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Super-shear ruptures, characterized by velocities exceeding the shear wave
speed, were first predicted theoretically and later observed in laboratory
experiments. While a few tectonic earthquakes have been reported as super-
shear, most involve strike-slip faults, including the 2023 Mw 7.5 Kahramanmaras
earthquake (Turkiye) and transient phases of the Mw 7.8 event. However, natural
ruptures propagate through complex, rough fault systems - deviating from
idealized smooth interfaces - resulting in heterogeneous slip, stress drops, and
rupture jumps. Additionally, the expected high-frequency spectral signature
of super-shear ruptures often conflicts with observations. To reconcile these
discrepancies, we propose a generalized interpretation of super-shear events,
where observed super-shear velocities arise not only from continuous rupture
fronts but also from dynamically triggered multi-focal ruptures along strike.
We explore how fault rheology modulates rupture speed and introduce a
triggering mechanism driven by P-wave perturbations. Our model also predicts
Mach cones detected teleseismically during super-shear earthquakes such as
the Kahramanmaras doublet, while it suggests they should not be observed
locally in the case of super-shear cascading rupture envelopes. We show
that both the Kahramanmaras 2023 events initiated cascading instabilities,
with dynamic stress transfers propagating rupture across fault patches. High-
frequency (>10 Hz) P-wave pulses mark transitions between patches, identified
via accelerometric waveform analysis. Our findings support the idea that even
minor stress perturbations can trigger near-instantaneous dynamic ruptures,
posing implications for early-warning algorithms.
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seismic source, cascading rupture envelopes, rupture velocity, 2023 Tirkiye seismic
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1 Introduction

The prevailing perspective in earthquake physics models seismic
events as frictional instabilities occurring on structurally isolated,
smooth planar interfaces. Consequently, the combination of fault
frictional strength and stress accumulation in the adjoining
volumes is considered sufficient to comprehend the spatial and
temporal evolution of seismicity during the different phases of
the seismic cycle. However, faults serve as the weakest geological
structures, acting as guides for the stabilization of crustal volumes
that accumulate energy. Moreover, faults are not isolated and
smooth, instead, they are strongly interacting, rough, fractal objects
characterized by significant heterogeneity.

Nowadays,
homogeneous seismic catalogues, GNSS time series and satellite

strong motion recordings, high quality
interferometric maps allow us to discern in detail the deformation
processes taking place during seismic events. In addition, inversion
modelling, coupled with high-quality seismological data, provide
us with deeper insights into their rupture dynamics (e.g.,
Chalumeau et al., 2024) and the 3D geometry of the involved fault
system (e.g., Stabile et al., 2024). Thanks to these technological
and monitoring advances, growing evidence has been accumulated
that several seismic events deviate from the classically speculated
behaviour of involving relatively simple, planar faults with a single
smooth rupture kinematic. Instead, they usually showcase multi-
fault activation and cascading rupture of different patches (e.g., Wyss
and Brune, 1967; Zhang et al., 2012; Hamling et al., 2017; Ando and
Kaneko, 2018; Quigley et al., 2019; Palgunadi et al., 2024), which
are highlighted by field observations (Antoine et al., 2022), fault
slip (Diederichs et al., 2019; Ross et al., 2019) and moment tensor
inversion (Zaccagnino and Doglioni, 2022). Nevertheless, routinely
implemented dynamic and kinematic simulations model ruptures
as uniform fronts travelling along smooth or slightly rough surfaces.
How far can this assumption affect our view of coseismic dynamics?
What is its impact on final kinematic and dynamic outputs?

Here, we focus on the dynamics of complex faulting processes
in strike-slip tectonic settings. Among their peculiarities, strike-
slip faulting events are usually featured by lower double-couple
components in moment tensors (Zaccagnino and Doglioni, 2022)
and higher rupture velocity than observed in other tectonic styles
(Wang et al,, 2016). In some, although quite rare cases, “super-
shear” rupture velocities have been hypothesized. Super-shear
earthquakes are seismic events whose apparent rupture velocity,
v, exceeds the shear wave velocity, vs. The possibility of ruptures
propagating faster than shear waves was predicted theoretically
and reproduced in the laboratory (Xia et al., 2004); while just a
dozen of tectonic “supershear” earthquakes have been convincingly
reported so far (Bao et al, 2022). Due to the small number of
observations, their dynamics is still poorly understood. Moreover,
super-shear speeds have been unambiguously detected only along
faults with a dominant strike-slip component.

In the case of the M, 7.8 and 7.5 Kahramanmarag earthquakes,
on which we focus in the case analysis in this paper, a cascade
triggering mechanism has been suggested to be at work in producing
such a large and devastating event (Okuwaki et al, 2023) with
variable rupture velocity and cumulated slip along a segmented fault
patch system (Goldberg et al., 2023; Liu et al., 2023; Mai et al., 2023;
Melgar et al, 2023; Wang et al, 2023; Zhang et al, 2023;
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Ren et al., 2024; Rosakis et al., 2025; Zhou et al., 2025). In our
work, we take inspiration from the recent happening and collected
information about the main events to investigate the spatial and
temporal dynamics and interactions among different fault patches
by highlighting cascade-triggered subevents. This is achieved by
analysing the frequency content and arrival times on seismograms of
accelerometric stations of KOERI and those of the stations belonging
to the network is managed by the General Director of Disaster
Affairs, Earthquake Research Department (AFAD).

We derive a simple model to explain fault rupture velocity in the
light of rheological and geophysical properties of the fault systems
and adjoining volumes. We also explain and discuss the feasibility of
dynamic subevents triggering produced by P-waves perturbations.
We introduce a more general interpretation of observed super-
shear rupture velocity, considering dynamically triggered super-
shear rupture envelopes, providing an explanation of the teleseismic
Mach cones (Bao et al., 2022), i.e., S-wave cones formed behind a
super-shear rupture front, which can be observed in both 2D and
3D, full space and half space, even though for actual observations in
the far field, they usually refer to the Rayleigh Mach cones - a unique
feature for 3D, half-space problem (Dunham and Bhat, 2008).

2 Tectonic setting and 2023
Kahramanmaras seismicity

The eastern region of Tiirkiye is among the most seismically
active zones in the Middle East, prone to both shallow diffuse
small-to-moderate seismic activity and to large earthquakes. This
tectonic setting is located at the margins of the Arabian and the
Anatolian microplates (Giivercin et al., 2022) and is characterized
by a transpression zone where shear deformation, with a slip
rate ranging in between 10 and 15 mm/yr (Reilinger et al., 2006;
Trifonov et al., 2018), is mainly accommodated by an approximately
600-km long plate boundary hosting a complex left-lateral strike-
slip fault system (Arpat and $aroglu, 1972; Muehlberger and
Gordon, 1987). The southernmost portion of this area exhibits
relatively low seismic coupling with respect to the segments to north
of the East Anatolian Fault (0.2-0.5, Sparacino et al., 2022), within a
context of strong motion completeness over the past four centuries.

Southeastern Tiirkiye and its neighbouring areas of Syria
have been recently experienced the largest seismic events ever
reported in regional instrumental catalogues. On 6 February 2023,
at 01:17:32.67 UTC (KOERI-RETMC Earthquake Catalog, 2025),
a M,, 7.8 strike-slip faulting earthquake started from the Narli
fault before propagating along different patches (belonging to the
Erkenek, Pazarcik, and Amanos segments) of the East Anatolian
Fault (U.S. Geological Survey, 2023a). The event caused widespread
devastation in the area along thel180 km-long activated interface,
accompanied by a slip of up to 3m (Reitman et al, 2023),
exhibiting a heterogeneous slip distribution along several fault
patches (U.S. Geological Survey, 2023a; Zhang et al, 2023;
Zhou et al., 2025). After an initial phase with a rupture velocity
of 2.6km/s (Zeng et al, 2025), the rupture proceeded with
a velocity of at least 3.2km/s (Melgar et al, 2023), with
evidence of possible early transition to fast super-shear velocity
~ 49km/s (Rosakis et al, 2023; 2025), and up to 5.2km/s
(e.g., Zeng et al, 2025). A few hours later, the largest event
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FIGURE 1
(A) Seismic sequence (6/2/2023-19/8/2023) in Turkiye (Tan, 2021). The yellow stars represent the epicenters of the two mainshocks, the red triangles
stand for the accelerometric stations of the TK network, while the green ones belong to the KO network which compare in the figures of the article or
Supplementary Material. The whole list of investigated stations is reported, for better visualization purposes, in the KMZ file attached at the
Supplementary Material of this article (B) Aftershocks and time-dependent completeness magnitude (red line) Data from Tan (2021). (C) View of the
region involved by the events. (D) Frequency-magnitude scaling of the sequence of aftershocks.

was followed by a M, 7.5 twin earthquake on the Cardak
fault at 10:24:47.88 UTC about 150 km northwest (KOERI-
RETMC Earthquake Catalog, 2025). Oriented with a strike E-
SE W-NW, this earthquake featured a bilateral rupture involving
three different macroscopic fault structures (U.S. Geological Survey,
2023b), with asymmetric rupture velocity, super-shear in the
western branch and sub-shear to east (Goldberg et al, 2023;
Wang et al., 2023). The doublet was followed by intense aftershock
activity for weeks (Figure 1).

The occurrence of this earthquake doublet is of outstanding
interest for improving our comprehension of large strike-slip
faulting because of the unprecedented available data resulting
from both network improvement and exceptionality of seismic
occurrence.

3 Theoretical modeling

3.1 Rupture velocity in homogeneous fault
patches

We model the rupture dynamics of a complex strike-slip
fault composed of different patches introducing heterogeneous
rheological properties represented by the shear modulus y and
variable stress drop Ao along strike. We utilise the following values
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as reference for commonly used physical quantities such as rock
density p = 3.0 g/cm?, P-wave velocity v, = 5.5 km/s, S-wave velocity
v, = 3.2 km/s, Rayleigh wave velocity v = 3 km/s and shear modulus
u = 30 GPa. We assume a spatially constant thickness for the brittle
seismogenic layer, W, along strike of a fault interface with total length
L, oriented along the y-axis (compare with Figure 2A). In the first
part of our description, we suppose that the rupture front during
the event is a concentrated, travelling strain wave with uniformly
distributed velocity as a function of depth v(z,t) = v(t) of width 2J,
i.e., pure Mode II crack.

This initial model of a homogeneous fault patch is built
upon some simplifying assumptions to grasp some fundamental
understanding before introducing complexity. Such assumptions
are a spatially constant brittle seismogenic layer thickness W,
homogeneous elastic properties, specifically a constant shear
modulus ¢ and constant stress drop Ac within the patch, a rupture
front idealized as a concentrated, traveling strain wave, and a pure
Mode II (in-plane) rupture mechanism. These assumptions allow
us to derive analytical solutions for rupture velocity and stress
interactions, providing a starting benchmark against which the
effects of heterogeneity can be potentially checked.

Especially, the latter simplifying hypothesis can be relaxed
including a composition of Mode II (in-plane) and Mode III (anti-
plane) rupture dynamics acting along the horizontal and vertical
component respectively, with outward radiation of SH and P waves,
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FIGURE 2

(A) Schematic representation of the strike-slip fault considered in our model. (B) Travelling waves of strain drop at the rupture front propagating at

variable velocity depending on local stress drop and shear modulus.

and SV waves. It is worthy to notice that our hypothesis is well
acceptable if L > W, while Mode III cracks in strike-slip faulting
events play a role where close-range segmentation affects the fault
system (Cambonie et al., 2019). On the reliability of such hypothesis,
we will discuss again later; however, taking L < 180 km and W
= 20 km, the condition above may be respected except for the
case of a hyper-segmented fault (to be compared with Duman
and Emre, 2013). In order to allow an easy dissertation for future
generalization to complex multi-fault systems, we will benefit of
the volume force formalism instead of the surface force one (Aki
and Richards, 2002), so that the usual formula for seismic moment
M, = uWLu, where u is the average coseismic slip, can be written
as My = 2uVAe,,
horizontal plane in the rupture direction. So, the associated moment

with Ae,, representing the strain variation in the

tensor for a strike-slip earthquake reads

0  Aeg, O
M=2uV|Aey, 0 0 (1)
0 0 0

We can decompose the main event (Equation 1), as well as the
subsequent seismic activity, into a certain number, N, of subevents
with their own seismic moment according to

ZN M b
_ L=l 0 1 jM(t)dt 2)
v 2uv 2uvV

fo

Ae

where the right integral is straightforwardly obtained in the limit of
a continuous rupture starting at , until its arrest at £ (Equation 2).
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Hence, the coseismic strain rate variation can be written as

1 Mo(% 1)
T AWDL u(y, 1)

Adyy (.1 3)
L(¢) is the time-dependent rupture length, b is the half-width of the
fault zone and u(y, 1) is the slip distribution profile. Differentiating
M, in Equation 3 with respect to time yields the moment rate by
means of the chain rule, we get

Mo(y,t):yW(—u+L— @)

where slip velocity, #, is related to the rupture velocity, v, via the

Aa(y,t

empirical law & =y M(_t)) (Bizzarri, 2012). Here, we assume that

eak
uly,t) = p(y) at fhe rupturé front (we neglect weakening effect taking
place when slip occurs at the wake of rupture, Chen et al., 2021) and
that the width of the slip pulse I(y) = I. Atlast, for sustained ruptures,
the first term in Equation 4 provides a subdominant contribution
to the strain rate being L(¢) > I, so that we can neglect it in the

calculation of the coseismic strain rate variation. Therefore, we get

Ke(yt) ~ — v(y, 1) Aa(y,1) 5)
4L uy)

The motion of the peak of the coseismic strain travelling wave-
envelope (Equation 5) is constrained by the set of conditions
%As(y, ) =0 and aiA'a(y, 1) = 0. By imposing such constraints, we
obtain the following equations for time variations

v VU (aAe vAe) Vi dAe
__ FRCLRNS
ot L

3 Ao ~"he ot ©
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In the limit of large, self-sustained ruptures (L dominant), for
spatial gradients, we obtain

@:Za_‘u lf@:

dy wuoy oy @)
v v 9Ac . Ou
—=—-——,if—=0

dy Ao dy ay

respectively. Equation 6 is in good agreement with the results
suggesting a negative correlation between rupture velocity and
stress drop gradients (e.g., Chounet et al., 2018), also proposing
a theoretical justification to such empirical observation. So, our
derivation suggests that rupture velocity increases when passing
from a high to low stress drop interface and from weak to strong
rheology. A visual representation of our results is in Figure 2.

We notice that the theoretical relations derived in Equations 6,
7 provide a direct prediction for accelerometric observations.
Equation 7 states that a negative gradient in stress drop
(0Ac/dy < 0) will cause a local acceleration of the rupture front
(ov/dy > 0). This acceleration manifests in observed strong-motion
records as a systematic increase in the amplitude and frequency
content of radiated seismic waves (See Supplementary Figures S2, S4
in the Supplementary Material showing the high-pass filtered
seismograms associated with the subevents nucleated along the
interface of the East Anatolian Fault Zone). Therefore, we can
interpret distinct pulses or elevated velocity amplitudes within
the accelerograms of our studied events (see Section 3) as a
possible observational signature of rupture acceleration predicted
by our model in the “homogeneous limit, occurring as the
rupture front propagates across a boundary from a high-stress-
drop to a low-stress-drop region. We show below that such
acceleration can actually be accompanied by jumps of rupture
propagation in such favourable conditions. We move towards
heterogeneous rheological conditions and to include structural
asperities.

3.2 Early triggering power of fault stress
perturbations

We are now interested in understanding the relationship
between rupture dynamics and early earthquake triggering on
the light of almost instantaneous cascading destabilization of
adjoining fault patches. Seismic events can be triggered by
tiny stress perturbations (Zaccagnino et al., 2021; 2022b). It is
also well known that surface waves have dynamic triggering
power (e.g., Velasco et al., 2008; Johnson and Jia, 2005), while
the effective power of almost instantaneous trigger is still
source of scientific debate (e.g., Fan and Shearer, 2016) also
concerning the effective impact of P-waves at regional distances
(e.g., Miyazawa, 2012). For all that, earthquakes showcase,
beyond a reasonable doubt, a “ripple effect” behaviour which
seems to arise from their innermost nature (Marsan and
Lengliné, 2008; Zaccagnino et al., 2022a). Such kind of dynamic
evolution also involves the nucleation phase (Ellsworth and
Beroza, 1995).

Clear mathematical evidence in support of the importance
of stress perturbations Ac in triggering coseismic ruptures along
different fault patches is the exponential sensitivity of the early
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(t — 0) aftershock seismic rate R on the additional stress amplitude
according to

Ao
R(Ao,t — 0) = redon (8)

which represents the limit case for (t — 0) of the general Dieterich’s
relationship (Dieterich, 1994). This equation, formally valid for
aftershocks, can be applied to seismicity under quite general
conditions. Indeed, it is a population-based model where seismic
sources are characterized by a state variable associated with friction;
due to the linearity of the seismic moment, individual seismic events
and seismic moment release during an earthquake are equivalent. So,
on the base of this, even a tiny perturbation can trigger dynamically
a seismic event along prone-to-failure fault interfaces. In this case,
the spatial and temporal evolution of rupture velocity changes are
expected to abide by the rules derived above. This means that early
dynamic triggering may activate multiple cascading fault patches.
For a schematic representation of this, see Figure 3.

3.3 Apparent rupture velocity and
multi-focal ruptures

Finally, we relate dynamic triggering during an earthquake
rupture Using the
framework from Section 3.1 - a unilateral (Mode II) strike-

to observed kinematics. simplified
slip rupture with no depth dependence - we analyse two stress
contributions ahead of the crack tip.

First, we must consider the dynamic stress perturbation
generated by the seismic waves radiating from the advancing rupture
front. For the P-wave component, which typically dominates the
initial stress perturbation due to its faster propagation speed, we can
model the stress pulse as a traveling Gaussian envelope:

2
(r-wt)
Aop(y, t) = 0, exp ——zp 9)
21

Here, v, represents the characteristic P-wave velocity of the
medium, 1, controls the spatial width of the stress pulse (typically
on the order of several meters to hundreds of meters depending
on rupture characteristics), and o, is the peak dynamic stress
amplitude. The coordinate y measures distance along the fault from
the original hypocenter, while ¢ tracks the temporal evolution of the
rupture process.

Simultaneously, and crucially for understanding the triggering
of secondary ruptures, we must account for the static stress field
surrounding the advancing crack tip. This field follows the classical
singular solution derived from linear elastic fracture mechanics:

Ky
VZW()’ )

valid for distances y>1[, beyond the plastic zone boundary.

Ao—<:re1ck(y) = Y > lO (10)

This expression is the leading-order term of the Williams stress
expansion, an eigenfunction solution that describes the self-similar

stress field near a crack tip in an elastic solid. The r~'/2

singularity
is a fundamental characteristic of sharp cracks in linear elasticity,
and its amplitude is governed by the stress intensity factor K;;. The

plastic zone size [ itself emerges from the competition between the
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stress intensity factor Kj; (which characterizes the amplitude of the
crack-tip singularity) and the material’s yield strength o,

yield*
= — 2
°7 2n

This plastic zone represents the region where inelastic processes

KH
0.

(11

yield

dominate the deformation, effectively screening the true crack tip
from the surrounding elastic medium. The interplay between the
dynamic stress perturbation (Equation 9) and the static crack-
tip field (Equation 10) creates potentially observable effects.

When these stress fields constructively interfere - particularly
when the peak of the P-wave stress pulse coincides with the decaying
crack-tip stress field near y = [ - they can nucleate secondary rupture
fronts. The maximum triggering probability is observed when the
point of maximum of Agp and Ao, are coincidental (Figure 4A).
This triggering process is not instantaneous.

The timing of this interaction is crucial for understanding
secondary rupture triggering and directly links our analytical
framework to the observed sequencing of subevents. The P-wave
stress pulse (Equation 9) propagates at the P-wave velocity v,,
significantly faster than the rupture front itself. Therefore, it can
arrive at a heterogeneous patch and stress it adding to a static crack-
tip field (Equation 10), providing the final critical stress increment
needed for nucleation. This delay between the P-wave arrival and the
rupture front arrival dictates the timing of the triggered subevent.
Thus, the framework of Equations 9-11 provides a physical
mechanism for the (small) observed time delays between subevents
in our accelerometric records, connecting the kinematic rupture
model to the dynamic triggering process. See Figure 4A for details
and the next section for observational evidence of anelasticity-
related triggering delay with respect to P-waves arrival times.
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The timing of this interaction is crucial for understanding
secondary rupture triggering. We define t*as the time when the
P-wave pulse peak first reaches the plastic zone boundary Iy; it
incorporates a characteristic delay timescale T that accounts for
various physical processes including plastic deformation, fault zone
heterogeneity, and the finite time required for rupture nucleation

(for detailed physical mechanisms see Cebry et al., 2022):

I

tq (12)
v, =V

In Equation 12, v represents the propagation velocity of the

t* =

primary rupture front (typically in the range of 0.7-0.9 vy for sub-
shear ruptures). The spatial separation between the primary and
secondary hypocenters then leads to the emergence of an apparent
rupture velocity:

I+ vp(t* +71)
ST 1
which, under conditions where T becomes negligible compared to t,
asymptotically approaches v,,. This result explains how an ensemble
of sub-shear rupture segments (v < vg) can produce what appears to
be supershear propagation (v, > v) when observed at certain scales.

At the same time, we need to acknowledge that supershear
rupture speeds in large earthquakes are rare and evidence exists
provided by multiple investigations that true supershear ruptures
may occur at intermediate scales, for instance, within a fault patch
and be hardly recordable in seismograms (e.g., Archuleta, 1984;
Dunham, 2007; Huang et al., 2016; Palgunadi et al., 2024). Therefore,
our investigation focuses only on one side of the problem related
to the large-scale observations upon which most of the physical
interpretation of the physics of seismic events are bounded to be
based, while reversed effects may still play a role at small and
intermediate scales.
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3.4 Mach cones in supershear ruptures and
rupture envelopes

The implications of the mechanism discussed above extend
directly to observable seismic signatures. At teleseismic distances,

where individual rupture segments cannot be resolved, the
composite rupture would produce Mach cone signatures with

characteristic angle
(Vs
0 = arcsin| —
va

matching what would be expected from a true supershear rupture.

(14)

However, local observations capable of resolving the individual
sub-events would reveal the underlying sub-shear propagation
velocities, providing a clear discriminator between “true” and
“apparent” supershear behaviour. Therefore, if our hypotheses
are reliable, multifocal rupture in a heterogeneous, complex,
close to failure tectonic setting, may produce apparent super-
shear rupture (Figure 4B).

Real and apparent super-shear ruptures, i.e., single super-shear
ruptures vs. super-shear envelopes of sub-shear ruptures, might be
discriminated on the base of the observations of Mach cones at local
spatial scales, where the seismological contribution of the different
fault patches and subevents can be appreciated. In the first case, the
Mach cone should still be observed, while in the second one, no
effect is expected.

This framework not only resolves apparent contradictions in
earthquake observations but also provides testable predictions about
the relationship between local and teleseismic measurements of
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rupture velocity. The model suggests that apparent super-shear
should be particularly prevalent in heterogeneous fault zones with
abundant secondary structures that can serve as nucleation points
for dynamically triggered rupture segments. Future work could
explore how variations in the stress pulse characteristics (1,, o,) and

material properties (Oyiciq>

vp/ vg ratio) influence the likelihood and
characteristics of apparent vs. true super-shear behaviour.

Indeed, the apparent supershear rupture described here is
an emergent property of a complex, multi-fault system. It can
be interpreted as a low-resolution observation of a cascading
rupture. The resulting composite rupture envelope (Figure 4B)
can produce Mach cone signatures, but these are expected to
appear in the long-period (low-frequency) part of seismograms.
The longer wavelengths do not have sufficient resolution to provide
information about the discrete, jump-like nature of the sub-
event cascade. Consequently, teleseismic observations, which are
inherently carrying less information about the spatial properties of
seismic ruptures, might infer a supershear event, while local high-
frequency arrays could potentially resolve the underlying sequence
of sub-shear ruptures. Therefore, our hypothesis is based on the idea
that in a heterogeneous, unstable tectonic setting, multifocal rupture
driven by dynamic triggering can produce apparent supershear
rupture envelopes (Figure 4B). This concept does not invalidate the
existence of “true” supershear ruptures but offers an alternative and
broader explanation for several observed high rupture velocities
especially in strike-slip faulting regions, directly connecting them
to the documented complexity of this kind of fault zones and the
dynamics of sequential triggering.
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4 Methods and results

We analyse accelerograms of both the M, 7.8 and M,, 7.5
earthquakes recorded by stations of the KOERI seismic network
(FDSN code: KO) and of the Turkish National Strong Motion
Network run by AFAD (FDSN code: TK).

The closest station to the M,, 7.8 event is KHMN of the
KO seismic network, whose recording shows a very complex
rupture propagation and fault segmentation highlighted by multiple
arrivals (T1-T4 picks in Figures 5A,B). At time T1, the event
starts with low-amplitudes and lasts for about 2 seconds, then
the amplitudes gradually increased until time T2 (see the green
displacement waveform in Figure 5B), when the Pazarcik segment of
the East Anatolian Fault (EAF) has been activated). This observation
agrees with the activation of the Narli fault, with a rupture front
propagating toward station KHMN, and with the small initial
seismic moment rate of the M,, 7.8 source time function (see
U.S. Geological Survey, 2023a). We manually picked the first P-wave
arrival (e.g., time T1 in Figure 5B for station KHMN) at different
stations of the KO seismic network and located the event using
the 1D velocity model of Tiirkiye proposed by Tan et al. (2011)
through a non-linear probabilistic earthquake location approach
implemented in the NonLinLoc code (Lomax et al., 2000). The result
of the inversion provides epicentral coordinates Lat = 37.2066"N
and Lon = 37.0165°E, and origin time 01:17:32.96 (UTC time),
with RMS = 0.57 s. After time T2, a persistent high-amplitude,
high-frequency signal (P-waves up to 50 Hz corresponding to the
Nyquist frequency of the analysed signal) can be observed for
at least 10s (Figures 5A,B), which is compatible with complex
cascading ruptures along different fault patches and apparent super-
shear rupture velocity. Even if in this part of the accelerogram
it is difficult to distinguish between the progressive activation of
multiple ruptures, the cascading triggering of multiple fault patches
can be observed 20-25s after the first arrival (T3 and T4 picks)
both looking at the spectrogram (Figure 5A), the 10 Hz high pass
filtered signal (orange accelerogram in Figure 5B), and the double-
integrated signal (green displacement waveform in Figure 5B).

To investigate whether P-wave perturbations generated during
the rupture of the Narli fault could have dynamically triggered
distinct patches of the Pazarcik segment of the East Anatolian Fault
(EAF), we conducted a comprehensive analysis of seismic wave
travel times. We estimated P- and S-wave travel times from the Narli
fault to the EAF and from the EAF to station KHMN, comparing
theoretical predictions with observed arrivals to constrain the
timing and location of potential triggered rupture.

Our simulations reveal that the observed arrival time T2 (~8.0
+ 0.5 from origin time, see Figure 5 for reference) is consistent
with the activation of an EAF fault patch extending approximately
from Lat 37.4372°N, Lon 36.9747°E to Lat 37.4833°N, Lon
37.0716°E (see Figure 6). This secondary rupture occurred between
4.7 £ 1.0 s and 5.7 + 1.0 s after the origin time, precisely coinciding
with the expected arrival of P-waves from the Narl1 Fault epicenter
at the inferred EAF patch location. In contrast, the corresponding
S-wave arrival time occurs 3-4 s later, providing a clear temporal
discrimination between potential triggering mechanisms.

The theoretical P + P arrival times across our virtual

nucleation points (SO through S5) range from 7.67 to
11.04s, while S + P combinations range from 11.28
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the main shock arrived too late to initiate the secondary event.
Furthermore, the rupture propagation speed (typically 2-3 km/s) is
substantially slower than P-wave velocities (~6 km/s in the upper
crust), making rupture-front triggering physically implausible given
the observed timing.

Probabilistic location analysis confirms that the secondary
earthquake nucleation most likely occurred in the region between
possible nucleation points S2 and S4, with a 68% credible interval
spanning approximately 26-32 km from the main epicenter. The
maximum probability occurs at point S3 (28-29 km far from the M
7.8 epicenter), indicating this region as the most probable nucleation
point. In addition, we underscore that, while the Narli and Pazarcik
faults form an angle close to 32° the seismic ray path from the
epicenter to the optimal virtual nucleation point of the first subevent
(close to S3) forms an angle of about 45°-50° with the Pazarcik
fault, hence, compatible with the peak amplitude of the P-waves
radiation pattern.

These results provide good evidence that P-wave perturbations
from the Narli Fault may have dynamically triggered a segment of
the EAF compatible with our theoretical expectations. They also
support the critical role of dynamic stress transfer in complex
earthquake sequences. Finally, the precise timing compatibility,
combined with the exclusion of alternative triggering mechanisms
(e.g., S or Rayleigh waves) also proves the efficiency of P-wave-
induced stresses in initiating secondary ruptures on favourably
oriented fault segments. See Figure 6.

Subsequent fault patches activations from 30s to 80 s after
the earthquake origin time (not dynamically triggered by P-
waves) can be observed on the accelerograms recorded by stations
distributed along the East Anatolian Fault. In particular, using the
same velocity model and the same earthquake location procedure
described above, we were able to locate a subevent occurred at
01:18:31.35 UTC time along the Amanos segment of the EAF
(Lat 36.6422°N; Lon 36.2010°E, RMS = 1.755s), which is clearly
visible on the accelerograms of different stations of the TK seismic
network installed along that segment (Supplementary Figure S2).
This subevent is compatible with the small seismic moment
rate peak observed at about 60s of the source time function
estimated by USGS (U.S. Geological Survey, 2023a).

We have also applied an automatic picking procedure to identify
P-wave arrival of subevents which consists in finding relative
minima of the following processed signal (Tape et al., 2018)

R(t) =S, log,, {H[B[; ;1 (F1)]}, (15)
where F(t) represents the velocimetric measurements, B ol is
the bandpass filter in the range of frequencies [f,, f;,], H is the
Hilbert transform used to obtain the envelope of waveforms and
S, is a n-values moving average. This technique (Equation 15) has
been implemented as a further constraint with respect to manual
picking which are sensitive to first arrivals but cannot provide direct
information about the cumulative effect of the new subevent, which
is, conversely, clearly visible when the Hilbert transform is applied.

Similar analyses have also been carried out for the M, 7.5
earthquake. Using our manually picked first P-wave arrival times
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(A) Spectrogram and (B) full waveform (blue), 10 Hz high-pass filtered (orange), and double-integrated signal (green) of the Mw 7.8 6/2/2023

Kahramanmaras event.

from different stations of the KO and TK seismic networks, the
origin time of the event is 10:24:47.46 (UTC time) and its epicentral
coordinates are Lat = 38.0582°N and Lon = 37.2648°E, with RMS
= 0.45s. The closest station to the M,, 7.5 event is station 4611
of the TK seismic network, whose recording does not show a
clear activation of subevents and the frequency content observed
on the spectrogram is below 30 Hz (Supplementary Figure S3). On
the other hand, the activation of fault patches (corresponding to
different segments of the main East Anatolian Fault; as a reference
for detailed localization, see Ren et al., 2024) can be visible at
CMRD station of the KO seismic network (Figure 7), particularly
on the 10 Hz high pass filtered signal (orange accelerogram in
Figure 7B), where the subevent at time T2 could be compatible
with the activation of the western branch (segment two in
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U.S. Geological Survey, 2023b). Here a super-shear rupture velocity
was estimated by Melgar et al. (2023). This subevent is also clearly
visible at different stations of the TK seismic network installed
nearby the western branch (Supplementary Figure S4). The events
recorded at times T3 and T4 on the accelerogram of the CMRD
station (Figure 7) can be instead classified as early aftershocks. This
classification is because T3 and T4 occur more than 60 s after T1,
which represents the first P-wave arrival of the earthquake, whereas
the estimated duration of the source time function for the event is
approximately 35 s (U.S. Geological Survey, 2023b).

Figures 8, 9 represent the envelopes obtained by integrating
the three-component accelerograms of the Mw 7.8 and 7.5
Kahramanmarag earthquakes at the KHMN and CMRD stations
respectively. They are given by the formula R(#) described in the

frontiersin.org


https://doi.org/10.3389/feart.2025.1683922
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Zaccagnino et al.

10.3389/feart.2025.1683922

(A) 1 = P+P Theoretical | ' I ' l (B)
2> =——P+S Theoretical
. g 0.8 == S+P Theoretical i
o O P Obs. 20 )
N ao @ —Obs. Pwaves E 37°30'N
g =27 S Obs. +2¢
5 % 0.4 |___Obs. S waves
Z4
&02r 3
=
0L . ) . =
5 6 7 8 9 10 11 12 N
Arrival time (seconds)
(€) T 5370 [ ‘ ' 37°N
> i S2 1 ____ PDF localization first triggered
b L e | subevent (M 7.8)
g 0.15 |
[a] 1
2 01 i
g
=
o 0.05 <0
& 36°30'N - — -
5 20 35 0 15 36°E 36°30'E 37°E 37°30'E
Distance from epicenter (km) Longitude
FIGURE 6
Seismic wave arrival time analysis and probabilistic location of triggered earthquake. (A) Normalized probability distributions of theoretical arrival times
for P+ P (red), P + S (blue), and S + P (green) wave combinations, compared with observed P-wave (orange) and S-wave (light blue) arrivals at station
KHMN. Thin lines represent individual virtual nucleation point contributions, while thick lines show mean distributions. Shaded regions indicate the
probability density functions retrieved by assuming Gaussian distribution from +20 observational uncertainties. The observed P-wave arrival time shows
compatibility with P + P arrivals from nucleation points S2-S4 and P + S arrivals, but excludes S + P combinations, demonstrating P-wave triggering. (B)
Map showing the location of candidate virtual subevents’ epicenters from SO (corresponding to the Narli-East Anatolian Fault Junction) to S5. The
yellow star represents the epicenter of the Mw 7.8 Kahramanmaras earthquake. (C) Probability density function (PDF) for the location of the triggered
earthquake along the fault segment. Red circles indicate probability values at virtual subevent nucleation locations SO through S5. The light blue shaded
region represents the 68% credible interval, with the most probable nucleation region located between stations S2 and S4, most likely a few kilometers
NW to S3 (corresponding to latitude 37.4593° N and longitude 37.0237° E). The secondary event was triggered by P-waves approximately 29 km from
the mainshock epicenter, consistent with dynamic stress transfer from P-wave loading and their arrival time, as shown in (A).

previous paragraph with [ f,, = 9 Hz, f,, = 45 Hz|. In this model, the
high-frequency amplitude spectrum decays linearly on a log-linear
plot. When transformed into the time domain as an envelope (as
in the formula above), this shows a single peak followed by a near-
linear decay in the semi-logarithmic domain. We can take advantage
of this observation to identify multiple sub-events within a complex
mainshock. This procedure is efficient as long as the size of the
moving average is kept small, otherwise it may result in small offset
in the subevent picking. Each fault patch that slips during the rupture
is expected to generate a signal adding a further Brune-like pulse.
Therefore, each evident and distinct peak in the R(f) time series can
be interpreted as the signature of a separate sub-event occurring on
a different fault patch. The vertical red dashed lines in Figures 8,
9 stand for the arrival times at which the cumulated effect of the
accelerometric contribution of subevents becomes dominant in the
different components of the seismogram. They are automatically
picked using the procedure proposed by Tape et al. (2018).

5 Discussion

In our model, variations in rupture velocity exhibit a negative
correlation with the spatial changes in coseismic stress drop and
positive correlation with fault shear modulus. The amount of
spatial change in rupture velocity depends on the local spatial
average of stress drop: higher values correspond to lower amplitudes
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of the variation. Consequently, ruptures tend to accelerate at
transitions from younger to more mature faults and close to
the transition from less to more competent fault rocks, with the
former effect typically dominating. Considering this, coseismic
ruptures propagate at different speeds across patches characterized
by heterogeneous stress conditions, lithology, and geometrical
structures. The transition from one fault patch to another can
occur smoothly; however, fault systems are usually distributed
within extended crustal volumes with variable thickness and
fracture network, depending on the tectonic setting and the
history of the geological environment. These volumes consist of
intricated, rough and fractally distributed interfaces with different
stability conditions. So, dynamic stress propagation during the
coseismic process can proceed through jumps and the nucleation
of several subevents involving faults of various sizes and spatial
orientations.

In this context, we propose that P-waves nucleated from the
ongoing rupture can be enough to trigger secondary subevents along
strike. This effect is demonstrated to be more effective in regions
featured by elevated stress (in agreement with Equation 8).

Specifically, the idea that P-waves can dynamically trigger
secondary ruptures - including, eventually, super-shear subevents -
is not new and has been debated since at least the 2004 Parkfield
earthquake (Ma et al, 2008; Sleep, 2018). While these studies
highlighted the potential role of P-waves in transient super-shear
ruptures, observational limitations and the short duration of such
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FIGURE 7

(A) Spectrogram and (B) full waveform (blue) and 10 Hz high-pass filtered signal (orange) of the Mw 7.5 6/2/2023 Kahramanmaras event.

events made conclusive validations difficult. We propose that P-
waves generated during the primary rupture can indeed trigger
secondary subevents along strike, particularly in regions of elevated
stress (as supported by Equation 8). While the amplitude of P-waves
is limited, their efficiency as triggering agents depends critically
on fault orientation and stress state. The radiation pattern of P-
waves maximizes at +45° to the fault, where dilatational stress
changes may weaken the fault interface rather than directly shear
it. This property could be a further element supporting the role
of P-wave triggering in determining the super-shear transition
during the early stages of the Mw 7.8 2023 Kahramanmarag event
which was nucleated along a splay fault forming an angle of 30°
with the principal seismogenetic structure (Ding et al., 2023).
Along-strike triggering, however, remains plausible if the dynamic
stress field aligns favourably with the local fault geometry. A
key challenge in distinguishing P-wave from S-wave triggering
lies in the delayed radiation of seismic waves from secondary
subevents. Nevertheless, our model demonstrates that P-wave
triggering is dynamically viable, especially in heterogeneous fault
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zones where stress concentrations amplify triggering efficiency. By
integrating analytical constraints with observations from the 2023
Kahramanmarags sequence, we extend earlier theoretical arguments
(Ma et al, 2008; Sleep, 2018) to a broader range of rupture
scenarios.

Finally, we note that a Mach cone can be produced by the
envelope of seismic waves nucleated by different subshear-travelling
rupture envelopes along strike. However, the effect can be observed
at teleseismic distances, where low-frequency signals dominate
the spectral amplitude of seismograms, and the seismological
contribution of subevents is not significant. This test, although
requiring high quality near-field seismological investigation, may be
effective to classify seismic events into real super-shear ruptures or
envelopes of dynamically triggered sub-shear subevents.

It is worth noting that Mach cones have been identified
only in sparse cases and mostly by analysing seismograms at
teleseismic distances so far. Even in the case of the Kahramanmarag
Mw 7.8 earthquake, no complete agreement has been reached
(Liu et al., 2023; Xu et al., 2023; Ren et al., 2024; Rosakis et al., 2025).
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Therefore, further analyses are required to understand whether some
earthquakes usually considered as super-shear single ruptures are
instead the result of super-shear travelling rupture envelopes.

The apparent supershear mechanism proposed here, where
a cascade of dynamically triggered sub-events produces a high-
velocity rupture envelope - offers a possible explanation for a

Frontiers in Earth Science

12

subset of these observations integrating previous theoretical and
modeling research.

Andrews (1976) introduced the theoretical basis for supershear
transition of a single, coherent rupture front. The Andrews criterion
predicts that a rupture will accelerate beyond the Rayleigh wave
speed and potentially approach the P-wave velocity if the initial
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shear stress exceeds a critical level, a model refined by later
studies (e.g., Dunham, 2007). These models are applied on a
homogeneous media within which continuous fracture processes
occur. Our results are consistent with this physics at the local
scale; the individual sub-events in our cascading model propagate at
virtually steady velocities depending on rheology and spatial stress
gradient conditions on isolated patches. The key difference is that
while the Andrews framework describes rupture on a single fault
segment, our model operates at the scale of a fault system, where
heterogeneity is the dominant control on rupture style.

The work by Kaneko and Lapusta (2010), which uses multi-
cycle simulations to explore how fault zone complexity, including
segmentation, geometric bends, and variable friction properties,
governs rupture propagation shows that jump between segments,
arrest at barriers, and re-nucleations are possible, creating a
highly heterogeneous slip and rupture time distribution. Our
proposed mechanism provides the dynamic explanation for
one of the manifestations of this complexity: the cascading
triggering of fault patches generating apparent supershear fronts.
We quantitatively describe the physical process underlying these
jumps observed in such numerical simulations (e.g., Kaneko and
Lapusta, 2010; Venegas-Aravena et al., 2024) and observational
investigations (e.g., Huang et al., 2016). In this view, our model
can be seen as an analytical counterpart that captures the essential
kinematics of a dynamically cascading rupture within a complex
fault zone.

Therefore, we propose that macroscopic supershear rupture
velocity may arise for two different reasons.

1. True supershear ruptures governed by the Andrews (1976)
criterion, due to the physical conditions of evolution of
a single rupture front propagating through a relatively
homogeneous and optimally stressed medium; the signature of
this phenomenon is coherent Mach cone across from near-field
to teleseismic distances.

Apparent supershear ruptures governed by the dynamics of
heterogeneous fault systems which are properties of rupture
envelopes composed of multiple sub-events. A marker is a
Mach cone evident in teleseismic data but vanishing at regional
and local scales.

Additionally, we highlight the challenges of clear discrimination
between 1) and 2) since the ability to observe Mach cones in
near-field data is known to be sensitive to the homogeneity of the
propagation medium. Therefore, the absence of a clear Mach wave
observation in the near-field should not be considered as conclusive
evidence against true supershear ruptures.

This framework expands the interpretive toolkit available to
seismologists with a physical mechanism consistent with and likely
consequence of fault zone complexity. Indeed, field observations,
as well as satellite data and geodetic measurements, reveal that
seismic events in strike-slip zones occur along complex networks
of fractures, leading to heterogeneous slip amounts along strike.
A connection between kinematic and dynamic parameters of the
coseismic ruptures have been identified with geometrical properties
of fault systems, such as the presence of jogs, positive/negative flower
structures, and bends. Additionally, a topographic control on the
properties of seismic sources has been reported.
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Based on geological evidence, the concept that coseismic
processes can be approximated as purely frictional phenomena
consisting of strain waves travelling throughout smooth,
continuous, and relatively homogeneous fault interfaces (e.g.,
Yue and Lay, 2020; Yang et al, 2021; Yin et al, 2023) seems
to be too naive. This conclusion is supported by the evidence
of systematically lower double-couple percentage components
(on average with values <80% for major M5.5+ earthquakes)
in the focal mechanisms of strike-slip seismic events, even in
case of high-quality moment tensor inversion, with respect to
seismic events hosted in different tectonic settings (Rosler and
Stein, 2022; Zaccagnino and Doglioni, 2022) compatible with
cascading ruptures along multi-fault segments coalescing into large
seismic events.

Moreover, the self-similar nature of seismicity (Herrero and
Bernard, 1994) leads to speculate that earthquakes can be described
as cascades of several dynamically triggered subevents. Our model,
while more complex than conventional methods, is founded on
the concept that ruptures propagate through weak crustal volumes
(Zaccagnino et al., 2025). In this framework, fault interfaces are
not the primary energetic sources but act as passive railways that
channel and stabilize the slip of adjoining rock masses. This view
is not only compatible with the physical laws of seismicity but
also reconciles some geological and seismological observations
(e.g., Klinger, 2022). Our research does not question the classical
viewpoint on super-shear ruptures but emphasizes the importance
of understanding the underlying physical processes to develop more
realistic models (e.g., Xia et al., 2004; Bao et al., 2019; Weng and
Ampuero, 2019; Bao et al,, 2022). Our results suggest that the spatial
and temporal evolution of coseismic instabilities is characterized
by severe variability influenced by the triggering power of previous
subevents, stress criticality, spatial favourable orientation of fault
patches with respect to regional stress and directivity effects.
Hence, the predictability of the final size of seismic events in this
framework, given the initial conditions of ruptures, is limited by the
extreme variability of fault strength and detail stress distribution
in the brittle crust. Our conclusion is consistent with recent
research (e.g., Vavra et al., 2025) and previous observational and
theoretical investigations which associate earthquake predictability
to the features of the main broken asperity and energy budget
considerations (Wesnousky, 2006; Minchmeyer et al, 2022;
Barani et al, 2025; Venegas-Aravena and Zaccagnino, 2025).
Indeed, the key role in determining the final event magnitude
is played by the stability state of fault patches surrounding the
nucleation point.

6 Conclusion

Large strike-slip seismic events are usually characterized
by relatively low double-couple component, elevated complexity
of seismograms - which show modulations of amplitudes and
frequency content over time as well as of the temporal evolution of
the seismic moment rate - and apparently higher rupture velocity,
with some reported super-shear cases (Bao et al, 2022). The
latter possibility is supported by the observation of teleseismic
Mach cones.
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Here, we demonstrate that such evidence is compatible with the
occurrence of cascading dynamically triggered rupture envelopes.
We provide theoretical and observational support to our hypothesis
using analytical modelling of the expected connection between
rupture velocity and dynamic and rheology properties of the fault
interface, feasibility of P-wave triggering and theoretical explanation
of teleseismic Mach cones. We suggest that it would be possible to
discriminate between real vs. apparent super-shear seismic events
(i.e., single ruptures vs. envelopes travelling faster than shear
waves) by checking the local/regional evidence of Mach cones.
In the first case, the Mach cone should still be observed at local
scales, while in the second one no effect is expected (Figure 4B).
We apply our model to the analysis of the two Mw 7.8 and
7.5 mainshocks of the 2023 Kahramanmaras seismic sequence.
Our results suggest that part of currently avowed super-shear
seismic events may rather be super-shear envelopes of sub-shear
cascading ruptures.

Our work has implications for earthquake physics and seismic
predictability, being coseismic processes themselves cascades of
dynamically triggered subevents. It has implications for the
prediction horizon of large earthquakes which would be bounded
within a fraction of duration of the seismic event itself. This
view challenges attempts to forecast the final size of the whole
seismic event beyond the extension of the asperity where the
nucleation occurs.
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