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Abstract Frault geometric heterogeneities such as roughness, stepovers, or other irregularities are known
to affect the spectra of radiated waves during an earthquake. To investigate the effect of normal stress het-
erogeneity on radiated spectra, we utilized a poly(methyl methacrylate) (PMMA) laboratory fault with a single,
localized bump. By varying the normal stress on the bump and the fault-average normal stress, we produced
earthquake-like ruptures that ranged from smooth, continuous ruptures to complex ruptures with variable
rupture propagation velocity, slip distribution, and stress drop. High prominence bumps produced complex
events that radiated more high frequency energy, relative to low frequency energy, than continuous events
without a bump. In complex ruptures, the high frequency energy showed significant spatial variation cor-
related with heterogeneous peak slip rate and maximum local stress drop caused by the bump. Continuous
ruptures emitted spatially uniform bursts of high frequency energy. Near-field peak ground acceleration (PGA)
measurements of complex ruptures show nearly an order-of-magnitude higher PGA near the bump than else-
where. We propose that for natural faults, geometric heterogeneities may be a plausible explanation for com-
monly observed order-of-magnitude variations in near-fault PGA.

Resumen (Translated by Coralis Del Mar Friedman-Alvarez) Durante un terremoto, las heterogeneidades
geométricas en fallas, incluyendo asperidad, escalonamientos y otras irregularidades, afectan los espectros
de las ondas radiadas. Para investigar el efecto de la heterogeneidad del esfuerzo normal sobre los espectros
radiados, utilizamos una falla de laboratorio hecha de polimetilmetacrilato (PMMA) con una protuberancia
localizada. Al variar el esfuerzo normal sobre la protuberancia y el esfuerzo normal promedio de la falla, pro-
dujimos rupturas similares a las que ocurren en terremotos, variando desde rupturas suaves y continuas hasta
rupturas complejas, con variaciones en la velocidad de propagacion de ruptura, distribucién de deslizamien-
to y caida de esfuerzo. Al comparar los eventos producidos por protuberancias prominentes con los eventos
continuos sin protuberancia, se observa que las protuberancias prominentes generan eventos mas comple-
jos que radian mas energia de alta frecuencia en comparacion con la energia de baja frecuencia. En rupturas
complejas, la energia de alta frecuencia muestra una variacion espacial significativa, correspondiente a la va-
riacion de la tasa maxima de deslizamiento y la caida maxima de esfuerzo local causadas por la protuberancia,
mientras que las rupturas continuas emiten pulsos uniformes de energia de alta frecuencia. En rupturas com-
plejas, la energia de alta frecuencia muestra una variacion espacial significativa. Esta variacién corresponde
con lavariabilidad en la tasa maxima de deslizamiento y la caida maxima de esfuerzo local, las cuales son cau-
sadas por la protuberancia. En contraste, las rupturas continuas emiten pulsos uniformes de energia de alta
frecuencia. Las medidas de Aceleracién Maxima del Suelo (PGA, por sus siglas en inglés) de rupturas comple-
jas en el campo cercano son un orden de magnitud mas altas cerca de la protuberancia que en otras partes de
la falla. Proponemos que heterogeneidades geométricas en fallas naturales podrian explicar las variaciones
de un orden de magnitud cominmente observadas en la PGA cercana a la falla.
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Non-technical summary Faults in the earth are not perfectly flat or uniform, which makes
it difficult to predict how much damage an earthquake will cause. Infrastructure is designed to
withstand earthquakes using a parameter called Peak Ground Acceleration (PGA) which charac-
terizes how much high frequency shaking a specific location will experience. Several factors de-
termine PGA including site and path effects, and source parameters. In this study we investigate
how a 0.74 m PMMA fault with a single bump affects the resulting shaking. In our experiments, the
area with the bump was pressed together harder than the surrounding fault and produced a non-
uniform normal stress distribution. We found that this created a region with enhanced high fre-
quency radiation and near-field PGA, nearly an order-of-magnitude higher than elsewhere. Even
far away from the bump, the PGA was higher than PGA on a uniform fault without a bump, even
though the overall size of the event was similar. As the size of the bump increased relative to the
rest of the fault, the enhanced PGA also increased. We think non-uniform faults may be one expla-
nation for natural observations of areas with persistent high PGA.

Resumen no técnico (Translated by Coralis Del Mar Friedman-Alvarez) Las fallas en la Tierra
no son perfectamente planas o uniformes, lo cual dificulta predecir cuanto dafio podria provocar
un terremoto. La infraestructura esta disefiada para resistir terremotos utilizando un parametro
denominado Aceleracién Maxima del Suelo (PGA, por sus siglas en inglés), que caracteriza cuanto
movimiento sismico de alta frecuencia experimentara un lugar en particular. Varios factores deter-
minan la PGA, incluyendo los efectos de sitio, la trayectoria de la onda sismica, y los parametros
del origen. En este estudio investigamos experimentalmente el efecto sismico producido al agregar
una protuberancia en el plano de una falla de polimetilmetacrilato de 0.74 m. En nuestros experi-
mentos, el drea con la protuberancia fue presionada con mayor fuerza que el area circundante de
la falla, produciendo una distribucion no uniforme del esfuerzo normal. Esto crea una region de
radiacion de alta frecuencia intensificada, y una PGA en campo cercano casi un orden de magnitud
mayor que en otras partes. Incluso lejos de la protuberancia, la PGA medida fue mayor que en una
falla uniforme sin protuberancia, aunque el tamafio total del evento fue similar. A medida que au-
mentaba el tamafio de la protuberancia en relacidon al resto de la falla, también aumentaba la PGA
intensificada. Pensamos que las fallas no uniformes podrian ser una explicacion para observacio-

nes naturales de areas con PGA persistentemente alta.

1 Introduction

To prevent earthquake damage to infrastructure,
ground motions must be accurately predicted, partic-
ularly at high frequencies (0.2-10 Hz) which produce
the largest accelerations that damage buildings. High
frequency earthquake ground motions are character-
ized by the peak ground acceleration (PGA) which is
used to design infrastructure to withstand earthquake
hazards. However, PGA is difficult to predict due to
large influence from earthquake source parameters.
Source details such as rupture speed (Bao et al., 2019),
direction (Courboulex et al., 2013), and slip distribution
(Miyake, 2003) can create heterogeneous near-fault
PGAs. For example, the 2023 Kahramanmaras earth-
quakes produced an order-of-magnitude variation in
PGA along the fault (Mai et al., 2023). Site and path
effects also heavily influence PGA, however these spa-
tial variations in near-fault PGA as well as stress drop
and high frequency spectral decay can persist over
multiple earthquakes (Trugman and Shearer, 2017,
Tsurugi et al., 2020) even when path and site effects are
removed.

The theoretical predictions of high frequency radia-
tion due to fault heterogeneities are supported by mod-
eling studies. There are several studies that suggest
an increase in high frequency radiation from fault het-
erogeneity such as fault kinks (Madariaga et al., 2006),
high strength barriers (Das and Aki, 1977; Dunham
et al., 2003), fault roughness (Shi and Day, 2013; Dun-
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ham et al., 2011), or initial stress heterogeneity (Oral
et al., 2022). In many cases, the heterogeneity caused
a change in rupture velocity, which in turn caused vari-
ations in fault slip velocity which radiated high fre-
quency energy (Madariaga, 1976). Experimental stud-
ies have shown similar variations in slip velocity due
to kinks (Rousseau and Rosakis, 2003), bumps (Cebry
etal., 2023), stress variations (Cebry et al., 2022a,b) and
frictional properties (Buijze et al., 2021; Rubino et al.,
2022; Yamashita et al., 2021).

Source spectra of laboratory slip events has been
investigated for idealized smooth, flat faults for slow
and fast earthquakes with magnitudes ranging from
M -7.5 to M -2.5 (McLaskey and Yamashita, 2017; Wu
and McLaskey, 2019). Selvadurai (2019) also looked at
source spectra of smaller laboratory earthquakes (M —9
to M -7.5) and provided links between laboratory and
natural seismicity. Similar to natural events, these sim-
ple, continuous laboratory earthquakes can be roughly
fit with a Brune-type spectra model with a single cor-
ner frequency and high frequency fall off rate ranging
from w=! (for slow events) (Wu and McLaskey, 2019) to
around w~? (for fast events) (McLaskey and Yamashita,
2017) with some events reaching up to w=3-% (Selvadu-
rai, 2019). Other studies looked at how spatially aver-
aged radiated waves varied as a function of average rup-
ture velocity or stress conditions (McLaskey and Lock-
ner, 2018; Marty et al., 2019).

To investigate the effect of fault heterogeneity on ra-
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diated spectra, we used a 0.74 m fault with a 0.025 m
long bump of locally high normal stress. Experimen-
tal methods and governing fault mechanics were pre-
sented in an earlier study (Cebry et al., 2023). In this
work we conducted additional experiments and anal-
ysis, focused on the radiation of seismic waves and
near-field PGA. By varying the bump prominence (nor-
mal stress on the bump above the sample-average nor-
mal stress, Aoy, / sample-average normal stress, 7,),
we produced both consistent and variable sequences of
earthquake-like ruptures on the same laboratory fault.
In consistent sequences, each event had a continuous
rupture front that propagated from one end of the fault
to the other. Variable sequences were made up of par-
tial and complex events. Partial events only ruptured a
portion of the fault while other fault sections remained
locked. Complex events ruptured the entire fault and
had local variations in propagation velocity, slip distri-
bution, and stress drop. Continuous ruptures emitted
spatially uniform high frequency energy near the rup-
ture tip while complex ruptures showed significant spa-
tial variation in the amplitude and timing of high fre-
quency energy radiation with more high frequency en-
ergy relative to low frequency energy overall. High fre-
quency energy was spatio-temporally correlated with
the rupture front and spatially correlated with peak slip
rate and local stress drop. We propose that on natural
faults, fault geometric heterogeneities can be a source
of enhanced, spatially heterogeneous high frequency
radiation. In areas of enhanced high frequency radi-
ation, this can result in PGAs that are larger than pre-
dicted and cause increased damage to infrastructure.

2 Methods

We used a biaxial load frame to squeeze two built-
up blocks of poly(methyl methacrylate) (PMMA), (re-
ferred to as the moving and stationary block, Figure
la) together at a constant 7,,. The moving and station-
ary blocks were made up of 30 and 32 PMMA “sub-
blocks” held together with tensioned steel rods in the x-
direction (Figure S1). The moving block was 740 by 200
by 38 mm in the x, y, z directions, the stationary block
was 778 by 149 by 38 mm. The sub-blocks could slip in
the y-direction to accommodate large changes in local
normal stress, while still held together in the x-direction
so each composite block behaved similar to an intact,
homogenous block (Cebry et al., 2023).

The sample was outfitted with an array of sensors
to measure ground motions and apparent slip at eight
points along the fault. Eight Panametrics V103, 13 mm
diameter piezoelectric sensors (PZ) were used to mea-
sure vertical ground motions with a minimum resolu-
tion of 6.3 mV. The PZ frequency response spectra is
approximately flat between 30 and 400 kHz. Below 10
kHz, the response falls off at a rate of 40 dB/decade (Wu
and McLaskey, 2018). This provides a minimum dis-
placement resolution of approximately 0.63 nm in the
30 - 400 kHz frequency band. Sensors were attached
with hot glue to the moving block 3.5 cm from the fault
in the y-direction at 3.75 cm, 20.5 cm, 40.5 cm, and
60.75 cm in the x-direction and attached to the station-
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ary block —-3.1 cm from the fault in the y-direction at
11 cm, 30.3 cm, 52.5 cm, and 69.5 cm in the x-direction
(Figure 1). PZ sensors were placed such that the entire
sensor was attached to a single sub-block. Signals were
recorded directly using an Elsys TraNET digitizer with
no additional amplifier or filter.

Eight eddy current displacement sensors were placed
on the fault, co-located with the PZ sensors in the x-
direction to measure apparent fault slip to a 0.15 um
precision. We use the term “apparent slip” to distin-
guish between true slip on the fault and slip measured
between the sensor probe and target which may also in-
clude strain changes due to a slight offset in the x and
y-direction. Both PZ and apparent slip measurements
were continuously recorded at 5 kHz and also at 5 MHz
for 0.08 s time windows centered around slip events.
Figure 2a shows an example of the raw data recorded
by the PZ sensors, offset by distance along the fault.

In each experimental run, steel shims (25 x 0.838 x
38 mm) were placed at x = 32 cm between one of the sub-
blocks and the load frame to create a bump with nor-
mal stress equal to oy, following the procedure of Cebry
et al. (2023). The 7, was increased to a prescribed level
and held constant. Then sample-average shear stress
was increased at a constant displacement rate of ap-
proximately 0.54 MPa/min or 4.3 pm/s. Slip occurred
on the simulated 38 mm x 740 mm fault interface be-
tween the two blocks and on a low friction interface
between the moving block and the steel frame (Figure
la). Experimental runs were conducted at 2 MPa, 4
MPa, and 8 MPa &, with zero (Ao}, = 0 MPa), two (Ao,
=12.5 MPa), four (Ao, = 25.0 MPa), or six shims (Ao, =
37.4 MPa) which provided an order-of-magnitude varia-
tion in bump prominence (Ao} /7y, Figure S2). At each
set of experimental conditions, we produced a series
of five sample-spanning, stick-slip events. All events
reported here occurred after a run-in period, during
which the sample was sheared under experimental con-
ditions. The run-in phase was complete once the sam-
ple produced regular sequences of stick-slip events.
This procedure relieved stresses built up between the
sub-blocks and on the fault during the initial increase
in 7, due to the shims and rotation of the sub-blocks.

2.1 Calibration of piezoelectric sensors

To quantify the absolute event magnitude and deter-
mine the source spectra of radiated seismic waves, we
used an empirical Green’s function (EGF) method with
ball impacts and a small slip event as EGF sources
(McLaskey et al., 2015; Wu and McLaskey, 2019). This
method characterizes the path, coupling method, in-
strument response, apparatus effect, and recording sys-
tem together as one signal, so that the source spectra
can be deconvolved from the raw signal in one step. For
the ball impacts, we dropped 1 mm and 2.38 mm diam-
eter steel balls from 1 m above the top of the sample
loaded at 4 MPa &, with six shims. For the small event
we used a partially confined event from an experiment
at 2 MPa 7,,. The signals were recorded under the same
conditions as the experiments, then transformed into
the Fourier domain, averaged across all eight PZ sen-
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a) Schematic of loading apparatus with sample (blue rectangles) and piezoelectric sensors (small circles). Grey

shaded area on the samples represents the portion of the sample with increased normal stress in some experiments. b)
Moment magnitude of three experiments with bump prominence of 0 (no bump), 12.5 (medium bump), and 18.7 (large bump),
all conducted with &, = 2 MPa. Filled circles indicate the three representative events. c) Schematic of the samples looking
onto the fault with the locations of piezoelectric sensors marked by colored cylinders. The shaded area and red square mark
the location of the bump for the partial and complex ruptures. d) Rupture front location as a function of space and time for
the continuous (green), partial (blue), and complex (orange) events based on slip measurements.

sors, and concatenated over frequency bands that were
both below the corner frequency (f.) of each source and
possessed good signal-to-noise ratio (Figure S3). This
method allowed us to achieve an EGF spectrum with a
broad frequency range (102 to 10° Hz).

For the individual events, source spectra were cal-
culated from a 0.08 s window of vertical ground mo-
tions (Figure 2a). The raw signals were Fourier trans-
formed into the frequency domain (Figure S4) then av-
eraged across all eight sensors (Figure 2b). The aver-
aged raw spectra were divided by the EGF spectrum
(Figure S3). We choose to average the spectra across
the eight PZ sensors prior to removal of the instrument-
apparatus response to reduce the effect of different
source-to-sensor paths for the ball impacts and the seis-
mic sources.

To determine PGA, raw individual sensor measure-
ments were converted to a displacement using the cali-
bration factor of 0.01 V/nm (McLaskey and Glaser, 2010;
Wu and McLaskey, 2018) between 10* and 10° Hz. In this
frequency band, the instrument frequency response is
flat so the sensor is measuring ground displacement
rather than acceleration or velocity and our measure-
ments have good signal to noise ratio. Acceleration was
derived from displacement and the maximum of each
sensor was taken to be the PGA at that location. Site and
path effects were not removed from this measurement
but did remain constant for each event and each exper-
iment, so differences in PGA are only due to source ef-
fects.
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Figure 2 a) Raw data recorded from eight piezoelectric
sensors offset for clarity. b) Fourier spectra, averaged across
eight piezoelectric sensors for three rupture events and em-
pirical Green’s function. Grey shaded regions show the fre-
quency bins used for comparison across events and experi-
ments in c). c) High-to-low spectral ratio between 2.8 and
4 kHz (high frequency) divided by spectra amplitude be-
tween 110 and 220 Hz (low frequency) for each event from
four different experiments at 2 MPa &, with varied bump
prominence. d) Calibrated source spectra determined using
the EGF shown in b).

3 Results

Bump prominence had a significant effect on the radi-
ated seismic waves. Slip events that were more complex
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with variable rupture propagation velocity, slip distribu-
tion, and stress drop, radiated more high frequency en-
ergy than continuous ruptures and had spatially hetero-
geneous high frequency energy and PGA.

To illustrate these differences, throughout the paper
we compare three representative events from experi-
ments at 2 MPa 7, with different rupture behavior (Fig-
ure 1d). The first representative event is a “continuous”
rupture from an experiment with a Aoy, /5,=0 which
smoothly propagated at a constant rate along the en-
tire fault with no pauses (Figure 1d in green, and Figure
S5a,d).

The second and third representative events, a “par-
tial” and “complex” rupture, are from an experiment
with a prominent bump (Aoc,/5,=18.7). Increased
Aoy, /o, promoted variable rupture sequences com-
prised of events with variable rupture length, slip
amount, and magnitude (Figure 1b and S2). The par-
tial rupture slipped the first 31 cm of the fault before
pausing briefly (0.03 ms). After this pause the rupture
re-initiated on the other side of the bump and continued
to rupture the rest of the fault while the bump remained
locked (Figure 1d in blue and Figure S5b,e). The com-
plex rupture began the same as the partial event, but
0.34 ms after rupture initiated, the bump slipped and re-
ruptured the entire fault (Figure 1d in orange, and Fig-
ure S5c¢,e).

The differences between the partial and complex rup-
tures are due to differences in strength excess on the
bump (Cebry et al., 2023). For example, the partial rup-
ture occurred when the bump had a lower initial shear
stress at the start of rupture, and therefore a larger
strength excess. This is nearly the same as the case of
a rupture “skipping past” a barrier, described by Das
and Aki (1977) (Case P-SV-1). The complex rupture oc-
curred when the bump had a higher initial shear stress.
When the bump finally slipped it provided ample fuel
to rerupture the entire fault. This is similar to the case
from Das and Aki (1977), where two barriers are “even-
tually broken” (Case P-SV-4), although in our case there
is only one barrier. Note that as normal stress is in-
creased, the strength excess on the bump, and therefore
the stress on the bump (Aoy,) required to stop ruptures
increased. With smaller variations in strength excess
along the fault, ruptures become less complex. A higher
normal stress with the same bump size will result in less
complex ruptures compared to a lower normal stress
(Cebry et al., 2023). We were unable to compare com-
plete, partial, and complex ruptures at higher normal
stress, since the creation of a bump with sufficiently
large Aoy, to consistently stop ruptures was not experi-
mentally achievable in our set up at or above 8 MPa nor-
mal stress.

3.1 Radiated spectra

We compare the spectra from the three representative
events and find that the complex and continuous rup-
tures are both larger than the partial rupture across all
frequency bands, but the partial rupture has enhanced
high frequency energy relative to low frequency energy
(Figure 2). The complex event also had enhanced en-
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ergy in the 3 - 10 kHz range compared to the continu-
ous event. To compare directly across events and ex-
periments, we took the average amplitude in a high fre-
quency bin (2.8 - 4 kHz) normalized by the average am-
plitude in a low frequency bin (110 - 220 Hz) for each
individual event. The low frequency bin was chosen to
be below the expected corner frequency for all events
and is thus related to the seismic moment. The high
frequency bin was chosen to be above the expected cor-
ner frequency for all events. It was also chosen to avoid
variations in sensor sensitivity between 10 and 20 kHz
(Wu and McLaskey, 2018), where the sensor measure-
ment transitions from acceleration to displacement. We
will refer to this value as the high-to-low spectral ratio
(HLSR). HLSR can be thought of as how much high fre-
quency energy is released relative to low frequencies
where we measure magnitude and event size. In this
sense, HLSR is akin to seismic stress drop. Since high
frequency energy is what causes the most damage to in-
frastructure, this parameter can be thought of as the po-
tential for damage relative to magnitude.

Comparison across all experimental runs and events
confirms that experiments with higher bump promi-
nence had a larger range of HLSR and a higher maxi-
mum HLSR (Figure 2c). Events with the highest HLSR
were typically similar to the representative partial rup-
ture. These events were most common at 2 MPa &, with
6 shims. However, complex rupture behavior was not
a requirement for increased HLSR. Even at 8 MPa &,
where all ruptures were continuous, complete ruptures,
higher bump prominence resulted in higher HLSR, al-
though to a lesser degree than at 2 MPa 7, (Figure S6).

Figure 2d shows the source spectra for the three rep-
resentative events with path, instrument, and recording
system effects removed. The spectra were then fit with
a Brune-type source model (Brune, 1970; Kaneko and
Shearer, 2015) with a high frequency fall off of w—" (Fig-
ure S7) over a frequency range of 10? to 10° Hz. Moment
was chosen based on low frequencies (110 - 220 Hz),
then the corner frequency was chosen to reduce the
mean absolute error. Continuous, partial, and com-
plex ruptures had moments of 1500, 350, and 1950 Nm
and corner frequencies of 1.69, 2.41, and 1.97 kHz
which resulted in error of 6.2%, 6.6%, and 5.2%, re-
spectively. The experimental setup invalidates several
assumptions from a Brune-type source and Madariaga
spectral stress drop models (Brune, 1970; Madariaga,
1976; Kaneko and Shearer, 2014, 2015), such as a circular
crack, constant rupture velocity, constant stress drop,
and a fully confined rupture. For this reason, we do not
calculate spectral stress drop.

3.2 Spatial heterogeneity of high frequency
radiation

Not only did the amplitude of high frequency energy
vary, but the spatial-temporal patterns of high fre-
quency radiation also varied with bump prominence
and event type. Figure 3 shows co-located apparent
slip and high-pass filtered PZ data for the three repre-
sentative events as a function of space and time. PZ
data from each sensor has been filtered with a 0.5 MHz
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Figure3 A0.025s window of three events shown in Figure 1, continuous (a), partial (b), and complex (c). Ground motions
greater than 500 kHz measured by each piezo sensor overlaid with slip measurements. PZ signals are offset by sensor distance
alongthe fault slip measurements are offset from PZ measurements for clarity. Trianglesindicate the onset of slip, determined
using a simple 1.2 um threshold. a) shows the P and S wave speeds for reference. b) and c) have a grey rectangle at x=30 cm
indicating the section of the fault with locally high normal stress due to a bump.

high-pass Butterworth filter. This high-pass filter was
chosen so that waveforms shown primarily result from
sources that emanated directly from the nearby fault,
since longer propagation distances lack such high fre-
quencies due to attenuation in the sample. In all cases,
high frequency radiation generally followed the rupture
front and coincided with an increase in slip rate.

The continuous rupture had the most uniform burst
of high frequency radiation associated with the primary
rupture front (Figure 3a). As each fault patch began to
slip (indicated by an increase in slip shown with the
black line) it emitted energy. The amplitude of the
emitted energy remained constant along the entire fault
and always occurred simultaneously with an increase in
slip. Behind the primary rupture front, additional en-
ergy is emitted, likely due to smaller, secondary rupture
fronts created by free surface effects at the edge of the
sample. The amplitude and duration of the PZ measure-
ments of the main rupture front are roughly consistent
across all sensors.

The partial rupture (Figure 3b) did not have a smooth,
continuous rupture front as indicated by both the slip
and PZ sensors. Additionally, details of the PZ and slip
measurements are complicated. PZ sensors first mea-
sured a signal around x = 22 cm then show a front that
propagated towards x = 0 cm. Slip sensors did not de-
tect a change in displacement until 0.07 ms later which
means the rupture initially slipped less than the noise
levels on the sensors (0.4 micron) and/or the rupture did
not slip the top of the fault. Slip measurements were
first made on at x = 0 cm. At this point slip increased
rapidly due to the sample edge effect and propagated
towards the center of the fault (positive x-direction).
The radiated energy increased with the rupture front.

6

The rupture terminated at the bump however, slip re-
initiated beyond the bump at x = 40 cm due to an in-
crease in shear stress from the terminated rupture. This
second rupture propagated outward in the positive x-
direction and emitted a small amount of energy. When
the rupture front reached the free surface at x = 74 cm,
slip increased rapidly and another burst of energy was
radiated. The bump never slipped and radiated energy
measured near the bump was low.

The complex rupture (Figure 3c) began very similar to
the partial rupture (Figure S8), the entire fault slipped
while the bump remained locked. However, once the
rupture had propagated through x = 74 cm, the bump
slipped and released a large burst of energy, approxi-
mately five times larger than any other location on the
fault. This burst of energy was spatially and temporally
correlated with an increase in slip rate. Additionally, Ce-
bry et al. (2023) observed that local stress drop on the
bump was 3 MPa while local stress drop on the rest of
the fault was less than 0.5 MPa. The complex slip pat-
tern corresponded with heterogeneous high frequency
radiation. This was observed at all 7, levels, but was
most pronounced in experiments with Aoy, /7, greater
than 6.

4 Discussion
4.1 Source Model

We found that a Brune-type source model provides a
reasonable fit to the source spectra (Figure S7). The
source spectra are depleted around the corner fre-
quency as has been observed in other laboratory stud-
ies (McLaskey et al., 2015; Selvadurai, 2019). Unlike
other laboratory studies, the model is best fit by a high
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frequency fall off of w—! despite a fast rupture veloc-
ity. One possible reason is due to assumptions in the
Brune source model. Our ruptures have a larger length
to width ratio than those in McLaskey et al. (2015), Sel-
vadurai (2019), and Wu and McLaskey (2019) so devi-
ation from the circular source model may effect our
model results more than previous studies. Our ruptures
are also unconfined, unlike those Selvadurai (2019) and
Wu and McLaskey (2019), which has been shown to af-
fect source parameters (Steinhardt et al., 2023).

Another possibility is that our source spectra is best fit
by a double-corner frequency model (Figure S7) as seen
for other more complex ruptures with multiple asperi-
ties or rupture phases. For example, Boatwright (1988)
considered a “sub-event” or “asperity” model and found
composite event radiation was represented by the sum
of the sub-events. The resulting spectra had two corner
frequencies, one related to the entire event and another
related to the individual sub-events. Ji and Archuleta
(2021) applied the double-corner frequency model to
many natural events and found that models better re-
produced the PGA for these events since the double-
corner model allows for the possibility that the stress
drop is not uniform within the ruptured region. This
is certainly the case with our complex ruptures. It is
plausible that a second corner frequency is above the
frequency range we measured (>10° Hz) and a double
corner frequency model would be better applicable to
these events.

4.2 Complex radiation patterns

These experiments demonstrate how a single normal
stress bump can create complex ruptures with hetero-
geneous seismic radiation patterns. On a fault with-
out a bump, high frequency radiation followed the rup-
ture tip and radiated uniformly as the rupture propa-
gated along the simulated fault. Rupture propagated at
a nearly constant rate of 2100 m/s, between the P and
S wave speed of PMMA (2.7 and 1.4 km/s), in agree-
ment with previous observations of supershear rup-
tures on plastic laboratory faults (Xia et al., 2004; Ben-
David et al., 2010; Rubino et al., 2017; Dong et al., 2023).
Faults with a bump had a larger variance in rupture
speed, with some patches of the fault approaching su-
pershear while others remained subshear. For the com-
plex rupture, measured high frequency radiation varied
by nearly an order-of-magnitude depending on the ob-
servation location. The bump radiated the most high
frequency energy when it slipped, while neighboring,
low stress regions, emitted much less for the same rup-
ture event. Overall rupture velocity that we could ob-
serve did not correlate with near-field PGA. The com-
plex rupture had higher or similar near-field PGA com-
pared to the continuous event. Supershear events are
known to radiate strong seismic waves (Dunham and
Archuleta, 2005; Andrews, 2010) and yet the bump ra-
diated an order-of-magnitude larger near-field PGA.

In all cases, we can link seismic radiation to slip rate.
Peak slip rate, measured from displacement sensors co-
located with piezoelectric sensors, is spatially corre-
lated with near-field PGA (Figure 4). Stress drop mea-
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Figure 4 Near-field peak ground acceleration shown in
colored circles and peak slip rate marked by blue squares
for each of the three events shown in Figure 1 continuous
(a), partial (b), and complex (c). b) and c) have a grey rect-
angle at x = 30 cm indicating the section of the fault with
locally high normal stress due to a bump.

surements of a complex event from Cebry et al. (2023)
show that local stress drop on the bump was at least six
times that of the rest of the fault and is spatially corre-
lated with large near-field PGA. While we do not have
shear stress measurements for continuous and partial
rupture, we expect this correlation to hold.

Conceptually, we can explain the enhanced high fre-
quency energy by considering the locked patches as
small areas with locally high stress capacity, similar to
some earthquake gates (Oskin et al., 2015; Duan et al.,
2019). When these patches slip, a large amount stress is
relieved (Dunham et al., 2003; Cebry et al., 2023). The
large stress drop will result in an increased amplitude
of the radiated waves from that patch (e.g., Ozacar and
Beck, 2004). Assuming the patches are small relative to
the entire ruptured area, the corner frequency or the ra-
diated spectra nearest the bump will be higher than the
spatial average corner frequency (i.e., fc bump>fc average)
such that the bump contributes more to the high fre-
quency energy than the rest of the fault.

4.3 Comparison to natural events

Natural faults have geometric heterogeneities from
multi-scale roughness, branches, and stepovers
(Cochran et al., 2023; Candela and Brodsky, 2016;
Sagy et al., 2007). There are also observations of ge-
ographical areas with spatially coherent stress drops
and PGA (Trugman and Shearer, 2017). Geometrical
heterogeneities are expected to persist over several
earthquake cycles, which would create regions with
persistently high stress drop and PGA. In our study, we
only consider a single bump which greatly simplified
our results (Figure 5b), yet still produced a large range
of PGA over sequences of multiple events. We also
expect that heterogeneities at all scales can enhance
high frequency energy to some degree, based on our
observations of enhanced high frequency energy even
when the bump did not stop rupture (Figure S6). This
is supported by modeling studies that have shown
that enhanced high frequency radiation is expected to
persist even for multiple or small heterogeneities (Oral
et al., 2022; Madariaga et al., 2006; Das and Aki, 1977,
Dunham et al., 2011; Shi and Day, 2013).
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To illustrate the potential level of complexity on nat-
ural faults, we estimated a normal stress distribution
due to slip on a fault with a synthetic roughness pro-
file (Figure 5c). A spatial spectral fall off of 1.4 was used
to characterise the fault roughness in line with natural
measurements (Beeler, 2021). The normal stress dis-
tribution was then calculated from the spatial deriva-
tive of the roughness profile (Fang and Dunham, 2013;
Cattania and Segall, 2021). These stress heterogeneities
may result in a very complex PGA both within individ-
ual events and across sequences of earthquakes.

When natural ruptures can encounter multiple
bumps, kinks, or other barriers (Rodriguez Padilla
et al., 2022) they may terminate differently depending
on strength excess (Boatwright and Quin, 1986; Cebry
et al., 2023). This adds another layer of difficulty to
accurately predict high frequency ground motions
(Figure 5). Radiated spectra of small events, in addition
to details such as timing and location, may help identify
fault structure or stress state and provide insight into
the expected spatial distribution of PGA in future large
earthquakes.
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Figure 5 Normal stress (black) and PGA (red) along fault
length for (a) a laboratory fault without a bump, (b) a labo-
ratory fault with a bump, and (c) a natural fault. Red trian-
gles indicate the PGA averaged across all events in the ex-
perimental run. Bars at each point indicate the maximum
and minimum PGA from any event in the experimental run
measured at each location. Normal stress due to slip on a
natural fault is determined based on a synthetic roughness
profile. Question marks in (c) indicate a knowledge gap.

We compare our results to observations of heteroge-
neous PGA during the 2023 M,, 7.8 and M,, 7.6 Kahra-
manmaras earthquakes on the Eastern Anatolian fault
system in Turkey, although this is by no means the only
observation of heterogeneous ground motions (Bakun
et al., 2005; Loh et al., 2000; Lee et al., 2007). During
the M,, 7.8, PGA locally reached 2g on some sections
of the ruptured Anatolian fault, while others remained
below 0.5 g (Mai et al., 2023). PGA measurements are
affected by several factors including site and soil ef-
fects, rupture geometry, and heterogeneity of fault slip.
However, there is evidence that geometric barriers re-
sulted in a complex rupture with multiple subevents (Jia
et al., 2023; Zhang et al., 2023; Sagy et al., 2024). Zhang
etal. (2023) further showed that the branching junctions
on the East Anatolian fault radiated enhanced high fre-
quency waves. It is plausible that the junctions acted
as strong patches on the Anatolian fault. When these
strong patches slipped, a large amount of stress was
quickly released which resulted in the surrounding area
experiencing a burst of high radiated energy and high
PGAs, similar to our experiments (Figure 5).

5 Conclusions

In these experiments, we added a bump of locally high
normal stress to an otherwise uniform fault, which re-
sulted in complex ruptures with enhanced high fre-
quency radiation relative to low frequency radiation.
High frequency energy and PGA were spatially hetero-
geneous in experiments with a bump. Experiments
without a bump produced smooth, continuous ruptures
which had lower high frequency energy. In this case,
high frequency energy was spatially uniform. PGA was
overall higher for complex ruptures than continuous
ruptures despite a slower, sub-supershear rupture ve-
locity.

Variations in high frequency energy were spatially
and temporally correlated with sudden increases in slip
velocity and local stress drop. When the rupture propa-
gated smoothly, such as in the continuous rupture case,
the radiated high frequency energy had spatially con-
sistent amplitude and timing. When the rupture propa-
gated in a complex multi-phase rupture due to a high
normal stress bump, the high frequency energy was
spatially heterogeneous, with the largest PGA measured
near the bump. We propose that geometrical hetero-
geneities may be a plausible explanation for natural
observations of variations in near fault PGA, such as
during the 2023 Kahramanmaras M,, 7.8 and 7.6 earth-
quakes. Since the heterogeneities are the result of struc-
tural features, large PGA during one earthquake would
be a strong predictor of large PGA in the same location
during a subsequent earthquake rupturing the same
fault section.
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