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Abstract

Capturing ground motion variability, especially in near-fault long-period velocity pulses,
is a key challenge for seismic hazard assessment. Observations from the 2023 Mw 7.8
Kahramanmarag, Tiirkiye earthquake reveal substantial variability in the near-fault pulses’
orientation, period, and amplitude. Physics-based dynamic rupture simulations provide a
unique framework for investigating the physical mechanisms responsible for this variability.
Here, we systematically investigate the effect of fault geometry and on-fault heterogeneities
in a suite of 3D dynamic rupture simulations of the 2023 Mw 7.8 Kahramanmaras, Tiirkiye,
earthquake. We compare dynamic rupture scenarios that separately incorporate large-scale
fault waviness, fractal fault roughness, heterogeneous critical slip-weakening distance, het-
erogeneous dynamic friction, and supershear versus subshear initiation, each resolving up
to at least ~ 1 Hz. We systematically analyse the influence on rupture dynamics, frequency
content, and long-period pulse variability, while ensuring all models have comparable seismic
moment rate release. While all models capture near-fault pulse amplitude variability, su-
pershear initiation and fracture energy heterogeneity exert the strongest influence on pulse
period and orientation. Despite added complexity, most modelled pulses remain predom-
inantly fault-normal, contrasting observed broader ranges of orientations, but supershear
rupture speed locally increases variability in pulse orientation. The four other distinct
on-fault heterogeneities all fail to broaden the modelled orientation distribution, suggest-
ing that this aspect of near-fault pulse variability is not controlled by on-fault complexity
alone. It points instead to processes beyond main-fault rupture, including off-fault dam-
age, fault zone structure or site effects, as necessary ingredients for realistic, non-ergodic
ground-motion models and physics-based seismic hazard assessment.

Plain Language Summary

Earthquake shaking can vary a lot depending on how the fault moves, the path seismic
waves take, and local ground conditions. Traditional models often simplify these factors
and struggle to capture the full range of shaking patterns. In this study, we use advanced
3D computer simulations to examine the 2023 Kahramanmaras earthquake. We look at
how features, such as fault shape, multi-scale roughness, variations in fault friction, and the
speed at which the rupture starts, affect the resulting ground motion. We find that while
the overall energy release and frequency content of the shaking are relatively stable, certain
factors, such as very fast rupture speeds and variations in the fault’s resistance to slipping,
strongly influence the size, duration, and direction of a specific type of ground shaking known
as a long-period velocity pulse. Despite these complexities, the strongest shaking tends to
remain aligned roughly perpendicular to the fault. These findings therefore improve our
understanding of how earthquake shaking varies, which is important for better predicting
earthquake impacts and improving hazard assessments.

1 Introduction

Ground motion variability stems from the non-linear combination of source, path and
site effects, which can be difficult to capture through empirical ground motion models
(GMMs) (Bommer et al., 2004). This challenge arises as they often rely on simplified em-
pirical and statistical relationships and are constrained by limited near-fault data (Strasser
et al., 2009; Somerville et al., 1997; Lin et al., 2011; Bray & Rodriguez-Marek, 2004). Data-
constrained 3D dynamic rupture simulations can help address this challenge by simulating
realistic, non-ergodic ground motions in a self-consistent way (Aochi & Madariaga, 2003;
Harris & Abrahamson, 2014; Wollherr et al., 2019; Z. Hu et al., 2022; Yao & Yang, 2023;
Gallovi¢ & L. Valentové, 2023), while reproducing a variety of geodetic, seismic and tsunami
data (e.g., Taufiqurrahman et al., 2022; Tinti et al., 2021).

Velocity pulses are long-period and large-amplitude near-fault ground motions, which
tend to have highly variable properties when observed within a 20 km distance from the
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fault (Withers, Olsen, Day, & Shi, 2019; Baltzopoulos et al., 2023; Yen et al., 2025). Such
velocity pulses have been shown to correlate with substantial damage but are challenging
to account for in seismic hazard assessment (e.g., Heaton et al., 1995; Strasser & Bommer,
2009; Chioccarelli & Iervolino, 2010; F. Wu et al., 2023; Ertuncay & Costa, 2024). They are
mainly due to two distinct source effects (Tiirker et al., 2023): (i) rupture direction relative
to the site, i.e. forward or backward directivity, and (ii) permanent ground displacements
known as fling-step effects. They represent the cumulative rupture effect concentrated into
a single, high-energy arrival and, contrary to earlier assumptions, occur in multiple orienta-
tions beyond the fault-normal direction (Shahi & Baker, 2014; Chang et al., 2025).

Directivity pulses occur when the rupture propagates towards (or away from) a record-
ing site, and have been observed in multiple seismic events, such as the 2016 Meinong, Tai-
wan earthquake (Lee et al., 2016), the 1999 Chi-Chi earthquake (Akkar & Giilkan, 2002),
and the 1995 Kobe earthquake (Strasser & Bommer, 2009). They are typically observed
as two-sided, large-amplitude pulses in recorded near-fault velocity waveforms. In contrast,
fling-step pulses are characterised by a one-sided large-amplitude velocity pulse. In prac-
tice, pulse shapes are more complex and can include ambiguous or multiple-sided forms,
occurring at a range of orientations (Chang et al., 2025). Site effects, such as resonance
effects, can amplify pulse-like signals, and heterogeneities in fault properties and geometric
complexities during dynamic rupture may add variability to their characteristics (Ertuncay
& Costa, 2024; Yen et al., 2025).

The 2023 Kahramanmarag Tirkiye earthquake sequence was devastating, causing widespread

severe damage and tens of thousands of fatalities (Reitman, Briggs, Barnhart, Hatem, et al.,
2023). It comprised a doublet of large earthquakes, the M, 7.8 Pazarcik and the M, 7.7
Elbistan events. The Pazarcik earthquake was a left-lateral strike-slip rupture that nucle-
ated on the Nurdagi-Pazarcik splay Fault (NPF) at ~ 10 km depth, before branching onto
the East Anatolian Fault (EAF) and rupturing a total length of ~350 km (Figure 1a, Jia
et al. (2023); Melgar et al. (2023); Delouis et al. (2024)). About 9 hours later, the Elbistan
earthquake, also a left-lateral strike-slip event, nucleated 90 km north of the EAF at 7 km
depth and ruptured ~ 170 km of the Siirgii-Cardak Fault (SCF) (Mai et al., 2023; Barbot
et al., 2023; Chang et al., 2025).

The earthquake doublet struck densely populated regions, causing structural damage,
including failure of some recently constructed buildings (Ertuncay & Costa, 2024). Several
studies suggest that near-fault velocity pulses may have contributed to this damage, although
their role and prevalence remain debated (e.g., Silahtar et al., 2025; Varolgiines, 2026; Chang
et al., 2025). Observed ground motions in parts of the affected region exceeded the demands
anticipated by building codes, particularly at longer periods where empirical models tend
to underestimate response spectra (Baker, 2007; Ozkula et al., 2023; Akinci et al., 2025).
It was a complex rupture sequence that potentially reached supershear rupture speeds at
different fault segments (Abdelmeguid et al., 2023; Ren et al., 2024; Delouis et al., 2024;
Gabriel et al., 2023; Rosakis et al., 2025). Supershear rupture speeds have been suggested
to be responsible for the plenitude of impulsive motion (Ertuncay & Costa, 2024), as have
other source mechanisms and near-fault complexities (Graves & Pitarka, 2016; Withers,
Olsen, Day, & Shi, 2019; Lozos et al., 2025).

A recent analysis by Yen et al. (2025) highlights the lack of pulse property variability
captured in dynamic rupture models of the 2023 Kahramanmarag earthquake (Figure 1b and
¢, (Jia et al., 2023)). Recent near-fault strong-motion analysis by B. Wu et al. (2025) of the
M, 7.8 Kahramanmarag earthquake shows a loss of horizontal polarity and reduced between-
component coherence, implicating small-scale source and near-fault structural processes not
captured by dynamic rupture models either. This motivates this study focusing on the
physical controls of velocity pulses and high-frequency radiation, aiming to advance realistic,
non-ergodic ground motion models and physics-based seismic hazard assessment.



a)

T
6 p/s

37°00'N
A~ 3143 N 12

P -
3134\\- 3138

36°30'N

o 50cm/s
O 100cm/s

() 200cm/s

3600E  36°30E 37°00'E 36°00'E 36°30'E 37°00'E

Figure 1: a) The study area highlighting the 2023 M,, 7.8 Kahramanmarag earthquake
surface rupture (red lines, (Reitman, Briggs, Barnhart, Jobe, et al., 2023)). The earthquake
initiated on the Nurdagi-Pazarcik splay Fault (NPF) and continued onto the East Anatolian
Fault (EAF) in a bilateral manner. For completeness, the grey lines show the surface rupture
of the 2023 Mw 7.7 Elbistan earthquake that broke the Siirgii-Cardak Fault (SCF, (Reitman,
Briggs, Barnhart, Jobe, et al., 2023)). The yellow star depicts the AFAD epicentre, and
the blue triangles represent the AFAD near-fault stations (see Open Research Section) used
in this study. The inset shows the regional tectonics and major plate boundary faults
(red lines), including the North Anatolian Fault (NAF) and EAF. The rectangle highlights
the study area. b) Reproduction of Yen et al. (2025)’s results showing long-period near-
fault pulse properties extracted from observational data (ESM, Mascandola et al. (2026))
and ¢) from the dynamic rupture model of (Jia et al., 2023) for the 2023 Kahramanmarag
earthquake. The circle size corresponds to the peak rotated velocity (PRV), the colour
corresponds to the pulse period (7},), and the lines within the circles represent the pulse
orientation. Black lines show the surface rupture trace (Reitman, Briggs, Barnhart, Jobe,
et al., 2023), grey lines show the mapped active faults (Styron & Pagani, 2020), and dashed
lines show the boundary between Tiirkiye agglﬁSyria. See also Figure S1.
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2 Observations of Long-Period Pulses During the 2023 M, 7.8 Kahra-
manmarag Earthquake

The observational waveforms of the 2023 Mw 7.8 Kahramanmarag earthquake that
we retrieved are 3-component accelerograms from the ESM database (Mascandola et al.,
2026). The waveforms were preprocessed by ESM following (Paolucci et al., 2011). These
were bandpass filtered between 0.03 and 40 Hz, baseline corrected, tapered and linearly
de-trended. Analysis of the seismic velocity records reveals that many near-fault stations
exhibit pronounced pulse-like ground motion (Figures S6-S12; Ertuncay & Costa, 2024;
Akinci et al., 2025; J. Hu et al., 2025; Yen et al., 2025). At several stations (e.g., 4615,
4616, 3142 and 3143), a large fraction of the seismic energy is concentrated within a single
dominant impulse occurring early in the ground motion record, rather than spread out over
time. Following pulse identification using the procedure of Shahi and Baker (2014), pulse-like
motion was detected at 21 near-fault stations. The extracted pulses display large variability
in their properties (Yen et al., 2025, Figures 1b, S13-S31). Peak rotated velocities range
from approximately 40 to 180 cm/s, pulse periods from about 2 to 16 s, corresponding to
wavelengths of ~ 4 — 64 km, assuming characteristic wave speeds of 2 — 4 km/s, and pulse
orientations span a wide range (approximately £25° to £75°), indicating that the strongest
pulse is not systematically aligned with a single direction.

3 Methods

This section details the setup of the reference 3D dynamic rupture model (Model 1),
which forms the basis for all subsequent model variants. We first briefly introduce the refer-
ence model (section 3.1), then detail the numerical method used to perform the simulations
(section 3.2), followed by the definition of the fault geometry (section 3.3), computational
mesh characteristics (section 3.4), and on- and off-fault dynamic rupture model properties.
This includes the frictional properties (section 3.5), the initial stress distribution (section
3.6), the nucleation procedure (section 3.7), and the off-fault medium properties (section
3.8). The parameterisation of the reference model is summarised in Table 1. Finally, we
describe the velocity pulse analysis applied to the observed and simulated ground motions
in Section 3.9.

3.1 3D Dynamic Rupture Model Setup

We focus on dynamic rupture models of the M,, 7.8 Kahramanmarasg earthquake, the
first event of the 2023 Tiirkiye doublet. Our 3D dynamic rupture models are based on the
setup presented in Gabriel et al. (2023). Their models link 3D dynamic rupture scenarios
of the M,, 7.8 Pazarcik earthquake and the M,, 7.7 Elbistan earthquake, such that each
earthquake scenario is dynamically consistent with respective seismic, geodetic and optical
observations. In contrast to the dynamic rupture models in Jia et al. (2023), no smaller-
scale initial prestress or fault strength heterogeneity is prescribed in the reference model.
The M,, 7.8 earthquake scenario, hereafter referred to as the “reference model” (Model
1), is characterised by three distinct rupture phases. The rupture nucleates as a subshear
crack-like rupture on the NPF, it crosses the NPF-EAF junction, where it almost arrests,
continuing in the northeast direction before rupturing to the southwest after a pronounced
delay.

In this study, in addition to the reference model (Model 1), we conduct and analyse a
set of new 3D dynamic rupture models, each differing from Model 1 by one added source of
physical or geometrical complexity (Figure 2), exploring a total of six models in the main
text and an additional four models in the Supplementary Information. These variants will be
referred to as: Model 2 (“supershear initiation model”): includes supershear rupture speed
initiation, from Gabriel et al. (2023); Model 3 (“roughness model”): includes multi-scale on-
fault roughness; Model 4 (“D, model”): includes a heterogeneous distribution of the critical
slip-weakening distance (D.); Model 5 (“pqg model”): includes a heterogeneous distribution
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of the dynamic friction coefficient (14); and Model 6 (“waviness model”): includes what
we refer to as large-scale fault waviness, i.e. large-wavelength geometric undulations of
the fault surface. The specific parametrisation of each model variant is detailed in Section
4. Our model modifications are motivated by the need to understand what drives the
generation and variability of long-period velocity pulses ranging between periods of 2 s and
16 s (corresponding to frequencies of ~ 0.06-0.5 Hz) (e.g., Yen et al., 2021; Tirker et al.,
2023; Yen et al., 2025). Such heterogeneities may also influence the higher-frequency content
(e.g., Vallée et al., 2008; Shi & Day, 2013; B. Wu et al., 2025), which in this study refers to
frequencies of 0.5 — 1 Hz. The upper limit of 1 Hz is resolved throughout the computational
domain, including its coarser regions (Section 5.3).

In all six models considered in this study, rupture is initiated on the NPF at the
hypocentral location of the Disaster and Emergency Management Authority (AFAD) of
Tiirkiye (see Open Research Section) (37.043°N, 37.288°E) and then ruptures across the
EAF (Figure 1a). All models share the same numerical setup, including the computational
mesh and nucleation procedure. Exceptions include the larger meshes required by Models 3
and 6 (Section 4.2) and minor adjustments to the prestress ratio and initial stress in Models
3, 5, and 6 to ensure comparable dynamic rupture propagation across the fault system
(Section 3.6).

3.2 Numerical Method

We use the open-source software package SeisSol (Gabriel et al., 2025) to solve the 3D
spontaneous dynamic rupture and seismic wave propagation problem. SeisSol uses the Ar-
bitrary high-order accurate DERivative Discontinuous Galerkin (ADER-DG) finite element
method (e.g., Dumbser & Kiser, 2006; Pelties et al., 2012). SeisSol combines non-linear on-
fault frictional failure and high-order accurate propagation of seismic waves and is optimised
for modern high-performance computing infrastructure (e.g., Breuer et al., 2014; Heinecke
et al., 2014; Uphoff et al., 2017; Krenz et al., 2021). It has been verified through several dy-
namic rupture benchmark problems (Pelties et al., 2014; Harris et al., 2018; Taufiqurrahman
et al., 2022; Vyas et al., 2023).

3.3 Fault Geometry

We adopt the same fault geometries as in Gabriel et al. (2023), which are informed by
space geodesy and seismicity, including aftershock locations. This fault system geometry
consists of five intersecting segments with a dip of 90° for the NPF and the EAF, reaching
a depth of 20 km, that capture large-scale geometrical complexities, such as fault bends,
step-overs and secondary segments, across which the earthquake propagated (Figure 1b).

3.4 Mesh and Resolution

The meshes used in this study are generated using SimModeler 11.0 (Simmetrix Inc.,
2017) and PUMGen. The structural model is first constructed in SimModeler and then dis-
cretised into unstructured tetrahedral elements of variable size using PUMGen. PUMGen
embeds MeshSim from SimMetrix, the underlying mesh generator of SimModeler and ex-
ports the mesh into the efficient Parallel Unstructured Mesh Library (PUML) format used
by SeisSol. All models include the ground surface topography from the Shuttle Radar To-
pography Mission (SRTM) Digital Elevation Model (DEM) (Farr et al., 2007) downsampled
at 450 m. The smallest on-fault element edge length is h = 300 m in all models, while
element sizes gradually increase with distance from the faults. A high-resolution region
of 400 x 200 x 25 km is defined for all models, encompassing the entire fault system to-
gether with the local strong-motion stations. Within this region, we resolve seismic wave
propagation up to frequencies of at least 1 Hz.



a) Model 1: Reference Model b) Model 2: Supershear Initiation Model
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Figure 2: Overview of the reference and five new dynamic rupture models of the 2023
M, 7.8 Kahramanmaras earthquake analysed in this study. a) Model 1: the reference
model by Gabriel et al. (2023); b) Model 2: supershear initiation ¢) Model 3: multi-scale
fault roughness d) Model 4: heterogeneous D., where the inset shows a close-up of the
heterogeneities applied e) Model 5: heterogeneous pi4, the inset also showing a close-up of
the heterogeneities f) Model 6: large-scale fault waviness.
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The reference model and models 2, 4, and 5 share the same unstructured tetrahedral
mesh, consisting of ~30 million elements. In contrast, Models 3 and 6, which incorporate
fault roughness and large-scale fault waviness, require re-meshing to represent the more
complex fault geometries whilst maintaining the same on-fault resolution used in the other
models. This involves incorporating on-fault geometrical complexities whilst preserving the
map-scale fault trace geometry across all models. For these two models, we generate a larger
mesh consisting of ~ 50 million elements that covers a slightly larger area than the other
models. The larger domain size is not required by the fault roughness or waviness, but
results from the larger bounding area used when clipping these meshes during the meshing
procedure. The meshes adapt to the band-limited self-similar fractal fault surfaces (see
Sections 4.2 and 4.5, and Table S1).

3.5 Fault Strength and Friction

In all simulations, fault strength, 7, is governed by a linear slip-weakening friction law
(Ida, 1972; Palmer et al., 1973; D. J. Andrews, 1976; Day, 1982). The fault strength is
defined as:

T=c+ ol . (1)

where ¢ is the frictional on-fault cohesion, the part of fault strength that does not
depend on effective normal stress, u is the friction coefficient, and o), is the effective normal
stress accounting for pore fluid pressure Pr. A fault begins to slip when the shear stress
locally exceeds the peak fault strength 7,. The fault strength 7 then decreases linearly from
a static peak value, 7,, to a dynamic level, 7., over a critical slip-weakening distance, D,
as:

u
- - Ir ) Dca
T:{Tp (p T)DC u < @)

Tr, u>D,.

where 7, = ¢+ pso), and 7, = pqol,. ps is the static coefficient of friction, pq is the
dynamic coefficient of friction, and u is the accumulated fault slip. Therefore, p in Equation
1 is equal to ps before slip and to pg after slipping the critical slip-weakening distance, D..

In the reference model, the static coefficient of friction is set to ps = 0.6, the dynamic
coefficient of friction to pg = 0.2 and the critical slip-weakening distance to D, = 0.5 m
(see Table 1). We set the on-fault frictional cohesion ¢ to 0.5 MPa below 6 km depth and
increase it linearly up to 1.5 MPa at a depth of 0 km to prevent unrealistically low shallow
fault strength (Gabriel et al., 2023).

3.6 Initial Stress

In all models, we expose the fault system to an Andersonian stress regime representing
strike-slip faulting, i.e. the intermediate compressive stress oy is vertical (Anderson, 1905,
1951). As in Gabriel et al. (2023), the orientation of the maximum horizontal compressive
stress, SHqz, is variable and constrained by a regional stress tensor inversion from focal
mechanisms (Giivercin et al., 2022) (Figure S2a). The magnitudes of the principal stresses
o1, 02, and o3 (with o1 > 02 > o3) are controlled by the relative prestress level Ry of a
(virtual) optimally oriented fault, the effective lithostatic stress o7, and the stress shape
ratio v (Ulrich et al., 2019).

Up to 6 km depth, the effective lithostatic stress o7, increases linearly with depth and
is equal to the lithostatic stress o, reduced by the effect of Py. Py is assumed proportional
to the lithostatic stress, Py = y0., with « the fluid-pressure ratio (Ulrich et al., 2019):

—8—
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0..(2) =pgz. (3)

a,/zz(z) =(1-7)0.. (4)

where p = 2670 kg m~3 is the overburden rock density, g is the acceleration due to
gravity, and z is the depth. We assume an over-pressured pore fluid state with v=0.66.
Although observations constraining the pore fluid pressure at seismogenic depths are not
readily available, this assumption is helpful to reproduce realistic stress drop as well as the
observed amount of surface slip (Ulrich et al., 2019; Biemiller et al., 2022). Below 6 km
depth, the pore fluid pressure gradient mirrors the lithostatic stress gradient, leading to
a constant effective lithostatic stress of 52 MPa (Rice, 1992; Suppe, 2014; Madden et al.,
2022).

From the orientation and magnitude of the three principal stress components, the full
3D initial stress tensor is computed. The shear and normal stresses acting on the non-planar
fault surfaces are then obtained by projecting the resulting tensor onto the non-planar fault
segments, naturally producing spatial variations in 79 and o,,.

Local fault strength and dynamic stress drop are governed by the relative prestress
ratio, R (Aochi & Madariaga, 2003; Ulrich et al., 2019), which varies across the fault
system (Figure S3). R represents the fault-local ratio of the maximum potential stress drop
over the frictional breakdown strength drop, as:

/
T — HdOyp

R=———".
(Ms - /’l’d)o"l/’L

(5)

When R=1, the fault is critically stressed and optimally oriented. The R ratio is related
to the seismic S ratio (Das & Aki, 1977) as S = 1/R — 1. We prescribe Ry, the maximum
value of R of an optimally oriented fault segment in a given stress regime. The fault local
R < Rg varies with fault geometry, initial stresses and frictional heterogeneities (Figure
S3). In the reference model, Ry = 0.62 across the NPF and varies across the EAF (Figure
3a). Figures 3b—g illustrate the prescribed Rg in our six dynamic rupture models.

Parameter Notation Reference Model
Static friction coefficient s 0.6
Dynamic friction coefficient Ld 0.2
Critical slip weakening distance D, [m] 0.5
Maximum cohesion ¢ [MPa] 1.5

Table 1: Dynamic rupture parameter values for the reference model.

3.7 Nucleation

Dynamic rupture simulations require prescribed nucleation in order to initiate spon-
taneous rupture propagation (e.g., Bizzarri, 2010; Galis et al., 2015). We use a smooth
nucleation procedure for all simulations that involves a forced rupture across a prescribed
patch of 2 km radius (Gabriel et al., 2012; Harris et al., 2018). At the given nucleation
time, the friction coefficient is artificially reduced to its dynamic value. The nucleation then
grows smoothly in time as a kinematically driven subshear crack-like rupture with rupture

-9



a) i) Model 1: Reference Model ii) Model 2: Supershear Initiation Model

h

iii) Model 3: Roughness Model iv) Model 4: Heterogeneous D Model

”h

v) Model 5: Heterogeneous p; Model  vi) Model 6: Waviness Model

hﬁ

—(—
0.30 0.55 0.80

b) Difference from Reference Model for:

i) Model 2: Supershear Initiation Model ii) Model 3: Roughness Model

iii) Model 4: Heterogeneous D Model iv) Model 5: Heterogeneous Uq Model

v) Model 6: Waviness Model

R, Difference

o —
—-0.18 -0.09 0.00

Figure 3: a) Ry for all six models. b) The difference in R between the reference model and
the models with added complexities (Difference = Reference Model - Complexity Model).
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speed V;. ~ 2400 m/s (Gabriel et al., 2023). All models prescribe nucleation at the AFAD
hypocentral location.

3.8 Velocity Model and Off-fault Plasticity

The elastic properties of the medium are constrained by the 1D velocity model of
Giivercin et al. (2022). We do not include viscoelastic attenuation. Table S2 details the
variation in P-wave ¢, and S-wave ¢, velocities with depth.

We include non-associative Drucker-Prager off-fault plasticity in all dynamic rupture
models (D. Andrews, 2005; Wollherr et al., 2018), without changing its parameterisation
between models. The plastic cohesion, Cpqst, controls how much stress the off-fault medium
can withstand before deforming plastically. We follow previous work (e.g., Withers, Olsen,
Shi, & Day, 2019; Yeh & Olsen, 2024; Li et al., 2025; Schliwa et al., 2025) and define plastic
cohesion to vary with the 1D depth-dependent shear modulus p(z), following the plastic
cohesion “model 3” described in Roten et al. (2014) for weak rocks, as:

Cplast = 1074”(5) . (6)

This description allows for a range of cohesion values between 0 and 10 MPa that are
observed in laboratory experiments and are commonly used in dynamic rupture studies in
nonlinear media (e.g., D. Andrews, 2005; Dunham et al., 2011), and being depth dependent.
At near-surface depths shallower than 2 km, where confinement stresses are low, we taper
plastic cohesion to Cpiqst = 4.85 MPa as:

Cplast =2 x107% x max (M(z)7 2 % 1010) ' (7)

This tapering is applied to achieve a good match between the measured and modelled
surface fault offsets (Gabriel et al., 2023). Models without the tapering (i.e. that assume
a lower plastic cohesion value near the surface) underestimate the slip at shallow depths.
For numerical reasons (D. Andrews, 2005), the initiation of plastic yielding is governed by
viscoplastic relaxation, allowing stress to relax gradually over a constant timescale T, =
0.05 s, independent of spatial discretisation (Wollherr et al., 2018).

We note that off-fault plastic deformation depends on the initial stress state in the
volume, which varies slightly between models 2, 4 and 3, 5 and 6. In addition, fault rough-
ness and fault waviness will generate enhanced off-fault plasticity compared to planar fault
models (e.g., Dunham et al., 2011). Analysing these differences is beyond the scope of this
study and should be addressed in future work.

3.9 Velocity Pulse Analysis

We analyse near-fault, long-period velocity pulses following Shahi and Baker (2014).
Their wavelet-based algorithm searches for pulse-like motion in either observed or simulated
velocity time histories. This method is therefore capable of classifying observed and modelled
near-fault ground motion through a quantitative and reproducible classification (e.g., Yen
et al., 2025; Akinci et al., 2025; J. Hu et al., 2025; Yucel et al., 2026) and has been used as
an established analysis tool in previous studies (e.g., Panella et al., 2017; Kohrangi et al.,
2019; Ertuncay & Costa, 2024). This algorithm identifies ground motions in any orientation
most likely to contain directivity pulses by performing a two-component wavelet transform
to produce coefficients for every orientation. The corresponding wavelet coefficients are used
to extract up to five candidate pulses from the velocity time histories at a given station. The
algorithm then classifies the candidate pulses as “pulse-like” or “non-pulse-like” according
to the defined threshold, which is related to the peak velocity of the record (Shahi & Baker,
2014). Applying this method to the near-field synthetics of our dynamic rupture models
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allows us to account for potential pulses in any orientation, consistent with observational
evidence that pulse-like motion is not only confined to the fault-normal direction (Somerville
et al., 1997).

In more detail, the discrete wavelet transform is applied to the two horizontal, or-
thogonal components of the ground motion time histories to obtain wavelet coefficients.
These coefficients are formed by representing the signal as a sum of scaled and translated
Daubechies mother wavelets (Daubechies, 1993) in the time-frequency domain. This de-
composition reveals how strongly each wavelet matches the signal at different times and
scales, thereby indicating which frequencies dominate at which points in the record. This
means that large coefficients indicate concentrated energy in a narrow time-frequency re-
gion, which is characteristic of a strong pulse. Using the coefficients of the two orthogonal
components, the maximum wavelet amplitude is efficiently computed across all orientations.
The orientation at which this maximum occurs is interpreted as the direction most likely to
contain a pulse. The two horizontal components are then rotated into this orientation. The
rotated single signal is referred to as the “original signal”, following (Shahi & Baker, 2014;
Yen et al., 2025). From the original rotated signal, the peak velocity is extracted, referred to
here as the ”peak rotated velocity (PRV)”, followed by a candidate pulse (see Figure S4) to
obtain its properties, such as pulse amplitude, period (7},), and orientation. We caution not
to mistake the PRV for the pulse amplitude. The pulse extraction workflow is depicted in
Figure 4, where we highlight the difference between the peak velocity of the original rotated
signal (PRV), which is what is presented in the reference maps in Figures 1b and ¢, and the
extracted pulse amplitude. Note that the rest of this study explores the behaviour of the
pulse amplitude and not the PRV. This procedure is then repeated on the original signal
without the initially extracted pulse signal to identify up to five non-overlapping candidate
pulses, ensuring that potential pulses at different times or frequencies are also captured.

The “pulse criterion” defined by Shahi and Baker (2014) is then calculated for each
identified candidate pulse using a nonlinear Support Vector Machine (SVM)-based pulse
indicator, combined with an early-arrival criterion to remove late-arriving pulses. This
pulse criterion ranks each candidate pulse. Only the single top-ranked pulse-like identified
candidate is retained. As described in Shahi and Baker (2014), the pulse classification is
based on the pulse indicator (PI), which combines (i) the energy ratio of the residual to
the original signal (ER), (ii) the peak velocity ratio of the residual and original signals
(PGViatio), and (iii) the peak velocity of the original signal (PRV). First, a principal
component (PC) of ER and PGV .4, is formed:

PC = 0.63 PGV atio + 0.777ER.. (8)

Then the pulse indicator is

PI = 9.384(0.76 — PC — 0.616 PRV)(PC + 6.914 x 10"*PRV — 1.072) — 6.179.  (9)

This formulation creates a curved decision boundary in the feature space, replacing
Baker’s (2007) linear-regression boundary and avoiding the need for an imposed peak veloc-
ity threshold. A ground motion signal is labelled as pulse-like when PI > 0 and non-pulse-like
when PI < 0. The principal component formulation ensures that PC captures the dominant
variance shared between the energy and peak velocity ratios, making the classifier more
robust and reducing dimensionality. To focus on directivity pulses, which typically arrive
early in the time history, we apply an additional timing criterion based on the cumulative
square velocity (CSV), defined by Shahi and Baker (2014) as:

CSV(t) = / V2 (w)du (10)
0
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Figure 4: Diagram describing the workflow that the Shahi and Baker (2014) method follows
to identify and extract long-period velocity pulses and their corresponding properties: pulse
amplitude, period (Tp) and orientation, as well as the peak rotated velocity, PRV. a) Shows
a positively identified pulse-like signal, and b) shows a non-pulse-like signal.
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Where V' (u) is the velocity of the signal at time u. Through this, we search for the time
at which CSV(t) is at 2% of the total CSV of the signal. This is represented as t,9 orig and
2% pulse for the original signal and the extracted pulse, respectively. A pulse is rejected if it
occurs too late, specifically when £179 orig < t59% puise- Only pulses that pass both the pulse
indicator criterion and the timing requirement are considered directivity pulses.

4 Increasing Complexity in Dynamic Rupture Models of the M, 7.8
Kahramanmarag Earthquake

In this section, we detail five new dynamic rupture models that we develop and analyse
in this study. These follow the same setup as the reference model, along with the changes
and increases in complexity that are detailed below. Particularly for the prescribed R (see
Figure 3), we prescribe the same values for Model 2 as in the reference model, except along
the NPF, where R is increased to initiate at supershear rupture speeds (Section 4.1). Model
4 has identical Ro and thus R-distribution to the reference model since R is independent
of D, (Eq. 5). For Models 3, 5 and 6, adopting the same R distribution as used in the
reference model prevents dynamic rupture from propagating across the EAF, failing to pass
the NPF-EAF junction. We find in trial-and-error simulations (not shown) that achieving
comparable rupture dynamics in these models requires a change in the prescribed Rg. Figure
S2b shows the rupture speed fault output for one of these trial-and-error simulations for
Model 6, in which Ry is prescribed too large along the eastern portion of the EAF, resulting
in supershear rupture speeds in this section. For Models 3 and 5, we additionally prescribe
a change in SH,,q, west of the NPF-EAF junction (Supplementary Figure S2a). Varying
only Ry is not sufficient to sustain dynamic rupture across the junction. Compared with
the reference model, multi-scale fault roughness (Model 3) and spatial heterogeneity in p4
(Model 5) add additional shear resistance (Dunham et al., 2011; Fang & Dunham, 2013;
Tinti et al., 2021; Taufiqurrahman et al., 2022).

4.1 Model 2: Supershear Initiation

Supershear rupture propagation has been linked to enhanced high-frequency radia-
tion (e.g., Spudich & Frazer, 1984; Bizzarri & Spudich, 2008) and strong directivity pulses
(Ertuncay & Costa, 2024), rendering it an interesting candidate mechanism for explaining
the observed variability in long-period velocity pulses. We impose a supershear rupture
speed initiation along the NPF, using the alternative model presented in Gabriel et al.
(2023). This analysis is also motivated by related studies (e.g., Rosakis et al., 2025; Ab-
delmeguid et al., 2023; Ren et al., 2024) that analyse near-field ground motion records and
geodetic data to constrain rupture speed along the NPF and infer local supershear rupture
speed.

To achieve supershear rupture speed initiation on the splay NPF, as opposed to subshear
initiation in the reference model, we increase the maximum relative stress ratio (Rg) from
Rp=0.62 to 0.8 in Model 2. The modified R distribution is shown in Figure 3a.ii and b.i.
The rupture nucleates at the prescribed crack-like subshear rupture speed defined within
the nucleation patch, as detailed in Section 3.7, and spontaneously reaches supershear as it
propagates along the highly pre-stressed splay fault.

4.2 Model 3: Multi-Scale Fault Roughness

In Model 3, we introduce multi-scale fractal fault roughness. The roughness parameter-
isation follows previous studies (e.g., Candela et al., 2019), and is not intended to represent
a specific characterisation for the EAF. Although the effects of fault roughness on high-
frequency radiation are well documented in previous simulations (Shi & Day, 2013; Withers,
Olsen, Day, & Shi, 2019; Taufiqurrahman et al., 2022), its influence on long-period, near-
fault velocity pulses remains largely unexplored. Fault roughness encompasses the natural
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variety of geometrical deviations from planarity at different scales along the fault surface.
To represent natural fault roughness (W. Power et al., 1987; Renard et al., 2006), we change
the originally planar fault surfaces of the NPF and EAF to band-limited, self-similar fractal
surfaces (Candela et al., 2009, 2012), while preserving sufficient mesh resolution (see Section
3.4).

Fault roughness can be represented through a fractal fault surface topography (W. Power
et al., 1987), described by two parameters. First, the Hurst exponent, which may range be-
tween 0 < H < 1, as H = 1. This means roughness is self-similar such that it remains
statistically invariant at different scales. Second, the amplitude-to-wavelength ratio, «,
describes the amplitude of fault roughness and how it varies with wavelength:

o = hyms/L, (11)

where L is the total along-strike length of the fault and h,.,s represents the root mean
square (rms) roughness of a 2D profile of the fault surface (Dunham et al., 2011; Shi & Day,
2013; Fang & Dunham, 2013). Here, the amplitude-to-wavelength ratio is set to o = 10723,
consistent with observed roughness of natural faults (W. L. Power & Tullis, 1991). We
impose fractal roughness that is band-limited between A, and Apaz. Amin =300 m, corre-
sponding to the smallest on-fault element size, and A0, =10 km (Figure 2¢). Compared to
the fault system size, the imposed fault roughness remains relatively small-scale, preserving
the large-scale reference fault geometries. Figure 2c also illustrates variations of up to —12°
in dip angle about the reference value of 90° due to the added roughness.

To sustain rupture across the entire EAF, we slightly adjust the prescribed Ry and
maximum horizontal stress orientation (SHmax), based on trial-and-error dynamic rupture
simulations (not shown). We increase R from 0.62 to 0.65 along the NPF, from 0.55 to
0.57 along most of the EAF, and from 0.3 to 0.35 on the westernmost EAF segment (Figure
3b.ii). We slightly rotate SH,q. locally (Supplementary Figure S2a) from —10° to —8° at
point iii and from 15° to 17° at point iv to overcome the additional shear resistance due
to the 3D “roughness drag” (Fang & Dunham, 2013; Taufiqurrahman et al., 2022). These
changes fall within observational uncertainties of the regional stress field (Heidbach et al.,
2010).

4.3 Model 4: Heterogeneous D,

Previous work shows that the acceleration or deceleration phases of a dynamic rupture
generate high-frequency content (Madariaga, 1977; Vallée et al., 2008; Li et al., 2022). We
introduce a variable critical slip-weakening distance (D..) value across the fault in an attempt
to generate this “stop-and-go” effect of the rupture propagation. We apply this to explore
the effects on high-frequency content by generating variable fracture energy by prescribing
patches of variable D,., as well as to explore whether these changes affect directivity pulse
characteristics.

In order to simulate variable D., following the approach by Ide and Aochi (2005),
we define a fractal distribution of frictional asperities with size-dependent D., in turn,
defining heterogeneous fracture energy along the EAF. This approach defines families of
different patch sizes corresponding to different D, values that are stacked on each other in
a hierarchical manner.

There are a total of 8 families with a fractal dimension of D = 1.52 along the EAF
and 7 families with D = 1.12 across the NPF. The smallest patches, which are the most
abundant, correspond to D, values of 0.2 m and a patch radius of 300 m, allowing for
patches of faster weakening and more easily propagating rupture fronts. On the other hand,
the largest patches have a patch radius of 38,400 m on the EAF and 19,200 m on the NPS.
These correspond to D, values of 0.9 m and are the least abundant, with only two of the
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largest patches defined on each fault (Figure 2d). These allow for higher fracture energy
patches that slow down the rupture front, therefore creating a variable stop-and-go effect on
the rupture propagation. Along with a background value of 1 m, the relationship between
the number of patches ranging between 0.2 and 0.9 m is varied to produce an overall average
D, value of 0.5 m, as defined in the reference model for the faulting system of the first event.

4.4 Model 5: Heterogeneous g

Fault stresses and strengths are difficult to constrain from observations and therefore
tend to be described as constant or varying linearly with depth (e.g., Galvez et al., 2014;
Gabriel et al., 2023; Marchandon et al., 2025). Since frictional fault strength is known
to impact rupture propagation (Harris et al., 2018; Tinti et al., 2021), we incorporate a
heterogeneous distribution of the dynamic coefficient of friction, g, an often overlooked
approach, to explore its effects on rupture propagation speed and, therefore, frequency
radiation. We implement this through a similar approach as in Model 4, using the Ide and
Aochi (2005) approach.

We define fractally distributed frictional asperities with size-dependent values for g,
with pg values ranging from 0.1 in the smallest and most abundant patches to 0.3 in the
largest and least abundant patches. If ug4 is chosen too large, it becomes close to the static
friction value and inhibits dynamic rupture. The background value is set to 0.2 to average
to an overall distribution of ugy = 0.2 as in the reference model (Figure 2e). This setup
has a total of 7 families with a fractal dimension D = 1.6 along the EAF and D = 1.1 on
the NPF. The smallest patches are of radius ryp = 300 m and the largest patches of radius
r = 19,200 m. Similar to Model 3, the prescribed Ry value for the NPF is changed from
0.62 to 0.65 (Figure 3b.iv) and the SH,,q, value for points iii and iv in Figure S2a are
changed to —6° and 19°, respectively.

4.5 Model 6: Large-Scale Fault Waviness

Given that directivity pulses are of low frequencies, we next include a geometric com-
plexity that is aimed at low-frequency wavefield generation. For example, Withers, Olsen,
Day, and Shi (2019) show that the ground motion signature of rupture directivity is pre-
dominantly at low frequencies for large magnitude earthquakes. We also investigate the
effect of large-scale fault waviness, representing long-wavelength variations in fault geom-
etry. Although implemented using the same approach as for the fault roughness (Model
3), this model targets a much larger spatial scale. Specifically, we prescribe a band-limited
self-similar fractal deviation of planarity with wavelengths ranging from \,,;, = 20 km to
Amaz = 60 km, and an amplitude-to-wavelength ratio of = 1072>. The wavelengths are
chosen specifically to align with periods between 5 — 16 s. Assuming characteristic wave
speeds of 2—4 km/s, pulse periods of 5—16 s correspond to spatial scales ranging from 10 to
64 km, consistent with the prescribed waviness. This model allows us to isolate the influence
of large-scale fault geometry on the generation and variability of long-period velocity pulses.

The top figure in Figure 2f shows the map view of the fault geometry, highlighting the
added waviness, particularly to the west of the NPF-EAF junction, without altering the
overall fault geometry. As in c), the bottom figure depicts dip angle variation due to the
applied large-scale waviness. As described in Figure 3b.v, the Rq value along the NPF is
set to 0.65, the majority of the EAF is increased to a value of 0.56, while the westernmost
segment is increased to 0.35.
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Figure 5: a) Moment rate release of all six dynamic rupture models along with the moment
rate release from the kinematic model of Melgar et al. (2023). b) and c) show the NS and
EW fault offsets, respectively, for the six models compared to Sentinel-2 data (see Open
Research Section.
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5 Results
5.1 Effects on Rupture Dynamics

All five new dynamic rupture scenarios of the M,, 7.8 Kahramanmarag earthquake
show overall similar characteristics in rupture dynamics to the reference model, and in turn,
to the observations (Gabriel et al., 2023; Melgar et al., 2023). Both the reference model
following Gabriel et al. (2023) and the data-informed dynamic rupture simulations from
Jia et al. (2023) independently reproduce the main features of the M,, 7.8 Kahramanmarag
earthquake. Both of these studies show that although the slip distribution produced by
these synthetic models is rather smooth compared to the data-driven slip models, they
compare rather well when considering the timing of the rupture. They produce surface
displacements and slip histories that align well with high-resolution geodetic data, kinematic
rupture representations of the seismic event and observed ground motions. Figures S6
— S12 show three-component velocity waveforms for all six models at the 18 near-fault
stations with synthetics, and the observations at all 21 near-fault stations used in the pulse
analysis. Synthetics and observational data are filtered identically with a 1 Hz low-pass
filter, a frequency resolved throughout the computational domain, including its coarser
regions (Section 5.3). All six models show first-order agreement with the observations.
Except for the supershear initiation model, they reproduce the timing of the main impulsive
arrival to within ~2 s, and its amplitude to within a factor of ~ 2. The differences between
models are small, and only the supershear initiation model is distinguishable. On all three
components, its arrivals precede those of the other five models and of the observations by
~ 3 s.

Model My M,

Reference 7.778e+20 7.857
Supershear Initiation  7.962e+20 7.864
Small-Scale Roughness 7.053e+20 7.829
Heterogeneous D, 7.847e+20 7.860
Heterogeneous g 6.964e+20 7.825
Large-Scale Waviness ~ 7.925e+20 7.863

Table 2: Seismic moment and moment magnitude for all models.

Figures 5 to 8 and Table 2, as well as Movies S1 and S2 in the supplementary material,
summarise each model’s rupture dynamics, discussed in detail in the following. The total
seismic moment magnitude and the moment rate release of all six models are comparable,
despite the varying model complexities (Table 2, Figure 5). We see almost identical prop-
agation of slip rate when comparing all models in Movie S1. For all models, the moment
rate release between 0 and 12 s represents the rupture along the NPF, and a slight decrease
in moment rate release at 12 s aligns with the rupture crossing the NPF-EAF junction and
continuing at subshear rupture speed. This is followed by an increase in moment rate release
at around 20 s, when the rupture also begins to propagate along the western part of the
EAF. The moment rate release begins to decrease at around 55 s, when the rupture reaches
the end of the eastern part of the EAF, and a final peak can be seen between 60 — 77 s,
where the rupture propagates along the final segment of the western part of the EAF. The
supershear initiation model (Model 2) stands out with a higher moment rate release at the
start of the rupture between 0 and 10 s, representing the supershear rupture along the NPF.
This allows it to cross the junction earlier than in the other models, with more energy, while
following the same moment rate release pattern after the junction.
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Figure 6: a) Accumulated slip for all six models. b) The difference in the accumulated
slip between the reference model and the models with added complexities (Difference =
Reference Model - Complexity Model).

The heterogeneous D, model shows slightly higher energy release (~ 0.2 x 101 Nm/s
higher) as it traverses the first segment of the eastern part of the EAF compared to the
reference model. In contrast, the multi-scale roughness and the heterogeneous pg models
have a slightly lower seismic moment release (~ 0.2—0.5x 10'? Nm/s lower) for the majority
of the propagation along the eastern part of the EAF and the start of the western part, and
have a slightly lower seismic moment compared to the other dynamic rupture models (Table
2).

Gabriel et al. (2023) highlight the alignment between fault offsets derived from Sentinel-
2 data (see Open Research Section) and those from the dynamic rupture models. Similarly,
Figures 5b and c highlight how well the synthetic NS and EW offsets of the 5 new models
compare to the reference model and the observational data, reproducing the overall offset
distribution and along-strike variability. As shown in Figure 6, all models exhibit similar
accumulated fault slip (ASl) distributions. The roughness and pg models exhibit up to ~
5 m less total slip, particularly along the western part of the EAF, compared to the reference
model (Figure 6b.ii and iv). The supershear initiation model (Model 2) exhibits higher total
slip along the NPF of up to ~ 5 m (Figure 6b.i). We also observe an increase of ~ 1.5 m
for the pg model (Model 5) along the NPF (Figure 6b.iv).

Figure 7 compares the peak slip rate (PSR) of all models. Geometric and frictional
complexities in fault roughness, D., and ug models lead to a more variable peak slip rate.
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Figure 7: a) Peak slip rate for all six models. b) The difference in peak slip rate between
the reference model and the models with added complexities (Difference = Reference Model
- Complexity Model). The values range between -7.3 and 9.1 m/s but are saturated between
-6 and 6 m/s for better representation of the differences.

PSR increases drastically along the NPF by ~ 6 — 7 m/s for the supershear initiation model
(Figure 7b.i), and larger PSR values are also seen in the waviness model compared to the
reference model (Figure 7b.v). Interestingly, the impacts of the asperities in the roughness,
D., and pg models are evident in Figure 7. The PSR increases and decreases along the
included asperities, particularly in the pg model, where the PSR variability pattern appears
to follow the pattern of the defined variable pq (Figure 2f).

The rupture speed distributions shown in Figure 8 and Movie S2 also demonstrate
similarities in rupture dynamics across models. A smooth and relatively constant subshear
rupture speed is observed in the reference model (Figure 8a and Movie S2a), which is resem-
bled in the supershear initiation model (Figure 8b and Movie S2b) except along the NPF.
Perturbations in rupture speed due to geometry and friction heterogeneities are observed in
the roughness and pg models (Models 3 and 5), where there are local episodic changes in
rupture speed across the entire fault system. Similar perturbations that generate episodic
supershear rupture speeds are observed in the D, model. Lastly, the waviness model shows
constant rupture speed similar to that in the reference model, with some minimal variations
due to how the different segments are triggered, particularly to the west of the NPF-EAF
junction.
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Figure 8: a) The rupture speed along the fault for the six models explored, where the dark
red areas highlight supershear rupture speed. b) The difference in the rupture speed between
the reference model and the models with added complexities (Difference = Reference Model
- Complexity Model).

From Figure 7, we can also observe a correlation between PSR and rupture speed
(e.g., Rice et al., 2005; Gabriel et al., 2013). Although the relation viewed here is unclear,
the impacted PSR in Model 4 appears on the particular fault segments where transient
supershear rupture speeds are observed. This implies that the presence of local transient
supershear rupture speeds impacts PSR. We see this in Figure 7a.iv and b.iii in the areas
of the previously mentioned rupture speed perturbations along the EAF for the D. model,
oriented at a strike of ~ 26 ° and ~ 80 °.

5.2 Long-Period Velocity Pulse Analysis

The pulse analysis described in Section 3.9 is used to investigate the low-frequency
regime of all six dynamic rupture models. Figure 9 illustrates the extracted long-period
velocity pulses at all near-fault stations. Because each model generates seismograms that
differ from those of the reference model, the number of stations classified as pulse-bearing
varies. For example, the roughness model and the D. model do not produce pulse-like
motion at station 3131, whereas the waviness model produces pulse-like motion at an extra
southern station, station 3123. Furthermore, the supplementary Figures S1 and S5 show
the comparison of pulse maps from the Jia et al. (2023) model and our reference model,
where circle size corresponds to PRV and pulse amplitude, respectively. All the original
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rotated waveforms and extracted pulse waveforms can be seen for all six models and the
observational data at all stations in the supplementary Figures S13—-S31. Similarly, Tables
S3 — S9 show the specific values of the extracted pulse characteristics for the seven datasets.

The reference scenario captures the broad pulse amplitude variability observed in the
data (Figures 1b and S5). This variability is reproduced consistently across all models
(Figures 9, 10, and S32a). The amplitude distributions for all models across the different
stations shown in Figure 10a show that the amplitudes vary within the same range of 30—
120 cm/s, and all models follow a spatial trend similar to that of the reference model. Here,
the large-scale waviness model generates the largest divergences from the reference pattern.
Pulse durations, T}, show modest sensitivity to the added heterogeneities. The reference
model produces 7}, values between roughly 2-9 s. Supershear initiation, heterogeneous D,
and large-scale waviness broaden this range to approximately 2--13 s at a few stations
(Figure 10b). The D, model leads to the strongest deviations in pulse duration, consistent
with its locally episodic supershear behaviour identified in the rupture speed (Figure 8).
These changes remain small compared to the variability inferred from observations (Figure
S32b).

Pulse orientation remains largely unaffected by the imposed dynamic rupture complex-
ities. Most stations preserve fault normal orientations, as in the reference model. Only
three stations in three different models (4615 in Model 2, 3116 in Model 5 and 3142 in
Model 6) show orientation changes (Figure 10c). The supershear initiation model modifies
both 7}, and pulse orientation at station 4615, which rotates toward a more fault-parallel
orientation and lengthens in period. Two additional changes of pulse orientation involve
1800 flips at station 3116 and station 3142 in the heterogeneous pg and waviness models,
respectively. Aside from these isolated examples, the modelled pulse orientation variability
is very minimal in all models, in contrast to the broader range observed in observational
data (Figure S32¢, Yen et al. (2025)).

Supplementary Figure S33 shows the comparison between the PRV and pulse amplitude
for the six models and the observational data. This figure highlights that the extracted pulse
amplitude follows the same trend as the PRV, which is the parameter that is commonly
presented (e.g., Yen et al., 2025; Yucel et al., 2026; Akinci et al., 2025). Overall, our
analysis shows that all dynamic rupture models capture pulse amplitude variability well but
generate limited variability in pulse periods and orientations. Supershear rupture and large-
scale geometric perturbations exert the strongest influence, although their effects remain
localised. The systematic lack of orientation variability suggests that additional physical
processes, such as off-fault fracturing or path-dependent modifications, may be required to
explain the patterns observed in the recordings.

5.3 Higher-Frequency Analysis

We apply spectral analysis to the synthetic seismograms at all stations for each of the
six dynamic rupture models. For each three-component velocity time series, we compute
Fourier amplitude spectra and compare the spectral shapes and levels across models and
stations (Figure S34). In the near-fault high-resolution region, the simulations numerically
resolve frequencies slightly above 2 Hz, whereas in the coarser parts of the mesh, the reliable
frequency range extends to about 1.5 Hz.

Inspection of the spectra over the total frequency band shows that all models produce
similar spectral shapes at both near- (Figure S34c) and far-fault stations (Figure S34d),
with comparable low-frequency plateaus and a similar decay at higher frequencies. Small
differences in spectral amplitudes occur from station to station but are not systematic
between models. Focusing on the near-fault stations and restricting the analysis to 0-1 Hz
(Figures S34a,b), the spectra of the six scenarios nearly overlap at most sites, with only
modest deviations that are comparable to the spread between components or neighbouring
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stations. Within this band, the heterogeneous models therefore do not exhibit a clear,
model-dependent shift in spectral level or corner frequency relative to the reference case.

This analysis contrasts with the imprint of supershear rupture, roughness, and hetero-
geneous friction on rupture speed, peak slip rate and rupture dynamics (Figures 5, 8 and
7). This may suggest that the main impact of these complexities would be expressed at fre-
quencies approaching or exceeding the upper limit of our resolved range, (e.g., B. Wu et al.,
2025). The small-scale features we introduced in the roughness, D.., and pg models following
(e.g., Shi & Day, 2013; Graves & Pitarka, 2016; Taufiqurrahman et al., 2022) do not trans-
late into robust differences in spectral amplitudes below about 1 Hz. Additional variability
in higher-frequency ground motions is likely to occur at frequencies beyond those analysed
here and would require finer spatial resolution and more detailed attenuation structure to
be reliably quantified.

6 Discussion
6.1 Validation of Modelled Long-Period Near-Fault Pulse Characteristics

As detailed in Section 5.2, all heterogeneous dynamic rupture models reproduce the
same variability in modelled pulse amplitudes that is produced by the reference model.
They follow the same fluctuation patterns, which, in turn, when compared to observed data
(Figure S32a), align quite well with the variability patterns observed in nature. It is the
reference model that appears to perform the most similar to the observed data, whilst the
added complexities often cause a deviation from the more optimal variability produced by
the reference model. However, all six models appear to overestimate the pulse amplitude
values compared to those observed.

On comparing the 7}, variability between the models and the observed data in Figure
S32b, we see that the synthetics produce values between 3 s and 9 s at most stations, and
up to ~13 s for two models, whereas the observational data show values ranging between
3 s and 15 s, with a very different variability pattern. Although it is understood that the
pulse period range is driven by the magnitude of the earthquake (Fayjaloun et al., 2017),
substantial within-event variability in T}, has also been reported between stations recording
the same earthquake (Yen et al., 2021; Fayjaloun et al., 2017; Cao et al., 2025). Yen et
al. (2025) report a broad range of observed pulse periods for the 2023 Kahramanmarag
earthquake doublet. Other factors may also contribute to this variability, including site
effects, which can interact with near-field directivity effects (Rodriguez-Marek & Bray, 2006;
Yen et al., 2025; Cao et al., 2025) and are not modelled here.

Some models show localised changes in the extracted pulse period. For example, Models
4 and 6 exhibit an approximate 5 s increase in T}, relative to the other models at station
3134 (Figure 10b). The corresponding pulse waveforms (Figure S20) show a more extended
and complex pulse-like arrival, suggesting that the increase in Tp reflects an enhancement
of longer-period features in the waveform. These changes may be related to modifications in
the radiation pattern introduced by the respective heterogeneities, although the sensitivity
of the wavelet-based extraction method to the waveform shape should also be considered
(Yen et al., 2021).

Figure S32c shows the lack of pulse orientation variability produced by the models com-
pared to what is seen in the observational data, similar to what was observed in Yen et al.
(2025) using the dynamic rupture model by (Jia et al., 2023). This limited variability sug-
gests that the heterogeneities we explore may, in general, not be the major factors involved
in controlling the pulse orientation. However, a local impact of supershear rupture speeds
on pulse properties is seen at station 4615 for the supershear initiation model. Supershear
ruptures have been speculated to be responsible for the generation of near-fault pulse-like
motion, as such rupture speeds reshape the S-wave radiation pattern. When rupture speed
exceeds the S-wave speed of the host rock, shear dislocation on the fault releases some strain
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energy as shear Mach wave fronts (Dunham & Bhat, 2008). This may cause most of the
near-field seismic energy to arrive in one pulse of motion, expected at the S-wave arrival
time (Somerville et al., 1997; Ertuncay & Costa, 2024).

In our results, the supershear initiation model is the only model that produces a dis-
tinguishable difference in the three-component waveforms, with the main impulsive arrivals
occurring ~ 3 s earlier than in the other models and the observations. This timing difference
follows from the imposed supershear rupture propagation along the NPF and is consistent
with its earlier crossing of the NPF-EAF junction and enhanced amplitudes in the moment
rate release during the initial stage of rupture (Figure 5). Despite this difference in the time
domain, this is a phase effect and therefore leaves no signature in the Fourier amplitude
spectra, where all six models nearly overlap below 1 Hz (Section 5.3).

At station 4615, the supershear rupture speed locally impacts the generation of pulse-
like motion, resulting in a more variable pulse in both period and orientation in this region
of the fault. On comparing the variations in pulse amplitude and orientation with the
observed data in Figure S32, we can see that the values for station 4615 for the supershear
initiation model are closer to those observed. All other models differ from the observed
pulse amplitude at this station by ~ 50 cm/s, while Model 2 only differs by ~ 10 cm/s.
Similarly, for the pulse orientation, all other models differ by ~ 50°, while Model 2 is closer
in orientation, differing by ~ 10°. This could support the hypothesis of the likelihood of
supershear initiation and propagation along the nucleating NPF (e.g., Abdelmeguid et al.,
2023; Delouis et al., 2024; Ren et al., 2024; Rosakis et al., 2025).

Although the overall pulse orientations remain relatively consistent between the mod-
els, two localised polarity reversals are observed at station 3116 in Model 5 and at station
3142 in Model 6. Examination of the candidate pulses (Tables S10 and S11) and extracted
pulse waveforms (Figures S25 and S27) indicates that these changes represent a reversal in
the polarity of the dominant pulse. In both cases, the dominant pulse has a similar charac-
teristic period and coefficient magnitudes to that of the reference model, but with opposite
polarity (Tables S10, S11 and Supplementary Excel File S1). This suggests that the hetero-
geneities we investigate in this study may play a role in localised changes in polarity. The
observational data similarly includes both positive and negative pulse orientations (Table
S9, Figure S32c). While five stations exhibit positive orientations, three of these, stations
3138, 3144 and 3145, show orientations that are broadly similar in magnitude but opposite
in sign to those of the reference model.

Upon further investigating the impact of the D, heterogeneities, we can rule out that
the cause of the effects on the pulse properties is due to a changing fracture energy via the
changes in D,.. If this were the cause, it would imply that similar results should be obtained
from the heterogeneous pg model, which only affects the pulse orientation at one station.
The impact of D, heterogeneities is most likely linked to the locally episodic supershear
rupture speed perturbations that we observe along the fault system in Model 4 (Figure
8). Such supershear bursts are not observed in any of the other five models presented in
this study and are most likely responsible for the T},, and amplitude variability generated in
Model 4.

To investigate whether stronger D. heterogeneities could produce larger changes in
rupture propagation and pulse characteristics, we perform additional simulations of models
with increased average D, amplitudes and increased spatial variability (see Supplementary
Section 1 and Table S12). These simulations imply that stronger D. heterogeneity can
produce substantially more heterogeneous rupture propagation (Supplementary Figure S35).
However, the dynamic models are highly sensitive to these changes, particularly around the
fault junction. Increasing the mean D, sufficiently can prevent rupture from propagating
past the junction onto the western portion of the EAF, while other realisations promote
more extensive supershear rupture. We therefore focus on those simulations that retain
the principal rupture characteristics of the reference scenario (Models R1, R2, R3 and R4).
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Among these simulations, the resulting long-period pulses remain remarkably similar to
those of the original D, model (Model 4), except for a few outliers (Supplementary Figure
S36). This indicates that increasing the heterogeneity of D. alone does not necessarily
result in a corresponding increase in pulse variability. Interestingly, models R2 and R3
appear to add some variability in the pulse orientation that does not only involve changes
in polarity. These changes are apparent at stations 3144, 3145 and 3116 for Model R2
and at stations 3138 and 3144 for Model R3. One possible cause of these local changes
in orientation is the more prominent localised bursts of supershear rupture speeds caused
by the different distributions of heterogeneous D., however, further investigation on the
impacts of variable rupture speeds on velocity pulses is required. These two models also
correspond to significantly lower pulse amplitudes at these stations compared to the other
models, (30 cm/s — 50 cm/s vs ~110 cm/s). This suggests that these changes in orientation
could also be linked to the limitations of the pulse extraction method (see Section 6.2).

As the large-scale waviness model has been designed to introduce a physical on-fault
heterogeneity that is comparable to the target long-period characteristics of the pulses, it
was expected to influence pulse behaviour. The extent of this model’s impact on the pulse
period and orientation implies that the waviness wavelengths we use are too large for this
target. In the top view of the fault for this model in Figure 2f, the effects of the waviness are
minimally observed on a small portion of the south-western end of the EAF. Although the
model’s influence on the pulse properties could correlate with areas of pronounced waviness
on the fault, there is not enough evidence for such a definitive interpretation. This could be
further explored through applying waviness wavelengths between 10 and 40 km.

Although the influence of heterogeneities, such as fault roughness and heterogeneous
a, on long-period velocity pulses has not been extensively explored, the limited impact
observed here is not unexpected. We include these features primarily for their known ef-
fects on rupture dynamics and frequency radiation, rather than for an anticipated influence
on long-period pulse characteristics (Withers, Olsen, Day, & Shi, 2019; Harris et al., 2018).
The roughness and pg models do, however, introduce localised changes in rupture behaviour
relative to the reference model. In particular, these models show localised variations in peak
slip rate and rupture speed (Figures 7 and 8). Models 3 and 5 exhibit a reduced moment rate
release (Figure 5) and lower seismic moment (Table 2), suggesting that these heterogeneities
introduce additional resistance to rupture propagation (e.g., Fang & Dunham, 2013; Rip-
perger et al., 2007). Although such heterogeneities modify the local rupture dynamics, their
effects remain insufficient to produce substantial changes in the characteristics of the gener-
ated long-period pulses. Despite these effects on dynamic rupture propagation, within the
resolved frequency range of at least ~ 1 Hz, no individual model exhibits distinctly higher
spectral amplitudes, with the overall frequency content remaining broadly similar across
models. This is somewhat unexpected, given the established role of fault roughness and
heterogeneous pg4, and reflects limitations imposed by numerical resolution or the specific
parameterisation adopted here.

Overall, these results indicate that the heterogeneities explored in this study can mod-
ify the local rupture dynamics without producing corresponding changes in the large-scale
characteristics of the generated long-period pulses. The consistency of the fault-normal
pulses across the models suggests that their large-scale generation is strongly influenced by
the overall rupture propagation and faulting geometry, particularly the coherent S-wave ra-
diation associated with the predominantly subshear rupture (Dunham & Bhat, 2008). The
inability of these models to produce the stronger variability observed in the strong-motion
data suggests that additional complexities may contribute to the fine-scale variability ob-
served in nature.
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6.2 Limitations and Future Work

The limited impact on pulse period from our heterogeneous dynamic rupture models
could be related to a few additional aspects not discussed above. The first potential problem
could be omitting site effects, even though the earthquake is located in a basin area. There
have been a number of studies on the site effects due to the basin sediment in the area that
show that these can have an amplification effect on the amplitudes and periods of such long-
period pulses (e.g., Rodriguez-Marek & Bray, 2006; Koketsu et al., 2016; Yen et al., 2021;
Ertuncay & Costa, 2024). Yen et al. (2025) showed that site effects can interact with near-
field directivity effects when the pulse period is close to the site’s dominant frequency. These
effects may interact mutually or solely affect pulse generation (Cork et al., 2016; Kaneko &
Goto, 2022; Cao et al., 2025), potentially leading to significant variability in pulse properties.
The basin sediments have not been taken into consideration in this study due to the limited
availability of 3D velocity models. In future work, this could be improved through the use
of a more detailed 3D velocity model (Li et al., 2025) or through a correction for site effects
on the synthetic signals as an extension of the concepts in Rodgers et al. (2020). A further
limitation concerns the pulse extraction methodology itself. The Shahi and Baker (2014)
method identifies pulse-like features using a wavelet-based approach, therefore, the pulse
period is estimated from the pseudoperiod, i.e. the period corresponding to the maximum
Fourier amplitude, of the selected wavelet. Consequently, the estimated period is dependent
on the mother wavelet and its ability to represent the pulse within the ground motion. If
a mother wavelet matches the broad temporal shape of a smooth peak, it may capture a
longer timescale than the underlying pulse, leading to an overestimation of the apparent
pulse period (Yaghmaei-Sabegh, 2010; Yen et al., 2021).

Another difficulty is properly representing the fault system geometry. It is very chal-
lenging to know the precise fault geometry beyond what is obtainable through geodetic and
aftershock data, specifically at depth. Since this was not explored in this study, using an
even more detailed, complex fault geometry, for example, one that includes more step-overs
or larger variations in fault dip, would be interesting (Shahi & Baker, 2011; Lozos et al.,
2025). Furthermore, geological observations show that fault zones host multi-scale fracture
networks and damage zones, and such distributed damage is known to affect rupture dy-
namics and near-fault radiation (W. L. Power & Tullis, 1991; Ben-Zion & Sammis, 2003;
Zhao et al., 2024; B. Wu et al., 2025; Gabriel et al., 2024; Palgunadi et al., 2024, 2025).
Modelling this at the scale of the Kahramanmarag event is currently computationally out
of reach and is a priority for future work.

The choice of friction law may also influence the rupture behaviour and, consequently,
the resulting ground motion variability. All simulations in this study use a linear slip-
weakening friction law, and we do not assess the sensitivity of our results to alternative
friction formulations. Classic formulations of rate-and-state friction (Dieterich, 1979; Ruina,
1983) exhibit an effective slip-weakening response during dynamic rupture, such that an
equivalent slip-weakening distance can be formulated from the rate-and-state parameters
and initial state (Cocco & Bizzarri, 2002; Bizzarri & Cocco, 2003). Furthermore, model
comparisons between linear slip-weakening and such rate-and-state friction laws have shown
similar behaviour in terms of slip, stress drop and frequency content when comparable
parameters and fracture energy densities are used (Bizzarri, 2011). Nevertheless, assessing
the sensitivity to the choice of friction law, including to fast-velocity weakening rate-and-
state friction, will require additional simulations and is beyond the scope of the present
study. A possible limitation could also be the length scales of the heterogeneities we explore
in this study. Since some heterogeneities (e.g., Models 3 and 5) have been included to also
explore their impacts on the higher frequencies around the resolved frequencies of these
modes (~ 1 Hz), they are not perturbations of corresponding wavelengths to the target long
periods. Furthermore, it is possible that some of the observed pulse orientation variability
is due to the potential misalignment of stations and the overturning of instruments during
the strong shaking, such as station 3138 (Ertuncay & Costa, 2024; Yen et al., 2025).
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858 7 Conclusions

859 We investigate whether different forms of on-fault complexity in 3D dynamic rupture
860 simulations can reproduce the observed variability of long-period near-fault velocity pulses
861 during the 2023 M,, 7.8 Kahramanmarag earthquake. To this end, we design a suite of rup-
862 ture scenarios in which we vary fault roughness, large-scale waviness, heterogeneous fracture
863 energy, and supershear versus subshear initiation, while maintaining comparable seismic
864 moment rate release and moment magnitude, and a reasonable fit to observed near-fault
865 long-period velocity pulse amplitude variability. Across the tested on-fault heterogeneities,
366 we mostly do not observe a systematic increase in variability in modelled long-period ve-
867 locity pulse orientations. In contrast, local supershear rupture speeds, when present near
868 a station, affect pulse orientation and period, and may be a primary driver of the com-
869 monly observed long-period pulse variability. Overall, the modelled pulses remain predom-
870 inantly fault-normal in most of our scenarios, implying that the orientation variability seen
871 in observations may not be reproduced by on-fault heterogeneity alone. Nonetheless, these
872 physics-based 3D dynamic rupture simulations provide a framework to systematically test
873 the processes controlling near-fault ground motions and offer insight into which physical
874 mechanisms may be responsible for observational features. The systematic absence of in-
875 creased orientation variability across five distinct on-fault heterogeneities constrains where
876 that variability must originate. This points to fault zone structure, off-fault damage and
877 site response as the most likely candidates, with important implications for physics-based,
878 non-ergodic ground motion models accounting for near-fault long-period velocity pulses.

879 Open Research Section

880 The dynamic rupture simulations were performed using SeisSol (www.seissol.org),
881 an open-source software freely available to download from https://github.com/SeisSol/
882 SeisSol/. We use SeisSol, commit 0laelbl. All data required to reproduce the dynamic
883 rupture scenarios (i.e. computational mesh and SeisSol input files) can be downloaded from
884 the Zenodo repository (Preca Trapani et al., 2026). Instructions for downloading, installing,
885 and running the code are available in the SeisSol documentation at https://seissol
886 .readthedocs.io/. Downloading and compiling instructions are at https://seissol
887 .readthedocs.io/en/latest/build-seissol.html. Instructions for setting up and run-
888 ning simulations are at https://seissol.readthedocs.io/en/latest/configuration.html.
889 Quickstart containerised installations and introductory materials are provided in the Docker
890 container and Jupyter notebooks at https://github.com/SeisSol/Training. Example
891 problems and model configuration files are provided at https://github.com/SeisSol/
802 Examples, many of which reproduce the SCEC 3D Dynamic Rupture benchmark problems
893 described at https://strike.scec.org/cvus/benchmark descriptions.html. The Sim-
804 Modeler software for meshing can be found at https://www.simmetrix.com/simmodeler/,

895 and instructions for compiling PUMGen can be cloned from https://github.com/SeisSol/
896 PUMGen.wiki.git. The pulse analysis code can be downloaded from https://github

897 .com/shocky0424/PulseClassification. Strong ground motion data were downloaded
898 from the ESM Database https://esm-db.eu/#/home (Mascandola et al., 2026). The
899 nucleation location was taken from the Disaster and Emergency Management Authority
900 (AFAD) database of Tiirkiye https://deprem.afad.gov.tr/event-detail/408326. The
901 Sentinel-2 optical data is available from the European Space Agency website https://
902 scihub. copernicus.eu/dhus/#/home. Maps were generated using Generic Mapping Tools
903 v.6.5.0 (Wessel et al., 2019). All figures use colourmaps from Fabio Crameri’s collection
904 https://www.fabiocrameri.ch/colourmaps/.
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4. References
Additional Supporting Information (Files uploaded separately)
1. Movies S1 and S2

2. Excel File S1

Introduction

This supplementary material includes a section describing the details of the supple-
mentary simulations with different heterogeneous D, distributions, a table defining the
computational costs and mesh sizes of the models used in this study (Table S1), and a
table describing the 1D velocity model used in this study (Table S2). Included here are
tables showing the extracted pulse properties for stations classified as pulse-like in all six
models and the ESM observational data (Tables S3—-S9), two tables showing the details
of the five candidate pulses extracted for each model and the ESM data at stations 3116
and 3142 (Tables S10 and S11), and a table summarising the details of the supplementary
simulations (Table S12). This supplementary material also includes supplementary figures
S1 - S36. Figure S1 compares the pulse map from the pulse analysis applied to the model
from Jia et al. (2023), as depicted in Yen et al. (2025), to the reference model described
in this study. Figure S2a further explains the initial stress orientation field, whilst Figure
S2b shows a rupture speed fault output for a special case from the waviness model in
which supershear rupture speeds were reached. Figure S3 shows the relative prestress
ratio, R. Figure S4 shows examples of the extracted pulse signals during the pulse ex-
traction method. Figure S5 is similar to Figure S1 but shows the pulse amplitude instead
of the peak rotated velocity (PRV). Figures S6 — S12 show the velocity waveforms for all

six models and the observational data at all stations discussed in this study. Figures S13
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— S31 show the original rotated waveforms and the corresponding extracted pulses for all
six models and ESM data at all stations discussed in this study. Figure S32 is the same
plot as Figure 10 but showing a comparison to the observed ground motion data, Figure
S33 shows a comparison between the extracted pulse amplitude and PRV, and Figure S34
shows the Fourier spectra of the models. Figure S35 shows the rupture speed outputs
for the supplementary D, runs and their difference from the reference model, and Figure
S36 shows a comparison of the extracted pulse properties of the supplementary D, runs,
Model 4 and the Reference Model. The corresponding captions to the separately included

files can also be found in this file.

Captions of Supplementary Files

Movie S1: Evolution of absolute slip rate (m/s) for all six dynamic rupture models explored
in this study.

Movie S2: Evolution of dynamic rupture speed (m/s) for all six dynamic rupture models
explored in this study.

Excel File S1: Detailed outputs from the pulse analysis per station for the six main models

and the observational ESM data.

1. Supplementary Heterogeneous D. Simulations

We run several supplementary simulations with different heterogeneous distributions
of D, following Ide and Aochi (2005) to explore the impact of different scales of D,
heterogeneities. From a suite of 21 models, four models reproduce the rupture dynamics
of the M, 7.8 Kahramanmarag reference simulation (see Table S12). We refer to these
four models as Models R1, R2, R3 and R4. Model R1 includes the same D, range as

Model 4 with 7 families on both faults instead of 7 and 8 (see Section 4.3), whilst keeping
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the average D, = 0.5 m, as in Model 4 and the Reference Model. In order to keep this
average, the D value had to be altered to D = 1.1 on the NPF and 1.9 on the EAF.
Models R2 and R3 have an average D. = 0.7 m across the entire faulting system with
different ranges of D.. Model R2 ranges from 0.2 m to 2 m, and Model 3 ranges from 0.1
m to 1 m. Model R4 has an average of D. = 0.8 m across the whole faulting system with
a D. of 0.2 m to 2 m. These three models also vary the number of families and D values
to allow for these different D, averages, as well as different ranges of D.. The rupture
speed outputs can be seen in Figure S35, along with the corresponding pulse analysis in

Figure S36, and we discuss these results in the main text Section 6.1.
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Figure S1.  Comparison of the pulse maps for a) the Jia et al. (2023) model, as shown in
Figure 1b and b) the reference model. There are some minor differences between a) and Figure
3a of Yen et al. (2025), such as slight variations in the precise pulse property values from the
pulse analysis. This is mainly due to differences in operating systems and software versions.
However, there is a notable difference in the pulse orientation for station 3116 and the negative
classification of station 3143 as pulse-like here in a). These differences could be due to different
approaches to the pre-processing of the synthetic data before applying the pulse analysis. In
this study, no pre-processing is applied to the signals prior to the pulse analysis, whereas the
signals were trimmed in the Yen et al. (2025) study. A change in total signal length can strongly
influence the energy ratios used for the pulse criterion calculations, which are necessary for the

Shahi and Baker (2014) pulse extraction method.
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Figure S2. a) Distribution of SHmax orientations along the fault for the reference model. All

models except for Model 3 follow this setup. b) A special case for Model 6 where the change in

the R value results in supershear rupture speeds along the eastern portion of the EAF.

a) Model 1: Reference Model b) Model 2: Supershear Initiation Model

d) Model 4: Heterogeneous D Model

del 6: Waviness Model

f) Mo

Figure S3. Relative prestress ratio (R) for the six dynamic rupture models analysed in
this study. Variations in R relative to the reference model (a) appear in Model 2: the supers-
hear initiation model (b), which shows a higher R value along the NPF, Model 3: multi-scale
roughness (c), Model 5: heterogeneous 4 (), and Model 6: large-scale waviness (f). Model 4:

heterogeneous D.. (d) has a relative prestress ratio identical to that of the reference model.

October 27, 2026, 12:60am



X-38 PRECA TRAPANI ET AL.: CAPTURING VARIABILITY IN LONG-PERIOD VELOCITY PULSES

a)

200 . . 31|43

T
Original Signal

-200 I 1 I 1 1

200 T T T T

Velocity [cm/s]
o

_200 1 1 1 1 1
0 20 40 60 80 100 120
Time [s]
b)
200 T 31,43 T
Original Signal
0 i
_200 | 1 1

200 . . .

Extracted pulse

Velocity [cm/s]
o

-200 : : :
200 . . .
Residual Signal
o A |
_200 | 1 |
0 50 100 150 200

Time [s]

Figure S4. An example of the original signal generated during the pulse extraction method of
Shahi and Baker (2014), the extracted pulse and the residual signal for station 3143 for a) the

observational data and b) the reference model.
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Figure S5. Comparison of the pulse maps for a) the Jia et al. (2023) model and b) the reference

model as in Figure S1. Here, however, the circle size represents the extracted pulse amplitude

rather than the peak rotated velocity (PRV).

Model CPUh Mesh Size [elements]
Model 1 10,590.0 31,452,737
Model 2 8,778.8 31,452,737
Model 3 10,680.0 52,370,578
Model 4 9,239.7 31,452,737
Model 5 8,873.8 31,452,737
Model 6 9,400.0 52,294,408
Table S1. Computational cost in CPU hours (CPUh) of all six 3D dynamic rupture models

explored in this study, as well as the size of the associated computational mesh. Models 1, 2,

4, and 5 use the same computational mesh, whereas Models 3 and 6 use different meshes that

incorporate the different fault roughness explored in each. All simulations are performed on 48

nodes with 48 CPUs of the supercomputer SuperMUC-NG. The computational cost is calculated

as [CPUL] = [number of nodes| x [number of CPUs per node| x [computing time (hours)]
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Figure S6. Velocity (m/s) waveforms for stations 4615, 4616 and 8002 from the horizontal

and vertical components for the six simulations and the observational data. All waveforms are

low-pass filtered at 1 Hz to align with the highest resolved frequencies of the models.
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Figure S7. Velocity (m/s) waveforms for stations 2712, 2708 and 2718 from the horizontal

and vertical components for the six simulations and the observational data. All waveforms are

low-pass filtered at 1 Hz to align with the highest resolved frequencies of the models.
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Figure S8. Velocity (m/s) waveforms for stations 3143, 3134 and 3138 from the horizontal

and vertical components for the six simulations and the observational data. All waveforms are

low-pass filtered at 1 Hz to align with the highest resolved frequencies of the models.
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Velocity (m/s) waveforms for stations 3144, 3137 and 3145 from the horizontal

and vertical components for the six simulations and the observational data. All waveforms are

low-pass filtered at 1 Hz to align with the highest resolved frequencies of the models.
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Figure S10. Velocity (m/s) waveforms for stations 3116, 3139 and 3142 from the horizontal

and vertical components for the six simulations and the observational data. All waveforms are

low-pass filtered at 1 Hz to align with the highest resolved frequencies of the models.
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Figure S11. Velocity (m/s) waveforms for stations 3123, 3131 and 3136 from the horizontal

and vertical components for the six simulations and the observational data. All waveforms are

low-pass filtered at 1 Hz to align with the highest resolved frequencies of the models.
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Figure S12. Velocity (m/s) waveforms for stations 2715, 2716 and 2717 from the observational
dataset. These stations are included for completeness, as the corresponding synthetic waveforms
are not available for these stations. All waveforms are low-pass filtered at 1 Hz to align with the

highest resolved frequencies of the models.

Depth [km)] Density [kg m™3] ¢s [km/s] ¢p [km/s]
1.0 2465.0 2.43 4.52
2.0 2640.2 3.03 5.62
4.0 2665.2 3.31 5.75
6.0 2685.3 3.38 5.85
8.0 2708.1 3.43 5.96
10.0 2716.7 3.44 6.00
12.0 2727.5 3.46 6.05
16.0 2789.0 3.62 6.32
20.0 2808.3 3.67 6.40
25.0 2920.1 3.92 6.83
30.0 2936.8 3.94 6.89
37.0 3221.2 4.40 7.80
45.0 3370.6 4.56 8.22

1000.0 3400.2 4.61 8.3

Table S2. Description of the 1D velocity model adapted from Giivercin et al. (2022) that we

use in our models.
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a) Original rotated signal and b) extracted pulse for station 4615 for the six
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Figure S14. a) Original rotated signal and b) extracted pulse for station 4616 for the six

models and the observational dataset.

October 27, 2026, 12:60am



PRECA TRAPANI ET AL.: CAPTURING VARIABILITY IN LONG-PERIOD VELOCITY PULSES

a) Original Rotated Signal

)

=
o
o

elocity (cm/s
o

>-100 + /= : ;
0 30 40 50
Time (s)
Q 100 A
€
L
> 04
bt
‘o
o
(]
>-100 + /= : ;
0 30 40 50
Time (s)
E 100 -
€
L
> 0+
et
'
o
(]
>-100 +/ /= . .
0 30 40 50
Time (s)
b) Extracted Pulse
0 100 -
€
L
> 0+
-t
S
o
(0]
>-100 +7/ /= T T
0 30 40 50
Time (s)
Q 100 -
€
L
> 0
-
S
o
(0]
>-100 +7/ /= T T
0 30 40 50

Time (s)

=
o
o

%

Velocity (cm/s)
o

—100 A
0 30

Figure S15.

40
Time (s)

50

Station 8002

100

—100 V. T T
0 30 40 50

Time (s)
100

Time (s)

-‘sjﬂ\/’M —— Reference Model

—— Supershear Model
Roughness Model

100
0
—-100 Vs T T
0 30 40 50
Time (s)
100
0
—-100 Vs T T
0 30 40 50
Time (s)

Heterogeneous D. Model

—— Heterogeneous gy Model
—— Large-Scale Waviness Model

—— Observation Data

100 q
0 J —
-100 + A= T T
0 30 40 50
Time (s)
100 q
o — N\
-100 + A= T T
0 30 40 50

Time (s)

100 -
0 4
—100 + /= T T
0 30 40 50
Time (s)
100 q
0 —
—100 + A= T T
0 30 40 50
Time (s)

X -

19

a) Original rotated signal and b) extracted pulse for station 8002 for the six

models and the observational dataset.
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Station 2712
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Figure S16. a) Original rotated signal and b) extracted pulse for station 2712 for the six

models and the observational dataset.
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Station 2708
a) Original Rotated Signal
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Figure S17. a) Original rotated signal and b) extracted pulse for station 2708 for the six

models and the observational dataset.
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Figure S18. a) Original rotated signal and b) extracted pulse for station 2718 for the six

models and the observational dataset.
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Station 3134
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- 100 100 100

Q]

€

L

> 0 0 0

‘O

o

(O]

>-100 +/ A : : : —100 +/ A : : : -100 +/ A . . .
0 40 50 60 70 0 40 50 60 70 0 40 50 60 70

Time (s) Time (s) Time (s)

— 100 - 100 100

Q

€

L

) 01 0 0

‘S

o

(O]

>-100 +/ A : : : —100 +/ A : : : -100 +/ A . . .
0 40 50 60 70 0 40 50 60 70 0 40 50 60 70

Time (s) Time (s) Time (s)

E 100 -

€

L

> 0T ~—-—-—\»/\~\M

S —— Reference Model Heterogeneous D. Model

[e]

g 1004 £ —— Supershear Model —— Heterogeneous gy Model

- b /T T T T
0 40 50 60 70 Roughness Model —— | arge-Scale Waviness Model

Time (s)

b) Extracted Pulse

—— Observation Data

< 100~ 100 ~ 100 ~

~

I

L

S oL __\/\/\.,_ ol ,\/\/\,‘ 0

O

o

(O]

>—100 '7///1 T T T —100 '7///1 T T T —100 '7///1 T T T
0 4 50 60 70 0 40 50 60 70 0 40 50 60 70

Time (s) Time (s) Time (s)

5 100 q 100 A 100 q

~

I

L

> 04 01— /\/\/\- 0T+ —\—\/\/\/—-

O

o

(O]

>—100 '7///1 T T T —100 '7///1 T T T —100 '7///1 T T T
0 4 50 60 70 0 40 50 60 70 0 40 50 60 70

Time (s) Time (s) Time (s)

)
o
o

elocity (cm/s)
o

Vi

_100 //l T T T
0 40 50 60 70
Time (s)

Figure S20. a) Original rotated signal and b) extracted pulse for station 3134 for the six

models and the observational dataset.
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Figure S21. a) Original rotated signal and b) extracted pulse for station 3138 for the six

models and the observational dataset.
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Figure S22. a) Original rotated signal and b) extracted pulse for station 3144 for the six

models and the observational dataset.
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Figure S23. a) Original rotated signal and b) extracted pulse for station 3137 for the six

models and the observational dataset.
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Figure S24. a) Original rotated signal and b) extracted pulse for station 3145 for the six

models and the observational dataset.
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Station 3116
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Figure S25. a) Original rotated signal and b) extracted pulse for station 3116 for the six

models and the observational dataset.
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Station 3139
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Figure S26. a) Original rotated signal and b) extracted pulse for station 3139 for the six

models and the observational dataset.
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Station 3142
a) Original Rotated Signal
2 100 100 100
€
L
> 0 0 0
e
‘©
o
u-100 -100 -100
> f— . . . f— . . . f— . . .
0 50 60 70 80 0 50 60 70 80 0 50 60 70 80
Time (s) Time (s) Time (s)
9 100- 100 100
€
L
> 04 0 0
-
‘©
o
U-100 A -100 -100
> f— . . . f— . . . f— . . .
0 50 60 70 80 0 50 60 70 80 0 50 60 70 80
Time (s) Time (s) Time (s)
9 100-
€
L
z oT
S —— Reference Model Heterogeneous D. Model
[e]
§-1oo- , —— Supershear Model —— Heterogeneous gy Model
f— . . .
0 50 60 70 80 Roughness Model —— | arge-Scale Waviness Model

Time (s)

b) Extracted Pulse

—— Observation Data

@ 100 100 - 100 -

€

L

>~ 0+ ——\/\/\—— 0+ —\/\/\N 0-

-+

‘O

o

U-100 A —100 4 —100 A

> // T T T T // T T T T // T T T T
0 50 60 70 80 0 50 60 70 80 0 50 60 70 80

Time (s) Time (s) Time (s)

@ 100 100 - 100 -

€

L

>~ 0- 04— ’\/\/\— 0+ __/\/\/._

-+

‘O

o

U-100 A —100 4 —100 A

> // T T T T // T T T T // T T T T
0 50 60 70 80 0 50 60 70 80 0 50 60 70 80

Time (s) Time (s) Time (s)

100

— N—

1001
o’ 50 60 70 80
Time (s)

V?Iocity (cm/s)
o

Figure S27. a) Original rotated signal and b) extracted pulse for station 3142 for the six

models and the observational dataset.
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Station 3123
a) Original Rotated Signal
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Figure S28. a) Original rotated signal and b) extracted pulse for station 3123 for the six

models and the observational dataset.
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a) Original rotated signal and b) extracted pulse for station 3131 for the six
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Figure S31. a) Original rotated signal and b) extracted pulse for stations 2715, 2716 and 2717

for the observational dataset.
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Figure S32. Comparison of a) pulse amplitude, b) pulse period (Tp), and c¢) pulse orientation
variability for all six models and the observational data, similar to Figure 10. The pink dotted
line highlights the reference model and the black dotted line highlights the observational data to

better compare the variability of the models with the observational data.
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Figure S33. Comparison of the extracted Pulse Amplitude with the Peak Rotated Velocity

(PVR) for the six models and the observational data at each pulse-like station.
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Figure S34. a) and b) show the Fourier spectra for the six synthetic models at two very
near-fault stations (2718 and 4616) up to 1 Hz. ¢) and d) are the spectra for the six models and
the observational data up to 40 Hz for stations 4615 and 6304. Station 4615 is a very near-fault

station, whereas station 6304 is located ~100 km away from the EAF. The red dotted lines depict

the fall-off frequency.
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a) i) Model 4: Heterogeneous D. Model if) Model R1
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Figure S35. a) Rupture speed along the fault for the original D. Model (Model 4) and the
four new simulations involving different heterogeneous distributions of D, (Models R1-R4, Table
S12). The dark red areas highlight supershear rupture speed. b) The difference in the rupture
speed between the reference model and the different D. models (Difference = Reference Model -

Complexity Model).
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Figure S36. Comparison of the pulse properties for the extra heterogeneous D, simulations
R1-R4 with the initial Model 4 and the Reference Model. a) Pulse amplitude, b) pulse period,

Tp, and c¢) pulse orientation.
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Station Rot. angle (°) Amp. (cm/s) PGV (cm/s) T, (s)
2708 -60.01 117.40 198.60 5.656
2712 -57.09 110.36 166.44 4.550
2718 -63.11 86.29 150.75 6.692
3116 -87.89 51.49 64.78 8.778
3131 -61.70 64.43 95.28 4.788
3134 -52.64 46.89 63.68 7.588
3136 -78.80 62.73 83.00 4.620
3137 -62.68 111.74 242.45 6.580
3138 -78.31 106.97 279.20 6.426
3139 -74.61 71.72 174.95 8.050
3142 -87.89 54.64 116.56 9.086
3143 -70.94 90.55 183.17 6.510
3144 -75.66 113.13 263.75 6.426
3145 -65.97 108.15 139.91 6.706
4615 -63.48 56.01 105.28 2.744
4616 -48.15 85.27 168.77 3.850
8002 -45.17 61.95 82.52 6.048

Table S3. Pulse properties for stations classified as pulse-like in the Reference Model. Rot.

Angle is the corresponding angle by which the original signal was rotated, Amp. refers to the

amplitude of the extracted pulse, PGV refers to the peak ground velocity of the original rotated

signal, and T}, refers to the period.
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Station Rot. angle (°) Amp. (cm/s) PGV (cm/s) T, (s)
2708 -59.32 109.20 193.46 5.978
2712 -57.06 100.45 180.74 5.460
2718 -61.83 86.82 165.04 6.594
3116 -88.66 51.51 70.11 8.708
3131 -67.43 80.62 99.60 4.186
3134 -53.62 45.49 78.59 7.630
3136 -79.48 67.03 86.52 4.620
3137 -61.46 112.99 237.61 6.580
3138 -77.08 108.29 273.60 6.370
3139 -73.44 7177 173.83 8.036
3142 -86.73 52.93 117.53 9.212
3143 -69.21 91.36 179.95 6.510
3144 -74.97 115.38 255.83 6.370
3145 -65.07 110.00 139.57 6.678
4615 -10.63 46.12 143.16 10.066
4616 -51.07 101.70 200.34 4.858
8002 -47.10 99.56 85.13 6.398

Table S4. Pulse properties for stations classified as pulse-like in the Supershear Initiation
Model. Rot. Angle is the corresponding angle by which the original signal was rotated, Amp.
refers to the amplitude of the extracted pulse, PGV refers to the peak ground velocity of the

original rotated signal, and 7T}, refers to the period.
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Station Rot. angle (°) Amp. (cm/s) PGV (cm/s) T, (s)
2708 -60.74 101.55 186.22 5.586
2712 -57.43 99.37 161.65 4.354
2718 -62.34 78.27 144.74 6.524
3116 -87.48 49.61 63.95 8.568
3134 -52.94 43.12 61.04 7.518
3136 -80.28 58.53 76.78 4.592
3137 -63.76 107.80 236.40 6.370
3138 -77.41 99.59 264.29 6.370
3139 -76.55 64.56 176.29 7.980
3142 -87.93 50.99 115.59 8.974
3143 -71.61 84.84 183.40 6.370
3144 -74.22 107.11 249.66 6.370
3145 -67.31 102.36 137.19 6.650
4615 -67.17 55.87 104.62 2.870
4616 -42.57 76.36 152.66 3.696
8002 -43.98 D7.68 78.17 5.754

Table S5. Pulse properties for stations classified as pulse-like in the Roughness Model. Rot.
Angle is the corresponding angle by which the original signal was rotated, Amp. refers to the
amplitude of the extracted pulse, PGV refers to the peak ground velocity of the original rotated

signal, and T}, refers to the period.
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Station Rot. angle (°) Amp. (cm/s) PGV (cm/s) T, (s)
2708 -58.64 115.77 208.00 5.684
2712 -56.97 101.27 159.17 4.914
2718 -62.75 79.34 153.03 7.098
3116 -86.07 51.49 71.13 8.834
3134 -53.55 31.97 63.68 12.768
3136 -79.51 58.66 75.27 4.718
3137 -62.70 105.56 236.97 6.790
3138 -78.88 99.68 281.19 6.720
3139 -77.38 69.77 162.19 8.190
3142 -88.72 54.64 118.79 9.184
3143 -71.64 87.58 190.60 6.720
3144 -76.07 107.53 254.49 6.762
3145 -68.27 104.66 150.67 6.930
4615 -67.46 58.90 101.54 2.800
4616 -46.12 68.22 117.56 3.850
8002 -42.99 51.19 91.89 8.820

Table S6. Pulse properties for stations classified as pulse-like in the Heterogeneous D. Model.
Rot. Angle is the corresponding angle by which the original signal was rotated, Amp. refers
to the amplitude of the extracted pulse, PGV refers to the peak ground velocity of the original

rotated signal, and T}, refers to the period.
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Station Rot. angle (°) Amp. (cm/s) PGV (cm/s) T, (s)
2708 -97.73 101.39 211.31 5.460
2712 -57.23 87.87 150.47 4.802
2718 -61.82 75.17 158.88 6.650
3116 88.44 46.77 70.67 8.498
3131 -62.28 65.16 96.70 4.788
3134 -51.76 41.73 65.69 7.182
3136 -80.19 66.76 86.15 4.592
3137 -62.63 113.80 233.09 6.370
3138 -77.25 102.88 265.87 6.370
3139 -64.36 72.06 181.01 8.274
3142 -86.41 53.45 117.44 9.044
3143 -69.49 84.24 166.12 6.510
3144 -75.68 112.47 247.47 6.202
3145 -63.30 109.30 137.60 6.426
4615 -67.48 79.78 155.48 2.618
4616 -48.61 85.44 162.63 4.298
8002 -46.13 49.62 76.44 5.684

Table S7. Pulse properties for stations classified as pulse-like in the Heterogeneous iy Model.
Rot. Angle is the corresponding angle by which the original signal was rotated, Amp. refers
to the amplitude of the extracted pulse, PGV refers to the peak ground velocity of the original

rotated signal, and T}, refers to the period.
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Station Rot. angle (°) Amp. (cm/s) PGV (cm/s) T, (s)
2708 -72.14 120.97 256.74 5.460
2712 -07.07 107.68 174.92 4.942
2718 -74.60 90.00 212.79 6.454
3116 -85.40 51.06 69.17 8.904
3123 -54.43 61.93 87.59 4.788
3131 -72.33 86.90 102.02 3.696
3134 -55.85 31.12 70.29 12.782
3136 -80.16 65.26 88.52 4.648
3137 -62.34 110.92 226.67 6.790
3138 -76.82 111.07 289.00 6.482
3139 -73.86 67.77 158.04 8.190
3142 88.18 55.11 101.06 9.184
3143 -70.63 102.00 209.15 6.370
3144 -75.01 116.79 287.21 6.622
3145 -64.15 109.35 144.98 6.790
4615 -63.27 58.29 121.70 2.758
4616 -47.10 77.20 162.20 3.794
8002 -45.04 59.81 87.53 7.154

Table S8. Pulse properties for stations classified as pulse-like in the Waviness Model. Rot.
Angle is the corresponding angle by which the original signal was rotated, Amp. refers to the
amplitude of the extracted pulse, PGV refers to the peak ground velocity of the original rotated

signal, and T}, refers to the period.
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Station Rot. angle (°) Amp. (cm/s) PGV (cm/s) T, (s)
2708 -65.93 88.99 155.39 3.143
2712 -30.54 44.85 126.59 7.091
2715 -68.37 43.97 55.14 6.636
2716 -59.40 44.92 70.98 6.797
2717 -68.66 42.49 60.55 6.902
2718 -79.06 79.24 114.62 5.985
3116 25.54 25.39 47.36 14.427
3123 18.12 126.14 179.16 2.597
3131 -23.29 30.42 59.05 12.523
3134 -49.65 24.92 48.74 11.655
3136 -62.38 25.98 56.87 13.461
3137 -32.89 55.04 98.52 9.212
3138 73.90 83.64 173.22 7.462
3139 -21.09 118.43 150.48 3.892
3142 -67.23 34.80 77.04 13.475
3143 -47.34 73.64 157.59 7.329
3144 57.34 79.76 145.38 8.344
3145 74.51 95.75 147.92 4.172
4615 -20.36 85.60 161.74 5.593
4616 -49.77 46.85 102.33 8.372
8002 -62.41 30.28 41.71 11.158

Table S9. Pulse properties for stations classified as pulse-like from the ESM observational

data. Rot. Angle is the corresponding angle by which the original signal was rotated, Amp.

refers to the amplitude of the extracted pulse, PGV refers to the peak ground velocity of the

original rotated signal, and 7T}, refers to the period.
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Dataset Candidate T, (s) PGV (cm/s) Rot. Angle (°) PI Is-Pulse Chosen
1 8.778 64.78 -87.89 13.54 1 YES
2 11.676 65.40 -84.29 10.29 1 No
Reference Model 3 5.964 63.59 87.13 2.33 0 No
4 9.716 64.29 89.84 -0.89 0 No
5 15.638 61.83 81.47 4.59 1 No
1 8.708 70.11 -88.65 15.30 1 YES
Supershear Initiation 2 5.964 69.89 89.63 2.77 0 No
3 12.194 70.20 -87.68 8.55 1 No
Model 4 4424 69.28 8622  -1327 0 No
5 13.132 70.17 -79.41 -8.77 0 No
1 8.568 63.95 -87.50 12.50 1 YES
2 11.312 63.57 -84.16 8.50 1 No
Roughness Model 3 5.908 64.09 89.74 3.45 0 No
4 9.548 64.09 87.18 2.31 1 No
5 15.638 63.71 82.05 3.73 1 No
1 8.834 71.13 -86.08 16.06 1 YES
Heterogeneous D 2 12.292 71.82 -83.17 9.21 1 No
¢ 3 6.076 69.45 88.76 0.67 0 No
Model 4 9716 70.18 8921 221 0 No
5 15.638 71.93 -82.64 0.77 1 No
1 8.498 70.67 88.41 15.21 1 YES
Heterogeneous jig 2 11.662 71.12 -86.84 9.12 1 No
Model 3 5.782 69.73 83.58 3.83 0 No
ode 4 9.548 69.67 83.37 014 0 No
5 15.638 65.82 72.60 3.86 1 No
1 8.904 69.17 -85.39 14.88 1 YES
2 11.676 70.13 -81.79 10.59 1 No
Waviness Model 3 5.922 67.61 -89.86 -1.09 0 No
4 9.576 68.10 -88.56 -4.05 0 No
5 15.638 62.82 79.61 3.83 1 No
1 14.427 47.36 25.54 6.42 1 YES
2 15.295 49.23 32.96 5.31 1 No
ESM Data 3 12.649 42.11 11.51 -5.91 0 No
4 15.295 50.44 42.65 3.87 1 No
5 15.288 50.45 49.04 -10.52 0 No

Table S10. Properties of the five candidate pulses for station 3116 for the six dynamic rupture
models shown in the main text and the ESM data. T, is the period, PGV is the peak ground
velocity of the original rotated signal, and Rot. Angle is the corresponding angle by which the
signal is rotated. PI is the pulse indicator, and Is-Pulse shows a candidate classified as a pulse
when = 1 and not a pulse when = 0. 'Chosen’ depicts which candidate is the chosen pulse.
The details of the coefficients for each candidate can be seen in the Supplementary Excel File S1

included in the Zenodo repository.
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Dataset Candidate T, (s) PGV (cm/s) Rot. Angle (°) PI Is-Pulse Chosen
1 9.086 116.56 -87.89 10.65 1 YES
2 10.234 122.73 -79.04 8.13 1 No
Reference Model 3 5.502 120.43 -82.85 -9.29 0 No
4 15.638 114.69 -89.98 -3.97 0 No
5 8.456 105.85 81.78 -10.76 0 No
1 9.212 117.53 -86.77 8.28 1 YES
Supershear Initiation 2 9.814 123.93 -77.01 6.13 1 No
Model 3 5.530 121.58 -81.26 -10.61 0 No
4 15.638 114.51 89.85 -4.71 0 No
5 8.456 105.76 81.81 -11.55 0 No
1 8.974 115.59 -87.91 9.82 1 YES
2 9.240 121.12 -79.99 717 1 No
Roughness Model 3 5.810 117.18 -85.94 -8.72 0 No
4 15.638 116.44 -86.89 -6.53 0 No
5 8.708 105.61 82.20 -12.74 0 No
1 9.184 118.79 -88.73 10.48 1 YES
Heterogeneous D 2 10.234 124.68 -80.55 7.31 1 No
¢ 3 5.726 121.19 -85.80 -7.98 0 No
Model 4 15638  118.00 89.62  -339 0 No
5 8.820 109.46 82.21 -11.41 0 No
1 9.044 117.44 -86.39 7.94 1 YES
Heterogeneous fig 2 4.004 126.23 -69.08 1.71 1 No
3 11.662 123.32 -77.56 7.74 1 No
Model 4 5502 120.30 8262  -12.94 0 No
5 8.204 105.88 82.30 -14.16 0 No
1 9.184 101.06 88.18 10.09 1 YES
2 11.270 109.13 -79.83 7.05 1 No
Waviness Model 3 5.768 102.55 89.97 -5.38 0 No
4 8.736 94.17 81.08 -8.90 0 No
5 15.638 99.04 85.93 -1.62 0 No
1 9.758 77.14 -65.61 -0.22 0 No
2 13.475 77.04 -67.20 0.61 1 YES
ESM Data 3 6.566 77.01 -67.02 -10.51 0 No
4 15.295 77.03 -66.50 -0.85 0 No
5 4.837 77.12 -67.68 -21.36 0 No

Table S11. Properties of the five candidate pulses for station 3142 for the six dynamic rupture
models shown in the main text and the ESM data. T, is the period, PGV is the peak ground
velocity of the original rotated signal, and Rot. Angle is the corresponding angle by which the
signal is rotated. PI is the pulse indicator, and Is-Pulse shows a candidate classified as a pulse
when = 1 and not a pulse when = 0. 'Chosen’ depicts which candidate is the chosen pulse.
The details of the coefficients for each candidate can be seen in the Supplementary Excel File S1

included in the Zenodo repository.
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X - 50

Model Dxpr Familiesnpr) Dgar Families par) D. Range  Background — Avgpr) Avgar) M,
Model 4 1.12 7 1.52 8 0.2-0.9 1 0.5 0.5 7.860
R1 1.10 7 1.90 7 0.2-0.9 1 0.5 0.5 7.859
R2 2.17 5 2.5 6 0.2-0.9 2 0.7 0.7 7.859
R3 2 5 1.85 7 0.1-1.5 1 0.7 0.7 7.861
R4 2.07 5 2.44 6 0.2-0.9 2 0.8 0.8 7.859

Table S12. Parameters of the supplementary heterogeneous D, models following Ide and Aochi (2005), including the D

value and the number of families along the NPF and EAF, the range of D, values, the background D, value, the average D,

values for the NPF and EAF, and the resulting moment magnitude, M,,, of the simulated seismic event.
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