruz-Atienza et al. (2009). For these reasons, 𝐷& estimates by Ding et al. (2023) are 

likely to be significantly affected by factors unrelated to the rupture process. We caution, 630 

however, that since they explored a sufficiently wide range of 𝐷&  values, their main 

conclusions should not be significantly affected by this problem. The very same issue 



 

 

arising both from the double integration baseline drift and the misleading factor 2 for 

estimating 𝐷&′′ is also present in the work by He et al. (2024). Beyond the factor 2 used 

erroneously by these and other authors in the literature, we must emphasize that the double 635 

integration of accelerations is a very delicate matter that, despite using a baseline correction, 

often leads to large displacement errors that grow rapidly as the record elapses (e.g. see 

Melgar et al., 2013). In our case, estimates of 𝐷&′′ derive mostly from the first 3 s (or less) 

of the main shock wave and within distances from the fault smaller than the local dimension 

of the rupture cohesion zone, which is the most reliable 𝐷& resolution criterion (Cruz-640 

Atienza et al., 2009).  Therefore, unlike the previous works mentioned and despite other 

sources of error intrinsic to such 𝐷& determination strategy (see Cruz-Atienza et al., 2009), 

we believe that our 𝐷&′′ estimates (Figure 5 middle panel), which are smaller than those 

reported for this earthquake in previous works, should be related (and thus reliable) to some 

extent to the actual stress breakdown process along the fault. 645 

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 𝐷& inferred from the strong 

motions, allowed us to explain satisfactorily the rupture times including the two supershear 

rupture transients found in the inverted model. The analysis of the energy partitioning at 650 

the rupture front revealed that the maximum PGAs observed come from a fault segment 

where the rupture propagated in the supershear regime. In that segment the radiation 

efficiency reached its maximum value above 0.8 and it is where 𝐷& is minimum around 

0.6 m. The high PGAs recorded at stations 3139 and 3145, just southwest of that supershear 

transient, could be due to diffracted wave radiation where the fault geometry features a 655 



 

 

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 fluctuations of 𝜂! 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 prominent, overall features of the earthquake, such as the kinematically inverted 660 

rupture times and the main seismic energy bursts. 

In summary, we could build a reasonable dynamic source model for the Mw7.8 

Pazarcık-Kahramanmaraş earthquake constrained from the near-fault seismic observations. 

The model is consistent with the unprecedented source inversion by Delouis et al. (2023) 

in terms of rupture propagation and captures the main features of the recorded strong 665 

motions at eleven stations within 3 km from the fault trace. We found that fault geometry 

played a major role in rupture propagation and seismic wave radiation, and that none of the 

uniform prestress field assumptions can reproduce the 200 km rupture 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 670 

heterogeneous at the earthquake scale. Furthermore, along-strike variations of 𝐷& 

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. Radiation efficiency and rupture speed are highly 

variable along the fault at local scale and correlate with each other, as expected from rupture 675 

mechanics theory, so that the largest PGA values are found where radiation efficiency is 

maximum (above 0.8) along one supershear transient. Observational insights into lateral 



 

 

friction and prestress heterogeneities may thus have important implications for further 

modeling scenario earthquakes in the globe.  
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