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to accommodate trade-offs and unresolved parameters. Nevertheless, the parameter space of
future dynamic inversions might be minimized by jointly inverting for τ0−σnf0. Additionally, we
find a locally high anticorrelation between ṡinit and b−a for the afterslip above the hypocenter
(Fig. 2.A22).

The dynamic source inversion approach facilitates computing fundamental earthquake source
parameters such as radiated energy and fracture energy while simultaneously relying on observed
data and the underlying physics. Fig. 2.A23 displays histograms of various coseismic and
postseismic rupture parameters of the best-fitting model ensemble. We find an ensemble average
radiated energy of 2.19 × 1013 J and an average coseismic fracture energy of 8.30 × 1013 J,
which translates to an average radiation efficiency of 21% .

2.4 Discussion

2.4.1 Mixed crack- and pulse-like rupture dynamics governed by local
fault heterogeneity

It remains debated whether earthquakes predominantly propagate as cracks or as pulses (Heaton,
1990). For example, Lambert et al. (2021) hypothesize that large megathrust events mainly
rupture as ‘mild’ cracks whereas crustal strike-slip faults rupture in the form of self-healing
pulses. We infer a clear transition from pulse-like to crack-like (see Sec. 2.A10) coseismic
rupture of the crustal strike-slip 2004 Parkfield earthquake. This may indicate that the style
of earthquake rupture rather depends on local rheological and frictional properties than on the
regional tectonic setting and that one earthquake may comprise more than one rupture style
(e.g., Gabriel et al., 2012).

We analyze the spatial correlation between rise times and dynamic parameters (Fig. 2.A24)
of our preferred model (PM) to understand the underlying factors causing the coseismic rupture
style transition. The overall geometrical simplicity of the Parkfield segment suggests that
the observed rupture behavior is driven mainly by initial stresses and specific local frictional
properties. While rise time does not correlate with the prestress τ0 (correlation coefficient cc =
-0.05), it depends on the interplay between f0 − fw, b− a, and L. The reference friction drop
exhibits the highest (anti-)correlation of -0.59 with rise time. The largest rise times are reached
when the reference friction drop is smaller than 0.05. L shows an anticorrelation (-0.39) with
rise time and b − a shows a positive correlation of 0.47 with rise time. These results imply
that a velocity-weakening regime, with small L and small f0− fw, promotes crack-like rupture.
The observed anticorrelation between rise time and reference friction drop is consistent with the
dynamics of self-healing rupture pulses (Brune, 1970; Heaton, 1990). From theory (Perrin et al.,
1995; Zheng and Rice, 1998) and previous numerical studies (e.g., Gabriel et al., 2012), we
expect that for dynamically sufficiently weak faults the selection between cracks and pulses, and
their coexistence, has a non-trivial dependence on initial conditions. However, healing fronts
emerging from coseismic rupture termination also locally reduce rise times, as seen above the
hypocenter and at the northwestern end of coseismic rupture (see Movie 2.A1 in Sec. 2.A11).
Contrary to our results, Ampuero and Rubin (2008) report an anticorrelation between b − a
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and rise time. Velocity-strengthening regions affect these correlations. When only considering
velocity-weakening parts, the correlations between rise time and b− a, f0 − fw, and L, change
to 0.39, -0.71, and -0.30, respectively. We conclude that a complex interplay of fault-local
dynamic parameters determines the rupture style.

In our PM, both rupture styles produce vastly varying seismic radiation. Fig. 2.A25 shows a
waveform comparison with synthetics generated by a 5 s version of our PM, including only the
initial pulse-like phase. The short model’s overall seismic variance reduction reaches 95.3% of
the full model’s variance reduction, but the short model cannot explain the displacements mea-
sured by the GPS stations. The initial pulse-like phase produces most of the seismic radiation
while accounting only for 35.7% of the seismic moment, in agreement with observations (All-
mann and Shearer, 2007).

This is consistent with our inferred gradual transition from the coseismic to the postseis-
mic phase. Coseismic rupture dynamics initiate as a strongly radiating phase, followed by a
mildly radiating phase, which only weakly imprints on the seismic data but produces dynamic
perturbations in the GPS data (Jiang et al., 2021). Finally, aseismic afterslip dominates with
rise times increasing with time and distance from the coseismic rupture area (Fig. 2.7). These
results highlight the importance of complementary data sets to infer kinematic and dynamic
source models and have important implications for seismic hazard assessment: Similarly sized
earthquakes can cause vastly different ground motions based on the dominantly operating rup-
ture style, and large earthquakes can experience strong local amplifications due to dynamic
rupture complexity (Schliwa and Gabriel, 2023).

2.4.2 Rupture duration and rupture speed variability

We observe locally pronounced variations in rupture speed in the dynamic inversion, with rup-
ture durations exceeding those inferred from many kinematic source models (e.g., Custódio
et al., 2005, 2009; Liu et al., 2006). The rupture speed changes cause a bimodal moment rate
function, which together with the long rupture duration are stable features of the best-fitting
model ensemble (Fig. 2.A26). Fletcher et al. (2006) determined the rupture velocity using
back-projection, identifying the last well-correlated high-frequency pulse at 4 seconds after nu-
cleation, 9 km from the hypocenter. This timing aligns with the changes in rupture speed and
rupture style in our dynamic inversion model (Fig. 2.A27). They did not find high-frequency
sources at the northwestern asperity, where we observe a mildly radiating crack-like rupture,
which produces only weak seismic radiation > 0.16 Hz (cf. Fig. 2.4 to 2.A25). In contrast,
Allmann and Shearer (2007) still found a burst of high-frequency seismic radiation originating
at the southern edge of the northern high-slip patch approximately 13 km northwest of the
hypocenter. Our model ensemble persistently features a strong rupture deceleration and sub-
sequent acceleration between the southeastern and northwestern parts of the rupture. Such
abrupt changes in rupture velocity can explain the observed high-frequency radiation (e.g.,
Madariaga, 1977; Shi and Day, 2013; Schliwa and Gabriel, 2023). Jiang et al. (2021) observed
that dynamic displacements measured with GPS stations, which are sensitive to lower frequen-
cies, lasted twice as long (60 seconds) as the shaking recorded with strong motion sensors.
This may help explain the rupture duration differences between our results and many kinematic
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models that rely solely on accelerometer recordings with frequencies > 0.16 Hz. Additionally, a
study analyzing near-fault strong ground motions reported no evidence of sustained supershear
rupture (Shakal et al., 2006), while some kinematic models require (near) supershear rupture
speeds that produce minimal slip (Custódio et al., 2005; Liu et al., 2006).

Different studies disagree on the potential supershear onset of the 2004 Parkfield earthquake.
Similar to the rupture speed in our PM, Custódio et al. (2009) reported a supershear rupture
onset with velocities above 4 km/s during the first second of their kinematic source model.
However, Ma et al. (2008)’s forward dynamic rupture model B does not exhibit an initial
supershear rupture velocity, while Twardzik et al. (2014)’s simple 2-ellipse dynamic inversion
model nucleates at supershear speed (3.8 km/s), illustrating the non-uniqueness of proposed
early rupture phases fitting observations with different model approaches. Dynamic rupture
simulations mostly employ prescribed nucleation procedures, which can introduce additional
challenges in accurately modeling rupture onset. We note that dynamically, supershear rupture
may initiate at the onset of rupture, without requiring propagating a certain distance, if the
fault is locally weak or highly prestressed (e.g., Gabriel et al., 2012). The above mentioned
models do not feature the strong rupture deceleration after 3 seconds. Fletcher et al. (2006)
also inferred a fast rupture onset but without reaching supershear speeds. In their study, the
rupture starts with a velocity of 3.3 km/s and then drops below 1 km/s. The observed drop in
rupture velocity aligns perfectly with the rupture deceleration in our PM (Fig. 2.A27).

The rupture speed change in our model ensemble is caused by a strong fault strength barrier
(Fig. 2.A28a) that extends from 8–3 km depth and also creates an afterslip gap (Fig. 2.9e).
This barrier is a well-constrained feature of our model ensemble and coincides with a low vs
area in along strike-direction imaged at 3 km depth (see Fig. 6d in Zeng et al., 2016), which
might represent a geological or rheological feature.

2.4.3 Dynamic rupture arrest

We find that distinct dynamic rupture-stopping mechanisms of different parts of coseismic
rupture correlate with locally distinct afterslip evolution.

During dynamic rupture, elastic strain energy release competes with the consumption of
fracture energy (Ke et al., 2018; Barras et al., 2023; Cocco et al., 2023). On a planar fault,
dynamic rupture terminates if (i) it dynamically runs out of available strain energy; or (ii) local
changes in normal stress or frictional conditions increase the required fracture energy or lead
to velocity-strengthening conditions. At three shallow locations (yellow lines in Fig. 2.8a),
coseismic rupture stops in regions with negative strength excess. Comparing the coseismic
rupture contours with the b−a distribution (Fig. 2.2b) reveals that dynamic rupture terminates
at these locations because it enters velocity-strengthening regions. Later, these three locations
form the origin of main afterslip patches (Fig. 2.6a). There is no or very little afterslip evolving
in regions where coseismic rupture is stopped due to local strength excess barriers.

The dynamic parameters L and ṡw additionally contribute to the dynamic rupture arrest.
When coseismic rupture propagates into velocity-strengthening parts of the fault, slip rates
cannot reach the locally increased ṡw values anymore (Fig. 2.2e), accelerating the rupture
arrest. L noticeably increases above and beneath the coseismic rupture area (Fig. 2.2d).
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However, rupture arrest in the along-strike direction is not associated with an increase of L.

2.4.4 Coseismic stress drop, friction drop and implications for the
heat flow paradox

Our modeled low average coseismic stress drop may reflect the Parkfield section’s comparably
short recurrence times. The PM’s average on-fault measured coseismic stress drop is 2.76 MPa
which is rather small. We compare the on-fault dynamic stress drop to a seismological Brune-
type stress drop estimate from calculating the average stress drop from the moment rate function
spectrum using the following equation (e.g., Kaneko and Shearer, 2014):

∆σef =
7

16

(
fc
kβ

)3

M0 , (2.3)

where fc = 0.156 Hz is the corner frequency of a Brune spectrum (Brune, 1970) fitted to
the moment rate function spectrum of the PM (Fig. 2.3a), β = 3600 m/s the average S-wave
velocity, M0 = 1.33 × 1018 Nm the seismic moment, and k is a constant depending on the
assumed source model. The resulting ∆σef = 2.72 MPa reproduces the average on-fault stress
drop when assuming k = 0.26, which is the value for S-wave spectra of the cohesive-zone
model by Kaneko and Shearer (2014). Allmann and Shearer (2009) found that moderate to
large strike-slip earthquakes have a median stress drop of 10 MPa when assuming the Madariaga
(1976) source model. We infer ∆σef = 5.16 MPa when using k = 0.21 from the Madariaga
source model, which is approximately half of the 10 MPa median value that Allmann and Shearer
(2009) inferred for moderate to large strike-slip earthquakes. The mean fc of the 10,500 models
of the best-fitting model ensemble is 0.159±0.018 Hz. Zhang et al. (2022) analyzed the spatial
variability of stress drops of Mw 0–4 earthquakes along the Parkfield section of the SAF. They
found exceptionally high stress drops close to the 2004 Parkfield hypocenter, which aligns with
the area where our dynamic models also exhibit the highest stress drops. This correlation may
reflect locally persistent frictional conditions that favor higher stress drop ruptures.

The SAF is a mature fault system that is assumed to operate under relatively low absolute
stress levels based on the absence of a heat flow anomaly (e.g., Lachenbruch and Sass, 1980;
Rice, 1992; Williams et al., 2004) and borehole measurements at the San Andreas Fault Ob-
servatory at Depth (e.g., Hickman and Zoback, 2004). The absence of a heat flow anomaly
above the SAF may be explained by statically strong and dynamically weak faults due to strong
dynamic weakening at coseismic slip rates or by an effectively low static fault strength with
respect to Byerlee’s law (Byerlee, 1978). A statically weak SAF may be caused by weak fault
gouge (Lockner et al., 2011) or elevated pore fluid pressure (Rice, 1992).

Using a friction law with a rapid-weakening mechanism at coseismic slip rates allows faults
to operate at low average shear stress (Noda et al., 2009; Ulrich et al., 2019a). Our PM
exhibits a small average reference friction drop (f0 − fw) of 0.058 within the coseismic rupture
area, which would not align with the concept of statically strong and dynamically weak faults.
However, the reference friction drop, is not necessarily representative of the effective friction
drop. The low-velocity steady-state friction fLV depends on the initial slip rate ṡinit, the
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reference slip rate ṡ0, and b− a (see Eq. 2.8 in Sec. 2.A8). The maximum friction coefficient
reached during rupture is not a prescribed model parameter but varies along the fault and
often exceeds f0, but rarely falls below this value. We calculate the effective friction drop as
fmax − fmin = τmax/σn − τmin/σn and infer an average value of 0.41 within the VW regions
of the coseismic rupture area of the PM. This larger effective friction drop is yet smaller than
expected from Byerlee’s law and a lithostatic pressure gradient.

We note that our ensemble of dynamic rupture models might be biased by the choice of
the initial model (IM), which has an even smaller average reference friction drop. Although we
cannot exclude that an alternative dynamic rupture model with a different reference friction
drop may fit the data, the construction of the IM (Sec. 2.3.1) demonstrates that considerably
larger fracture energy is likely incompatible with the earthquake’s large-scale rupture properties.
The comparably small average coseismic characteristic slip distance of 3 cm is approximately
25% of the expected value considering the earthquake’s magnitude and rupture size (Gabriel
et al., 2024; Palgunadi et al., 2024). As we cannot achieve a higher reference friction drop
without a shorter characteristic slip distance while preserving fracture energy, we consider a
higher friction drop dynamic model unlikely to be mechanically viable.

2.4.5 Negative coseismic stress drop may promote afterslip and af-
tershocks

In our PM, 7.9% of the coseismic rupture area exhibits a negative coseismic stress drop. We
find that the largest connected area of negative coseismic stress drop at 12–13 km northwest
to the hypocenter (Fig. 2.3c) coincides with the area of most afterslip within the extent of
the coseismic rupture (Fig. 2.6a). Mikumo and Miyatake (1995)’s dynamic rupture model of
the 1984 Morgan Hill earthquake featured negative stress drops to explain small slip over a
shallow fault section, which they associated with velocity-strengthening behavior (Quin, 1990;
Blanpied et al., 1991). Similar to Mikumo and Miyatake (1995)’s model, our results include
a small average strength excess, which likely promotes negative stress drops. Using dynamic-
weakening friction, Noda and Lapusta (2010) inferred regions of negative stress drop also for
velocity-weakening areas with slip larger than the average slip.

We observe that areas of negative stress drop align with the depth of increased aftershock
activity. Custódio et al. (2009) found that aftershocks tend to occur in regions of negative
stress change in a stress change model inferred from a kinematic slip model. Here, we observe
an interesting relationship between the aftershock locations and the slip distribution of our PM,
which is compatible with this observation. At the bottom and the lateral edges of the coseismic
rupture area, aftershocks are mostly located outside of the coseismic rupture area (Fig. 2.6c),
where a stress increase is expected (Fig. 2.A29). In contrast, the shallow aftershock clusters
between 4–6 km depth occur still within the coseismic rupture zone, where a static stress change
model would produce a negative stress change. In our rate-and-state friction model, shallow
rupture is often stopped by velocity-strengthening friction. The shallow aftershocks coincide
with the transition from a velocity-weakening to a velocity-strengthening regime (Fig. 2.2b).
Our model demonstrates that this transition zone can exhibit a considerable area of negative



44 2. Seismo-geodetic dynamic source inversion of the 2004 Parkfield earthquake

stress drop, which is compatible with increased aftershock activity.

2.4.6 Correlations of kinematic parameters

The relationship between kinematic parameters has been analyzed in previous ensembles of
dynamic rupture models (Oglesby and Day, 2002; Guatteri et al., 2004; Schmedes et al., 2010,
2012; Gabriel et al., 2013; Song et al., 2013; Mai et al., 2017; Vyas et al., 2023) and differences
may depend on the local heterogeneity of dynamic parameters. Schmedes et al. (2010) gener-
ated a correlation matrix of kinematic rupture parameters from > 300 heterogenous strike-slip
dynamic rupture models using linear slip-weakening or linear time-weakening friction. Consis-
tent with their results, we find correlations greater than 0.8 between rupture speed and peak
slip rate, as well as between rise time and slip for the best-fitting model ensemble (Fig. 2.A30).
While Schmedes et al. (2010) reported weak anticorrelations between rise time and peak slip
rate, and between rise time and rupture speed, our ensemble shows these as weakly positive.
Vyas et al. (2023) correlated kinematic rupture parameters of dynamic rupture models with
thermal pressurization and mostly homogeneous initial conditions. Contrary to our results, they
find anticorrelations between peak slip rate and slip, rupture speed and slip, and rise time and
peak slip rate. Despite the additional weakening effects due to thermal pressurization, we spec-
ulate that these differences stem primarily from the homogeneous initial conditions and simple
rupture dynamics, which create a shared dependence on rupture propagation distance.

2.4.7 Limitations and future developments

The dynamic inversion is constrained by frequencies up to 0.5 Hz which limits the spatial and
temporal resolution. However, due to the nonlinearity of the forward problem and the physics-
based constraints provided by rate-and-state friction, it remains challenging to directly infer the
achieved resolution from the data resolution. Nevertheless, small-scale features of our models
need to be interpreted with care. We use rise time differences to differentiate between rupture
styles, which appear reasonably constrained by the dynamic relations enforced by the friction
law. The dynamic inversion tracks the rupture front, and thereby, constrains the rupture speed.
The final model ensemble shows high rupture speeds near the hypocenter, consistent with
array-based rupture front tracking (Fig 2.A27, Fletcher et al., 2006) and previous kinematic
models (e.g., Liu et al., 2006; Custódio et al., 2009). High rupture speed correlates with
high peak slip rate in our best-fitting model ensemble, where the correlation coefficient is 0.85
(Fig. 2.A30). While the dynamic inversion constrains friction parameters and, consequently,
radiation efficiency, resolving whether there is a weak slip rate tail (Lambert et al., 2021) using
strong motion data alone is difficult. Similarly, the observational estimation of rise time remains
severely challenged by the limited resolution and inherent non-uniqueness of kinematic source
inversions (Ide et al., 2005; Page et al., 2011; Gallovič and Ampuero, 2015). However, in our
inversion, GPS data additionally constrain the modeled slip and the rise time of an impulsive
rupture with a high slip rate. This is supported by the rise time variability of the initial impulsive
phase within the model ensemble, which is mostly below 0.25 s (Fig. 2.9). We set the threshold
for computing rise time relatively high (> 0.1 m/s) to ensure reasonable constraints between
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crack- and pulse-like rupture (Sec. 2.A10).
Our 90-day afterslip simulation does not account for viscoelastic effects. Freed (2007)

suggest that the 2004 Parkfield postseismic deformation was solely caused by afterslip, and
viscoelastic relaxation and poroelastic rebound had no significant contribution. In distinction,
Bruhat et al. (2011) argue that viscoelastic relaxation is required to explain as much as 20% of
the postseismic displacement at the GPS station farthest from the source (LOWS, see Fig. 2.1a)
5 years after the earthquake. Based on their analysis, the contribution of viscoelastic relaxation
to near-source displacements during the early postseismic time may be negligible (see Fig. 8b
in Bruhat et al., 2011). There is also evidence for deep afterslip from substantial acceleration of
low-frequency earthquake (LFE) occurrences (Shelly and Johnson, 2011; Johnson et al., 2013),
deeper than our model domain.

Despite running more than 2 million dynamic rupture forward simulations, our inversion
visits only a tiny portion of the large model space associated with ≈ 1100 dynamic parameters.
Our inverse problem also has a large null space (model parameters not affecting the misfit)
because wide parts of the fault do not slip significantly, which can be realized by a wide
range of model parameters. By providing a reasonable IM and guiding the inversion during
the convergence phase by occasionally selecting our preferred model and restarting all Markov
chains with the chosen model, we were able to find an ensemble of models that explains the
coseismic and postseismic data, which is a similar approach to previous studies (Gallovič et al.,
2019b; Premus et al., 2022). However, our best-fitting model ensemble cannot be assumed to
be completely independent of the initial model. In particular, many parameter combinations can
facilitate dynamic rupture arrest without being constrained by subsequent afterslip. Parameters
in these regions have high uncertainties, low impact on the misfit, and may still depend on the
initial model. While the model uncertainties we provide represent ranges of parameters that can
fit the data, we cannot expect the uncertainty quantification to be mathematically complete in
a Bayesian probabilistic sense.

The overall similarity between models within the ensemble may bias the absolute correlation
coefficients. We find that the correlations between the different dynamic parameters of the
ensemble (Fig. 2.11) are generally low (< 0.5). However, the correlation coefficients of the
best-fitting model ensemble increase with the length of the Markov chains and might rise further
when the inversion is continued. Longer Markov chains would reduce the dependence on the
initial model.

The earthquake dynamic inversion problem suffers from the so-called “curse of dimensional-
ity” - the volume of the parameter space exponentially increases with the number of parameters.
Further increasing the computational resources consumed (>57,000 GPU hours for this study)
will likely be impermissible or at least highly inefficient because the error of the MCMC results
decreases more slowly with the number of steps (Sokal, 1997).

Instead, future methodological improvements may be achieved by either (i) the introduction
of advanced modeling methods or (ii) reducing the number of model parameters. With respect
to (i), new methods such as reduced-order modeling and machine learning techniques may aid
in considerably speeding up the forward model calculation (Rekoske et al., 2023). Physics-based
neural networks were recently applied to the rupture problem with rate and state friction and
allow for dynamic parameter estimation as part of the training process (Rucker and Erickson,
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2023). Recently, Stiernström et al. (2024) derived an adjoint-based inversion formulation for
dynamic rupture, which may reduce the time-to-solution of dynamic source inversions but
cannot provide model uncertainties. For (ii), reducing the number of control points by, e.g.,
decreasing their density at the edges of the fault or places with no expected slip will decrease
the dimensionality of the forward problem. However, increasing the density of control points
may open new possibilities to constrain the inversion, e.g., by correlating dynamic parameters
with properties of repeating small earthquakes (e.g., Abercrombie et al., 2020). Similarly, using
a simpler linear-slip weakening friction law requires fewer model parameters and computational
resources but can only capture coseismic rupture dynamics (e.g., Gallovič et al., 2019b). Lastly,
integrating additional datasets, such as surface creep data (Langbein et al., 2006) or InSAR,
given its much higher spatial resolution, may be promising future directions.

2.5 Conclusions

In this study, we conduct a joint dynamic rupture and afterslip finite-fault inversion of the
2004 Mw 6.0 Parkfield earthquake, resolving the spatial variability of prestress and fault friction
parameters across time scales. Using the best-fitting model ensemble, we delineate the uncer-
tainty bounds of dynamic model parameters and reveal their inherent trade-offs. The preferred
dynamic model unifies the complexities of co- and postseismic fault slip, jointly constrained by
seismic and geodetic observations.

We observe significant spatial heterogeneity in coseismic dynamic rupture and identify a
pulse-like rupture phase followed by a crack-like rupture phase. The two distinct coseismic
rupture phases are separated by a shallow strength barrier located 7–8 km northwest of the
hypocenter, which nearly arrests coseismic slip and subsequently causes a pronounced gap in
the 90-day afterslip evolution. Our joint rate-and-state framework elucidates distinct dynamic
rupture termination mechanisms, which are closely tied to the subsequent evolution of afterslip.
Dynamic rupture entering velocity-strengthening regions that host subsequent afterslip is a
well-resolved and persistent feature of our model ensemble. Across the entire area of fault slip,
including regions hosting afterslip, the spatial average of b− a levels at 0.000 (with a standard
deviation of 0.0059). Postseismic slip rate functions mostly resemble crack-like behavior with
rise times gradually increasing with distance to the edge of the coseismic rupture area. We detect
a backward propagating afterslip front, which aligns with delayed aftershock activity located
above the hypocenter. Our analysis provides data-constrained and physics-based estimates of
source parameters and their interactions.

We observe areas of negative coseismic stress drop that may explain the occurrence of shal-
low aftershock clusters within the coseismic rupture area. The inferred friction drop aligns with
a statically stronger and dynamically weaker Parkfield section of the San Andreas Fault. The
10,500 best-fitting model ensemble’s average coseismic radiation efficiency is 0.21, its coseismic
stress drop is 2.73 MPa, and its average postseismic stress drop is 0.39 MPa, despite similarly
large co- and postseismic moments. This study demonstrates how physics-based models us-
ing modern computational techniques can uncover new insights and unprecedented details of
well-recorded earthquakes.
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Appendices

2.A7 Data availability statement

All seismic data are obtained through the CESMD (Center for Engineering Strong Motion Data)
web service and we only use stations from the California Strong Motion Instrumentation Program
(CSMIP, California Geological Survey, 1972). We use processed coseismic and postseismic GPS
data by Jiang et al. (2021). The FD3D TSN (Premus et al., 2020) version and all required
input files to run the dynamic source inversion of the 2004 Parkfield earthquake are available
on Zenodo (doi: 10.5281/zenodo.11072717).

2.A8 Fast-velocity-weakening rate-and-state friction

We use a fast-velocity-weakening rate-and-state friction law (Ampuero and Ben-Zion, 2008;
Noda et al., 2009) to simulate coseismic and postseismic slip in the same modeling framework
(Premus et al., 2022). The following equations govern the fault’s frictional resistance (Fig.
2.1b Dunham et al., 2011a):

τ = σna arsinh

[
ṡ

2ṡ0
exp

(Ψ
a

)]
, (2.4)

dΨ

dt
= − ṡ

L

(
Ψ−ΨSS

)
, (2.5)

ΨSS = a log

[
2ṡ0
ṡ

sinh
(fSS

a

)]
, (2.6)

fSS = fw +
fLV − fw(
1 +

(
ṡ
ṡw

)8) 1
8

, (2.7)

fLV = f0 −
(
b− a

)
log

( ṡ

ṡ0

)
. (2.8)

Eq. 2.4 gives the frictional resistance τ , which depends on the normal stress σn, the direct
effect parameter a, the slip rate ṡ, the reference slip rate ṡ0, and the state variable Ψ. Eq. 2.4
is regularized to avoid divergence at ṡ = 0 (Rice and Ben-Zion, 1996; Lapusta et al., 2000).
Eq. 2.5 is an ordinary differential equation describing the evolution of the state variable Ψ. L
is the characteristic slip distance, and ΨSS is the steady-state value of the state variable, which
is given by Eq. 2.6. Eq. 2.7 computes the steady-state friction fSS, which depends on the
weakened friction coefficient fw, the slip rate ṡ, the weakening slip rate ṡw, and the low-velocity
steady-state friction coefficient fLV . At ṡ > ṡw, fSS drops rapidly from fLV to fw, with the 1/ṡ
behavior resembling thermal weakening processes at coseismic slip rates such as flash-heating
(Rice, 2006; Beeler et al., 2008). Eq. 2.8 calculates the low-velocity steady-state friction fLV

10.5281/zenodo.11072717
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from the steady-state friction coefficient, the slip rate ṡ and the reference slip rate ṡ0, and the
difference between the state evolution parameter b and the direct effect parameter a, which
determines if the frictional behavior is velocity-weakening (b− a > 0) or velocity-strengthening
(b− a < 0). We set the reference slip rate to 10−6 m/s, a common choice in dynamic rupture
simulations (Harris et al., 2018). We note that the initial slip rate ṡinit is a dynamic inversion
parameter (Table 2.1) and differs from the reference slip rate ṡ0.

2.A9 Bayesian inversion method

We use a Bayesian framework to formulate the inverse problem (Tarantola, 2005; Gallovič
et al., 2019a), where we sample the posterior probability density function (PDF) p(m|d) to
gain information on the likelihood of a set of dynamic model parameters m given the observed
seismic waveform and geodetic displacement data d:

p(m|d) = p(m)p(d|m)

p(d)
. (2.9)

We prescribe the prior PDF p(m) as a uniform distribution between the pre-selected dynamic
parameter bounds (see Table 1). The Bayesian evidence p(d) normalizes the posterior PDF.
The PDF of the data given a model p(d|m) is based on a least-square misfit between the
synthetics si(m) and the observed data di:

p(d|m) = exp

(
− 1

2

N∑
i=1

||si(m)− di||2

σ2
i

)
. (2.10)

N is the total number of stations, and σi are the standard deviations, which are assumed
to be uncorrelated and represent the combined uncertainty of the model and data errors.

We explore the model space with the Parallel Tempering Markov chain Monte Carlo (MCMC)
method (Sambridge, 2013). A Markov chain consists of a sequence of models where the
parameters of the next model depend only on the previous model. Model parameters are
randomly perturbed during each step, with the step size inferred from a log-normal distribution.
The new model is checked against the parameter bounds and is either directly discarded if
the bounds are violated or the algorithm runs the forward simulation and calculates the misfit.
Proposed models with a smaller misfit are always accepted. If the new misfit is larger, the
proposed model is accepted with a probability given by the Metropolis-Hastings rule (Metropolis
et al., 1953). The Parallel Tempering approach explores the model space using several parallel
Markov Chains, each with a temperature parameter T assigned. These Markov chains sample
a modified posterior PDF:

p(m|d, T ) = c1p(m)exp

(
− 1

T

1

2

N∑
i=1

||si(m)− di||2

σ2
i

)
. (2.11)

Markov Chains with higher T have smoother PDFs, which increases the probability of
accepting the next step and facilitates the escape from local minima. c1 normalizes the PDF.
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The Parallel Tempering algorithm proposes a temperature swap between the chains after
each iteration. The probability of each swap is based on the Metropolis-Hastings rule. Final
samples of the posterior PDF are drawn from the chains where T = 1. Sambridge (2013)
demonstrated that the Parallel Tempering method is well-suited for non-linear problems with
complicated PDFs and may converge more than 10 times faster than a non-tempered MCMC
approach. In our specific case, each MPI rank hosts 8 Markov Chains, two with T = 1, and
the other six temperatures are randomly drawn from a log-uniform distribution between 1 and
100, concentrating more values close to 1.

2.A10 Crack- and pulse-like rupture

The ratio of rise time to rupture duration is commonly used to distinguish between pulse-like
and crack-like rupture (Heaton, 1990). A ratio close to 1 indicates a crack-like rupture, while
a ratio << 1 suggests a pulse-like rupture. In this study, we refer to a rupture as pulse-like
when the ratio is < 0.1, which corresponds to a rise time of < 1.4 s for the PM, assuming
a rupture duration of 14 s. This criterion defines the rupture in the hypocentral region as
pulse-like. However, simply selecting a threshold for crack-like rupture is not straightforward,
as the ratio also depends on the local initiation time of the rupture episode. For instance, the
center of the northwestern asperity starts to rupture at 10 s simulation time but still reaches
rise times > 3 s and only stops when a healing front from the northwestern coseismic rupture
edge arrives, which indicates a crack-like rupture.

2.A11 Supplemental animations

Movie 2.A1: Coseismic slip rate evolution of the preferred dynamic rupture and afterslip
model. The black contour shows the coseismic rupture extent and the star marks the hypocen-
ter (https://drive.google.com/file/d/1B-7Rjp74u5fykC-TrOt3iZlvpfSkDdoI/vie
w?usp=sharing).

Movie 2.A2: 90-day postseismic slip rate evolution of the preferred joint dynamic rupture
and afterslip model. Light blue dots show aftershocks during the latest 20% of the time since
the mainshock and grey dots show the remaining aftershocks since the mainshock. The black
line shows the coseismic rupture extent and the star marks the hypocenter (https://drive.
google.com/file/d/1Dw2dQZgIMDg-2-quIBKg4Y9881dIHoHP/view?usp=sharing).

https://drive.google.com/file/d/1B-7Rjp74u5fykC-TrOt3iZlvpfSkDdoI/view?usp=sharing
https://drive.google.com/file/d/1B-7Rjp74u5fykC-TrOt3iZlvpfSkDdoI/view?usp=sharing
https://drive.google.com/file/d/1Dw2dQZgIMDg-2-quIBKg4Y9881dIHoHP/view?usp=sharing
https://drive.google.com/file/d/1Dw2dQZgIMDg-2-quIBKg4Y9881dIHoHP/view?usp=sharing
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2.A12 Supplemental figures

Initial model (IM)
based on “Model B” by Ma 
et al., (2008) and adjusted 

to the FVW RSF law

2004 Parkfield dynamic source inversion approach

Preferred joint dynamic 
rupture and 90-day afterslip 

model 

Inversion with 21 s 
coseismic phase followed 
by 69 s postseismic phase 

(generating ~500,000 
models)

Manually adjusting model to 
generate up to 90 days of 

afterslip matching Jiang et al. 
(2021) and Johanson et al. 

(2006)  

Optimized coseismic and early 
afterslip model

constrained by strong motion and 
coseismic GPS data

Joint dynamic rupture 
and 90-day afterslip 

starting model

Starting model for the sampling phase
with acceptable fit to coseismic and 

postseismic data

Inversion with 21 s 
coseismic phase and 90-day 

postseismic phase 
(generating ~700,000 

models)

Undisturbed MCMC 
inversion (generating 

~800,000 models)

Best-fitting model ensemble
containing 10,500 unique models 

for uncertainty analysis

Sampling phase
representing the Markov Chain Monte 
Carlo (MCMC) inversion with constant 
inversion meta-parameters 

Convergence phase
during which we manually modify model parameters, adjust weights, change the 
step size, and restart Markov chains across different MPI ranks

Figure 2.A12: Outline of the dynamic source inversion approach. The inversion is divided into
two main phases: the convergence phase (red box) and the sampling phase (blue box). The
sampling phase represents the Markov Chain Monte Carlo (MCMC) inversion in a strict sense,
i.e. without any further alternation of model parameters, data weights, step size, etc. (see Sec.
2.2.4). FVW = fast-velocity weakening, RSF = rate-and-state friction.
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Figure 2.A13: Dynamic parameters of the initial dynamic rupture model based on ”Model B”
of Ma et al. (2008). The parameters are bilinearly interpolated from the model grid (Fig. 2.1d)
onto the grid of the quasi-dynamic solver, which has a 400 m spacing. We consider parameters
to be unconstrained in all areas of the fault where the overall fault slip (coseismic + postseismic)
does not exceed 10 cm within a radius of 1.2 km. We do not show dynamic parameters on these
unconstrained fault grid points. The black line indicates the extent of the coseismic rupture,
and the star marks the hypocenter of the mainshock. (a) Prestress τ0. (b) Difference between
the state evolution and the direct effect parameter, b− a. (c) Reference friction coefficient f0.
(d) Characteristic slip distance L. (e) Weakening slip rate ṡw. (f) Initial slip rate ṡinit.
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Figure 2.A14: Coseismic dynamic rupture parameters of the initial dynamic rupture model based
on ”Model B” of Ma et al. (2008). Grey dots show 90-day aftershock locations (Neves et al.,
2022) projected on the planar fault plane, the black contour indicates the coseismic rupture
extent, and the star marks the hypocenter. (a) Moment release rate and moment magnitude.
(b) Coseismic slip. (c) Stress drop. (d) Local rupture speed and rupture front contours every
1 s. (e) Peak slip rate. (f) Rise time.



54 2. Seismo-geodetic dynamic source inversion of the 2004 Parkfield earthquake

Figure 2.A15: Observed (black) and synthetic (orange) seismic velocity waveforms from the ini-
tial dynamic rupture model based on ”Model B” of Ma et al. (2008), bandpass filtered between
0.16–0.5 Hz at the 30 stations used to constrain the inversion. Each waveform (synthetic and
observed) is normalized by the respective station’s maximum amplitude (Amp, in cm/s, either
synthetic or observed maximum). The observed waveforms at each station are cross-correlated
and time-shifted relative to the synthetics to maximize the variance reduction (VR) and to
account for unmodeled effects of topography and the 3D velocity structure.
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Figure 2.A16: (a) Coseismic horizontal static displacements at 12 GPS stations. Black and
orange arrows show observed (Jiang et al., 2021) and synthetic displacements from the initial
dynamic rupture model based on ”Model B” of Ma et al. (2008), respectively. The black
line indicates the fault trace, and the star marks the epicenter. Both synthetic and observed
coseismic displacements are given at 90 s after the rupture onset. (b) Postseismic evolution of
the normalized displacements at 11 GPS stations (excluding station CARH) during the first 90
days following the earthquake. Black curves show observations (Jiang et al., 2021), and orange
curves show the synthetics of our initial model. The time scale is logarithmic. For each station,
we annotate its variance reduction inferred after removing the coseismic displacement and its
maximum amplitude.
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Figure 2.A17: Derived quantities from the dynamic parameters of the initial dynamic rupture
model based on ”Model B” of Ma et al. (2008). The black contour indicates the coseismic
rupture extent, and the star marks the hypocenter. (a) Potential stress drop (τ0 − fwσn). (b)

Strength excess (f0σn − τ0). (c) S parameter
(

f0σn−τ0

τ0−fwσn

)
. In the rate-and-state framework,

these parameters represent only approximations because the minimum and maximum friction
coefficients are dynamically determined.
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Figure 2.A18: Stations used for constraining the inversion colored by their seismic variance
reductions obtained from the preferred joint dynamic rupture and afterslip model. The star
marks the epicenter and the black line shows the fault trace of our model’s planar fault.

Figure 2.A19: Mean postseismic slip rate of the PM calculated across the entire fault plane.
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Figure 2.A20: Dynamic rupture extent contours of the 10500 models of the best-fitting ensem-
ble. Orange and dashed orange lines show the mean rupture edge and one standard deviation
in both directions, respectively.
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Figure 2.A21: Mean distributions of the best-fitting model ensemble’s (a) prestress τ0, (c) b−a,
(e) reference friction coefficient f0, (g) characteristic slip distance L, and their corresponding
coefficients of variation CV (b,d,f,h). The model ensemble contains 10500 models. We mask
areas where the sum of coseismic and postseismic slip does not exceed 10 cm within 1.2 km,
which we consider unconstrained.
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Figure 2.A22: Spatial distributions of ensemble correlation coefficients of dynamic parameter
pairs (a) τ0 and ṡinit, (b) b− a and ṡinit, (c) L and ṡinit, (d) f0 and ṡinit. The black contour
indicates the extent of the coseismic rupture, and the star marks the hypocenter. We mask
areas where the sum of coseismic and postseismic slip does not exceed 10 cm within an area of
a radius of 1.2 km, which we consider unconstrained. ṡinit is set constant in velocity-weakening
regions, which strongly affects correlations within the coseismic rupture area.
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Figure 2.A23: Histograms of various coseismic and postseismic rupture parameters of the best-
fitting model ensemble containing 10500 unique joint dynamic rupture and afterslip models.
Legends of each subplot show mean values, standard deviations σ, and coefficients of variation
CV (ratio of the standard deviation to the mean) for quantities with an absolute zero.
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Figure 2.A24: Rise times of each grid point of the preferred joint dynamic rupture and afterslip
model plotted against (a) τ0, (b) b − a, (c), reference friction drop f0 − fw, (d) L. Subplot
legends show correlation coefficients between both variables.
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Figure 2.A25: Observed (black) and synthetic (dashed green) velocity waveforms from a 5 s
version of the preferred joint dynamic rupture and afterslip model (including only the initial
pulse-like rupture phase) filtered between 0.16 and 0.5 Hz at the 30 stations used to constrain
the inversion. The reference model’s waveforms (21 s simulation duration) are shown in orange.
Each waveform is normalized by the respective station’s maximum amplitude (Amp in cm/s).
The variance reductions (VR) of the 5 s version are annotated. The observed waveforms at each
station are shifted relative to the reference synthetics to account for the effects of topography
and the 3D velocity structure by maximizing the VR.
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Figure 2.A26: Coseismic moment rate functions of the best-fitting model ensemble, shown
with their associated mean ± 1σ. The model ensemble consists of 10,500 models. Rupture
durations are defined as the time intervals during which the moment rates exceed 10% of the
lower bound of the standard deviation (mean - 1σ) at its maximum.
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Figure 2.A27: (a) Fig. 10 from Fletcher et al. (2006) showing source locations of the 2004
Parkfield rupture, tracked with a short baseline array, plotted as distance along strike versus
rupture time. Dashed lines show the rupture velocities as a fraction of vs = 3.52 km/s. Colors
indicate average correlations. The along-strike direction is flipped compared to other figures in
this study. (b) Rupture times of slipping grid points in our PM plotted against distance from
the hypocenter, tracking the rupture front during the first 6.5 s. Dashed black lines represent
the same rupture velocities as in (a). The dashed red line shows the mean rupture velocity
between the best-correlated sources 7,8 and 16,17 in (a). Locations of the best-correlated
sources identified by Fletcher et al. (2006) agree well with the rupture front in the PM.



66 2. Seismo-geodetic dynamic source inversion of the 2004 Parkfield earthquake

Figure 2.A28: Means of the best-fitting model ensemble’s (a) initial strength excess (f0σn−τ0),
(c) coseismic stress drop (e) coseismic fracture energy distributions, and the corresponding
standard deviations (b,d,f). The model ensemble contains 10500 models. We only show the
strength excess where coseismic and postseismic slip combined exceed 10 cm somewhere within
a radius of 1.2 km, which we consider as constrained by the inversion.

Figure 2.A29: Coseismic stress change of the preferred joint dynamic rupture and afterslip
model. The black line indicates the coseismic rupture extent and the star marks the hypocenter.
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Figure 2.A30: Correlation matrix of kinematic parameters of the 10,500 models of the best-
fitting ensemble, following Schmedes et al. (2010). We correlate dynamic parameters only on
those points of the fault where the ensemble mean peak slip rate exceeds 0.1 m/s and exclude
the nucleation region. The rupture speed is normalized by the fault-local S-wave velocity.

Figure 2.A31: Mean distributions of the best-fitting model ensemble’s (a) weakening slip rate
ṡw, (c) initial slip rate ṡinit, and the corresponding standard deviations (b,d). The model
ensemble contains 10500 models. We hide areas where the sum of coseismic and postseismic
slip does not exceed 10 cm within 1.2 km, which we consider unconstrained. For the weakening
slip rate ṡw, we only consider coseismic slip.
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2.A13 Supplemental tables

Table 2.A2: 1D velocity profiles on the southwest and northeast side of the fault (Custódio
et al., 2005) used to calculate the Green’s functions. The dynamic rupture solver uses the
average velocity profile. Q values are based on vs: Qs = 0.1 vs (in m/s) and Qp = 1.5Qs

(Olsen et al., 2003).

Lower extent [km] vp [m/s] vs [m/s] Density [kg/m3] Qp Qs

southwest
1.0 2000 1100 2000 165 110
2.0 3500 2000 2300 300 200
3.0 4500 2500 2300 375 250
3.5 5200 3000 2500 450 300
5.8 5700 3200 2700 480 320
14.1 6200 3600 2700 540 360
17.1 6800 3600 2800 540 360
20.4 6800 4300 2800 645 430
∞ 7300 4300 2800 645 430

northeast
1.0 2000 1100 2000 165 110
1.8 3500 2200 2300 330 220
2.1 4200 2800 2300 420 280
3.4 4800 2700 2300 405 270
3.9 5200 2800 2300 420 280
8.3 5300 3200 2700 480 320
12.7 5700 3700 2800 555 370
17.5 6500 3800 2800 570 380
20.3 6700 4300 2800 645 430
∞ 7300 4300 2800 645 430

average
1.0 2000 1100 2000 165 110
2.0 3500 2100 2300 315 210
3.5 4400 2700 2300 405 270
5.8 5500 3000 2500 450 300
12.7 5800 3600 2700 540 360
17.1 6500 3800 2800 570 380
20.3 6800 4300 2800 645 430
∞ 7300 4300 2800 645 430
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Table 2.A3: Step size ranges of the model parameter perturbations during the inversion. The
parameter perturbations are drawn from a log-normal distribution and the step size represents its
relative standard deviation. The step size is successively reduced to keep the model acceptance
rate reasonable.

Label Parameters Log-normal step size (in % )

τ0 Shear prestress 0.3–2.0
b state evolution parameter 0.3–2.0
f0 Reference friction coefficient at ṡ0 = 10−6 0.3–2.0
L Characteristic slip distance 0.3–2.0
ṡw Weakening slip rate 0.3–2.0
ṡinit Initial slip rate 2.0
hx Along-strike position of nucleation patch 0.3–2.0
hz Along-dip position of nucleation patch 0.3–2.0
rnuc Radius of the nucleation patch 0.3–2.0
σnuc Stress increase within the nucleation patch 0.3–2.0
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Chapter 3

Equivalent near-field corner frequency
analysis of 3D dynamic rupture
simulations reveals dynamic source
effects

Abstract

Dynamic rupture simulations generate synthetic waveforms that account for non-linear source
and path complexity. Here, we analyze millions of spatially dense waveforms from 3D dynamic
rupture simulations in a novel way to illuminate the spectral fingerprints of earthquake physics.
We define a Brune-type equivalent near-field corner frequency (fc) to analyze the spatial vari-
ability of ground motion spectra and unravel their link to source complexity. We first investigate
a simple 3D strike-slip setup, including an asperity and a barrier, and illustrate basic relations
between source properties and fc variations. Next, we analyze > 13,000,000 synthetic near-field
strong motion waveforms generated in three high-resolution dynamic rupture simulations of real
earthquakes, the Mw 7.1 2019 Ridgecrest mainshock, the Mw 6.4 Searles Valley foreshock, and
the Mw 7.3 1992 Landers earthquake. All scenarios consider 3D fault geometries, topography,
off-fault plasticity, viscoelastic attenuation, 3D velocity structure, and resolve frequencies up to
1-2 Hz.

Our analysis reveals pronounced and localized patterns of elevated fc, specifically in the
vertical components. We validate such fc variability with observed near-fault spectra. Using
isochrone analysis, we identify the complex dynamic mechanisms that explain rays of elevated
fc and cause unexpectedly impulsive, localized, vertical ground motions. While the high vertical
frequencies are also associated with path effects, rupture directivity, and coalescence of multiple
rupture fronts, we show that they are dominantly caused by rake-rotated surface-breaking rup-
ture fronts that decelerate due to fault heterogeneities or geometric complexity. Our findings
highlight the potential of spatially dense ground motion observations to further our understand-
ing of earthquake physics directly from near-field data. Observed near-field fc variability may
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inform on directivity, surface rupture, and slip segmentation. Physics-based models can identify
“what to look for”, for example, in the potentially vast amount of near-field large array or
Distributed Acoustic Sensing (DAS) data.

3.1 Introduction

The advances of seismic array analysis (e.g., Rost and Thomas, 2002; Dougherty et al., 2019;
Arrowsmith et al., 2022), the rise of Distributed Acoustic Sensing (DAS, e.g., Zhan, 2019) and
detailed displacement analysis using high-rate GNSS networks (e.g., Madariaga et al., 2019;
Paziewski et al., 2020) highlight the potential of dense ground motion observations. Near-field
recordings of well-instrumented earthquakes (Sieh et al., 1993; Chung and Shin, 1999; Langbein
et al., 2005; Ross et al., 2019) have revealed large variability of ground motions which may
originate from local site, path, and source effects (Shakal et al., 2006; Ripperger et al., 2008).
For example, Olsen et al. (2008) report “star burst patterns” of increased ground motion peak
values radiating out from the San Andreas fault where a dynamic rupture pulse changes abruptly
in either speed, direction, or shape.

Concurrently, numerical forward simulations of earthquakes, combining realistic modeling of
seismic sources and wave propagation, have advanced tremendously over the last decades and
can provide realistic and spatially dense ground motion synthetics. Earthquakes on prescribed
finite-fault geometries are modeled using kinematic (Ben-Menahem, 1962; Haskell, 1964) or
dynamic (Madariaga, 1976; Andrews, 1976b) approaches. Kinematic models prescribe co-
seismic slip evolution and are computationally more efficient but do not guarantee a physically
consistent source description (e.g., Tinti et al., 2005b). Dynamic rupture models provide me-
chanically viable descriptions of how faults yield and slide based on laboratory-derived friction
laws and can provide physics-based correlations among macroscopic earthquake rupture param-
eters, such as slip rate and rupture time (Guatteri et al., 2004; Schmedes et al., 2010; Savran
and Olsen, 2020; Vyas et al., 2023). High-performance computing allows deterministic model-
ing of the broadband seismic wavefield in the near-field of kinematic and dynamic earthquake
models across the bandwidth of relevance for earthquake engineering (e.g., Heinecke et al.,
2014; Withers et al., 2018; Rodgers et al., 2019; Taufiqurrahman et al., 2022a). A high degree
of realism of 3D physics-based forward simulations can be achieved by integrating observational
datasets, such as high-resolution velocity structure and topography (e.g., Small et al., 2017;
Pitarka et al., 2021), as well as physically relevant mechanisms beyond elasticity and simple
source geometries, such as fault zone plasticity, viscoelastic attenuation, and fault roughness
and segmentation (e.g., Shi and Day, 2013; Roten et al., 2017; Wollherr et al., 2019; Li et al.,
2023a; Taufiqurrahman et al., 2023).

Various connections between earthquake source complexity and the variability of observed
and modeled strong ground motions have been identified. Surface-breaking of dynamic rupture
can cause large fault-parallel ground velocity pulses (Kaneko and Goto, 2022). High-frequency
and high-intensity radiation that dominates ground acceleration can be generated by abrupt
changes in rupture velocity, heterogeneity of slip or slip rate, or variations in fault geometry
(Madariaga, 1977, 1983; Spudich and Cranswick, 1984; Hartzell et al., 1996; Madariaga et al.,
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2006; Shi and Day, 2013). Small-scale ruptures in laboratory experiments and large earthquakes
analyzed using back-projection emit high-frequency radiation close to the rupture tip (e.g.,
Marty et al., 2019; Li et al., 2022). Pulido and Dalguer (2009) analyzed the high-frequency
radiation of large-stress drop regions (“asperities”) and areas with a larger strength excess
than their surroundings (“barriers”). They found that most of the high-frequency radiation
during the 2000 Tottori earthquake originated from only 20% of the total asperity area, thereby
highlighting the local character of the generating mechanism(s). Envelope inversions of ground
accelerations show that high-frequency waves mainly radiate near the periphery of the fault
plane or at the boundary of large slip areas (Zeng et al., 1993; Kakehi and Irikura, 1996). Using
a hybrid back-projection method, Okuwaki et al. (2014) observed that strong high-frequency
radiation precedes the large asperity rupture of the 2010 Mw 8.8 Chile earthquake.

Recent observational data analyses imply that high-frequency radiation may strongly cor-
relate with fault trace “misalignment” (Chu et al., 2021), i.e., geometric fault complexity.
Adda-Bedia and Madariaga (2008) showed theoretically that a rupture front turning at a fault
kink generates a burst of high-frequency radiation aligned with a jump in particle velocity, which
has also been observed in 3D dynamic and kinematic rupture simulations (Oglesby and Mai,
2012; Li et al., 2022). Zhang and Ge (2017) reported peaks in high- and low-frequency seismic
energy release at a stepover rupture during the 2014 Mw 7.0 Yutian earthquake. Dynamic
rupture models of stepover faults (e.g., Lozos et al., 2014) show high-frequency peak ground
velocity bursts radiating beyond the slipping faults (Hu et al., 2018). While rupture directivity
affects dominantly low and intermediate frequency bands, it can cause most of the seismic
energy from a finite rupture to arrive as a single large pulse and may increase the components’
average high-frequency radiation in a magnitude-dependent frequency band (Somerville et al.,
1997; Kane et al., 2013). The strength of directivity effects depends on the ratio of the mean
rupture velocity to wave-propagation velocity (Boore and Joyner, 1978). 3D dynamic rup-
ture simulations have shown that off-fault plasticity causes near-fault peak ground velocities to
saturate and increases the dominant period of such a directivity pulse (Wang and Day, 2020).

However, identifying and physically interpreting observable near-field ground motion com-
plexities remains challenging. Theoretical source models often assume simple, for example,
circular, source geometries and a constant sub-shear/sub-Rayleigh rupture speed. Dynamic
rupture simulations have demonstrated that this is rarely the case for large earthquakes (e.g.,
Ulrich et al., 2019a; Ulrich et al., 2019b; Harris et al., 2021; Yu et al., 2022; Jia et al., 2023).
Recent observational studies show that also small events exhibit considerable rupture complexity
and that their spectra often deviate from simple circular (ω2 decay) source models (e.g., Fan
and McGuire, 2018; Yoshida and Kanamori, 2023; Pennington et al., 2023). But even for the
best-recorded earthquakes, observations often miss the spatial resolution required to uniquely
relate ground motion variability to source complexity.

Here, we aim to systematically relate the spectral properties of synthetic strong ground
motions from 3D dynamic rupture earthquake scenarios to physics-based source complexity.
We analyze millions of synthetic waveforms from dynamic rupture simulations to illuminate the
spectral fingerprints of earthquake source mechanisms in the near-field. We define a spatially
variable Brune-type (Brune, 1970) corner frequency fc as a scalar proxy of a waveform’s relative
frequency content to analyze its variability in the vicinity of rupturing fault systems and associate
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it with different aspects of source complexity. We term fc as the equivalent near-field corner
frequency to avoid any confusion with far-field corner frequency analysis. We analyze four 3D
dynamic rupture models of increasing complexity for which we generate spatially high-resolution
ground motion synthetic seismograms. We identify distinct spatial patterns in fc that are
associated with fault geometry complexity, rupture directivity, surface rupture, or variable slip
distribution. We use isochrone theory (Spudich and Cranswick, 1984; Bernard and Madariaga,
1984) to locate the sources of high-frequency radiation and to interpret our results.

3.2 Methods

The average corner frequency of far-field source spectra can be used to estimate an event’s stress
drop (e.g., Brune, 1970; Thatcher and Hanks, 1973; Allmann and Shearer, 2009; Abercrombie,
2021), which requires a theoretical model of the source. The classical Brune (1970) model
describes the displacement amplitude spectrum A(f) of far-field body waves as follows:

A(f) =
Ω0

1 + (f/fc)2
, (3.1)

where Ω0 is the amplitude of the lowest frequency of the spectrum, fc is the corner frequency,
and f is a well-defined frequency band. The Brune-type spectrum is flat at low frequencies, with
Ω0 proportional to the seismic moment M0, and it has an ω−2 fall-off rate at high frequencies.
The corner frequency fc marks the transition between the two parts of the spectrum.

In this study, we aim to analyze the relative spatial variability of simulated spectra in the
near-field in distinction to inferring source properties, such as source dimensions or stress drop.
While we model not exclusively the near-field, we focus on near-field effects (see Sec. 3.A8).
In all our models, the respective S-wave travel times from the slipping faults to the model
domain boundaries correspond to 2-3 times the respective rupture duration. We adapt the
classical Brune (1970) model (Eq. 3.1) to determine near-field spectral corner frequencies.
We acknowledge that our application violates some of Brune (1970)’s underlying theoretical
assumptions: our simulated waveforms include non-negligible near-field terms, the effects of
topography and 3D velocity structure, and a clear separation between P- and S-wave spectra is
mostly impossible because the event durations are longer than the arrival time differences (e.g.,
Madariaga et al., 2019). Thus, we term the inferred spectral waveform property the equivalent
near-field corner frequency (fc).

First, we rotate the horizontal components of all synthetic seismograms into radial and
transverse components with respect to the absolute slip centroid of the respective dynamic
rupture model. We then apply a tapered body wave window to each time series to mitigate
the impact of later arriving surface waves. The body wave window effect is generally small,
except in the Searles Valley dynamic rupture simulation. The body wave window starts at the
P-wave arrival time. Its length is chosen as the rupture duration of the respective dynamic
rupture scenario added to an S-wave delay specifically calculated for each virtual station based
on its distance to the slip centroid. Notably, using this body wave window prevents a deflected
high fc ray in the Searles Valley foreshock dynamic rupture scenario from affecting our analysis.
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In other scenarios, its effect is negligible. With this approach, we disregard time-dependent
frequency content and focus our analysis on spatial variability.

Next, we Fourier transform the velocity waveforms and integrate the spectra by division with
iω. The order of these operations is important because computing the Fourier transform of an
already integrated displacement time series, which potentially contains static displacement and
is thus not periodic, can lead to spectra that are contaminated at all frequencies (Madariaga
et al., 2019). In the next step, we resample the spectrum to equally spaced sampling points
up to the numerically resolved maximum frequency of each simulation (see Sec. 3.A7). An
alternative approach would be to resample the spectrum to a logarithmic spacing (e.g., Ide
et al., 2003).

We solve Eq. 3.1 for all possible fc values in 0.005 Hz steps between the inverse of the body
wave window (always < 0.1 Hz) and 1.0 Hz, and evaluate the misfits between the simulated
and analytical spectra. We define the equivalent near-field corner frequency as the value of
all possible fc values, which leads to the smallest misfit. Theoretically, Ω0 in Eq. 3.1 is given
by the amplitude of the lowest frequency of the respective spectrum. However, the fit can
be generally improved by considering a mean amplitude value of the low-frequency part (e.g.,
Trugman, 2020). Here, we choose the mean value of the lowest frequency up to the respective
fc, which renders our approach robust for spectra that contain static displacements and are
not flat at the low-frequency part (e.g., station CLC in Fig. 3.A15). Note that this approach
differs from the classical Brune model where the amplitude is 1

2
of the long period level at fc.

However, this does not lead to a systematic underestimation at long-period levels (Figs. 3.A15
and 3.A16).

We use the Spectral Seismological misfit approach of Karimzadeh et al. (2018) for corner
frequency picking:

Misfit SS =
1

nf

n∑
i=1

|log A(fi)

ABrune(fi)
| , (3.2)

where fi are the discrete sample points of the spectra, and nf is the absolute number of sample
points. A(fi) are the spectral amplitudes of the synthetic waveforms and ABrune(fi) are the
amplitudes of the respective Brune-type spectra (Eq. 3.1). This approach has two major bene-
fits compared to a root-mean-square misfit. It is based on relative differences and, therefore, is
independent of the examined absolute amplitudes. Additionally, its logarithmic scaling prevents
overweighting of outliers in strongly oscillating spectra (e.g., Lindley and Archuleta, 1992).

We compute fc using parallelized Python code and exploiting efficient NumPy tensor oper-
ations (Harris et al., 2020). We openly provide our code (see Sec. 3.A9) that automatically
facilitates the loading of raw waveform data, preprocessing, and calculation of fc. For example,
our script requires approximately 23 minutes to process 3,000,000 waveforms of the Landers
earthquake dynamic rupture scenario using 30 processes. Input data loading is also parallelized
but does not optimally scale and uses approximately 50% of the computational runtime. We
perform the computations on an AMD EPYC 7662 64-Core processor with a 2 GHz clock speed.
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3.2.1 Isochrone theory

We use isochrone theory (Spudich and Frazer, 1984; Bernard and Madariaga, 1984) to interpret
the equivalent near-field corner frequency distributions. Isochrone theory assumes that close
to large earthquakes, most high-frequency ground motions are caused by direct P- and S-
waves generated at the rupture front (Madariaga, 1983; Spudich and Cranswick, 1984; Marty
et al., 2019). Under this assumption, high-frequency ground motions recorded at a station
can be derived from a series of line integrals instead of using the full surface integral of the
representation theorem.

In the framework of isochrone theory, the integration path for each time step consists only
of points on the fault associated with the high-frequency radiation that arrives at the observer
at the respective time step. These lines are called isochrones and are contour lines of the
sum of the rupture times and travel times to the respective station. Rupture time is defined
as the time at which the absolute slip rate at a point on the fault exceeds 0.001 m/s. The
ground velocities can be directly related to the isochrone velocity c, which is proportional to
the isochrone spacing as

c(x, z, r) = |∇st(x, z, r)|−1 , (3.3)

and ∇s is the surface gradient with respect to the fault coordinates (x,z), t is the isochrone
time (the sum of the rupture time and travel time), and r are the coordinates of the station.
Points on the fault where c is singular radiate particularly high frequencies. A prominent
example is supershear rupture and its associated S-wave Mach cones (Spudich and Frazer,
1984). Spatial variations in the slip velocity and temporal variations in the isochrone velocity
can cause comparable ground accelerations. Seismic directivity decreases isochrone spacing,
thereby increasing isochrone velocity (Spudich and Chiou, 2008). Thus, isochrone analysis
inherently captures the contributions of near-field directivity effects.

To use isochrone theory to analyze complex dynamic rupture scenarios, here, we mostly
use the peak slip rate time instead of the rupture (initiation) time. Peak slip rate time is also
associated with the rupture front but is often smoother and less prone to ambiguity, for example,
due to multiple rupture (and healing) fronts. We only assign peak slip rate times to points on
the fault where the peak slip rate exceeds 0.05 m/s for TPV5 and 0.1 m/s for the Ridgecrest
and Landers dynamic rupture models. In the following, we mostly show peak slip rate times
inferred from the dip-slip components to separate the vertical slip from the strike-parallel slip
and to isolate the effects of rake-rotated rupture fronts.

3.3 Results

We analyze the waveforms generated in 3D dynamic rupture simulations of a simple community
benchmark setup and three large-scale scenarios of real earthquakes. All four dynamic rupture
scenarios are detailed in Sec. 3.A7. In the following, “high-frequency” refers to frequencies
higher than approximately twice the inverse of the event duration, which is 0.22 Hz for the
community benchmark TPV5, 0.2 Hz for the Searles Valley foreshock, 0.14 Hz for the Ridgecrest
mainshock and 0.11 Hz for the Landers earthquake dynamic rupture scenarios. For the latter,
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we exclude the last and smallest subevent on the Camp Rock fault in this approximation, which
increases rupture duration but contributes weakly to the seismic moment.

3.3.1 TPV5 3D dynamic rupture community benchmark

We demonstrate the relationship between the source properties, high-frequency radiation, and
equivalent near-field corner frequency variations using the TPV5 USGS/SCEC 3D dynamic
rupture community benchmark (Harris et al., 2009). The benchmark’s domain is a homogeneous
elastic half-space; therefore, no path or site effects affect our analysis. We model a bilateral
strike-slip dynamic rupture passing an asperity and a barrier, regions with elevated or reduced
initial shear stresses, which significantly accelerate or decelerate the rupture, respectively (Fig.
3.1d).

Fig. 3.1e-h shows two pairs of isochrone contours on the fault plane and acceleration
waveforms of the respective virtual stations. Isochrones in subplot (e) are calculated by adding
the S-wave travel time at station T1 (located at x = −10 km and y = 30 km; Fig. 3.1b)
to the rupture time. The patch in the middle represents the overstressed nucleation area.
The rupture acceleration due to the left asperity causes an increased isochrone spacing to the
left side of the hypocenter and vice versa the rupture deceleration due to the right barrier
causes a decrease in isochrone spacing to the right side of the hypocenter. Fig. 3.1f shows the
corresponding acceleration time series of the transverse component at T1. Ground accelerations
are generally associated with high-frequency radiation and are proportional to changes in the
isochrone spacing (Spudich and Frazer, 1984). Every pronounced high-amplitude signal in the
accelerogram can be related to a specific rupture phase by comparing the time step with the
respective isochrone. For example, the accelerogram oscillations at 10 s are caused by the
nucleation, the two spikes at 11.5 s and 12.5 s represent the acceleration and deceleration at
the high-stress asperity, and the strongest pulse at 14.5 s results from stopping phases when
rupture reaches the prescribed left end of the fault.

Fig. 3.1g shows the peak dip-slip isochrones (the sum of the S-wave travel time and peak
dip-slip time) at station T2 (located at x = −35 km and y = 25 km; Fig. 3.1c). Those
points on the fault with peak dip-slip rates of less than 0.05 m/s are ignored because their
contribution to the radiated waves is negligible. We use a median filter favoring the dominant
isochrones to avoid oscillations where different rupture fronts have a comparable peak slip rate.
Fig. 3.1h shows the vertical ground accelerations at station T2, which are dominated by a
single spike shortly after 16 s. Isochrone analysis reveals that this spike is caused by a phase
of dip-slip acceleration and abrupt rupture arrest induced by a surface-reflected rupture front.
The large isochrone spacing (after 16 s, Fig. 3.1g) at the upper left side of the fault shows
this strongly accelerating dip-slip phase that abruptly stops at the left fault end. The dip-slip
phase originates from rake rotation at the dynamic rupture front, which is larger at shallow
depths and is significantly amplified when the rupture breaks the surface (Oglesby et al., 2000).
Such shallow rake rotation has been linked to geological features such as slickenlines (Kearse
and Kaneko, 2020) and increased tsunami hazards of strike-slip fault systems (Li et al., 2023a;
Kutschera et al., 2023).

The equivalent near-field corner frequency fc is not a direct measure of the high-frequency
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Figure 3.1: TPV5’s equivalent near-field corner frequency (fc) distribution of the (a) radial,
(b) transverse, and (c) vertical components of synthetic seismograms recorded at ∼900,000
virtual seismic stations in map view. The seismograms are generated in a bilateral strike-slip
3D dynamic rupture model including an asperity and a barrier embedded in a homogeneous
elastic half-space (the TPV5 SCEC/USGS community benchmark (Harris et al., 2009)). Black
lines indicate the fault trace, the star marks the hypocenter, and white triangles are stations
that are analyzed in subplots e-h. Orange lines mark different high-fc features. (d) Side-view
of the fault plane with rupture front contours in 0.5 s intervals. (e) Isochrone contours of
station T1 in 0.5 s intervals. (f) Transverse ground accelerations at station T1. Comparison
to isochrones allows associating pronounced high-amplitude signals with different stages of 3D
dynamic rupture propagation. Acc. = Acceleration; dec. = Deceleration; asp. = Asperity.
(g) Peak dip-slip isochrone contours of station T2 in 0.5 s intervals. (h) Vertical ground
accelerations at station T2.
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content of the modeled seismic wavefield but rather reflects a relative association between high
and low frequencies. Fig. 3.1a-c shows the fc distribution of the radial, transverse, and vertical
components of the synthetic seismograms recorded at ∼900,000 virtual stations in map-view.
We observe pronounced variability in fc. A thin ray of high fc in fault-normal direction, visible
in the radial and vertical components (Fig. 3.1a,c), reflects the nodal line of the P-SV radiation
pattern and is also present in other corner frequency studies of (near) symmetrical ruptures
(e.g., Kaneko and Shearer, 2015; Wang and Day, 2017) and in spectral estimates using data
of the Large-n seismic survey in Oklahoma (LASSO) (Kemna et al., 2020).

Rays of high fc form in the transverse components (Fig. 3.1b) at an angle of approximately
45° to the rupture propagation direction. These reflect the nodal planes of a strike-slip SH
radiation pattern centered at the hypocenter. The radiation pattern affects low frequencies
stronger than high frequencies (e.g., Takemura et al., 2009; Trugman et al., 2021), which leads
to a lack of low-frequency energy at the nodal planes and thus locally increases the measured
fc.

Figure 3.2: (a) Rake at t = 6 s of the TPV5 dynamic rupture model (Harris et al., 2009).
(b) Average rake of the 2019 Mw 7.1 Ridgecrest mainshock dynamic rupture model (Taufiqur-
rahman et al., 2023). (c) Average rake of the 1992 Mw 7.3 Landers dynamic rupture model
(Wollherr et al., 2019).

We observe two ray-like high-fc patterns at approximately the same 45° angle to the fault
trace in the vertical components (Fig. 3.1c), for example, where station T2 is placed. We link
these to the high-amplitude lobes of a strike-slip P-SV radiation pattern in the rupture-forward
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direction of a vertical high-frequency pulse caused by a rapidly accelerating and decelerating
phase of dip-slip during surface-breaking rupture, as shown in the isochrones in Fig. 3.1g.
We quantify the rake rotation related to shallow dip-slip to be only up to 10° (Fig. 3.2a).
Thus, the overall radiation is dominated by the strike-slip radiation pattern. Directivity effects
additionally sharpen the vertical ground motion pulse and contribute to the high fc. The
vertical-component high-fc bands are of considerably lower amplitudes on the right side of the
model domain. This is caused by the differences in bending of the rupture front due to either
high- or low-shear stress patches (Fig. 3.1d). Convex bending due to the submerged left, high
shear stress asperity leads to more abrupt decelerating of the surface-reflected rupture front,
generating more high-frequency radiation.

3.3.2 2019 Ridgecrest sequence

We analyze the relationship between the equivalent near-field corner frequency fc, isochrones,
and source complexity in Taufiqurrahman et al. (2023)’s 3D dynamic rupture scenario for the
2019 Mw 7.1 Ridgecrest mainshock. We also analyze the fc distribution of their Searles Valley
foreshock dynamic rupture model, which reveals additional path effects. In the following, we
refer to the dominant impact of the 3D velocity structure as “path effects” and not to the
effects of the also modeled intrinsic viscoelastic attenuation which may become more relevant
at higher frequencies than considered here. We note that we do not include (non-linear) site
effects in our models (Hu et al., 2021; Roten et al., 2023), as the surface S-wave velocities
considered in our models are mostly higher than 1.5 km/s (with exceptions being the Salton Sea
basin and the San Bernardino basin in the Landers model), and elastic moduli do not change
due to the passage of seismic waves (e.g., Niu et al., 2023). Fig. 3.3 provides an overview of
both dynamic rupture models, and Sec. 3.A7 includes a detailed description of the models.

The Ridgecrest mainshock dynamic rupture scenario ruptures primarily along an NW-SE-
trending continuous fault (F3 in Fig. 3.3c). The rupture starts as a bilateral crack that expands
away from the hypocenter. After 5 s rupture time, it terminates to the north due to a locally
lower prestress and a less optimal fault orientation. The southward rupture can not break
through the conjugate F2-F3 intersection at shallow depths due to the stress shadow caused by
the foreshock dynamic rupture scenario (Taufiqurrahman et al., 2023). Only deep decelerated
slip ”tunnels” the intersection and regrows as a pulse that ruptures again to the surface and to
the southeastern end of F3.

Fig. 3.4 shows the fc distribution of the three components of the Ridgecrest mainshock
dynamic rupture simulation, complemented by a map of the regional topography incorporated
into the model and the fault system surface traces. For each component, the equivalent near-
field corner frequencies are computed at approximately 1,800,000 virtual seismic stations with
a spacing of ∼500 m. The vertical components exhibit particularly high spatial variability in
the inferred fc.

We find that the directivity effects associated with the bilateral rupture lead to an elevated fc
at both ends of the main fault in the radial and vertical components (Fig. 3.4a,c and red dashed
lines in Fig. 3.5d). The corner frequency variability of the transverse component (Fig. 3.4b)
is smaller than that of the other components and resembles to first-order a strike-slip radiation
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Figure 3.3: Overview of the 2019 Ridgecrest sequence (linked Mw 6.4 Searles Valley foreshock
and Mw 7.1 Ridgecrest mainshock) 3D dynamic rupture models adapted from Taufiqurrahman
et al. (2023). (a) Fault geometry with slip distribution after both earthquakes and cross-cut
of the unstructured tetrahedral computational mesh colored by the used 3D variable S-wave
velocity (CVM-S4.26; Lee et al., 2014). (b) Seismic moment release rate for both, foreshock
and mainshock. (c) Slip rate snapshots across the orthogonal fault system at selected rupture
times, illustrating dynamic rupture evolution and complexity. The foreshock dynamic rupture
scenario is shown on the left side and the mainshock is on the right side.
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Figure 3.4: Map view of the Ridgecrest mainshock’s equivalent near-field corner frequency
(fc) distribution of the (a) radial, (b) transverse, and (c) vertical components of synthetic
seismograms simulated at ∼1,800,000 virtual seismic stations. The synthetic seismograms are
generated from the complex 3D dynamic rupture model of the 2019 Ridgecrest mainshock (Fig.
3.3). (d) Map view of the model’s topography. Black lines indicate the numbered fault traces,
triangles show near-field station locations and the star marks the epicenter.

pattern: fc is higher close to the nodal planes and lower where the wavefield amplitudes are
expected to be the largest.

A gap between two high-fc rays in the vertical components (orange lines in Fig. 3.5d)
is related to a major rupture complexity of the mainshock, the ”tunneling” dynamics at the
intersection with the orthogonal fault F2 (Fig. 3.3c). We compare the modeled acceleration
waveforms at synthetic stations located within the elevated-fc regions (stations R1 and R3)
with a station located in the gap in between the high-fc rays (station R2) in Fig. 3.5a-c.
The waveforms show that regions with high-fc values are associated with a high-frequency
acceleration pulse that is absent in the R2 accelerogram.

Fig. 3.5e,f shows the corresponding peak dip-slip isochrones at high-fc stations R1 and
R3, which we use to identify the origin of the acceleration pulses. The acceleration pulse at
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Figure 3.5: (a,b,c) Ridgecrest mainshock’s synthetic vertical ground accelerations at three
selected stations. (d) Map view of the equivalent near-field corner frequency (fc) distribution
of the vertical components of synthetic seismograms recorded at ∼1,800,000 virtual seismic
stations. The synthetic seismograms are generated from a complex dynamic rupture model of
the 2019 Ridgecrest mainshock (Fig. 3.3). Black lines indicate the fault traces, the star marks
the epicenter, colored dots show fc values of recorded ground motion spectra, and triangles
show the virtual station locations of the analyzed accelerograms. Orange and red lines mark
different high-fc features. (e,f) Peak dip-slip isochrones of stations R1 and R3.

R1 occurs shortly after 17 s simulation time. This 17 s pulse originates from an “isochrone
jump” at the intersection with the orthogonal fault F2 close to the surface. This isochrone
jump is caused by the abrupt stopping of the rupture at the intersection at shallow depth and
delayed activation of the fault area behind the intersection. The complex shape of the peak
dip-slip isochrones in the shallow area before the fault intersection (Fig. 3.5e) is caused by
a secondary surface-reflected rupture front, which involves a pronounced rake rotation (Fig.
3.2b). The complex dynamics of surface rupture, rake rotation, and abrupt rupture arrest at
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the geometric barrier formed by the fault intersection conjointly generate pronounced high-
frequency radiation in the vertical component. The high-fc ray, in which R1 is located (Fig.
3.5d), reflects a high-amplitude lobe in the rupture-forward direction of a P-SV radiation pattern
of this high-frequency dynamics.

The same mechanism of surface dynamic rupture, rake rotation, and arrest explains the
high acceleration pulse recorded at R3. This pulse occurs at 20 s which coincides with the
surface-breaking and rake-rotated rupture front stopping abruptly at the southern end of the
fault system. Its amplitude is higher since this station is closer to the fault, the directivity
effect is stronger, and rupture deceleration may appear as more abrupt. The isochrones show
the first upgoing rupture front, whereas the vertical acceleration pulses are associated with
the deceleration of the surface-reflected rupture front. This leads to a timing discrepancy
of approximately 1 s between the high-frequency pulse in the accelerogram and the rupture
stopping indicated by the isochrones.

The spectra of the observed near-field vertical ground motions show similar spatial variability
in fc as the dynamic rupture model of the 2019 Ridgecrest mainshock. In Fig, 3.5d, we show
the vertical fc values of the observed spectra at 17 near-field stations (Fig. 3.A15). The
observed fc values depend on azimuth and mostly resemble the synthetic fc map. Six stations
are located in rupture forward direction at the northern end of the fault system, and fc values
at four of these stations agree with our modeled values while fc at two stations is lower than in
our model. We may speculate, that a slightly different location of rupture arrest to the North
or unmodeled site effects cause this discrepancy. The station with the highest observed fc is
located at the southern end of the fault system where the strongest directivity is expected,
which agrees with our model. Fig. 3.A15 shows that the synthetic spectra generally reproduce
the observed spectra. The observed spectra fit the Brune model to first order, however, local
deviations in limited frequency bands also occur.

The dynamic rupture model of the Searles Valley foreshock initiates close to the F1-F2 fault
intersection (Fig. 3.3c). Right-lateral slip on F1 spontaneously ceases without reaching the
surface, which agrees with observations (Liu et al., 2019). The deep rupture on F1 activates
the conjugate, critically prestressed left-lateral fault F2. F2 ruptures entirely to its southwestern
end, accumulating most of the event’s slip and breaking the surface over its full length.

Although both events, the mainshock, and the foreshock, are rupturing the same fault
system their vertical fc distributions differ vastly. This illustrates that fc is dominated by
source effects. In Fig. 3.6d we observe a wide fc-shadow zone, an area of smaller than average
fc, in the rupture backward-directivity direction (NE) which reflects the dominantly unilateral
nature of the foreshock rupture. A thin ray of elevated fc within this shadow zone emits from
the small non-surface rupturing slip patch at the NW trending F1 (Fig. 3.3c). Our results show
high-fc structures (highlighted with dashed orange lines in Fig. 3.6d) pointing away from the
southwestern part of the primary fault F2, where the rupture breaks the surface. A gap in these
high-fc rays coincides with a small kink of the fault trace.

A pronounced feature in the vertical fc distribution of the Searles Valley foreshock is a
curved-path high-fc ray (dashed red line in Fig. 3.6d), which changes direction from west-
northwest to northeast. Its bent structure is caused by deflection at the strong velocity contrast
along the southern Sierra Nevada mountain range (Fig. 3.4d). An animation of the 3D wavefield
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Figure 3.6: Searles Valley foreshock’s synthetic and observed velocity seismograms of the (a)
East, (b) North, and (c) Up components at station WMF. In difference to Taufiqurrahman
et al. (2023), we here show seismograms not normalized and including higher frequencies,
lowpass-filtered to 0.5 Hz to highlight the match of the first wave packet. (d) Map view of the
equivalent near-field corner frequency (fc) distribution of the vertical components of synthetic
seismograms simulated at ∼1,800,000 virtual seismic stations (without picking a body-wave
window). The seismograms are generated from the complex 3D dynamic rupture model of the
2019 Searles Valley forehock (Fig. 3.3). Black lines indicate the fault traces, the star marks
the epicenter, and the triangle shows the location of the station WMF.

(see Sec. 3.A9) illustrates these locally strong path effects.
Seismic energy is directed in unexpected directions and significantly prolongs the observed

shaking duration at several stations, e.g., at station WMF. Fig. 3.6a-c shows synthetic and
observed waveforms at station WMF, which are lowpass-filtered at 0.5 Hz. In this frequency
range, the synthetic ground motions of the directly arriving wave packet agree well with the
observations (before 40 s). For the second wave packet, which is associated with the deflection
at the mountain range, there are significant differences between the synthetic and observed
waveforms. The synthetic wave packet arrives earlier, has a shorter duration, and contains
single high-frequent spikes in the EW and Z components. These differences may be explained
by a lack of small-scale subsurface heterogeneity in the 3D velocity model used in the dynamic
rupture simulation. Additional high-frequency wave scattering may prolong coda-shaking (e.g.,
Imperatori and Mai, 2012; Takemura et al., 2015; Taufiqurrahman et al., 2022a). The travel
time difference may be caused by underestimating the velocity reduction of a sedimentary basin
between the mountain range and the fault system in the used 3D velocity model (CVM-S4.26;
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(Lee et al., 2014)). In order to not omit late-arriving deflected waves, we derive fc values in Fig.
3.6d from the full-time series of the simulation (100 s duration after the nucleation) without
picking a body wave window. The same plot with selecting a body wave window is shown in
Fig. 3.A12. The body wave window removes the curved high-fc ray, but otherwise, the fc
distribution is nearly identical.

3.3.3 1992 Landers earthquake

The dynamic rupture model of the 1992 Landers earthquake by Wollherr et al. (2019) ruptures
across five fault segments (Fig. 3.7, and for an animation see Sec. 3.A9). Rupture nucleates at
the southern part of the Johnson Valley fault (JVF) and propagates northward. After 4 s, the
rupture migrates to the Kickapoo fault (KF) by direct branching. The Kickapoo fault connects
the rupture from the JVF to the Homestead Valley fault (HVF). The rupture nearly stops at a
fault bend at the HVF but then reinitiates and breaks up to its northern extent. While rupturing
the HVF, a second rupture front branches to the Emmerson fault (EF). At around 15.5 s, a
part of the EF is also activated by dynamic triggering from waves generated at the northern
part of the HVF. Multiple rupture fronts (including back-propagating rupture fronts) form when
the slower rupture front from direct branching reaches the part of the EF that was dynamically
triggered. The backward propagating rupture dynamically reactivates parts of the HVF and the
KF. After 22.3 s, a completely separate subevent on the Camp Rock fault (CRF) is dynamically
triggered by the superimposed waves generated at the EF and the northern part of the HVF.
The rupture completely stops after 30 s.

Fig. 3.8a-c shows the equivalent near-field corner frequency fc distributions of the Landers
dynamic rupture simulation computed at ∼1,000,000 virtual seismic stations. The vertical
components, as well as parts of the radial components, exhibit considerable spatial variability in
the inferred fc, whereas the spatial variability of fc of the transverse components is lower. The
vertical component shows a complex pattern of localized rays of increased fc, pointing away
from the fault trace. We observe a correlation between the distribution of fc in the vertical
and radial components which we interpret as an indication that the P-SV wave modes are
responsible for the observed rays.

Sharp changes of fc outline several low-velocity sedimentary basins, such as the Salton Sea
basin in the South and the San Bernardino and Los Angeles basins in the South-West. Low-
velocity sediment basins lead to sharp corner frequency increases of the P-SV mode at their
edges. While this is a plausible mechanism, we here clip the color map at sedimentary basins
and close to the fault, where static displacement and an inaccurate component separation due
to finite-fault effects distort the corner frequency determination and we omit these regions in
our interpretation.

We highlight the rays of high fc in the vertical components of the Landers model as dashed
lines in Fig. 3.9d. These rays mostly take off at an angle close to 45° to the rupture forward
direction, and they trace the curvature of the segmented fault system. South of the epicenter,
fc is generally lower, although this is overprinted by a local increase due to the Salton Sea basin.
Decreased southern fc is caused by the directivity effects of the north-northwestwards-directed
unilateral rupture, which prolongs shaking in the backward direction and mitigates the high-
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Figure 3.7: Overview of the 1992 Mw 7.3 Landers earthquake 3D dynamic rupture model
adapted from Wollherr et al. (2019). (a) Fault geometry with accumulated slip distribution
and cross-cut through the unstructured tetrahedral computational mesh colored by the used 3D
variable S-wave velocity (Shaw et al., 2015). (b) Seismic moment release rate. The Landers
dynamic rupture model (preferred model, orange) is compared to the optimal and average
moment rate release of the SCARDEC database (in black and dotted light gray, Vallée and
Douet, 2016) and the inferred moment rate based on the surface slip (in light blue, Kagan and
Houston, 2005). CRF = Camp Rock Fault; EF = Emerson Fault; HVF = Homestead Valley
Fault; KF = Kickapoo Fault; JVF = Johnson Valley Fault. (c) Slip rate snapshots across the
fault system at selected rupture times illustrating dynamic rupture evolution and complexity.
Rupture cascades across fault segments through direct branching and dynamic triggering.

frequency content. We note that analyzing the vertical components of the Landers model can
lead to a higher average fc since it consists of more sharply separated subevents and dip-slip
patches (Fig. 3.7; Das and Aki, 1977).
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Figure 3.8: Map view of the Landers earthquake’s equivalent near-field corner frequency (fc)
distribution of the (a) radial, (b) transverse, and (c) vertical components of synthetic seismo-
grams simulated at ∼1,000,000 virtual seismic stations. The seismograms are generated from
the complex 3D dynamic rupture model of the 1992 Landers earthquake (Fig. 3.7). We clip
the color map at sedimentary basins and close to the fault, where static displacement and an
inaccurate component separation due to finite-fault effects distort the corner frequency determi-
nation. We omit these regions in our interpretation. (d) Map-view of the model’s topography.
Black lines indicate the fault traces, triangles show station locations and the star marks the
epicenter (JVF = Johnson Valley fault, KF = Kickapoo fault, HVF = Homestead Valley fault,
EF = Emmerson fault, CRF = Camp Rock fault).

Three seismic stations (Fort Irwin, Barstow, and Yermo), which recorded near-field wave-
forms of the 1992 Landers event, are located on or between our modeled rays of elevated corner
frequencies. Comparing the observed spectra with our synthetic data reveals an excellent fit
between 0.1 and 1.0 Hz (Fig. 3.9a-c). Station Fort Irwin is located between two high-fc rays
and has a lower fc than the spectra of the stations Barstow and Yermo, which are located on
high-fc rays. Spectra recorded at other near-field stations agree well with the synthetic spectra
between 0.1 and 1.0 Hz (Fig. 3.A16).
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Figure 3.9: Observed spectra and corresponding fc of the 1992 Landers earthquake compared to
synthetic counterparts at three selected stations: (a) Fort Irwin, (b) Barstow, (c) Yermo. The
spectra are not normalized but reflect absolute values. (d) Same as Fig. 3.8c. Solid black lines
indicate the fault traces, the star marks the epicenter, triangles are real station locations, and
hexagons show two virtual stations that are analyzed in Fig. 3.10. Dashed lines highlight rays
of high fc and the text windows show the fault names where the rays originate (KF = Kickapoo
fault, HVF = Homestead Valley fault, EF = Emmerson fault, CRF = Camp Rock fault). We
clip the color map at sedimentary basins and close to the fault, where static displacement
and an inaccurate component separation due to finite-fault effects distort the corner frequency
determination. We omit these regions in our interpretation.

We use isochrone theory to identify the source of the elevated fc rays in the vertical com-
ponents. The rupture process of the Landers model is complicated and often involves multiple
rupture fronts and reactivation of slip, while the isochrones can capture only a single phase
of slip (see the animation of the rupture process, Sec. 3.A9). Fig. 3.10a,c,e shows the syn-
thetic ground accelerations at three selected stations: Yermo and two virtual stations L1 and
L2 (Fig. 3.9d). As expected from previous observational analysis (Campbell and Bozorgnia,
1994), directivity effects strongly affect waveforms recorded at Yermo, which is located in the
average strike direction of the unilateral rupture. Therefore, Yermo’s waveforms overall have a
considerable amount of high-frequency shaking and do not exhibit a single spike that is solely
responsible for the high fc. We observe, however, that a dynamically triggered subevent at
the Camp Rock fault causes the highest waveform amplitudes at about 36 s (Fig. 3.10a,b).
This subevent initiates at 8 km depth, breaks the surface, and terminates during a short period
of time, which superimposes the overall source spectrum with a source spectrum of a lower
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magnitude subevent corresponding to a higher fc. The same subevent causes a strong signal
at about 40 s at L1.

The accelerogram at virtual station L1 is dominated by a pulse starting at about 29 s.
The isochrones show that the source of the high-frequency radiation recorded at L1 is located
either at the top or at the bottom of the rupture zone of the EF. The animation of the rupture
shows that a dynamically activated back-propagating rupture front coalescences with a forward-
propagating rupture front which causes high-amplitude up- and down-dip propagating rupture
fronts (Fig. 3.A13c,d). The down-dip propagating front arrests when it reaches the bottom of
the seismogenic zone, and the up-dip propagating front breaks the surface until it stops abruptly
at the kink to the CRF. This shallow surface-breaking rupture is dominant in generating the
vertical acceleration pulse at L1, as it involves an average rake rotation of up to 10° (Fig. 3.2c),
which is not observed at the bottom of the rupture zone.

The accelerogram of the virtual station L2 contains two strong high-frequency pulses, the
first starting at about 16 s and the second starting at 19 s. The isochrones show that the first
high-frequency pulse coincides with the surface rupture at the kink between the JVF and the KF;
therefore, the source might be a so-called kink wave (Adda-Bedia and Madariaga, 2008) from
the rake-rotated rupture front propagating along the surface. However, another rupture front
propagates up-dip along the kink simultaneously (Fig. 3.A13a). This coalescence of differently
directed rupture fronts likely also contributes to the modeled high-frequency radiation. A
similar mechanism, a coalescence of an up-dip propagating rupture front and an along-strike
propagating rupture front at the fault kink between the KF and the HVF segments generates the
second high-frequency pulse (Fig. 3.A13b). There is a small discrepancy between the isochrone
timing and the high-amplitude spike in the waveforms because the isochrones capture the
rupture front that propagates up-dip along the kink, while the along-strike propagating rupture
front arrives later but still interacts with the former. We observe large and localized shallow
rake rotation at both kinks (Fig. 3.2c).

3.4 Discussion

In our analysis of four dynamic rupture scenarios of large strike-slip earthquakes with varying
source complexity, we find localized rays of elevated fc in the vertical components of each event.
Albeit path and 3D basin effects, this variability in equivalent near-field corner frequencies is
dominated by source effects. The large vertical high-frequency radiation is caused by complex
dynamic mechanisms, including shallow dip-slip generated by a rake-rotation when the rupture
breaks the surface and strong stopping phases due to rupture complexity, e.g., at a barrier or
a fault kink. The high-amplitude lobes of the P-SV radiation pattern and the directivity effect
shape the rays to form a 45° angle to the rupture forward direction.

Our results imply that high-fc rays correlate with certain characteristic rupture dynamics.
The rays often point to locations where dynamic rupture decelerates suddenly, specifically during
the breaking of the Earth’s surface. Abrupt stopping is usually caused by rupture complexity.
For example, dynamic rupture decelerates quickly when tunneling underneath an orthogonal
intersecting fault in the simulations of the 2019 Ridgecrest sequence. Other rupture complex-
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Figure 3.10: (a,c,e) Landers earthquake’s synthetic vertical accelerograms at three selected
stations: Yermo, L1, and L2 (Fig. 3.9d). (b,d,f) Peak dip-slip isochrones of the respective
stations. The star marks the hypocenter (JVF = Johnson Valley fault, KF = Kickapoo fault,
HVF = Homestead Valley fault, EF = Emmerson fault, CRF = Camp Rock fault).

ities that can cause localized high-frequency radiation are fault kinks or sudden changes in
along-strike fault geometry, as we observe in the dynamic rupture model of the 1992 Landers
earthquake at the JVF–KF and the KF–HVF fault intersections. Our findings can provide a
physical explanation of observations that fault “misalignment” (Chu et al., 2021) correlates
with enhanced high-frequency seismic radiation due to a typically higher degree of geometric
complexity, including more intersecting faults and fault kinks.

Near-field corner frequency analysis may help to constrain slip distribution and slip segmen-
tation at depth. Such analysis can also help correlate fault segments with respective subevents
in the moment rate release function of large earthquakes. We find that high-fc rays can indi-
cate locations of surface rupture. Deconvolution of the observed regional ground motions at
a station located perpendicular to the rupture direction of the 1992 Landers earthquake shows
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that surface offsets correlate with the on-fault slip distribution and structural complexity (e.g.
Kanamori et al., 1992; Milliner et al., 2015). The moment rate function of the Landers dynamic
rupture model shows that it consists of four sharply separated subevents (Fig. 3.7b, Kagan
and Houston, 2005; Vallée and Douet, 2016). Each of these high-fc rays that we identify
can be clearly associated with one of these subevents. Even the weak moment rate subevent
corresponding to the Camp Rock fault rupture is clearly detectable in the fc distribution. Since
this rupture on the Camp Rock fault is dynamically triggered in our dynamic rupture scenario
and spatially separated from the other slipping parts of the fault system, its associated spectral
contribution includes complete nucleation and stopping phases and superimposes the overall
source spectrum with a secondary spectrum with a higher fc.

While our results show that source complexity strongly affects fc in the near-field, the impact
of source complexity on far-field corner frequencies, and, thus, Brune-type stress drop estimates,
may also be larger than typically assumed from simpler rupture models (e.g., Madariaga, 1976,
Kaneko and Shearer, 2015; Wang and Day, 2017). Circular and elliptical rupture models show
a significant azimuthal fc variation caused by rupture directivity and nodal plane effects. Figs.
3.A17 and 3.A18 show a comparable effect of directivity on the azimuthal fc distribution in
our Ridgecrest mainshock and Landers earthquake models. However, in addition, directivity
effects are overprinted by small-scale complexity. As a result, the relative variability of fc values
is approximately 35% smaller compared to the simpler models of Kaneko and Shearer (2014).
The standard deviation of fc in our models strongly depends on the azimuth and is generally
higher in the vertical components.

Liu et al. (2023) found that Brune-type corner frequencies of the spectra of the source time
functions of complex events correlate best with the corner frequency of that subevent with the
highest moment release. They conclude that the Brune stress drop reflects the stress change
of the largest asperity. Our observed spatial variability of fc in dynamic rupture simulations
paints an even more complex picture, identifying dynamic earthquake characteristics as an
important source of ground motion spectra variability. Recent observations align with our
findings: Calderoni and Abercrombie (2023) compare stress drops inferred from finite-fault
modeling with Brune-type corner frequencies for the Mw 6.0 Amatrice and the Mw 5.9 Visso
events in Italy. They find that high spectral corner frequencies may not be directly associated
with high stress drops but rather reflect high-frequency ground motions caused by rupture
complexity. Gallovič and Valentová (2020) compare stress drop estimates inferred from fc of the
modeled moment rate functions with the on-fault measured value for ∼1600 strike-slip dynamic
rupture models. They find that fc is affected by details of the generally heterogeneous rupture
propagation that cannot be attributed to a single stress drop parameter. Our results highlight
the importance of good azimuthal coverage when inferring Brune-type stress drops from corner
frequencies (e.g., Kaneko and Shearer, 2015). Future larger-scale dynamic rupture simulations
may investigate dynamic source effects also on far-field stress drops. The presented dynamic
rupture scenarios lack small-scale dynamic rupture heterogeneity (Taufiqurrahman et al., 2022a;
Gallovič and Valentová, 2023), which is associated with a depletion of high-frequency content.
We expect, however, that including smaller-scale rupture complexity may not imprint on the
frequency ranges that are most relevant for computing fc in our dynamic rupture models of
relatively large earthquakes. Analysing much smaller magnitude events is possible but would
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require a finer model discretization (i.e., a higher computational cost) to sufficiently resolve the
higher frequency bands, e.g., associated with a higher fc.

It will be interesting to further investigate the effects of different 3D velocity models and
their uncertainties, particularly in the near-source region. For example, fault damage zones
may affect ground motions over large distances and amplify high-frequency radiation in certain
directions (Huang et al., 2016; Yeh and Olsen, 2023).

We believe that our results are generally representative of surface-breaking multi-fault strike-
slip events (e.g., Jia et al., 2023). However, it will be more challenging to apply our approach
to analyze reverse/normal faulting events. There the component separation is more difficult,
and the free surface has an asymmetric effect (e.g., Oglesby et al., 1998, 2000; Biemiller et al.,
2022). Similarly interesting and challenging would be applying our approach to mixed-faulting
multi-fault events such as the 2016 Mw 7.8 Kaikōura earthquake (Ulrich et al., 2019a).

Umeda (1990) introduced the concept of an “earthquake bright spot” as a localized area
in the shallow fault region that emits strong high-frequency waves. Specifically, the Landers
earthquake fault system kink where the JVF branches into the KF has been identified as an
earthquake bright spot (Yamashita and Umeda, 1994) which agrees with our dynamic rupture
model analysis, where it is a prominent source of a ray of elevated fc. Yamashita and Umeda
(1994) propose that the nucleation and arrest of slip on subsidiary faults cause earthquake bright
spots. We find that rake-rotated along-strike surface-breaking rupture fronts that encounter
geometric fault complexities can locally cause strong acceleration pulses, which can equally
explain the origin of earthquake bright spots without the need for secondary faults.

In addition, tossed-up boulders indicate that co-seismic vertical accelerations exceeded grav-
ity during the 1992 Landers earthquake (Yamashita and Umeda, 1994) and similar high vertical
accelerations were recorded or inferred for other large strike-slip earthquakes (e.g., Archuleta,
1982; Strasser and Bommer, 2009; Kaiser et al., 2017; Hough et al., 2020). Numerous verti-
cal acceleration recordings of reverse faulting earthquakes exceeded gravity (e.g., Bilham and
England, 2001; Causse et al., 2021), which is not unexpected as the vertical components are
affected stronger by SH-waves. We demonstrate how complex source mechanisms of surface-
rupturing strike-slip events can cause strong vertical acceleration pulses that may locally exceed
gravity.

Equivalent near-field corner frequency analysis of the Mw 6.4 Searles Valley model showcases
the capability of fc variability to track major path effects. A mountain range deflects a high-
frequent wave packet and directs seismic energy in an unexpected direction. We find evidence
of this deflection in observed waveforms, e.g., at station WMF (Fig. 3.6a-c), where this effect
doubles the shaking duration. Such path effects can be relevant for seismic hazard assessment
but may be missed in ground motion models that do not include variability in shaking duration.

Although each presented fc distribution map is inferred from more than 1,000,000 virtual
stations, important aspects of our findings are equally inferrable from lower resolution analysis,
e.g., using only 1% of the data (∼10,000 virtual stations with a spacing of ∼5 km, Fig. 3.A14)
which is promising for potential real-world applicability of the method. For example, the six
high-fc rays pointing away from the fault trace and the sharp fc increase at the Salton Sea
basin in the South and the San Bernardino and Los Angeles basins in the South-West, are
still clearly visible in the low-resolution version of the vertical fc distribution of the Landers
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model (Fig. 3.A14). Similarly dense seismic sensor networks are becoming feasible and allow
to study seismic source processes with increasing detail. For example, the LArge-n Seismic
Survey in Oklahoma (LASSO) experiment deployed more than 1800 vertical component nodal
seismometers covering a 25 km by 32 km region with a station spacing of ∼400 m (Dougherty
et al., 2019). Trugman et al. (2021) used the LASSO array to investigate the frequency
dependence of observed radiation patterns of ML 1.7–2.8 events and found that a strong
isotropic component at higher frequencies is likely caused by source complexity. Distributed
Acoustic Sensing (DAS) can provide linear arrays with a sensor spacing of ∼10 m (e.g., Zhan,
2019). Li et al. (2023b) used back-projected DAS data to identify high-frequency subevents of
the 2021 Antelope Valley earthquake.

3.5 Conclusions

In this study, we present a detailed analysis of the spatial variability of an equivalent near-field
corner frequency fc in large strike-slip 3D dynamic rupture simulations. We discover patterns of
highly variably fc and show that fc variability is dominantly controlled by source effects. Rays
of locally increased fc values radiate outwards from the dynamically slipping faults, particu-
larly noticeable in the vertical components. We validate the variability in the distribution of fc
from the dynamic rupture model with those derived from observed spectra. We use isochrone
analysis to show that the radiation of vertical high-frequencies often results from rake-rotated
surface-breaking rupture fronts that decelerate suddenly due to source complexities, such as
fault heterogeneities or geometric complexity. We observe that the P-SV radiation pattern, in
combination with the directivity effect, shapes high-fc rays at a 45° angle to the forward rup-
ture propagation direction. This dynamic source effect can potentially explain observations of
high-intensity, impulsive near-field vertical ground motions. The analyses of near-field fc distri-
butions can inform on characteristics of earthquake kinematics and dynamics including rupture
directivity, surface rupture, and fault segmentation. We find that path effects additionally im-
print on the dynamic rupture equivalent corner frequencies of near-field spectra. For example,
we observe a strong deflection of a high-fc ray along the southern Sierra Nevada mountain
range in the Mw 6.4 Searles Valley simulation. In conclusion, our findings highlight that the
equivalent near-field corner frequency may serve as an insightful ground motion parameter. fc
can be inferred from spatially dense, relatively low-frequency ground motion data sets, thereby
offering an approach to directly infer the spectral fingerprints of rupture dynamics from near-
field ground motions. Our study has important implications for seismic hazard assessment and
offers new avenues for interpreting large array or Distributed Acoustic Sensing data to improve
our understanding of the dynamics and ground motions of large earthquakes.
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Appendices

3.A7 3D dynamic rupture models

The TPV5 USGS/SCEC dynamic rupture community benchmark (Harris et al., 2009) describes
a bilateral strike-slip earthquake in 3D dynamically propagating across a rectangular fault that
intersects the free surface in an elastic half-space. The rupture is artificially nucleated in the
middle of the fault and then spreads spontaneously in each direction. To the left/right of its
center, the model setup includes two fault asperities/barriers with elevated or reduced initial
shear stresses, which accelerate or decelerate dynamic rupture, respectively. The rupture is
forced to stop abruptly at the fault edges. The dynamic model parameters are summarized in
Table 3.A1.

Table 3.A1: Summary of the TPV5 dynamic rupture model parameters (Harris et al., 2009).

Symbol Parameter Value
µs static friction 0.677
µd dynamic friction 0.525
Dc critical slip-weakening distance 0.4 m
cohesion frictional cohesion 0.0 MPa
syy stress 120 MPa
sxx, szz, syz, sxz stress 0 MPa
sxy stress outside the nucleation zone 70 MPa

stress inside the nucleation zone 81.6 MPa
stress inside the barrier 62 MPa
stress inside the asperity 78 MPa

Wollherr et al. (2019) developed a 3D dynamic rupture model of the 1992 Mw 7.3 Landers
earthquake that includes geometric fault complexity and matches a broad range of regional and
local observations, including fault slip, seismic moment release, and ground motions (Fig. 3.7).
The dynamic rupture earthquake model uses a linear slip-weakening friction law, high-resolution
topography, 3D velocity structure (CVM-H; Shaw et al., 2015), viscoelastic attenuation, and
off-fault (visco-)plasticity. Q values are proportional to the S-wave velocity as Qs = 0.05vs
and Qp = 2Qs (Graves et al., 2008). The fault system of the Landers dynamic rupture
model consists of five vertical subfaults that extend to a depth of 15 km, adapted from fault
traces from photometric images (Fleming et al., 1998). The fault system exhibits a strike
rotation of approximately 30°, striking towards the north in the southern part and towards the
northwest in the northern part. Wollherr et al. (2019) find that assuming a constant maximum
principal stress direction inhibits rupture propagation across the fault system. In their setup,
the maximum principal stress axis varies smoothly, which is consistent with the regional stress
estimates. Dynamic rupture is initiated by gradually reducing the static friction coefficient to
its dynamic value within a circular nucleation patch of radius 1.5 km (Bizzarri, 2010). Table
3.A2 provides an overview of all model parameters.
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Table 3.A2: Summary of the Landers dynamic rupture model parameters (adapted from Table
1 in Wollherr et al., 2019).

Symbol Parameter Value with units
µs static friction 0.55 (0.44 at the Emmerson fault and

Camp Rock fault)
µd dynamic friction 0.22
Dc critical slip distance 0.62 m
c bulk cohesion depth-dependent, good quality

rock model of Roten et al. (2017),
ranging between 2.5–50.0 MPa

ϕ friction angle 0.55
vs, vp shear and p-wave velocity 3D CVM-H model Shaw et al. (2015)
ρ density 3D CVM-H model Shaw et al. (2015)
Qs, Qp viscoelastic damping parameters 50 vs, 2 Qs

r nucleation patch radius 1.5 km
forced nucleation time 0.6 s

R relative pre-stress ratio 0.65
σ2 principal vertical stress (2700 – 1000) kg/m 9.8 abs(depth m)
σ1, σ3 principal horizontal stresses amplitudes determined by R and Eq. (2) and

(3) in Wollherr et al. (2019)
dx smallest element edge 200 m
p polynomial order of accuracy 4
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Table 3.A3: Rate-and-state frictional fault properties of the Ridgecrest sequence models
(adapted from Table S2 in Taufiqurrahman et al., 2023).

Parameter Symbol Value
Direct-effect parameter a 0.01-0.02

Evolution-effect parameter b 0.014
Reference slip rate V0 10−6 m/s

Steady-state low-velocity friction coefficient at the slip rate V0 f0 0.6
Characteristic slip distance of the state evolution L 0.2

Full weakened friction coefficient fw 0.1
Initial slip rate Vini 10−16 m/s

Weakened slip rate Vw 0.1 m/s

Taufiqurrahman et al. (2023) modeled linked foreshock-mainshock dynamic rupture sce-
narios of the 2019 Ridgecrest sequence, the Mw 6.4 Searles Valley foreshock, and the Mw 7.1
Ridgecrest mainshock. Their dynamic rupture scenario assembles earthquake physics with high-
quality strong-motion and teleseismic, field mapping, high-rate GNSS, and space geodetic fore-
shock and mainshock datasets of Californias’s largest earthquakes since 20 years. The initial
3D stress state is inferred from tectonic background loading (Yang and Hauksson, 2013), which
is additionally modulated by long-term Coulomb failure stress changes (∆CFS) caused by pre-
vious major earthquakes in the Eastern California Shear Zone (Verdecchia and Carena, 2016).
The prestress of the mainshock dynamic rupture scenario includes stress changes induced by
the foreshock. While a realistic dynamic rupture scenario of the Ridgecrest mainshock needs
to account for the stress changes due to the Searles Valley foreshock, the foreshock does not
dynamically trigger the mainshock. The models include viscoelastic attenuation, off-fault plas-
ticity, and a non-vertical quasi-orthogonal 3D fault system with four fault segments (Fig. 3.3).
Taufiqurrahman et al. (2023) construct the fault system geometry by integrating geological field
mapping, geodetic InSAR data, relocated seismicity, and selected focal mechanisms (Carena and
Suppe, 2002). The fault system is embedded into a 3D velocity model of southern California
(CVM-S4.26; Lee et al., 2014; Small et al., 2017) and intersects high-resolution topography.
Q values are coupled to the velocity structure as Qs = 0.1vs and Qp = 1.5Qs (Olsen et al.,
2003). Table 3.A3 summarizes the frictional fault properties. Both ruptures are nucleated by
imposing shear stress perturbations in spherical nucleation areas with radii of 3.5 km around
their respective hypocenters.

All dynamic rupture simulations use the open-source software package SeisSol (see Sec.
3.A9) to solve the problem of spontaneous frictional failure on prescribed faults and non-linearly
coupled seismic wave propagation. SeisSol uses the Arbitrary high-order accurate DERivative
Discontinuous Galerkin (ADER-DG) method and employs fully adaptive, unstructured tetra-
hedral meshes (Dumbser and Käser, 2006; de la Puente et al., 2009; Pelties et al., 2012).
Tetrahedral elements enable meshing flexibility and are crucial to incorporate complex and
intersecting geometries such as those inherent to the Ridgecrest and Landers fault systems.
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SeisSol is verified in a variety of dynamic rupture benchmark problems (Pelties et al., 2014;
Harris et al., 2018) and is optimized to efficiently exploit high-performance computing infras-
tructures (e.g., Breuer et al., 2014; Uphoff et al., 2017, Krenz et al., 2021). SeisSol supports
high computational efficiency when incorporating elastic, anisotropic, viscoelastic, viscoplastic,
and poroelastic rheologies (Uphoff and Bader, 2016; Wollherr et al., 2018; Wolf et al., 2020;
Wolf et al., 2022). The Landers and Ridgecrest dynamic rupture earthquake scenarios account
for off-fault (visco-)plasticity and viscoelastic attenuation. Within our here-considered model
domains, the seismic wavefield is resolved up to at least 1 Hz in the TPV5 and Landers models
and up to 2 Hz in the Ridgecrest dynamic rupture simulations. Synthetic spectra of an under-
resolved numerical model would deviate from the typical ω2 decay (Figs. 3.A15 and 3.A16,
Wollherr et al., 2019). The TPV5 dynamic rupture model requires 2k CPU hours on the su-
percomputer Supermuc-NG, the Landers earthquake scenarios require approximately 100k CPU
hours on Supermuc Phase-2, and the linked simulation of the Ridgecrest sequence requires 243k
CPU hours on Supermuc-NG.

3.A8 On near-field effects

There exist different approaches to separate far- from near-field effects. The ratio of the
distance to the source, R, and the examined seismic wavelength, λ, can determine the relevance
of near-field terms (i.e., static displacements). If R/λ >> 1, near-field terms are negligible
(Madariaga, 2015). Also, the relevance of source finiteness is considered to be large when the
ratio of earthquake rupture duration TR and the examined seismic wave period T (TR/T ) is
large (Stein and Wysession, 2003). Our dynamic rupture scenarios include regions where near-
field terms are negligible. However, within the analyzed frequency ranges, the waveforms are
generally expected to be affected by finite-source effects within the considered model domains.

3.A9 Data and Resources

The described complexity of each dynamic rupture earthquake scenario is best illustrated in
animations of the dynamic rupture models of the 1992 Mw 7.3 Landers earthquake (https:
//www.youtube.com/watch?v=zi19g5Jpp5s), the 2019 Mw 6.4 Searles Valley foreshock
(https://www.youtube.com/watch?v=4b_uhs_rT_g), and the 2019 Mw 7.1 Ridgecrest
mainshock (https://www.youtube.com/watch?v=8yP0rcC7n-g). The open-source software
package SeisSol is available at https://github.com/SeisSol/SeisSol. All input files that
are needed to run the Ridgecrest models are available at Zenodo (https://zenodo.org/r
ecord/6842773). The SeisSol branch that was used to run the Ridgecrest models is also
archived (https://zenodo.org/record/7642533). The script that calculates the equivalent
near-field corner frequencies from SeisSol’s free surface output is provided in the repository
(https://github.com/SeisSol/SeisSol/blob/master/postprocessing/science/sp
ectral_corner_frequency_from_surface_xdmf.py). The script that was used to compute
isochrons directly from SeisSol’s raw output data is openly available in the SeisSol repository

https://www.youtube.com/watch?v=zi19g5Jpp5s
https://www.youtube.com/watch?v=zi19g5Jpp5s
https://www.youtube.com/watch?v=4b_uhs_rT_g
https://www.youtube.com/watch?v=8yP0rcC7n-g
https://github.com/SeisSol/SeisSol
https://zenodo.org/record/6842773
https://zenodo.org/record/6842773
https://zenodo.org/record/7642533
https://github.com/SeisSol/SeisSol/blob/master/postprocessing/science/spectral_corner_frequency_from_surface_xdmf.py
https://github.com/SeisSol/SeisSol/blob/master/postprocessing/science/spectral_corner_frequency_from_surface_xdmf.py
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(https://github.com/SeisSol/SeisSol/blob/master/postprocessing/science/
compute_isochrones.py). The scripts use the external libraries NumPy and SciPy (Harris
et al., 2020; Virtanen et al., 2020). Details about the TPV5 benchmark problem are provided
on the homepage of the SCEC/USGS rupture dynamics code verification community effort
(https://strike.scec.org/cvws/tpv5docs.html). All seismic data were downloaded
through the IRIS Wilber 3 system (https://ds.iris.edu/wilber3/) from the Southern
California Seismic Network (CI, California Institute of Technology and United States Geological
Survey Pasadena, 1926). The Python package ObsPy was used to remove the instrument
response (Krischer et al., 2015). The electronic supplement contains eight additional figures.

https://github.com/SeisSol/SeisSol/blob/master/postprocessing/science/compute_isochrones.py
https://github.com/SeisSol/SeisSol/blob/master/postprocessing/science/compute_isochrones.py
https://strike.scec.org/cvws/tpv5docs.html
https://ds.iris.edu/wilber3/
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3.A10 Supplemental material

Figure 3.A11: Map view of the Searles Valley foreshock’s equivalent near-field corner frequency
(fc) distribution of the (a) radial, (b) transverse, and (c) vertical components of synthetic seis-
mograms simulated at ∼1,800,000 virtual seismic stations (with picking a body-wave window).
The synthetic seismograms are generated from the complex 3D dynamic rupture model of the
2019 Searles Valley foreshock (Fig. 3.3). (d) Map view of the model’s topography. Black
lines indicate the numbered fault traces, triangles show near-field station locations and the star
marks the epicenter.



102 3. Equivalent near-field corner frequency analysis

Figure 3.A12: Map view of the Searles Valley foreshock’s equivalent near-field corner frequency
(fc) distribution of the vertical components of synthetic seismograms simulated at ∼1,800,000
virtual seismic stations (with picking a body-wave window). The seismograms are generated
from the complex 3D dynamic rupture model of the 2019 Searles Valley forehock (Fig. 3.3).
Black lines indicate the fault traces and the star marks the epicenter.
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Figure 3.A13: Slip rate snapshots of critical rupture phases of the 1992 Landers earthquake 3D
dynamic rupture model (Fig. 3.7).
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Figure 3.A14: Map view of the Landers earthquake’s equivalent near-field corner frequency (fc)
distribution of the vertical components of synthetic seismograms simulated at ∼10,000 virtual
seismic stations (1% of the total virtual seismic stations). The seismograms are generated
from the complex 3D dynamic rupture model of the 1992 Landers earthquake (Fig. 3.7). We
clip the color map at sedimentary basins and close to the fault, where static displacement
and an inaccurate component separation due to finite-fault effects distort the corner frequency
determination. We omit these regions in our interpretation. Black lines indicate the fault traces
and the star marks the epicenter.
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Figure 3.A15: Brune spectra fitted to observations. Normalized vertical displacement spectra up
to 2 Hz of the 2019 Mw 7.1 Ridgecrest mainshock at 17 near-field stations. Black curves show
observed spectra, orange curves show synthetic spectra from 3D dynamic rupture simulations
(Taufiqurrahman et al., 2023), and blue curves show the minimum misfit Brune spectra of the
observed spectra. We find no systematic deviation from the Brune spectra at long periods.
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Figure 3.A16: Brune spectra fitted to synthetics. Normalized vertical displacement spectra up
to 1 Hz of the 1992 Mw 7.3 Landers earthquake at 21 stations. Black curves show observed
spectra, orange curves show synthetic spectra from 3D dynamic rupture simulations (Wollherr
et al., 2019), and blue curves show the minimum misfit Brune spectra of the synthetic spectra.
We find no systematic deviation from the Brune spectra at long periods. Most observed spectra
(black) drop off at low frequencies, which is likely due to recording/processing artifacts.
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Figure 3.A17: Ridgecrest mainshock’s binned mean fc values of the synthetic (a) radial (b)
transverse (c) vertical ground motions depending on the azimuth ϕ. Grey error bars indicate one
standard deviation. The subplot shows the azimuth distribution with respect to the Ridgecrest
fault system. Only virtual stations with distances between 10 km and 80 km to the rupturing
faults are considered.



108 3. Equivalent near-field corner frequency analysis

Figure 3.A18: Landers earthquake’s binned mean fc values of the synthetic (a) radial (b)
transverse (c) vertical ground motions depending on the azimuth ϕ. Grey error bars indicate one
standard deviation. The subplot shows the azimuth distribution with respect to the Ridgecrest
fault system. Only virtual stations with distances between 10 km and 80 km to the rupturing
faults are considered.



Chapter 4

Shallow fault zone structure affects
rupture dynamics and ground motions
of the 2019 Ridgecrest sequence to
regional distances

Abstract

Seismic faults are surrounded by damaged rocks with reduced rigidity and enhanced attenuation.
These damaged fault zone structures can amplify seismic waves and affect earthquake dynamics,
yet they are typically omitted in physics-based regional ground motion simulations. We report
on the significant effects of a shallow, flower-shaped fault zone in foreshock-mainshock 3D
dynamic rupture models of the 2019 Ridgecrest earthquake sequence. We find that the fault
zone structure both amplifies and reduces ground motions not only locally but at distances
exceeding 100 km. This impact on ground motions is frequency- and magnitude-dependent,
particularly affecting higher frequency ground motions from the foreshock because its corner
frequency is closer to the fault zone’s fundamental eigenfrequency. Within the fault zone,
the shallow transition to a velocity-strengthening frictional regime leads to a depth-dependent
peak slip rate increase of up to 70% and confines fault zone-induced supershear transitions
mostly to the fault zone’s velocity-weakening bottom half. However, the interplay of fault zone
waves, free surface reflections, and rupture directivity can generate localized supershear rupture,
even in narrow velocity-strengthening regions, which are typically thought to inhibit supershear
rupture. This study demonstrates that shallow fault zone structures may significantly affect
intermediate- and far-field ground motions and cause localized supershear rupture penetrating
into velocity-strengthening regions, with important implications for seismic hazard assessment.
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4.1 Introduction

The velocity structure around large fault zones can significantly alter the local seismic wavefield
(Cormier and Spudich, 1984; Ben-Zion et al., 2003; Kurzon et al., 2014; Catchings et al., 2020)
and earthquake rupture properties (e.g., Ben-Zion and Huang, 2002; Sammis et al., 2009;
Huang et al., 2014; Xu et al., 2015). For example, sharp bimaterial interfaces generate head
waves that can interact with dynamic ruptures and distort derived earthquake source properties
(e.g., Ben-Zion, 1990; Andrews and Ben-Zion, 1997; Allam et al., 2014). Coherent low-velocity
zones generate trapped waves and resonance modes that amplify local ground motions (e.g.,
Li and Leary, 1990; Igel et al., 2002; Hillers et al., 2014; Qiu et al., 2020). Numerical studies
have shown that fault zone waves can cause pulse-like ruptures, rupture arrest, variations in
rupture speed and off-fault damage, sustained transition to supershear, and back-propagating
rupture fronts (Huang and Ampuero, 2011; Huang et al., 2014, 2016; Pelties et al., 2015;
Flores-Cuba et al., 2024). However, many of these studies rely on simplified fault geometries
and 2D frameworks and often lack direct observational constraints.

The extent to which fault zone structures can affect the behavior of earthquakes and gen-
erated ground motions is a subject of continuing research (Thakur et al., 2020; Abdelmeguid
and Elbanna, 2022; Flores-Cuba et al., 2024). Further progress requires accounting for more
realistic source models (e.g., Ulrich et al., 2019a; Taufiqurrahman et al., 2022b) and 3D ma-
terial properties (e.g., Rodgers et al., 2020; Hu et al., 2022). Yeh and Olsen (2023) modeled
the seismic radiation from the 2019 Ridgecrest earthquake using a kinematic source model (Liu
et al., 2019) and a data-constrained local velocity model that included low-velocity fault zone
structures (Zhou et al., 2022). Their results show that the fault zone structure considerably
affects ground motions near the source and into the Los Angeles basin by generating Love waves
at its boundaries. Regional-scale dynamic rupture simulations are computationally challenging
but are now feasible with advances in high-performance computing (Uphoff et al., 2017; Folch
et al., 2023). Dynamic source models can ensure physical consistency while simultaneously cap-
turing the impact of a fault zone on the wavefield and the rupture process under lab-constrained
friction conditions (Kaneko et al., 2008; Dunham et al., 2011a).

Here, we integrate a complex flower-shaped fault zone (see Sec. 4.2.3, Qiu et al., 2021) into
linked foreshock-mainshock regional dynamic rupture models of the 2019 Ridgcrest sequence
(Sec. 4.2.1, Taufiqurrahman et al., 2023), including the Mw 6.4 Searles Valley foreshock and
the Mw 7.1 Ridgecrest mainshock in the Eastern California Shear Zone (Ross et al., 2019;
Goldberg et al., 2020; Chen et al., 2020). The model is embedded in a 3D velocity structure
(Lee et al., 2014), incorporates a complex 3D quasi-orthogonal fault geometry, and fits a wide
range of observations. Our results illustrate how the fault zone controls key rupture properties
and modifies the seismic wavefield on both local and regional scales. The coupling of fault
zone structures with simulated ground motions highlights the need to incorporate detailed local
velocity models into ground motion simulations for large-scale earthquake scenarios.
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4.2 Methods

4.2.1 3D dynamic rupture model setup of the 2019 Ridgecrest se-
quence

We compare two linked foreshock-mainshock dynamic rupture scenarios of the 2019 Ridgecrest
sequence, without and with a fault damage zone: a “reference” model, which is based on
previous work of Taufiqurrahman et al. (2023), and a “fault zone” (FZ) model, which adds a
low-velocity damage zone around all rupture planes of the reference model (Sec. 4.2.3 and Fig.
4.1a). The dynamic rupture simulations are performed using the open-source software SeisSol
(Sec. 4.A8).

Taufiqurrahman et al. (2023) show that the dynamic and static mainshock-foreshock in-
teractions during the Ridgecrest sequence can be explained by assuming overpressurized fluids
and statically strong but dynamically weak faults. They used a wide range of geophysical data
sets and incorporated multiple earthquake physics-relevant processes to construct the reference
model. In the following, we briefly summarize the reference model setup and describe the
reference model’s rupture dynamics (Fig. 4.A8).

To establish the initial 3D stress state, long-term Coulomb failure stress changes from
previous large regional earthquakes (Verdecchia and Carena, 2016) are added to a tectonic
background model (Yang and Hauksson, 2013). The mainshock model accounts for the stress
changes induced by the foreshock model. Geologic field mapping, InSAR data, relocated seis-
micity, and selected focal mechanisms (Carena and Suppe, 2002) are combined to construct a
quasi-orthogonal 3D fault system (Fig. 4.1b,c). A fast velocity-weakening rate-and-state fric-
tion law (Dunham et al., 2011a) governs coseismic slip evolution (Table 4.A1, Fig. 4.A9). The
dynamic rupture simulation incorporates off-fault plastic deformation and viscoelastic attenua-
tion, linked to the 3D velocity structure via Qs = 0.1vs and Qp = 1.5Qs (Olsen et al., 2003).
The model domain’s material properties represent a 3D velocity model of southern California
(CVM-S4.26; Lee et al., 2014; Small et al., 2017) and it includes high-resolution topography
(Farr et al., 2007). The simulations allow resolving seismic wave propagation up to at least
2 Hz in the near-source region and up to at least 1 Hz in the full study region, which expands
to distances up to 140 km away from the Ridgecrest fault system (Sec. 4.A9).

4.2.2 Reference model rupture dynamics

The complex rupture dynamics of the foreshock and mainshock in the reference model (Fig.
4.A8) explain a broad set of strong-motion, teleseismic, field mapping, GNSS, and InSAR
observations. The Searles Valley foreshock scenario is nucleated near the intersection of F1 and
F2 at a depth of 10.5 km. Rupture on F1 halts soon after initiation, not reaching the surface
due to non-optimal fault orientation, while rupture on F2 reaches the surface and continues to
its southwestern end (Fig. 4.1). In the reference mainshock model, rupture initially propagates
as a bilateral crack across the northern part of F3 after forced nucleation at a depth of 8 km.
The rupture arrests smoothly to the northwest. Stress release from the foreshock prevents the
mainshock from breaching the shallow portion of the orthogonal F2; instead a deep rupture
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Figure 4.1: (a) Schematic of the flower-shaped fault damage zone geometry (Sec. 4.2.3) and
hypocenter depths. (b) Map view showing model topography and fault traces, with F1, F2,
F3, and F4 being the ruptured segments of the Ridgecrest fault system, following the reference
foreshock-mainshock dynamic rupture models (Taufiqurrahman et al., 2023). Triangles indicate
near-source station locations, for which synthetic and observed spectra are shown in Fig. 4.A10
and 4.A11. (c) Fault zone dynamic rupture model snapshot showing the combined fault slip
(mainshock + foreshock) and absolute wave velocity 23 s after mainshock nucleation. The
snapshot is cut out to illustrate the dynamic rupture models’ complexities, including a quasi-
orthogonal listric 3D fault system, high-resolution topography, 3D velocity structure merged
with a shallow flower-shaped fault damage zone.



4.3 Results 113

pulse crosses the fault intersection, propagates again to the surface, and continues along F3 to
its southeastern end. The mainshock reactivates slip on F2 near the intersection with F3 and
dynamically triggers shallow slip at the southern end of F4.

4.2.3 Integrating an observationally constrained, complex fault dam-
age zone

Fault zones are heterogeneous structures with variable degrees of rock damage (Peng et al.,
2003; Cochran et al., 2009), and their properties can vary significantly along strike (Lewis
and Ben-Zion, 2010; Materna and Bürgmann, 2016; Perrin et al., 2016). We complement the
reference foreshock-mainshock dynamic rupture scenarios with an observationally constrained
fault damage zone representing an immature fault system with a rather low level of damage and
localization (Ben-Zion and Sammis, 2003). To this end, we construct a shallow, flower-shaped
fault damage zone geometry based on dense seismic observations, including four linear arrays
crossing the surface ruptures, with 100 m sensor spacing (Qiu et al., 2021). Their derived fault
zone structure includes a low-velocity zone with a width of 1–2 km, containing an intensely
damaged core and a waveguide approximately 300 m wide, reaching depths of 3–5 km.

The modeled fault zone geometry follows the derived intensely damaged core of the low-
velocity zone surrounding the Ridgecrest fault system. We approximate this complex structure
with a flower-shaped geometry (Finzi et al., 2009; Pelties et al., 2015), neglecting along-strike
variations (Huang, 2018). The fault-zone width is set to 1.6 km at the free surface, tapering
to 1.0 km at 600 m depth, and further decreasing to 0.4 km at 6 km depth (Fig. 4.1a). Within
this fault zone, we reduce P- and S-wave velocities from the 3D velocity model CVM-S4.26
(Lee et al., 2014) by 30% , with sharp lateral velocity contrasts at the fault zone edges. In the
vertical direction, the velocity reduction occurs smoothly between depths of 4–6 km.

4.3 Results

We first compare the results of the FZ and reference models to investigate the impact of the fault
zone on various ground motion parameters in Sec. 4.3.1. We aim to compare ground motion
parameters of 3D dynamic rupture models that feature similar complexity as real earthquakes.
Fig. 4.A10 and 4.A11 display synthetic and observed spectra of five near-source stations (Fig.
4.1b). The frequency content of the synthetic spectra compares well to the observations up
to the model resolution of 2 Hz. After analyzing ground motion parameters, we examine the
impact of the FZ structure on rupture dynamics in Sec. 4.3.2.

4.3.1 Fault zone impact on ground motions

Fig. 4.2 shows logarithmic ratios (e.g., Vach et al., 2021) of peak ground velocity (PGV) values
generated by the FZ and reference models to analyze the spatial distribution of amplifications
and deamplifications caused by the fault zone. Above rupturing faults, the FZ model generally
generates higher PGVs (Ben-Zion et al., 2003; Catchings et al., 2020). The fault zone amplifies
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Figure 4.2: Logarithmic ratios of peak ground velocities log10(PGVfz/PGVref ) from two
dynamic rupture models including a fault damage zone and the reference model. Logarithmic
ratios indicate relative ground motion amplification and reduction, with values of ±0.05, ±0.25,
and ±0.45 corresponding to factors of 1.12, 1.78, and 2.82, respectively. We use orientation-
independent GMRotD50 PGV values (Boore et al., 2006). The coordinates are UTM 11S in
km. (a) Near-fault distribution of the Searles Valley foreshock scenario. (b) Same as (a) but
for a larger region. (c) Near-fault distribution of the Ridgecrest mainshock scenario. (d) Same
as (c) but for a larger region.
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the PGVs more efficiently for the foreshock. In the near-field of the foreshock dynamic rupture
scenario, the median PGV above the fault zone increases by 79% , from 0.47 m/s in the reference
model to 0.84 m/s (Fig. 4.3a,b). The mainshock generates a median PGV of 1.19 m/s above
the fault zone, representing a 19% increase compared to the median of 1.00 m/s of the reference
model in the same area (Fig. 4.3c,d).

In the FZ model, we observe strong gradients in the fault-normal direction, where PGVs
can change by a factor of 10 over a distance of 10 km. These results are consistent with recent
work on an empirical ground motion model using aftershocks of the Ridgecrest earthquakes
recorded by dense near-fault seismic arrays (Meng et al., 2024) and indicate propagation-site
(rather than source) effects produced by the fault zone structure (Sec. 4.4).

Fig. 4.A12 shows modeled PGVs on a regional scale and USGS intensity shakemaps
(Wald et al., 2022) constructed from observations of the 2019 Ridgecrest sequence. Intensity-
equivalent PGV values (Wald et al., 1999) are consistent with the results of the dynamic rupture
simulations but feature less small-scale variability.

Details of rupture dynamics affect the trapping of waves in adjacent fault zones. During
the foreshock, seismic waves are also amplified within the damage zones of the faults that will
rupture only subsequently during the mainshock (F3 and F4), an effect that would have been
missed when modeling rupture only on F1 and F2. This leads to a relative amplification of PGV
by >2.2 at the southeastern end of the Ridgecrest fault system (Fig. 4.2a), more than 10 km
away from the foreshock rupture (Marra et al., 2000; Rovelli et al., 2002). In contrast, during
the mainshock, we do not observe an equivalent amplification (Fig. 4.2c). The mainshock
tunnels the F2-F3 intersection below the fault zone (see 5–7 s in Movie 4.A1 in Sec. 4.A10),
preventing efficient trapping of waves within the damage zone of the orthogonal fault branch
F2 (Taufiqurrahman et al., 2023).

Rupturing of adjacent fault zone regions that concentrate seismic energy shields neighboring
regions from strong ground motions to some extent. For example, foreshock PGVs exhibit a
relative reduction by >1.8 in the vicinity of strong amplification at the southeastern end of F3
(Fig. 4.2a).

The distortion of the near-source wavefield and altered rupture dynamics due to the fault
zone (Sec. 4.3.2) considerably affect ground motions at distances beyond 100 km. Fig. 4.2b,d
present logarithmic PGV ratios of the FZ relative to the reference model over distances up to
140 km. Amplification and deamplification patterns of both events are highly heterogeneous,
with substantial variability over short distances. Yeh and Olsen (2023) found a similar regional-
scale impact when simulating a kinematic source with and without surrounding fault zone
structures.

We observe opposite fault zone effects on median PGVs during the foreshock and mainshock,
highlighting event-specific and frequency dependence of fault zone effects that we detail when
looking at peak spectral accelerations. Across the entire domain (Fig. 4.2b,d), the FZ model
reduces the mainshock median PGV by 9.4% and increases the foreshock’s median PGV by
2.2% compared to the reference model. The logarithmic PGV ratios have a standard deviation
from zero of 0.090 for the mainshock and 0.105 for the foreshock, respectively, indicating a
stronger FZ influence on foreshock ground motions also on a regional scale. Beyond the near-
fault region, foreshock PGV ratios show pronounced amplification at angles of approximately
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Figure 4.3: Near-fault PGV distributions of the (a) Searles Valley foreshock reference dynamic
rupture model. (b) Searles Valley foreshock dynamic rupture model including a fault damage
zone. (c) Ridgecrest mainshock reference dynamic rupture model. (d) Ridgecrest mainshock
dynamic rupture model including a fault damage zone. We use orientation-independent GM-
RotD50 PGV values (Boore et al., 2006). The coordinates are UTM 11S in km.
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±45° to the rupture forward direction, reflecting the mostly unilateral propagation along F2. A
similar but weaker pattern is observed near both ends of F3 for the bilateral mainshock. These
effects of the fault zone guided waves are distinct from the signatures of the radiation pattern
of local impulsive vertical waves analyzed in (Schliwa and Gabriel, 2023).

The influence of the fault zone structure on ground motions is more pronounced at higher
frequencies. Fig. 4.4 shows logarithmic ratios of the FZ and reference models’ peak spectral
accelerations (PSAs) at 3 s and 1 s (Boore et al., 2006). The different statistical spreads of the
sets of logarithmic ratios quantify the relative fault zone impact on different frequency bands.
For the foreshock, the logarithmic PSA ratio standard deviations from zero are 0.095 at 3 s
and 0.173 at 1 s, with the latter corresponding to a relative PSA change by 1.49, representing
de-/amplification by ×1.49. The logarithmic PSA ratio standard deviations from zero for the
mainshock are 0.119 at 3 s and 0.126 at 1 s, respectively. The values show that the relative
impact on PSA1s is higher for both events and particularly pronounced for the foreshock. While
the large-scale amplification patterns of PSA ratios at 1 s and 3 s are largely consistent, they
diverge in certain regions, such as south of the fault system at UTM x = 455 km for the
mainshock. These differences stem from the PSA1s amplifications at angles of approximately
±45° from the southern end of F3 associated with the rupture directivity within the fault zone.

The frequency-dependency of the fault zone impact is related to the fault zone geometry
and material properties. Fault zone trapped waves form due to constructive interference at
the eigenfrequencies of the fault zone (Flores-Cuba et al., 2024; Ben-Zion, 1998); therefore,
frequencies equal and higher than the fundamental eigenfrequency are affected the most. The
fundamental eigenfrequency of a standing wave across the fault zone width wfz with two fixed
ends is ffz = vs/(2wfz) = 0.53Hz, for vs = 1700m/s and wfz = 1600m, corresponding to
the average values at the free surface.

4.3.2 Fault zone impact on rupture dynamics

We compare the reference model of the 2019 Ridgecrest sequence (Taufiqurrahman et al.,
2023) with the FZ model to investigate the fault zone’s impact on rupture dynamics. Both
dynamic rupture models share equivalent setups apart from the fault zone. Details of the
reference model setup, a description of its rupture dynamics, and a visualization of the rupture
evolution are provided in Sec. 4.2.1, 4.2.2, and Fig. 4.A8, respectively. The analysis focuses on
the mainshock, with foreshock results presented in the supplementary materials (Fig. 4.A13–
4.A15).

Fault zone waves and the reduction of the shear modulus within the fault zone considerably
alter the final slip distribution of the mainshock model. Fig. 4.5 shows the potency and moment
release rates of the reference and the FZ model, the accumulated fault slip in the FZ model, and
the difference between the FZ and reference models’ accumulated fault slip. In the FZ model,
the accumulated slip is generally higher than in the reference model, which is reflected by an
increase in the total potency. The assumed shear modulus reduction outweighs the slip increase
and results in a lower seismic moment for both the mainshock and foreshock FZ model (Fig.
4.A13). However, this is misleading in relation to the ground motions since the assumed rigidity
at the source does not directly affect the radiated energy (Ben-Zion, 1989, 2001; Trugman and
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Figure 4.4: Logarithmic ratios of peak spectral accelerations (GMRotD50, Boore et al., 2006)
comparing dynamic rupture models with a fault damage zone to the reference model. Logarith-
mic ratios indicate relative ground motion amplification and reduction, with values of ±0.05,
±0.25, and ±0.45 corresponding to factors of 1.12, 1.78, and 2.82, respectively. A high degree
of saturation in diverging colorbar directions indicates a strong relative impact due to the fault
zone. The coordinates are UTM 11S in km. (a) Period of 3 s, Searles Valley foreshock. (b)
Period of 1 s, Searles Valley foreshock. (c) Period of 3 s, Ridgecrest mainshock. (d) Period of
1 s, Ridgecrest mainshock.
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Figure 4.5: Comparison of rupture parameters in Ridgecrest mainshock models with and without
the fault damage zone. (a) Potency release rate. (b) Moment release rate. (c) Accumulated
slip distribution of the dynamic rupture model including the fault damage zone, showing two
perspectives. (d) Difference in accumulated slip (sfz − sref ) of the dynamic rupture model,
including the fault damage zone compared to the reference model. Contours indicate the
velocity-strengthening to velocity-weakening transition (at a depth of 1.8 km), and the base of
the fault zone (at 6 km depth).
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Ben-Zion, 2024), which is properly quantified by the potency. Slipping fault portions in the FZ
mainshock model accumulate on average 2 m of slip, reaching maximum values of 5 m at the
free surface near the southeastern end of F3. Within the fault zone near the hypocenter, slip
increases by 0.3–0.4 m relative to the reference model.

The shallow fault zone structure amplifies surface-reflected rupture fronts, contributing to
the accumulated slip increase. At the free surface, the FZ model’s slip amplification grows with
lateral distance from the hypocenter in both directions due to an amplified surface-reflected
rupture front (e.g., Kaneko and Goto, 2022). Below the fault zone, slip differences between the
FZ and the reference model are minimal, except near the F2-F3 intersection. In this region, the
amplified surface-reflected rupture front originating from the hypocenter reaches the base of
the seismogenic zone and even reinitiates rupture through the intersection with F2 for a second
time (see 6–12 s in Movie 4.A1 in Sec. 4.A10).

On the southern segment of F3, the FZ model exhibits vertical and lateral oscillations
of accumulated slip amplification and deamplification relative to the reference model (Fig.
4.5d). A superposition of fault zone waves generated at the southern F3 segment and those
originating from the hypocentral region causes these complex oscillations. Rupture tunneling at
the F2-F3 intersection and the associated delay lead to the rupture arriving at the southern F3
segment fault zone simultaneously with a pronounced fault zone wave packet emanating from
the hypocentral region (30–36 s in Movie 4.A2 in Sec. 4.A10). The sign of the accumulated
slip change depends on whether the dynamic stress perturbations due to fault zone waves favor
slip when interacting with the rupture front. Reversed polarity slip reactivation (Glastonbury-
Southern et al., 2022; Shearer et al., 2024) due to fault zone coda waves further contributes
to the strong positive slip anomaly at the free surface of the southern F3 segment. We detail
the slip reactivation and the time-dependent interactions between rupture and dynamic stress
perturbations at the end of this section. Next to the southern segment of F3, fault zone waves
dynamically trigger more shallow slip on F4 in the FZ model compared to the reference model.

Peak slip rates show a pronounced depth-dependent increase within the fault zone (Fig.
4.6 and 4.A16). On average, peak slip rates within the fault zone are 70% higher than in
the reference model, marking the most significant relative change induced by the fault zone.
The largest changes occur in the velocity-weakening bottom half of the fault zone. We note
that there the difference between the direct effect parameter and the state-evolution parameter
a− b is −0.004. The transition between seismogenic velocity-weakening and shallow velocity-
strengthening frictional regimes falls between depths of 4 km and 1.8 km (Fig. 4.A9), which
aligns with a secondary shallow depth-dependent change in peak slip rate increase (Fig. 4.6a).
Including the fault zone increases the spatial correlation of peak slip rates with accumulated
slip, rise time, and rupture speed normalized by the rigidity (Fig. 4.A17). In particular, peak
slip rate and rupture speed strongly correlate (> 0.8) for both foreshock and mainshock FZ
models. This correlation appears to be dynamically enforced independently of the friction law
(e.g., Schmedes et al., 2010; Schliwa et al., 2024).

Peak slip rates on the shallow southern segment of F3 show oscillations similar to the slip
differences caused by fault zone trapped waves. However, unlike the slip differences, peak slip
rates do not decrease compared to the reference model, and the oscillations do not align spatially
with those of the accumulated slip differences. The spatial offsets arise from the accumulated
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Figure 4.6: Comparison of Ridgecrest mainshock rupture dynamics in models with and without
the fault damage zone, with each subplot showing two perspectives. (a) Difference in peak slip
rate (max(ṡfz)−max(ṡ ref )). (b) Rupture speed distribution of the Ridgecrest mainshock FZ
model. (c) Difference in rupture speed (vr,fz−vr, ref ). (d) Ratio between rupture speed and local
S-wave velocity (vr,fz/vs) of the Ridgecrest mainshock FZ model. The colorbar is saturated
to highlight supershear rupture. Contours indicate the depth of the velocity-strengthening to
velocity-weakening transition (1.8 km) and the bottom of the fault zone (6 km). Black dots in
(d) show fault receiver locations analyzed in Fig. 4.7.
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slip being affected by slip reactivation due to fault zone coda waves (Fig. 4.7).
The fault damage zone facilitates supershear rupture, which is primarily confined to its

bottom half. Within the fault zone, rupture speed decreases by an average of 17% compared
to the reference model (Fig. 4.6c), which is less than the 30% reduction in seismic wave
propagation velocities within the fault zone. These rupture speed changes have only a small
effect on rupture duration (see Fig. 4.5a,b). Fig. 4.6d shows the ratio of rupture speed to
local shear wave velocity, revealing localized, episodic supershear transitions at the bottom of
the fault zone.

Episodic supershear rupture remains mostly confined to depths of 3-6 km, the velocity-
weakening frictional regime within the fault zone (Cui and Zhu, 2022). However, a thin yet
laterally stable supershear corridor exists at the southern end of F3, just below the free surface.
This supershear rupture is induced within the velocity-strengthening regime due to a combi-
nation of rupture directivity, free surface reflections (Olsen et al., 1997; Kaneko and Lapusta,
2010; Hu et al., 2019), a superposition of fault zone waves generated in the adjacent fault zone
and the hypocentral region (Huang et al., 2016), and wave focusing due to the slope change
of the flower structure geometry (Fig. 4.1a Pelties et al., 2015).

Average rise times within the fault zone are reduced by 10% compared to the reference model
when areas with long rise times due to surface reflections are excluded (see Fig. 4.A18), which
is less than observed for simpler dynamic rupture models incorporating a fault zone (Huang and
Ampuero, 2011; Pelties et al., 2015).

Lateral oscillations of dynamic source parameters along the southern F3 segment are ex-
plained by the timing between the rupture front and dynamic stress perturbations due to fault
zone waves. Fig. 4.7 shows normalized shear stress and slip rate evolution of eight fault receivers
located along a constant-depth profile overlapping with the previously identified supershear cor-
ridor (Fig. 4.6d). Oscillations before and higher frequent shear stress modulations after the
rupture onset represent dynamic perturbations due to fault zone waves. The first three fault re-
ceivers (a–c) have subshear rupture speeds, and a peak slip rate increases ∆max(ṡ) <= 1 m/s
compared to the reference model. The subsequent receivers (d–g) exhibit supershear and larger
increases in peak slip rate. For the fault receivers a–c, dynamic stress perturbations right be-
fore rupture onset are decreasing but do not turn negative, which indicates that the maximum
unfavorable stress perturbations coincide with rupture onset. For the remaining receivers, the
maximum unfavorable stress perturbations occur right before rupture onset, which then aligns
with a favorable stress perturbation, facilitating supershear and large peak slip rate increases.
We do not observe a daughter crack (Andrews, 1976b; Burridge et al., 1979) during the su-
pershear transition. Receivers e–g show notable reverse slip reactivations by fault zone coda
waves, adding to the accumulated slip difference compared to the reference dynamic rupture
model (Fig. 4.5d).

4.4 Discussion

The dynamic rupture models of the 2019 Ridgecrest sequence demonstrate that the shallow
fault zone structure significantly impacts key aspects of the ruptures and ground motions up
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Figure 4.7: Normalized shear stress and slip rate evolution of the Ridgecrest mainshock model
including the fault damage zone at eight fault receivers (a–h). The receivers are located along
a constant depth profile (≈ 800 m) overlapping with the supershear corridor at the southern
end of F3 (Fig. 4.6d). Insets show the distance to the southern end of F3, the difference
in peak slip rate (∆max(ṡ)) and accumulated slip (∆s) compared to the reference mainshock
model, and the ratio between rupture speed and local shear wave velocity (vr/vs), indicating
supershear onset at the fault receiver associated with subplot (d).
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to regional distances. The effects are more substantial for high-frequency ground motions
(> 0.5 Hz) and ground motions of the foreshock (Fig. 4.4). The corner frequencies of both
events are lower than the fundamental eigenfrequency of the fault zone, but the foreshock
of the Ridgecrest sequence has a higher corner frequency than the mainshock (Schliwa and
Gabriel, 2023). Therefore, more of the foreshock’s relative frequency content overlaps with
the eigenfrequencies of the fault zone, which explains the stronger impact on the foreshock
ground motions. This implies a magnitude dependence of the fault zone impact, which should
reach its maximum when the events corner frequency exceeds the fundamental eigenfrequency
of the fault zone. However, when the magnitude gets smaller it becomes less likely that the
earthquake will rupture the Earth’s surface (Bonilla, 1988; Wells and Coppersmith, 1994) and
the shallow velocity-strengthening and fault zone region. In addition, the higher frequencies
generated by smaller events attenuate more along the same propagation distance.

Meng et al. (2024) analyze ground motion parameters of aftershocks of the Ridgecrest
sequence with dense 1D arrays (Qiu et al., 2021) across the fault zone of the mainshock rupture.
They observe ground motion parameter attenuation rates of aftershocks within the fault zone
that are consistent with our simulated results for the FZ dynamic rupture models. The similar
attenuation rates of ground motions from small and large events indicate that propagation
rather than source effects dominate the fault zone’s impact on the ground motions.

The shallow nature of fault damage zones may prevent extensive supershear rupture due to
the overlap with the transition of the frictional regime. Observed coherent fault zone waveg-
uides, capable of generating fault zone trapped waves, typically extend to depths of only 3–5 km
(e.g., Ben-Zion et al., 2003; Lewis et al., 2005; Lewis and Ben-Zion, 2010; Qiu et al., 2021).
Evidence for shallow velocity-strengthening portions (Kaneko et al., 2008) of strike-slip fault
systems include the lack of shallow seismicity (e.g., Shearer et al., 2005; Peng and Zhao, 2009),
the coseismic shallow slip deficit (e.g., Fialko et al., 2005), and shallow afterslip following large
earthquakes (e.g., Hsu et al., 2006; Barbot et al., 2012). Laboratory experiments and in-situ ob-
servations associate this shallow velocity-strengthening zone with unconsolidated sediments and
fault gouge (e.g., Marone et al., 1991; Chester et al., 1993; Beeler et al., 1996; Marone, 1998;
Lockner et al., 2011). The dynamic rupture models indicate that such a shallow transition to
velocity-strengthening friction inhibits sustained supershear rupture within the fault zone. This
suggests that fault zone-induced supershear transitions may be less common than predicted by
numerical studies assuming constant friction parameters (Huang et al., 2014, 2016). Nonethe-
less, the FZ model produces supershear rupture speeds in a thin corridor close to the free surface
at the southeastern end of the mainshock rupture, even within the velocity-strengthening regime
(Fig. 4.7). Loading and unloading waves reflected from 3D material heterogeneities can further
complicate supershear transitions, even when the heterogeneities occur at some distance from
the fault surface (Ma and Elbanna, 2015).

Dynamic stress perturbations due to fault zone waves can be crucial for dynamically activat-
ing secondary faults. We find (Fig. 4.5d) that fault zone waves dynamically trigger substantial
rupture along F4 while assuming identical frictional conditions for F3 and F4. The additional
triggered slip aligns with Ridgecrest mainshock observations that indicate that F4 experienced
anelastic damage, surface rupture, and localized aftershock activity (Ross et al., 2019; Milliner
and Donnellan, 2020).
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We assume a coherent pre-existing fault damage zone, which might be exaggerated com-
pared to natural conditions. However, low-velocity zones around faults generated by previous
ruptures remain for a long time (e.g., Rovelli et al., 2002), suggesting that fault damage zones
likely existed around the main ruptures prior to the Ridgecrest sequence. The limited data near
the rupture zones, where the fault zone effects are most pronounced, prevents us from per-
forming a detailed comparison of simulation results to observations and highlights the need for
additional near-fault sensors (e.g., Ben-Zion, 2019). The small-scale variability introduced by
the fault zone structure further highlights the need for dense recordings to quantify the source
and near-source effects.

4.5 Conclusions

We analyze the effects of a shallow flower-shaped fault zone in linked dynamic rupture models
of the 2019 Ridgecrest sequence on the generated ground motions and rupture dynamics. The
combination of the fault zone’s near-source wavefield distortion and rupture dynamic changes
considerably affects ground motions locally and beyond distances of 100 km. The impact
on ground motions is frequency- and magnitude-dependent, which is related to the difference
between an event’s corner frequency and eigenfrequencies of the fault zone structure. The
shallow fault zone geometry and the shallow transition to velocity-strengthening friction confine
fault zone-induced supershear rupture to localized areas in the FZ dynamic rupture model.
While vs within the fault zone is reduced by 30% , the rupture speed is reduced on average
by 17% , reflecting the local increase of vr/vs. Peak slip rates within the fault zone exhibit
the most extreme relative change, with an average increase of 70% compared to the reference
model. The shallow fault zone amplifies surface-reflected rupture fronts, enabling a secondary
surface-reflected rupture front of the Ridgecrest mainshock FZ model to re-rupture the base
of the seismogenic zone. The reduced rigidity leads to lower seismic moments for both the
FZ foreshock and mainshock models, despite an increase in seismic potency, which is more
fundamentally related to seismic radiation. These results highlight the importance of near-
source velocity structure for local and regional-scale ground motion modeling and physics-based
seismic hazard assessments.
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Appendices

4.A7 Data availability statement

The open-source dynamic rupture software SeisSol is available at https://seissol.org/.
The setup to run the reference Ridgecrest model is available at Zenodo (doi: 10.5281/zenodo
.7352554), as well as the associated SeisSol version (doi: 10.5281/zenodo.7642533), and
the material files to incorporate the low-velocity fault zone (doi: 10.5281/zenodo.14133647).
We compute ground motion parameters with the following script: https://github.com/Sei
sSol/SeisSol/tree/master/postprocessing/science/GroundMotionParametersMaps.
All seismic data were accessed through the IRIS Wilber 3 system (https://ds.iris.edu/wi
lber3/) from the Southern California Seismic Network (CI, California Institute of Technology
and United States Geological Survey Pasadena, 1926). The Python package ObsPy was used
to remove the instrument response (Krischer et al., 2015).

4.A8 Dynamic rupture simulation code

Dynamic rupture simulations are performed with the open-source software SeisSol. SeisSol
implements the arbitrary high-order accurate derivative discontinuous Galerkin (ADER-DG)
method on unstructured tetrahedral elements (Dumbser and Käser, 2006; de la Puente et al.,
2009), and is verified through numerous dynamic rupture benchmark problems (Pelties et al.,
2014; Harris et al., 2018). SeisSol demonstrates high computational efficiency scaling up to
full supercomputers using models with several billions degrees of freedom, achieving a signif-
icant fraction of the theoretical peak performance (Breuer et al., 2014; Uphoff et al., 2017;
Krenz et al., 2021), and supports elastic, viscoelastic, viscoplastic, anisotropic, and poroelastic
rheologies (Uphoff and Bader, 2016; Wollherr et al., 2018; Wolf et al., 2020, 2022).

4.A9 Computational mesh and model resolution

The fault zone and reference model share the same computational mesh (Taufiqurrahman et al.,
2023). The mesh comprises 27.2 million elements and spans a domain of 200 km × 200 km
horizontally and 100 km vertically, utilizing the WGS84/UTM Mercator 11S projection. The
spatially adaptive mesh resolution is set to an element edge length of 500 m at the free surface
and 75 m near faults to resolve the fault zone geometry and rupture dynamics. High-resolution
topography from the Shuttle Radar Topography Mission (Farr et al., 2007) is incorporated.
The simulations employ high-order basis functions of polynomial order 4, leading to a fifth-
order space-time accurate numerical scheme. The chosen discretization resolves the wavefield
up to at least 2 Hz in the near-source region and at least 1 Hz in our study region expanding
to distances up to 140 km away from the Ridgecrest fault system. Fig. 4.A10 and 4.A11 show
the synthetic and observed frequency content of five near-source stations.

https://seissol.org/
10.5281/zenodo.7352554
10.5281/zenodo.7352554
10.5281/zenodo.7642533
10.5281/zenodo.14133647
https://github.com/SeisSol/SeisSol/tree/master/postprocessing/science/GroundMotionParametersMaps
https://github.com/SeisSol/SeisSol/tree/master/postprocessing/science/GroundMotionParametersMaps
https://ds.iris.edu/wilber3/
https://ds.iris.edu/wilber3/
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4.A10 Supplemental animations

Movie 4.A1: Fault zone model mainshock ruture
Two perspectives on the slip rate evolution of the fault zone Ridgecrest mainshock dynamic

rupture model: https://drive.google.com/file/d/1aGY8Hnc_sli6_aGj-FL_IGEEtZhR
EGpN/view?usp=sharing

Movie 4.A2: Fault zone model foreshock and mainshock ruptures with surface ground
motions
Accumulated slip evolution and surface ground motions of the foreshock and mainshock of

the Ridgecrest sequence dynamic rupture models, including the fault zone. The movie displays
two perspectives. https://drive.google.com/file/d/1VMtliDMPHQjw_2JfT3TO-QPjwx

BygQHu/view?usp=sharing

https://drive.google.com/file/d/1aGY8Hnc_sli6_aGj-FL_IGEEtZhREGpN/view?usp=sharing
https://drive.google.com/file/d/1aGY8Hnc_sli6_aGj-FL_IGEEtZhREGpN/view?usp=sharing
https://drive.google.com/file/d/1VMtliDMPHQjw_2JfT3TO-QPjwxBygQHu/view?usp=sharing
https://drive.google.com/file/d/1VMtliDMPHQjw_2JfT3TO-QPjwxBygQHu/view?usp=sharing
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4.A11 Supplemental figures

Figure 4.A8: Slip rate snapshots of the Searles Valley foreshock and Ridgecrest mainshock
dynamic rupture reference models (Taufiqurrahman et al., 2023) adapted from Fig. 3c in
Schliwa and Gabriel (2023).
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Figure 4.A9: Depth profile of the a and b rate-and-state friction parameters (adapted from
Figure S4 in Taufiqurrahman et al., 2023)
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Figure 4.A10: Comparison of the displacement spectra of the reference and FZ Searles Valley
foreshock dynamic rupture models with observations from five near-source stations. Spectra
are not normalized and represent physical units. The text boxes indicate the respective station
codes. Station locations are shown in Fig. 4.1.
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Figure 4.A11: Comparison of the displacement spectra of the reference and FZ Ridgecrest
mainshock dynamic rupture models with observations from five near-source stations. Spectra
are not normalized and represent physical units. The text boxes indicate the respective station
codes. Station locations are shown in Fig. 4.1.
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Figure 4.A12: Regional peak ground velocity distribution of the (a) Searles Valley foreshock
reference dynamic rupture model. (b) Searles Valley foreshock dynamic rupture FZ model. (c)
Ridgecrest mainshock reference dynamic rupture model. (d) Ridgecrest mainshock dynamic
rupture FZ model. The shown peak ground velocities represent rotationally independent geo-
metric means (GMRotD50, Boore et al., 2006). Insets show USGS intensity shakemaps (Wald
et al., 2022) of the corresponding events.

Figure 4.A13: (a) Potency and (b) moment release rates of the Searles Valley foreshock dynamic
rupture models with and without a fault damage zone.
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Figure 4.A14: Dynamic rupture parameters of the Searles Valley foreshock FZ model and the
differences to the reference model: (a) Absolute slip. (b) Absolute slip difference. (c) Peak slip
rate. (d) Peak slip rate difference. (e) Rise time. (f) Rise time difference. The southern part
of the fault system is cut out to improve visibility of the foreshock rupture.
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Figure 4.A15: (a) Rupture speed distribution of the Searles Valley foreshock FZ model. (b)
Rupture speed difference between the FZ and reference model of the Searles Valley foreshock.
(c) Ratio between rupture speed and local S-wave velocity (vr/vs) of the FZ foreshock model.
The colorbar is saturated to highlight supershear rupture. The southern part of the fault system
is cut out to improve visibility of the foreshock rupture.

Figure 4.A16: (a) Two perspectives of the fault zone model’s peak slip rate distribution of the
Ridgecrest mainshock. (b) Two perspectives of the peak slip rate difference (PSRfz−PSR ref )
between the fault zone model and the reference model of the Ridgecrest mainshock.
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Figure 4.A17: Spatial correlation matrices of kinematic rupture parameters of the different
dynamic rupture models of the 2019 Ridgecrest sequence, following (Schmedes et al., 2010).
Correlation coefficients are computed from fault elements where the accumulated slip exceeds
0.01 m. We normalize the rupture speed by the fault-local S-wave velocity. Rise time is defined
by the period the absolute slip rate exceeds 0.1 m/s.
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Figure 4.A18: (a) Two perspectives of the rise time distribution of the Ridgecrest mainshock
dynamic rupture model, including the fault damage zone. Rise time is defined by the period the
absolute slip rate exceeds 0.1 m/s. (b) Two perspectives of the rise time difference (tr,fz−t r,ref )
between the fault damage zone model and the reference model of the Ridgecrest mainshock.
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4.A12 Supplemental tables

Table 4.A1: Fast velocity-weakening rate-and-state friction parameters of the 2019 Ridgecrest
sequence dynamic rupture models (Table S2 in Taufiqurrahman et al., 2023).

Parameter Symbol Value
Direct-effect parameter a 0.01-0.02

Evolution-effect parameter b 0.014
Reference slip rate V0 10−6 m/s

Steady-state low-velocity friction coefficient at the slip rate V0 f0 0.6
Characteristic slip distance of the state evolution L 0.2

Full weakened friction coefficient fw 0.1
Initial slip rate Vini 10−16 m/s

Weakened slip rate Vw 0.1 m/s



Chapter 5

Conclusions

In this thesis, we model dynamic rupture, quasi-dynamic afterslip, and physics-based ground
motions to enhance our general understanding of the source heterogeneities involved during
earthquakes and faulting. We focus on relating source complexities to observable ground mo-
tions. High-performance computing enables us to run millions of dynamic forward models and
to simulate multi-scale processes from on-fault frictional failure and narrow fault damage zone
structures to ground motions across regional scales.

5.1 Summary of presented work

In Chapter 2, we present a joint dynamic rupture and afterslip finite-fault inversion of theMw 6.0
2004 Parkfield earthquake, revealing spatial variability in prestress and fault friction parameters.
We infer uncertainty bounds and identify key model parameter trade-offs from an ensemble of
the 10,500 best-fitting models. The coseismic rupture consistently displays a transition from a
pulse-like to crack-like rupture phase, with a notable reduction in rupture velocity in between.
The observation of different rupture styles within the same earthquake suggests a dependence
on fault-local mechanical conditions rather than the broader regional tectonic setting. We
show that the rupture style is governed by the complex interaction of dynamic parameters,
with the reference friction drop f0 − fw exerting the largest influence. The joint rate-and-state
framework closely images the coseismic-to-postseismic transition, showing how the dynamic
rupture termination mechanism leaves an imprint on subsequent afterslip evolution. We detect
a backward propagating afterslip front that aligns with delayed aftershock activity located
above the hypocenter. This backward-propagating afterslip front exhibits a slip rate function
resembling pulse-like behavior, while other regions of afterslip appear crack-like. This raises the
possibility that different postseismic faulting styles may be detectable during other earthquakes
or using different methods. Negative coseismic stress drops associated with the transition
from velocity-weakening to velocity-strengthening friction can explain the observed overlap of
shallow aftershocks and coseismic slip. The inverse modeling approach enables us to infer data-
constrained dynamic friction and earthquake source parameters. We infer a friction drop that
aligns with a statically stronger and dynamically weaker Parkfield segment of the San Andreas
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Fault. However, this friction drop is insufficient to account for the observed general lack of heat
production, assuming a lithostatic pressure gradient. Through this study, we demonstrate how
physics-based inverse modeling, combined with both coseismic and postseismic observations,
can reveal novel insights into source complexity and enhance our fundamental understanding
of earthquakes and faulting.

In Chapter 3, we present a detailed analysis of the spatial variability of an equivalent near-
field corner frequency fc in large strike-slip 3D dynamic rupture simulations, including the
Mw 7.3 1992 Landers earthquake and the Mw 6.4 and 7.1 events of the 2019 Ridgecrest
sequence. We observe significant spatial variability in fc within the near-field, primarily induced
by source effects. To validate our findings, we compare our results with observed spectra and
apply isochrone analysis to link the spatial variability of ground motion spectra to underlying
source mechanisms. Local vertical higher-frequent pulses are often associated with rake-rotated,
surface-breaking rupture fronts that decelerate abruptly due to source complexities, such as fault
heterogeneities or geometric irregularities. Our study demonstrates that the distribution of near-
field fc can provide valuable insights into rupture directivity, surface rupture characteristics,
and rupture segmentation. We conclude that fc is an informative ground motion parameter for
directly inferring the spectral fingerprints of rupture dynamics from near-field ground motions.
In particular, distributed acoustic sensing and large-scale array datasets can greatly benefit from
this analysis approach.

In Chapter 4, we analyze the effects of a shallow, flower-shaped fault zone in linked dynamic
rupture models of the 2019 Ridgecrest sequence, focusing on its impact on ground motions
and rupture dynamics. The fault zone both amplifies and reduces ground motions, affecting
areas close to the fault as well as regions beyond distances greater than 100 km, significantly
contributing to the observed variability in ground motion. The relation between an event’s
corner frequency and the fault zone’s eigenfrequencies generates a frequency- and magnitude-
dependent impact of the fault zone. This magnitude dependence is further complicated by
the fact that smaller earthquakes are less likely to rupture the Earth’s surface. We observe
localized supershear rupture induced by the fault zone, limited by the shallow transition to
velocity-strengthening friction. However, in a small region, the combined effects of fault zone
waves, rupture directivity, and surface reflections trigger supershear rupture within the velocity-
strengthening regime, which was previously thought to be impossible. The fault zone model
reveals a misleading decrease in seismic moment despite an increasing potency, which is more
fundamentally related to the radiated energy. This study demonstrates the importance of near-
source velocity structure for accurately modeling local and regional-scale ground motions and
conducting physics-based seismic hazard assessments.

5.2 Future perspectives

The studies presented in this thesis contribute to a deeper understanding of earthquake physics
and source complexity. The modeling approaches employed, along with their findings, open
new avenues for future investigations into earthquake dynamics and ground motions.

The seismo-geodetic dynamic source inversion represents a groundbreaking method, en-
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abled by recent advancements in computing hardware and software. Applying this approach
to more earthquakes will yield additional insights into faulting processes and the variability of
source characteristics across different events. However, the current numerical implementation
is limited to layered material properties and planar vertical faults, which restricts the range
of potential applications. While SeisSol can handle complex fault geometries and 3D hetero-
geneous domains, it is computationally less efficient and not ideally suited for running many
forward models during an inversion. We plan to integrate numerical Green’s functions (e.g.,
Uphoff et al., 2022) into SeisSol, enabling faster coseismic forward modeling after an initial
pre-computing step. By incorporating Green’s functions, we can reduce simulation time to
the duration of the rupture, with wave propagation through potentially complex media being
derived instantaneously. The use of 3D heterogeneous material parameters will allow for a
more accurate accounting of path effects when analyzing source dynamics. Moreover, by using
Green’s function to compute wave propagation, the model domain can be significantly reduced
to include solely the fault system, further reducing computational costs.

Physics-informed neural networks (PINNs) offer another promising approach to accelerate
forward modeling. PINNs have demonstrated good performance in wave propagation modeling
(Rasht-Behesht et al., 2022) and have recently been applied to rate-and-state friction models
(Rucker and Erickson, 2024; Borate et al., 2024). At first, traditional Bayesian inversion studies
can be used to train the PINN, after which it can accelerate future applications. Stiernström
et al. (2024) developed a novel adjoint-based gradient method for dynamic rupture, which has
the potential to significantly speed up dynamic source inversions. However, this method has only
been demonstrated in 2D so far and does not provide uncertainty quantification. Combining an
adjoint-based approach with a Bayesian method may facilitate faster uncertainty quantification
than a purely probabilistic approach.

The dynamic source inversion relies heavily on the quantity and quality of available near-
source data. Geodetic data is particularly valuable for constraining the coseismic moment,
coseismic slip distribution, and postseismic deformation. Including InSAR and optical image
correlation can provide spatially highly resolved ground deformation data for dynamic source
inversion, even for remote earthquakes that lack nearby GNSS stations. Geodetic observations
are sensitive to slow, long-term deformations, offering the potential to extend the dynamic
source inversions over longer timescales, including extended postseismic periods, the interseismic
phase, and even across multiple events.

Subduction zones represent another exciting challenge for dynamic source inversion applica-
tions. A large portion of the deformation associated with subduction faulting occurs offshore,
where seismic stations and satellite geodesy observations are typically unavailable. However,
recent initiatives, such as the S-net along the Japan Trench (Matsubara et al., 2019; Nishikawa
et al., 2019) and the Subduction Zones in Four Dimensions project (SZ4D, Hilley, 2022), have
the potential to provide high-quality near-source data on subduction earthquakes and faulting
in the future. Constraining fault friction parameters near the trench is particularly important,
as these parameters are closely linked to tsunami potential.

Many seismologists work on inferring stress drops of earthquakes from observed spectra
(Abercrombie, 2021). These seismologically inferred stress drops are based on the assumption
of a simple source model. However, accumulating observations indicate that earthquakes are
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complex, regardless of their magnitude (e.g., Hamling et al., 2017; Trugman et al., 2021;
Yoshida, 2024). Our analysis of dynamic rupture simulations of large earthquakes shows that
source complexity causes considerable variability in observed spectral corner frequency, which
distorts the inferences of the seismologically inferred stress drops. There is an urgent need
to explore the relation between seismologically inferred stress drops, source parameters such
as the on-fault stress drop, and source complexity. Dynamic rupture simulations can provide
both the on-fault and seismologically inferred stress drops, which is useful for studying their
linking (Gallovič and Valentová, 2020). In addition, laboratory studies exhibiting heterogeneous
high-frequency seismic radiation due to complex ruptures (Cebry and McLaskey, 2024) may
contribute to solving this problem.

Fault zones in nature are highly complex, making it essential to identify which aspects of this
complexity are most relevant for dynamic rupture and physics-based ground motion modeling.
The fault zone modeled in the dynamic rupture simulations of the 2019 Ridgecrest sequence
exhibits complex geometry, yet remains idealized in certain respects. For instance, we do not
model the well-documented anisotropy within fault zones, even though SeisSol already has the
capability to do so. Future studies should investigate dynamic rupture models across a broad
parameter space, encompassing a range of fault zone geometries, damage levels, and degrees
of anisotropy. This will allow for a more comprehensive assessment of the role of fault zone
anisotropy in rupture dynamics and ground motion modeling.

Plastic cohesion is another crucial parameter in complex dynamic rupture modeling, yet it
remains poorly constrained. It is commonly linked to the shear wave velocity of the domain,
which serves as an approximation of rock strength. This implies that when the shear wave
velocity decreases within a fault zone, plastic cohesion also diminishes significantly, with a
potentially strong impact on rupture dynamics. Thus far, we have not accounted for this
reduction in plastic cohesion within the fault zone in our study. Future research involving fault
zones should incorporate this reduction, as it could impact the range of appropriate values for
plastic cohesion. This aspect is of particular interest when considering the interaction between
an existing fault zone and plastic off-fault deformation, which further amplifies rock damage in
the fault zone and may shape its geometry.

Many of the previously mentioned future directions and challenges depend on high-performance
computing. SeisSol is the product of years of fruitful collaboration between geophysicists and
computer scientists, culminating in what is arguably the most advanced earthquake dynamic
rupture code in the world. While the performance of supercomputers will continue to increase,
staying abreast of developments in heterogeneous computing infrastructure will remain a chal-
lenge. Fostering sustained collaboration between geophysicists and computer scientists will be
essential for continuing this success story.



Bibliography

Abdelmeguid, M. and Elbanna, A. (2022). Modeling Sequences of Earthquakes and Aseismic
Slip (SEAS) in Elasto-Plastic Fault Zones With a Hybrid Finite Element Spectral Boundary
Integral Scheme. Journal of Geophysical Research: Solid Earth, 127(12).

Abercrombie, R. E. (2021). Resolution and uncertainties in estimates of earthquake stress
drop and energy release. Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 379(2196).

Abercrombie, R. E., Chen, X., and Zhang, J. (2020). Repeating Earthquakes With Remarkably
Repeatable Ruptures on the San Andreas Fault at Parkfield. Geophysical Research Letters,
47.

Adda-Bedia, M. and Madariaga, R. (2008). Seismic Radiation from a Kink on an Antiplane
Fault. Bulletin of the Seismological Society of America, 98(5).

Afanasiev, M., Boehm, C., van Driel, M., Krischer, L., Rietmann, M., May, D. A., Knepley,
M. G., and Fichtner, A. (2018). Modular and flexible spectral-element waveform modelling
in two and three dimensions. Geophysical Journal International, 216(3):1675–1692.

Agata, R., Barbot, S., Fujita, K., Hyodo, M., Iinuma, T., Nakata, R., Ichimura, T., and Hori, T.
(2019). Rapid mantle flow with power-law creep explains deformation after the 2011 Tohoku
mega-quake. Nature Communications, 10.

Allam, A., Ben-Zion, Y., and Peng, Z. (2014). Seismic Imaging of a Bimaterial Interface Along
the Hayward Fault, CA, with Fault Zone Head Waves and Direct P Arrivals. Pure and Applied
Geophysics, 171.

Allmann, B. P. and Shearer, P. M. (2007). A High-Frequency Secondary Event During the 2004
Parkfield Earthquake. Science, 318.

Allmann, B. P. and Shearer, P. M. (2009). Global variations of stress drop for moderate to
large earthquakes. Journal of Geophysical Research: Solid Earth, 114(B1).

Ampuero, J.-P. and Ben-Zion, Y. (2008). Cracks, pulses and macroscopic asymmetry of dy-
namic rupture on a bimaterial interface with velocity-weakening friction. Geophysical Journal
International, 173.



144 BIBLIOGRAPHY

Ampuero, J.-P. and Rubin, A. M. (2008). Earthquake nucleation on rate and state faults –
Aging and slip laws. Journal of Geophysical Research: Solid Earth, 113.

Andrews, D. J. (1976a). Rupture propagation with finite stress in antiplane strain. Journal of
Geophysical Research, 81(20):3575–3582.

Andrews, D. J. (1976b). Rupture velocity of plane strain shear cracks. Journal of Geophysical
Research (1896-1977), 81(32):5679–5687.

Andrews, D. J. (1999). Test of two methods for faulting in finite-difference calculations. Bulletin
of the Seismological Society of America, 89(4):931–937.

Andrews, D. J. (2005). Rupture dynamics with energy loss outside the slip zone. Journal of
Geophysical Research: Solid Earth, 110(B1).

Andrews, D. J. and Ben-Zion, Y. (1997). Wrinkle-like slip pulse on a fault between different
materials. Journal of Geophysical Research: Solid Earth, 102(B1).

Antoine, S. L., Klinger, Y., Delorme, A., Wang, K., Bürgmann, R., and Gold, R. D. (2021).
Diffuse Deformation and Surface Faulting Distribution from Submetric Image Correlation
along the 2019 Ridgecrest, California, Ruptures. Bulletin of the Seismological Society of
America, 111(5):2275–2302.
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Igel, H., Käser, M., and Stupazzini, M. (2011). Seismic Wave Propagation in Media with
Complex Geometries, Simulation of, pages 765–787. Springer New York.

Im, K. and Avouac, J.-P. (2023). Cascading foreshocks, aftershocks and earthquake swarms in
a discrete fault network. Geophysical Journal International, 235(1):831–852.

Imperatori, W. and Mai, P. M. (2012). Broad-band near-field ground motion simulations in
3-dimensional scattering media. Geophysical Journal International, 192(2).



160 BIBLIOGRAPHY

Ishii, M., Shearer, P. M., Houston, H., and Vidale, J. E. (2005). Extent, duration and speed of
the 2004 Sumatra–Andaman earthquake imaged by the Hi-Net array. Nature, 435(7044):933–
936.

Jayalakshmi, S., Dhanya, J., Raghukanth, S. T. G., and Mai, P. M. (2021). Hybrid broad-
band ground motion simulations in the Indo-Gangetic basin for great Himalayan earthquake
scenarios. Bulletin of Earthquake Engineering, 19(9):3319–3348.

Jia, Z., Jin, Z., Marchandon, M., Ulrich, T., Gabriel, A.-A., Fan, W., Shearer, P., Zou, X.,
Rekoske, J., Bulut, F., Garagon, A., and Fialko, Y. (2023). The complex dynamics of the
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Lambrecht, L., Lamert, A., Friederich, W., Möller, T., and Boxberg, M. S. (2017). A nodal
discontinuous Galerkin approach to 3-D viscoelastic wave propagation in complex geological
media. Geophysical Journal International, 212(3):1570–1587.

Langbein, J., Borcherdt, R., Dreger, D., Fletcher, J., Hardebeck, J. L., Hellweg, M., Ji, C.,
Johnston, M., Murray, J. R., Nadeau, R., Rymer, M. J., and Treiman, J. A. (2005). Prelimi-
nary Report on the 28 September 2004, M 6.0 Parkfield, California Earthquake. Seismological
Research Letters, 76(1).

Langbein, J., Murray, J. R., and Snyder, H. A. (2006). Coseismic and Initial Postseismic
Deformation from the 2004 Parkfield, California, Earthquake, Observed by Global Positioning
System, Electronic Distance Meter, Creepmeters, and Borehole Strainmeters. Bulletin of the
Seismological Society of America, 96.

Lapusta, N. and Rice, J. R. (2003). Nucleation and early seismic propagation of small and
large events in a crustal earthquake model. Journal of Geophysical Research: Solid Earth,
108(B4).

Lapusta, N., Rice, J. R., Ben-Zion, Y., and Zheng, G. (2000). Elastodynamic analysis for slow
tectonic loading with spontaneous rupture episodes on faults with rate- and state-dependent
friction. Journal of Geophysical Research: Solid Earth, 105.

Larochelle, S., Lapusta, N., Ampuero, J.-P., and Cappa, F. (2021). Constraining Fault Fric-
tion and Stability With Fluid-Injection Field Experiments. Geophysical Research Letters,
48(10):e2020GL091188.

Lee, E.-J., Chen, P., Jordan, T. H., Maechling, P. B., Denolle, M. A. M., and Beroza,
G. C. (2014). Full-3-D tomography for crustal structure in Southern California based on
the scattering-integral and the adjoint-wavefield methods. Journal of Geophysical Research:
Solid Earth, 119(8).

Lee, J.-J. and Bruhn, R. L. (1996). Structural anisotropy of normal fault surfaces. Journal of
Structural Geology, 18(8):1043–1059.
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Pollitz, F., Passone, L., Razafindrakoto, H. N. T., Sekiguchi, H., Song, S. G., Somala, S. N.,
Thingbaijam, K. K. S., Twardzik, C., van Driel, M., Vyas, J. C., Wang, R., Yagi, Y., and
Zielke, O. (2016). The Earthquake-Source Inversion Validation (SIV) Project. Seismological
Research Letters, 87(3):690–708.

Mai, P. M. and Thingbaijam, K. K. S. (2014). SRCMOD: An Online Database of Finite-Fault
Rupture Models. Seismological Research Letters, 85(6):1348–1357.

Marchandon, M., Wright, T. J., and Hollingsworth, J. (2022). Remote Sensing of the Earth-
quake Deformation Cycle, chapter 7, pages 191–246. John Wiley & Sons, Ltd.

Marone, C. (1998). Laboratory-derived friction laws and their application to seismic faulting.
Annual Review of Earth and Planetary Sciences, 26.

Marone, C. and Kilgore, B. (1993). Scaling of the critical slip distance for seismic faulting with
shear strain in fault zones. Nature, 362(6421):618–621.

Marone, C. J., Scholtz, C. H., and Bilham, R. (1991). On the mechanics of earthquake afterslip.
Journal of Geophysical Research: Solid Earth, 96(B5):8441–8452.



BIBLIOGRAPHY 167

Marra, F., Azzara, R., Bellucci, F., Caserta, A., Cultrera, G., Mele, G., Palombo, B., Rovelli,
A., and Boschi, E. (2000). Large amplification of ground motion at rock sites within a fault
zone in Nocera Umbra (Central Italy). Journal of Seismology, 4:543–554.
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Sawai, M., Niemeijer, A. R., Plümper, O., Hirose, T., and Spiers, C. J. (2016). Nucleation
of frictional instability caused by fluid pressurization in subducted blueschist. Geophysical
Research Letters, 43(6):2543–2551.

Schliwa, N. and Gabriel, A. (2023). Equivalent Near-Field Corner Frequency Analysis of 3D Dy-
namic Rupture Simulations Reveals Dynamic Source Effects. Seismological Research Letters,
95.

Schliwa, N., Gabriel, A.-A., Premus, J., and Gallovič, F. (2024). The Linked Complex-
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band dynamic rupture modeling with fractal fault roughness, frictional heterogeneity, vis-
coelasticity and topography: The 2016 Mw 6.2 Amatrice, Italy earthquake. Geophysical
Research Letters.

Taufiqurrahman, T., Gabriel, A.-A., Ulrich, T., Valentová, L., and Gallovič, F. (2022b). Broad-
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