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Abstract A fundamental question of earthquake science is what produces damaging high‐frequency
ground motion, with the classic Brune‐Haskell model postulating that abrupt fault slip causes it.
However, even when amended with heterogeneous rupture, the model fails to explain observations of
different sized repeating earthquakes and has challenges explaining high‐frequency radiation patterns. We
propose an additional cause for high‐frequency earthquake spectra from elastic collisions of structures
within a rupturing fault zone. The collision spectrum is set by an impact contact time proportional to the
size of colliding structures so that spectra depend on fundamentally different physical parameters
compared with slip models. When added to standard models, collisions can reconcile the discrepant
observations since the size, shape, and orientation of structures vary between different fault zones but
remain constant within a fault segment. High‐frequency earthquake ground motions and damage may
therefore be an outgrowth of fault‐zone structure rather than sudden initiation of slip.

Plain Language Summary Why do earthquakes damage buildings? Many buildings are
damaged most heavily by fast, jerky ground motion rather than the longer duration rolling motions that
contain most of the earthquake energy. Despite the importance of these fast, jerky motions, most frictional
models for earthquakes generally underpredict how strong they are, even when heterogeneous friction
and realistic roughness are accounted for. We propose that collisions of structures as they attempt to slide
past each other during an earthquake may also create jerky ground motion. We find that the ground motion
from collisions depends mostly on the size of the structures and does not depend on stresses within the
Earth and thus gives a very different interpretation of what causes the most damaging ground motions.
When incorporated with standard frictional models, the collision model explains various observations that
are otherwise difficult to explain, including why some earthquakes appear to be identical in time but with
larger amplitudes, why faults that have had many earthquakes have less damaging ground motions, and
why earthquake damage is observed to occur more uniformly than previously predicted.

1. Introduction

It is commonly assumed that the spectra of earthquakes are determined by their spatiotemporal slip history
(Kanamori & Anderson, 1975). The standard Brune‐Haskell model (Brune, 1970; Haskell, 1964) assumes
that earthquakes rupture a rectangular fault patch and that the decay of energy at high frequencies is related
to the average rise time of slip on each subpatch (Tr) during a total duration of slip (T), with the spectrum
falling off as f−2 at high frequencies above a corner frequency f0 ≈ 1/Tr (Figure 1a; Haskell, 1964). Within
the context of this model, including factors related to dynamic rupture (Madariaga, 1976), the stress drop
on the fault is related to the corner frequency and seismic moment (Allmann & Shearer, 2009; Kanamori
& Anderson, 1975), enabling measurements of stress drop from seismological observations. In this frame-
work, f0 is interpreted to be proportional to rupture velocity and to the cube root of stress drop (Allmann
& Shearer, 2009), and the spectral behavior is due to the sudden initiation (and ending) of fault slip
(Brune, 1970; Haskell, 1964; Madariaga, 1976). It is widely acknowledged that the Brune‐Haskell model is
overly simplistic, and newer models have since added complexity to the Brune‐Haskell picture by account-
ing for smaller‐scale slip heterogeneity that is either stochastic (e.g., Aki, 1967; Andrews, 1980; Frankel,
1991; Haskell, 1966) or deterministic (e.g., Dunham et al., 2011); however, these newer models still funda-
mentally rely on the same physics as the Brune‐Haskell model for producing high‐frequency groundmotion.
For example, in Mai and Beroza (2002), Shi and Day (2013), and Graves and Pitarka (2016), it is still the
abrupt changes in presumed frictionally governed slip on a large number of fault patches that determine
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both the corner frequency and the spectral falloff above the corner frequency. In other works, ground
motions are matched empirically with assumed spectral shapes (e.g., Boore, 2003; Hanks & McGuire,
1981); these models are not based on source physics and thus have limitations for learning about the
physics of earthquakes or making predictions about ground motions that go beyond the assumed
empiricism.

While this conceptual picture has dominated seismological interpretation for the last five decades, certain
repeating earthquake observations are difficult to reconcile within the fault slip framework. For example,
although stress drop is interpreted to be independent of magnitude over seven orders of magnitude of slip
globally, regional studies display a significant correlation between stress drop and magnitude
(Abercrombie, 1995; Abercrombie & Rice, 2005). Some of this correlation is ascribed to observational bias
(Ide & Beroza, 2001); however, observations of repeating earthquakes that span a wide range of magnitudes,
but have nearly constant corner frequencies (Harrington & Brodsky, 2009; Lengline et al., 2014; Lin et al.,
2012; Lin et al., 2016), demonstrate that stress drop determined through a Brune‐Haskell analysis cannot
be constant for certain groups of events (Figure 2c). This is challenging to explain since dynamical models

Figure 1. Comparison of the standard Brune‐Haskell model (left) and the proposed elastic impact model (right). The top
row shows schematics of the two models, with the spectrum determined by fault slip (moment tensor source) in the
Brune‐Haskell model (a) and by elastic impact of fault‐zone structures (Faulkner et al., 2003; Swanson, 2006) (idealized as
particles) in the impact model (b). The middle row shows the time history of slip on a patch for the Brune‐Haskell
model (rise time Tr) and the time history of impact force for the impact model (contact time Tc). The bottom row shows the
idealized predicted far‐field ground motion displacement spectra for the two models (rupture duration T, without
attenuation).
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predict only modest variability in stress drop (Chen & Lapusta, 2009), and other explanations like extreme
differences in geometry or rupture velocity (Lin & Lapusta, 2018) do not have compelling observational
support (Harrington & Brodsky, 2009).

As discussed more in later sections, interpretations of earthquake spectra using fault slip models also fail to
explain observed high‐frequency radiation patterns (Graves & Pitarka, 2016; Somerville et al., 1997), stress
drop variations between mature (interplate) and immature (intraplate) fault zones (Kanamori &
Anderson, 1975), and shallow earthquakes with high stress drops (Abercrombie, 2014). Furthermore, fault
zones are observed to be complex (Chester & Chester, 1998; Faulkner et al., 2003; Swanson, 2006), with a
range of structures (Figure 1b) that may collide with the rough sides of the fault zone during slip, preventing
rupture from being governed purely by frictionally mediated fault slip (Figure 1a).

We propose that elastic collisions of structures within a rupturing fault zone could contribute to
high‐frequency seismic spectra. The physics of these elastic collisions is distinct from all previously
considered physical models and may provide a physical basis for certain empirical stochastic ground motion
models (Boore, 2003; Hanks & McGuire, 1981). We discuss how this new model, in conjunction with
traditional slip models, can help explain the aforementioned discrepant observations. We discuss the impli-
cations for seismological interpretation of corner frequencies as well as for ground motions more generally.

2. Model

We propose that high‐frequency seismic spectra may have significant contributions from the elastic impacts
between rough surfaces of structures within a rupturing fault zone (Figure 1b) (Faulkner et al., 2003;
Swanson, 2006). To evaluate this contribution, we approximate the structures within the fault zone as indi-
vidual particles that collide during slip, in analogy to a debris flow. Although fault slip occurs under much
higher confining stress than debris flows, processes such as thermal pressurization (Rice, 2006), acoustic
fluidization (Melosh, 1979), and brecciation/hydrofracture (Sibson, 1986; Sibson, 1989) may allow for

Figure 2. Corner‐frequency‐inferred stress drops versus seismic moment and associated schematics. (a) Schematic show-
ing repeating earthquakes of different sizes (L1 and L2) within the same fault zone (constant R); the larger event is
assumed to have only smooth rupture in areas not ruptured by the small event (Chen & Lapusta, 2009). (b) Schematic
showing fault zones of different sizes (L1 and L2) and particle sizes (R1 and R2) that scale with a Hurst exponent of H =
0.95. (c) Corner‐frequency‐inferred stress drops versus seismic moment. Northridge, Long Valley, “Large Miscellaneous,”
and Cajon Pass events are reported by Abercrombie and Rice (2005). Repeating earthquakes from near the Chi‐Chi
mainshock are from Lin et al. (2016); repeating earthquakes from the Rhine Graben are from Lengline et al. (2014); and
repeating earthquakes from Parkfield are from Harrington and Brodsky (2009). Lines with R = 2 m and R = 15 m
are predictions of the impact model with constant particle sizes. Lines with H = 0.95 are predictions of the impact
model (f0∝ R−1∝ L−H), withmomentM scaling as length cubed (M∝ L3) and assumed inferred stress drop scaling so that
Δσ∝Mf 30∝M

1−H .
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structures to lose frictional contact and, subsequently, freely impact each other (despite limited void space)
in a similar fashion to how shearing during debris flows causes bulk dilation and particle impacts rather than
purely frictional slip (Iverson, 1997). Such impacts may be necessary to accommodate large‐scale fault
motion in the presence of small‐scale geometric incompatibilities caused by rough fault‐zone structure like
sidewall ripouts (Swanson, 2006). While this evidence is only suggestive, and should be assessed further in
future work, we believe it is nonetheless useful to describe the implications of such an impact model without
a complete understanding of the precise way in which the collisions might be accommodated.

Hertzian elastic contact theory (Johnson, 2004), developed originally to describe the deformation of glass
lenses (Hertz, 1881), has been applied to particle impacts in debris flows (Farin et al., 2019; Lai et al.,
2018) and predicts that the timescale of impact, Tc, is given by

Tc≈2:9
m2

RE2
*Vz

� �1
5

≈2:9
16π2ρ2ξ4

9E2
*Vz

 !1
5

R≈0:014
s
m

·R; (1)

where m is the mass of the particle, R is the effective radius of curvature, E* = E/[2(1 − ν2)], E is Young's
modulus, ν is Poisson's ratio, Vz is impact speed, and ρ is particle density, and the second approximation
assumes an ellipsoidal impactor with aspect ratio ξ > 1 impacting a flat surface (see Supporting
Information). Debris flow models (Farin et al., 2019; Lai et al., 2018) indicate that impact speed scales
with slip speed, Vs, so that Vz ≈ Vs ≈ 1 m/s, implying that Tc is very weakly dependent on slip speed
and proportional to particle size. Elastic contact theory also predicts the force time history to be
nearly a truncated sinusoid (Johnson, 2004; equation 11.25), that is, with force time history proportional

to i tð Þ ¼ cos πt
Tc

� �
·rectTc tð Þ (where rect is a unit boxcar function) (Figure 1b), which has a spectrum given

by (Bracewell, 1978)

I fð Þ ¼ Tc

2π
cos πf Tcð Þ
1
2

� �2
− f Tcð Þ2

: (2)

For the sum of independent impacts, the far‐field unattenuated ground displacement spectrum is propor-
tional to the impact force spectrum (see Supporting Information). The predicted displacement spectrum
therefore has a corner frequency f0 = 1/Tc and a high‐frequency decay of f−2 (Figure 3a), just as in the
Brune‐Haskell model, and similar overall spectral shape but with f0 determined by particle size and shape
rather than stress drop or the spatiotemporal slip distribution or total earthquake duration (see
Supporting Information).

In the Brune‐Haskell model and its heterogeneous slip variants, all high‐frequency energy comes from
abrupt initiation and ending of local fault slip (Brune, 1970; Mai & Beroza, 2002). If changes in slip rate
are relatively smooth, then the high‐frequency spectral decay can be dominated by elastic impacts.
For example, for a smooth Gaussian source time function (STF) or moment rate function s(t), with
s(t) = sGauss(t;Tr) * sGauss(t; T), where * denotes the convolution of two Gaussians, then the source spec-
trum is

S fð Þ ¼ SGauss f ;
1
Tr

� �
SGauss f ;

1
T

� �
; (3)

so that the STF spectrum decays exponentially above 1/Tr rather than as f−2 as in the unmodified
Brune‐Haskell or omega square model (Figure 3a). Heterogeneous slip results in stronger, more continuous
high‐frequency radiation but also predicts an STF that decays faster than f−2 if the slip spectrum decays in
wave number faster than is typically posited (Andrews, 1980; Mai & Beroza, 2002) or if asperity STFs are
smoother than the assumed abrupt triangular or boxcar slip functions (Mai & Beroza, 2002). Indeed, recent
dynamical simulations suggest that the amount of fault roughness required for dynamical slip models to
match the f−2 spectrum (fault parallel amplitude‐to‐wavelength ratios of 10−2; Dunham et al., 2011; Shi &
Day, 2013) is significantly higher than observed (fault parallel amplitude‐to‐wavelength ratios of ~10−3;
Power & Tullis, 1991). This suggests that it is worthwhile to consider the elastic impact model as a
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potential alternative cause for high‐frequency ground motion. The impact model may therefore also provide
a physical basis and interpretation for empirical stochastic ground motion models that posit an omega
square source spectrum (e.g., Boore, 2003).

3. Results and Implications

For a reasonable range of parameters (see Supporting Information; Lay &Wallace, 1995), we predict that the
zero‐frequency ground motion amplitude is dominated by the finite fault slip of a smooth STF, while the
high‐frequency corner and subsequent decay can be dominated by the elastic impacts (Figure 3a), depending
on how smooth the slip is assumed to be. For example, as described above, dynamical simulations with fault
roughness in the observed range predict smoother slip than is required to explain the highest frequency
ground motions (Figure 3a).

With the elastic impact model, the corner‐frequency‐inferred stress drop observations (Figure 2c) can be
reconciled by noting that individual fault‐zone segments have a set average particle size, while—globally
—average fault‐zone particle size increases with fault length (Figure 2). Earthquakes of different sizes can
therefore share the same high‐frequency spectral shape if they share the same fault‐zone properties, as
repeating earthquakes should, with Figure 3b showing an example of predicted spectra for two earthquakes
of different magnitudes and durations but the same particle size R and otherwise smooth Gaussian slip.
Thus, the elastic impact model can explain the constant corner frequencies of repeating earthquakes with
distinctly different contact physics than explanations relying on repetitive slip on asperities of vastly differ-
ent amplitudes (e.g., Harrington & Brodsky, 2009), which (at face value) does not occur in state‐of‐the‐art
simulations (Chen & Lapusta, 2009). Importantly, the impact model's cause of high‐frequency radiation is
independent of the true stress drop (see equation (1)); the apparent inferred stress drops from this model
shown in Figure 2c are an artificial construct created from the predicted corner frequencies (see equation (2))
and applying the traditional stress drop‐corner‐frequency scaling.

Observations suggest that fault roughness is either self‐similar (Hurst exponentH= 1) or that relative rough-
ness decreases modestly with fault length (H ≈ 0.6 − 1.0) (Brodsky et al., 2011; Candela et al., 2011; Power
et al., 1987; Renard et al., 2006). Since roughness determines the size of fault structures (Figure 1b), these
structural observations indicate that elastic impact‐generated corner frequencies should be determined
indirectly by the roughness within a given fault‐zone segment (Figures 2a and 2c). Conversely, since

Figure 3. Predicted displacement spectra for various models. (a) Predicted spectral amplitudes for the elastic impact
model (blue), omega square approximation to the Brune‐Haskell model (red), smoothed Brune‐Haskell model (yellow),
a two‐corner‐frequency fit to the smoothed Brune‐Haskell plus elastic impact model (thin black), and an approximate
high‐frequency decay from the dynamic slip model of Dunham et al. (2011) with realistic roughness (dashed yellow).
High‐frequency falloff of best fit to the Brune‐Haskell plus elastic impact model has a slope of −2.1, very nearly equal to
the −2 slope of the omega square model. The parameters used are Tc = 0.1 s, f0 = 10 Hz, and Tr = 1 s. (b) Predicted
spectral amplitudes for two ruptures with Gaussian STFs of different durations but equal particle size R (and thus
equal contact time Tc). T = Tr = 2 s (blue), and T = Tr = 1 s (red). Amplitudes are scaled by the cube of duration (Duputel
et al., 2013). Two‐corner‐frequency fits to the two spectra are shown, with higher corner frequencies being
approximately equal (and close to 1/Tc). Area left of dashed line is irresolvable without broadband instrumentation.
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observed structures generally increase with fault length (Figure 2b), Brune‐Haskell‐inferred stress drops are
predicted to be nearly magnitude independent globally for the elastic impact model, withH= 0.95 fitting the
aggregate (nonrepeating earthquake) observations reasonably well (Figure 2c). The best‐fitting H being
somewhat larger than observed field values suggests that either estimates of H are underestimated (e.g.,
the largest length scales at a given outcrop may be systematically smoother than interfault‐segment rough-
ness) or earthquake catalogs are incomplete even in the midmagnitude range. For a fault zone with a distri-
bution of particle sizes, particles much larger than the median dominate the predicted signal (see Supporting
Information) with the relatively small Chi‐Chi repeaters (f0 ≈ 20 Hz) requiring 73rd percentile particle sizes
of 3.6 m and the larger Northridge aftershocks (f0 ≈ 2 Hz) requiring 73rd percentile sizes of 36 m to explain
the observations (see Supporting Information; Engelder, 1974).

There are several other implications of the elastic impact model. Perhaps most importantly, it implies that
corner frequency measurements may reflect the size of fault‐zone structures rather than earthquake stress
drop or rupture velocity. This has wide‐ranging implications for both interpretations of corner frequency
and the cause of high‐frequency earthquake ground motion damage. In the impact model, high‐frequency
ground motion results from the physics and time scale of elastic impacts rather than the initiation and
completion of local fault slip. Thus, high‐frequency energy can occur during the entire rupture process
(e.g., Ishii et al., 2005) even without abrupt frictional changes and would not only be governed by the physics
of friction‐mediated local slip (Andrews, 1980; Dunham et al., 2011; Zielke et al., 2017).

Another implication is that when the number of impacts is large, high‐frequency radiation patterns would
be expected to be more isotropic (see Supporting Information), consistent with observed radiation patterns
that are difficult to explain with standard interpretations (Somerville et al., 1997). Even when fault rough-
ness (e.g., Dunham et al., 2011; Shi & Day, 2013) or heterogeneous structure (Graves & Pitarka, 2016) is
accounted for, heterogeneous slip models still tend to either underpredict the degree to which the magni-
tudes of high‐frequency fault‐normal and fault‐parallel ground motions are similar (e.g., Somerville et al.,
1997) or overpredict the degree of isotropy for low‐frequency data (Takemura et al., 2009). Thus, an addi-
tional physical mechanism to further increase high‐frequency isotropy may be warranted. If elastic impacts
dominate high‐frequency seismic spectra, stress drops could still be constrained by spectra but such informa-
tion would need to be extracted from an intermediate frequency band, making stress drop inferences more
challenging (Figure 3b). For example, rise times Tr and durations Twould generally be longer than predicted
by high‐frequency corner frequency measurements, which are supported observationally for some events
that are time resolved (Asano & Iwata, 2012; Duputel et al., 2013) and may be irresolvable without broad-
band instrumentation (Figure 3b).

The impact model also provides a structural context to explain variability in corner‐frequency‐based esti-
mates of stress drop between mature (interplate and high slip rate) and immature (intraplate and low slip
rate) fault zones (Allmann & Shearer, 2009; Goebel et al., 2017; Kanamori & Anderson, 1975). Mature fault
zones, withmore foliated, smoother, high aspect ratio structures would be expected to have larger Tc for fault
zones with similar widths (see Supporting Information; Brodsky et al., 2011). Similarly, the model explains
the surprising observation that shallow earthquakes have some of the highest inferred stress drops
(Abercrombie, 2014) despite the expectation that overall stresses are lower (Allmann & Shearer, 2009);
within the present model, this can be a consequence of faults being rougher at shallower depths (Cochran
et al., 2009; Finzi et al., 2009; Sylvester, 1988; Unsworth et al., 1997). Earthquake hazards would accordingly
be greater near faults that are less foliated and rougher. In summary, the impact model provides an alterna-
tive explanation for the high‐frequency corner frequency, which suggests that standard estimates of stress
drop from corner frequency could be systematically inaccurate.

Given the encouraging observational support for the elastic impact model and the challenges that traditional
frictional slip models have in explaining the full range of observations, we suggest it is worthwhile to make
further observations (e.g., of particle sizes or rupture initiation) that would help confirm or reject the elastic
impact model and the assumptions inherent in more traditional models.
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Introduction  

The supporting information provides more information about what determines the timescales 
of elastic impacts (S1), what determines the relative spectral amplitudes (S2), the effect of a 
distribution of particle sizes (S3), and predicted differences in radiation patterns (S4). 

Text S1. Impact timescale estimates 
The timescale of impact is governed by both the volume of the impacting particle and its 
effective radius of curvature. Mature fault zones have a significantly more foliated, smoother 
fault-parallel structure [Power et al., 1987]. To qualitatively account for foliation, we allow for 
particles to be elongated, with fault normal dimension given by R and in-plane dimensions 
given by 𝐿 = 𝜉𝑅 (aspect ratio 𝜉 > 1) and thus with area that scales with L2. Assuming an 
ellipsoidal particle shape, the radius of curvature is given by R and the mass is 𝑚 = 4𝜋𝜌𝑅𝐿+/3. 
Substituting this into the first equality of Eq. 1 gives the second equality.  
 
Dependence of the impact timescale on the shape of particles is clear, with Tc increasing nearly 
linearly with aspect ratio 𝜉 for a given fault-normal size R. Field observations indicate that 𝜉 
can range from one to as large as five [Chester and Chester, 1998; Faulkner et al., 2003; 
Swanson, 2006], with immature (intraplate, low slip rate) faults having more equidimensional 
particle sizes and mature (interplate, high slip rate) faults having more foliated, high-aspect 
ratio textures. Spatial variability in roughness and hence aspect ratio can therefore explain 
spatial variability in corner frequency of a factor of 5, with the roughest faults having 5 times 
larger corner frequencies compared to the smoothest faults of the same width. To estimate Tc 
for a typical crustal fault at seismogenic depths, we take 𝜌 = 3500 kg/m3, shear wave speed 
𝛽 = 4 km/s, 𝜈 = 0.3, 𝑉4 = 𝑉5 = 1 m/s and 𝜉 = 3 so 𝐸 = 146 GPa and 𝐸∗ = 80 GPa. The 
prefactor multiplying R in Eq. 1 is thus 0.014 s/m. Consequently, the relatively small repeating 
events from near Chi-Chi with 𝑓; ≈ 20 Hz [Lin et al., 2012; Lin et al., 2016] require particle sizes 
of R=3.6 m whereas the larger Northridge aftershocks with 𝑓; ≈ 2 Hz [Abercrombie and Rice, 
2005] require particle sizes of R=36 m. For much smaller particle sizes, the model predicts 
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much higher corner frequencies, inversely proportional to R (for the same parameters as 
above, R=3.6 cm yields 𝑓; ≈ 2000 Hz). With more complex particle geometries, the effective 
radius of curvature would be smaller than in the ellipsoidal assumption, leading to a more 
complex dependence of Tc on particle shape, but that effective radius of curvature should 
nonetheless scale with fault zone width. 
 
Text S2. Ground motion amplitude estimates 
Predicted ground motion due to a force time series is obtained by convolution with the force-
displacement Green’s function, Gjk(t), so that [Lay and Wallace, 1995] 

𝑢?@ 𝑡 = 𝑖 𝑡 ∗ 𝐺@D(𝑡)         (S1) 
where uIj is the jth component of displacement ground motion due to the force i(t) in direction 
k. In contrast, the predicted ground motion due to a moment tensor source Mpq(t) is 
𝑢G@ 𝑡 = 𝑀DI 𝑡 ∗ 𝐺@D,I(𝑡)        (S2) 
where Gjk,p denotes spatial differentiation in direction p of Gjk. Comparing displacements in the 
far field (e.g. Eqs. 8.46 and 8.61 of Lay and Wallace [1995]), we see that expressions for the 
force Green’s function and the moment rate (𝑀IK) Green’s function differ only by a direction 
cosine and a factor of 1/c, where c is the appropriate (either P or S) wave speed, so that 

< MNO
MPO

>= Q(R)
G(R)/S

         (S3) 

where <x> denotes the average value of x. The far-field unattenuated displacement for the 
impact model is therefore proportional to the impact force (not forcing rate), whereas it is 
proportional to moment rate for the slip model. This proportionality is maintained even when 
impact on both sides of the fault are accounted for as long as the impacts are not correlated in 
time (see below). 
 
To estimate the ratio of ground motions produced by a set of N elastic impacts versus a single 
moment tensor with scalar moment 𝑀; = 𝜇𝐴𝐷, we first observe that the time integrated force 
yields the total impulse [Farin et al., 2019] 

𝑖 𝑡 𝑑𝑡XY
= 1 + 𝑒 𝑚∆𝑤        (S4) 

where e is the coefficient of restitution (which accounts for inelastic deformation during the 
impact [Johnson, 2004]) and ∆𝑤 is the change in velocity. The total ground motion due to N 
elastic impacts depends on each of the impulse magnitudes and directions, but can be 
estimated under certain simplifying assumptions. If there are N elastic impacts with average 
incoming velocity Vs that are randomly phased relative to each other and with random impact 
directions (a significant simplification since impact direction may be biased in the direction of 
fault shear), then the root-mean-square (RMS) impulse can be evaluated as 

𝑅𝑀𝑆 𝑖 𝑡 𝑑𝑡XY
≈ 0.59 1 + 𝑒 𝑚𝑉5 𝑁       (S5) 

in the fault normal direction, and approximately 0.16 1 + 𝑒 𝑚𝑉5 𝑁 in both fault parallel 
directions [Farin et al., 2019]. The zero-frequency amplitude ratio of Eq. (S3) can then be 
approximated as 

< MNO
MPO

> |bc; =
;.d efg hijk l

Gm
≈ ;.d∙op(efg)qr l

s
∙ thjku

v

Gm
.    (S6) 

If R3 scales with M0, as would be expected of self-similar scaling, then the ratio is approximately 
constant with moment, so that elastic impacts contribute a similar proportion of energy over 
the 13 orders of magnitude range of seismic moments. Reasonable values of N range from 1 to 
1000 when accounting for the most significant particles (see discussion below). For repeating 
earthquakes (which may rupture mostly smooth faults with small areas of roughness), N could 
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be on the lower end (i.e. N<10) so that waveforms are more similar whereas for large complex 
events, N may be larger (i.e. N=100). For the Northridge aftershocks, we choose N=100 to 
evaluate the amplitude ratio, but recognize that there is likely two orders of magnitude 
uncertainty in this choice. Using the Northridge values from above, with 𝑀; = 2 ∙ 10ew	N∙m, 
e=0.5, N=100, then 
< MNO

MPO
> |bc; ≈ 0.1.         (S7) 

This implies that the low-frequency part of the spectrum is dominated by the traditional fault 
slip model and the zero-frequency amplitude is essentially given by M0, as usually assumed. 
Even for the smallest of the Northridge events, the zero-frequency amplitude ground motion 
is still larger for the moment tensor source than for the elastic impacts. Given the uncertainty 
on N, there is an order of magnitude uncertainty in the amplitude ratio. However, if any events 
have a ratio greater than 1 (which is predicted to be the case for some of the smallest events, if 
H<1, as previously suggested), then even the lowest frequency part of the spectrum may not 
be interpretable in terms of standard moment tensor sources since the zero-frequency 
amplitude would not be related directly to M0. In some special cases, then, seismic data might 
not provide information about moment in the traditional sense. In the other extreme, if the 
amplitude ratio is significantly below 1 then the multiple corner frequencies would be more 
distinct. Finally, we note that the small N for repeating earthquakes would be consistent with 
there being a single point at which high-frequency ground motion is produced, with a larger 
magnitude-dependent region over which slip is smooth, as in some theoretical models [Chen 
and Lapusta, 2009]. 
 
Text S3. Effect of non-uniform particle size distribution 
Fault zones are likely to have a variety of particle sizes, with a particle size probability 
distribution 𝑝(𝑅). For a size distribution that is close to a truncated log-normal distribution 
[Engelder, 1974] with standard deviation 𝜎I = 0.5, it is the 73rd percentile particle size, R73, 
rather than the median particle size, R50, that should be used as the ‘average’ particle size 
when characterizing a structure with a single particle size [Farin et al., 2019]. This implies that 
the larger particles have a disproportionate effect on causing high-frequency ground motion 
and are most important.  
 
Text S4. Predicted radiation pattern differences 
Due to the different source physics, the predicted radiation pattern from a collection of elastic 
impacts is substantially different from that of a moment tensor source, with the high-
frequency ground motions being caused dominantly by single force mechanisms with a wide 
distribution of fault-normal and fault-parallel forces. By convolving these multiple single forces 
with the single-force Green’s functions as in Eq. (S1), the model then predicts high-frequency 
ground motions that are even more isotropic – and more consistent with observations 
[Somerville et al., 1997; Graves and Pitarka, 2016] – than obtained with rough fault models 
[Graves and Pitarka, 2016] that are specifically designed to investigate the origin of frequency-
dependent radiation patterns. Events with small N may be dominated by certain force 
components and the associated single-force two-lobed radiation pattern [Lay and Wallace, 
1995], although isolated single forces cannot exist since the sum of all forces should still 
conserve linear and angular momentum [Lay and Wallace, 1995].  
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