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Challenges to Ten Common Views in Earthquake Source and Ground Motions—a Review

IGOR A. BERESNEV'

Abstract—Evidence has accumulated over time against the
correctness of certain existing concepts in understanding earth-
quake source and ground motions. They pertain to: the parameters
that can be realistically resolved from seismic spectra, the reality of
earthquake scaling, the true sources of short-period radiation, the
reasons for the unexplained suppression of high frequencies in
recorded motions, the applicability of point-source models, or the
definition of the seismic near field. The alternative views on these
subjects can be addressed in a non-contradictory manner from a
single unifying platform. Such a paradigm views the earthquake
rupture as one fundamentally controlled by two independent
parameters, the static slip and the slip velocity, each respectively
defining the low- and high-frequency ends of the radiation spec-
trum. It also considers the earthquake source as fundamentally
having a finite size that cannot be neglected even for the smallest
events of practical interest.

Keywords: Earthquake source, Strong ground motions, Fault
slip, Fault-slip velocity, Finite faults, Earthquake radiation.

1. Introduction

Certain concepts persist in the earthquake-source
science, as well as in the simulations and interpreta-
tion of strong ground motions, despite the growing
evidence challenging their correctness. The facts,
criticisms, and alternative views have been scattered
through the literature and are not easy to find in a
concentrated form. It is the viewpoint of the author
that a review would be timely to summarize the
challenges to several common notions (stopping short
of terming them “misconceptions”) in one critical
digest, primarily directed toward newcomers. Such a
review would re-formulate the difficulties with the
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existing paradigm and call attention to the reasons
underlying them, in the hope that the summary would
stimulate progress toward the correct models. Pro-
viding such a review is the purpose of this paper.

In the following, we will consider ten relevant
topics, approached one-by-one. None of the criti-
cisms are in themselves new, as it should be in a
review; in all cases, appropriate (but not exhaustive)
references are given. According to the purpose, we
point out the perceived difficulty, provide a quanti-
tative rationale, and propose a corrected alternative if
it is possible. We admit that not everyone may share
our views, in which case our conclusions are open to
debate and a counter-argument if it exists.

2. Concepts Challenged

2.1. Concept 1: Rupture Size can be Inferred
from the Corner Frequency of Radiated
Spectrum

Several widely used concepts are based on a
certain assumption about the form of the Fourier
amplitude spectrum of seismic waves at long dis-
tances. Perhaps the most popular is the w-square
model of the source spectrum introduced by Aki
(1967, his Eq. 30). For a point source and a shear
wave, the far-field amplitude spectrum of wave
displacement at distance R is postulated to have the
form

M |
4npfR1+ (0/w.)*’

) (1)

where M, is the moment, p is the density, and f is the
shear-wave velocity (e. g., Boore, 1983, his Egs. 1-
3). The quantity . is the corner frequency. The
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physical meaning of this parameter can be established
based on the temporal form of the earthquake slip that
radiates the spectrum defined by Eq. (1):

Au(r) = U1 - (1 +£)e*f/f} = UAu(1), (2)

where U is the final slip, Au,(z) is the shape factor,
and 7= 1/w, (Beresnev & Atkinson, 1997, their
Eq. 6). The slip in Eq. (2) starts at zero and gradually
approaches the constant level U.

The quantity 7 (and thus w.) in Eq. (2) is the
characteristic time scale. If one defines the rise time 7'
as the period over which the slip reaches a fraction x
of U, then, for given x, T can be found as the root of
the equation [1 — (14 #/t)e™"/*] = x. For example,
for x = 0.95 and 0.99, the roots 7/t are 4.74 and 6.64,
respectively. However, such a specific relationship is
ambiguous due to the freedom in how x is chosen.

Another assumption is needed to express the rise
time through the characteristic fault dimension L. A
common-sense proposition is that a point slips as long
as the rupture propagates across the fault, leading to
T = L/(yp), where the rupture-propagation speed is
taken as a fraction y of the shear-wave velocity. One
observes, though, that the validity of any specific
form of this relationship would be questionable, not
only because of the wide range possible for y, but also
because it does not account for the geometry of the
fault, position of the hypocenter, possible local
healing, or changes in rupture velocity. Then equat-
ing the two definitions of T gives a tentative
relationship between the corner frequency and L. If,
for example, a trial value of 0.8 for y is assumed,
. = 3.8f/L and w. = 5.3f/L for the two respective
choices of x.

Brune (1971), based on a different argument,
proposed the classic formula w,. = 2.34f/L. Variants
of this relationship are still widely used (e. g., Kaneko
& Shearer, 2014, their Eq. 2; Shearer, 2019, his
Eq. 9.47; Bindi et al., 2021, their Eq. 7; Parolai,
2023, his Eq. 8; Koper et al., 2024, their Eq. 1; Allen,
2025, his Eq. 6; Baltay et al., 2025, their Eq. 1; Bindi
et al., 2025, their Eq. 1; Kurzon et al., 2025, their
Eq. 5; Zuo et al., 2025, their Eq.2). Here we
emphasize that such a relation derives from arbitrary
choices and cannot be expected to lead to a reliable
determination of the fault size, in view of a large and
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generally unknown uncertainty in its numerical
coefficient (that can be denoted as K).

2.2. Concept 2: Tectonic-Stress Drop Controls
the Strength of High-Frequency Radiation

At high frequencies (v > w,), the spectrum in
Eq. (1) becomes

__ My 2
= 3 5 ;
47p°Rw

upr (@) ; (3)
or it is proportional to the square of the corner fre-
quency. Stress drop Ao is a commonly used
parameter in the simulations of strong ground
motions that is responsible for the high-frequency
spectral levels, thus controlling the peak velocities
and accelerations as factors of engineering signifi-
cance. To express u;s() through Ag, a link between
the latter and w, is needed.

In providing the link, one typically begins with
the definition of the stress drop as

cuU
Ao =—— 4
0= (4)

where u is the shear modulus and C ~ 1 (Kanamori
& Anderson, 1975, their Eq. 1). This formula fol-
lows, for example, from the analytical solution for the
maximum relative displacement of the faces of a thin
hollow spheroidal cavity in an elastic medium for the
case of Poisson’s ratio of ¥ (Eshelby, 1957; Beres-
nev, 2001, his Eq. 17). Then Eq. (4), together with
. = Kf/L and the definition of the seismic moment,

lead to
1/3
o = Kf (A—) 5)

and, upon substitution into Eq. (3), to the well-known
formula

K2M/3
up () = W o (6)

(C has been assumed to equal 1).

This result implies that, for given moment, the
high-frequency spectrum scales with a power of Ag,
thus suggesting that larger relief in tectonic stress
creates greater amplitudes of short-period radiation.
Such a conclusion does not seem to be correct even
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on intuitive grounds. Indeed, same tectonic stress
may be released in a conventional (“fast”) earth-
quake or in a slow creep-like event. Clearly, the
former case will produce strong short-period radia-
tion whereas the latter will create none. Therefore,
there is difficulty in interpreting the quantity Ao in
Eq. (6) as the real change in the stress during
earthquakes.

In finding the root of the contradiction, one should
compare the physical problem leading to Eq. (4) with
the one describing an earthquake source. The former
considers the stress displacing the faces of a pre-
existing cavity by U in its center relative to each other
in purely elastic deformation. The latter deals with
the stress change during the creation of a crack of
same length and same displacement when energy is
spent on breaking the continuity of the solid. These
are two different physical problems, and the stress
changes in the two cases cannot be expected to be
equal. This circumstance prevents the usage of
Eq. (6) for the determination of stress change in
seismic events based on observation of wave spectra.

A non-contradictory alternative formulation of
Eq. (6) is obtained by invoking the maximum veloc-
ity vmax at which the faces of the fault slip. This
velocity is obtained by taking the derivative of
Eq. (2), which has the maximum at ¢ = 1:

U Uw,
et e

(7)

Vmax =

Through vy.x, Eq. (3) is re-written as

Me? 2 Ae? 2
(@) = i RV ™ = dmpRUR e (8)
where A is the fault area. This equation does correctly
explain why “fast” earthquakes (large vy,,x) produce
intense seismic radiation while the slow ones are only
felt in the long-period range.

Beresnev (2024) showed that the factor v, /U,
seen in Eq. (8), invariably comes out in spectral and
temporal measures of high-frequency radiation from
various popular source time functions. The control of
the peak slip velocity over the short-period levels
appears to be universal and independent of the
particular form of reasonably defined earthquake slip.
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2.3. Concept 3: One-Parameter Scaling
of Earthquake Spectrum EXxists

The concept of scaling is based on the idea that
the entire source spectrum can be expressed as a
function of only one parameter, e. g., the earthquake
magnitude (Aki, 1967; Boore, 2003, his Fig. 2; Bindi
et al., 2025, p. 2857). For example, if . in Eq. (1)
obeys Eq. (5), and the quantity Ag in the latter can be
assumed constant, then the only remaining control-
ling parameter is the seismic moment M,. This
concept is known as the constant-stress-drop scaling.
The idea is appealing, as only one parameter is
needed to describe the spectrum at both low and high
ends.

In assessing the viability of such a hypothesis, we
first note the absence of a clear physical reason why
Ag, defined in Eq. (4) by the ratio of fault displace-
ment to its dimension, should necessarily stay
constant in nature. Second, the low- and high-
frequency bands of the seismic spectra are controlled
by different physical quantities. As follows from
Eq. (1), at low frequencies (v < w,.) the controlling
parameter is solely the seismic moment (or magni-
tude), through the displacement U. At high
frequencies (Eq. 8), these are both the moment and
the peak slip rate v, the latter being a much
stronger factor due to its square power. The need for
two independent parameters to explain the full
seismic spectrum thus has fundamental physical
underpinnings. The static displacement, expressed
in the value of seismic moment, is only responsible
for the low-frequency asymptote. On the other hand,
the high-frequency content (Eq. 8) depends on how
fast the fault slips. If only U were in control of high-
frequency radiation, this would imply the existence of
a functional relationship U(vpax); however, there is
no evidence for the existence of such a law: the final
displacement cannot in itself unambiguously deter-
mine how fast it has been achieved. The physical
considerations suggest that U and vy,,x should be fully
independent, each controlling its respective part of
the spectrum, foreclosing the possibility of a one-
parameter scaling.
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2.4. Concept 4: High-Frequency Radiation is
Generated During Sudden Movements
of Rupture

A view is often found that high-frequency radi-
ation forms when ruptures experience “jerky” motion
(Madariaga, 1977, 1983; Somerville et al., 1999,
p- 60; Shi & Day, 2013). The validity of this
assumption can be put to a direct test by comparing
the spectra from crack propagation with constant and
variable speeds. A convenient and rigorous simula-
tion tool is the source-representation integral (Aki &
Richards, 1980, their Eq. 14.37; Beresnev, 2017b, his
Eq. 1).

The problem is formulated as follows (Beresnev,
2026). The calculations are performed for a
3400 x 3400 m strike-slip fault, approximately cor-
responding to a M,, 5 earthquake, with the constant
offset U = 0.14 m and the omega-square slip func-
tion. The peak slip rate vy is set to 0.25 m/s. The
hypocenter is placed in the center of the fault. The
local radial rupture speed is randomized around the
constant value of 0.8f as 0.8f(1 + #). The random
variable 7 is drawn from the normal distribution with
zero mean and the desired standard deviation,
constrained to equal — 0.9 if it accidentally fell
below or was equal to — 1. If the speed exceeded
1.5p, it was kept at 1.58, allowing local supershear
propagation.
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Three values of standard deviation in # were
tested: 0.1, 0.2, and 0.3. The resulting rupture fronts
are depicted in Figs. la-c. For comparison, the
undisturbed radial propagation with constant speed
of 0.8 was also considered.

The spectrum of the fault-normal component of
the full seismic field was computed by the numerical
integration of the Fourier transformation of the
representation integral (Beresnev, 2024, his Eq. 3).
The observation point was placed in the direction of
the upper edge of the fault, coinciding with the x;
axis, at the distance of 10,000 m from the nearest
edge, thus having the coordinates {3400 + 10,000, O,
0} m (the coordinate system is shown in Fig. 1 of
Beresnev, 2017a). The amplitude spectra of particle
displacement for all four scenarios are presented in
Fig. 2. They show that the spectra from uneven
ruptures, despite the degree of their front complexity,
are indistinguishable, except random scatter, from the
rupture propagation with the constant speed. The
absence of preferential production of high frequen-
cies by irregular cracks can be understood on physical
grounds. Selective boost of energy in certain fre-
quency bands in a kinematic model can only be
achieved through the effects of regular interference,
arising from the coherent summation of radiation
with different timing from various parts of the fault.
Constructive/destructive interference can boost or
suppress spectral amplitudes for ordered rupture
travel, but such deterministic effects cannot be
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Figure 1
a—c Simulated irregular rupture fronts corresponding to standard deviations in # of 0.1, 0.2, and 0.3, respectively. The isochrones are spaced at

0.1s
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Figure 2
Fourier amplitude spectra of ground displacement for the geomet-
rically irregular anisotropic rupture fronts and the constant-speed
radial front with the same average velocity. The color version of
this figure is available only in the electronic edition

significantly disrupted by chaotic movements around
the same average speed of rupture propagation.
Randomization of rupture timing does not apprecia-
bly change the spectral content of radiation, as long
as the same average velocity is preserved.

2.5. Concept 5: Small-Scale Fault Heterogeneity
(Asperities) is the Source of High-Frequency
Ground Motions

Another commonly presumed source of high-
frequency radiation is the small-scale heterogeneity
of slip. This idea forms the basis for the assumption
that heterogeneous slip distributions can be resolved
from the inversions of ground-velocity or accelera-
tion records.

The representation integral can again be used to
verify the validity of this concept. We place the
observation point in the near field at 200 m above the
upper corner of the fault and offset by 200 m in the
direction x, perpendicular to the fault plane, thus
having the coordinates of {0, 200, 200} m. Suffi-
ciently heterogenous slip distributions impose
limitations on the convergence of the integral; for
that reason, the calculations are performed for a
smaller 1200 x 1200 m fault with U = 0.035 m,
corresponding to a M,, 4 earthquake. The hypocenter
is placed in the middle of the edge of the fault
opposite to the observation point, with the coordi-
nates of {0, 0, -600} m. The rupture propagation is
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thus unilateral toward the station, corresponding to
the strongest directivity pulse. The front travel is
radial with the constant speed of 0.8f.

The slip follows the k-square model, where k is
the wavenumber, as used by Beresnev (2024), with
the fault discretization of 200 samples per length and
width, giving the spatial sampling interval of 1200/
199 ~ 6 m. Slips following the k-square decay are
often employed in the synthetic rupture generators for
seismic-hazard computations (Herrero & Bernard,
1994; Somerville et al., 1999, pp. 75-76; Mai &
Beroza, 2002; Gallovi¢ & BrokesSova, 2004; Graves
& Pitarka, 2010, p. 2096; Schmedes et al., 2013, p.
1121; Infantino et al., 2020, pp. 2563-2564; Rodgers
et al., 2020, p. 2866). The omega-square source time
function is still used, and the corner frequency can be
calculated from Eq. (7) as

€Vmax

=) ®
where & is the position on the fault plane and v,y is
kept at 0.25 m/s. The corner frequency is now vari-
able over the fault, with the average of f. = e x 0.25/
(2m x 0.035) = 3.1 Hz. The spectrum is again cal-
culated by the numerical integration for the fault-
normal radiation component.

Thirty different realizations of the k2 slip were
generated: an example is provided in Fig. 3 (Beres-
nev, 2024, his Fig. 5). All distributions have the same
fault-average value of U = 0.035 m. Figure 4 shows

0 [
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-600
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-800
~1000 0.02
-1200 t! o n n n n u
0 200 400 600 800 1000 1200 0

Figure 3
An example realization of k™ heterogeneous slip. The scale is slip
in m. The color version of this figure is available only in the
electronic edition
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Figure 4
Fourier spectra of ground displacement from thirty heterogeneous
ruptures (colored lines) and the uniform fault with the same
average slip (black line). The color version of this figure is
available only in the electronic edition

the spectra of radiation from all these models,
separated by different colors. For comparison, the
spectrum from the uniform fault with same constant
slip and same vy« is presented by the black line.

Inspection of Fig. 4 shows that, out of the thirty
spectra from inhomogeneous faults, only seven are
conspicuously above the case of the uniform rupture
(the black line). Twenty-two cluster around the latter
with approximately same slope, and one lies below.
The conclusion that fault heterogeneity (the presence
of asperities) necessarily leads to the production of
high frequencies (selectively boosting the short-
period content and thus decreasing the overall
spectral slope) does not hold true. Such a behavior,
too, can be understood on physical grounds. For the
uniform-slip case, the corner frequency of radiation
from all parts of the fault is the same, and a particular
spectral slope forms as a result of regular interference
of delayed radiation. On the other hand, when the
corner frequency is allowed to vary randomly across
the fault, as in all other cases, the resulting spectral
slope becomes the result of incoherent summation of
radiation from various parts having various corner
frequencies, generally leading to different spectral
decays from realization to realization.
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2.6. Concept 6: Slip Distributions with k™ Spatial
Spectra Emit Radiation with &~ Frequency
Spectra

The next concept is the notion that, if earthquake
slip follows the k-square wavenumber spectrum, the
frequency spectrum of radiation has the omega-
square shape (Somerville et al., 1999, p. 76; Mai &
Beroza, 2002, p. 10-1). This result can be traced back
to the work of Herrero and Bernard (1994, their
Eq. 24), expressing the body-wave displacement
spectrum in the far field of a linear rupture propa-
gating along the &;-axis as

woeol =) oo

where U(k;) is the one-dimensional spatial Fourier
transform of the slip distribution U(¢), v is the
rupture speed, V is the angle between the &;-axis and
the direction to the receiver, and F is an unspecified
dimensional coefficient. The result was obtained for
the slip-velocity function represented as the delta
function. For this case, it is true that, if U(k;) has the
k-square shape, then u(w) acquires the same shape
when w(1/v — cos¥/p) is substituted for k;.

Beresnev (2022, his Eq. 9) noted that the same
result for any form of the slip-velocity function,
restricted to the case when Aug(#) does not depend on
the position on the fault (constant 7 in case of the
omega-square source in Eq. 2), follows in the same
approximation of a small near-linear source in the far
field from the representation integral (Aki &
Richards, 1980, their Eq. 14.18),

(o) = const Miy(w)U [w (COZ L m . (1

where Auis(w) is the spectrum of the slip-velocity
function, and the exact value of the dimensional
coefficient const is omitted for brevity. Equation (11)
shows that, unlike the particular case of Eq. (10), the
seismic-wave spectrum in the general instance is
additionally multiplied by the spectrum of the slip-
velocity function. If U(k;) is k2, and if Auy(w) is
@2, then the resulting spectrum of radiation decays
as w .

Equation (11) is valid for the case of the slip
function of uniform shape, in which the parameter t
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(and thus the corner frequency) is identical at all
points on the fault. On the other hand, we have
already seen in Fig. 4 that the spectral roll-offs
should be expected to vary if the corner frequency is
allowed to spatially fluctuate. To observe how the
asymptotic behavior in Eq. (11) changes if the
narrow source has heterogeneous slip, we compute
the exact field numerically from the representation
integral. The fault has the length L = 3400 m. The k>
slip with the omega-square source time function is
generated as in the example of Figs. 3 and 4, with the
discretization of 100 samples per L, vy.x equal to
1 m/s, and the average offset of 0.14 m, keeping the
average corner frequency at 3.1 Hz. To satisfy the
narrow-source condition W < < L, the width W is
set to 5 x L/99 m. The placement of the hypocenter
is as in the example of Figs. 3 and 4.

To remain in the same approximation under
which Eq. (11) was derived, the small-source condi-
tion (Aki & Richards, 1980, their Eq. 14.12) has to be
satisfied. Accordingly, the coordinates of the obser-
vation point were arbitrarily set to {10%, 0, 0} km.
The specific distance value does not carry particular
significance: it appears as a multiplier in the constant
term in Eq. (11) and in this approximation merely
serves as a scaling factor.

Figure 5 presents the seismic spectra from thirty
different realizations of k-square slip. They are seen
to form a cloud diverging toward the high-frequency

)

a

3
E 10
g 1077} L
3
ful
5 108
4
@ 10-9-
L
ElO 10
£
0 1011
o 10 -
=
[
n 10712 T T T TTTTT T TTTTIT
‘S 0.1 1 1

Frequency (Hz)

Figure 5
Fourier spectra of ground displacement from thirty heterogeneous
ruptures on a narrow finite fault. The straight lines bracket the
scatter of possible high-frequency spectral slopes. The black dotted
line is the spectrum of the equivalent omega-square point source
(Vmax = 0.5 m/s) with the kappa operator applied (x = 0.025 s)
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end. The two straight gray lines show the high-
frequency slopes visually fitted to the end-member
possibilities in the diverging “conical” area: their
fall-off rates (the powers of frequency) are —2.9 and —
3.6. The other cases are intermediate to these. The
meaning of the dotted black line is discussed later in
the text. Figure 5 demonstrates that, as long as the
corner frequency of the source time function is
allowed to vary, the k-square distributions generate a
variety of spectral slopes in the resulting radiation, all
of them being greater than —2. Similar variability in
the near field was demonstrated in Fig. 4. The slope
takes on the maximum steepness of —4 when the
corner frequency of the omega-square slip function is
constant along the entire narrow fault, as in the
asymptotic case of Eq. (11).

2.7. Concept 7: The “Kappa” Filter is Caused
by Near-Surface Attenuation

Both Eq. (11) and Fig. 5 demonstrate that fault
finiteness contributes an additional decay to the
radiated spectrum compared to the slope expected
from an omega-square point source alone (Eq. 1).
Observations show that seismic spectra are devoid of
high-frequency content and cannot be explained by
the pure omega-square radiation corrected for path
attenuation (Anderson & Hough, 1984): to match
them, simulated ground motions need to be addition-
ally low-pass-filtered by applying a suppressing
exponential operator exp(—nkf), where k is a fitting
parameter. Such an artificially introduced suppression
is known as the kappa filter (Boore, 2003, his Eq. 20;
Ktenidou et al., 2014). The exact nature of this effect
is still debated; most often, it is attributed to the near-
surface attenuation unaccounted for by the regular
anelastic Q along the propagation path. For example,
Parolai (2018) proposes to explain the kappa filtering
by scattering on near-surface heterogeneities. The
study (Parolai, 2018, his Fig. 5) documents a steady
decrease in the quality factor due to scattering as
randomness in near-surface layering increases,
although it does not quantify whether the resulting
extra decay is in the range of the typical values of
specifically the parameter x. There also are opinions

LTINS

that kappa is “an empirical parameter” “not mea-

suring any specific physical phenomenon”, arising
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from “great simplifications of complex source, path,
and site effects” (Palmer & Atkinson, 2023,
pp- 2666-2667). We could paraphrase this statement
as “kappa is a formal parameter accounting for all
phenomena going beyond the omega-square radia-
tion corrected by the path Q.

Beresnev (2023a, 2024, 2025, 2026) proposed that
the observed extra diminution of high-frequency
energy be rather explained by an alternative form of
the source time function and/or the fault finiteness
itself, that is, by purely the source effect. As an
example, the black dotted line in Fig. 5 represents the
spectrum radiated by an omega-square point source in
Eq. (1) with the exactly same moment as that of the
narrow finite fault at the same distance, multiplied by
exp(—nkf), fited with v,,=05m/s and
x = 0.025 s. The fitting with x was carried out to
the frequency of 30 Hz, as typically done in the
recent empirical determinations of this parameter
(Nye et al., 2023, their figs. 2 and 3). The equivalent
Kk is well within the empirical range of this parameter:
for example, most values reported by Nye et al.,
(2023, caption to their Fig. 4) fall between 0.028 and
0.045 s. We note that the high-frequency slopes seen
between the straight lines are fully due to the finite-
fault effects, without any additional filtering. To
explain the same slopes by the point-source model,
the kappa operator has to be applied.
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Figure 6
Source acceleration spectra for the M 5.1 6 February 2015
earthquake in Japan. The average observed spectrum is shown by
the gray line. The thin and thick black lines represent the point-
source simulation of the same event with the kappa operator
applied and its finite-fault simulation without this operator,
respectively

Pure Appl. Geophys.

The equivalence between the finite-fault radiation
and that from a kappa-filtered point source is further
corroborated in Fig. 6. To quantify the departure of
the source spectrum radiated by a finite fault from the
omega-square shape (Eq. 1), we divide the former by
the latter at all frequencies. Such a ratio was termed
the “finite-fault correction” by Beresnev (2023a).
Beresnev (2023a, his Fig. 3) calculated the finite-
fault correction for eight rupture scenarios on a M 5
earthquake fault: it has the shape of a high-cut filter.
The gray line in Fig. 6 displays the path-corrected
average source acceleration spectrum of the M 5.1 6
February 2015 earthquake recorded by the KiK-net
network in Japan (Beresnev, 2023a, his figs. 6 and 7).
The thick black line is the simulated finite-fault
spectrum, obtained by multiplying the omega-square
shape by the finite-fault correction and fitted to the
observation by varying the parameter v, , equal to
0.9 m/s in this case. No kappa operator was used. The
thin black line is the omega-square spectrum multi-
plied by the kappa filter: in this case, viax = 0.36 m/s
and x = 0.028 s. The black curves are virtually
identical, showing the equivalence between the kappa
filtering and the finite-fault effect in explaining the
same high-frequency content. In addition, the point-
source simulation is unrealistically smooth: it lacks
the irregularities present in both the finite-fault
simulation and the observed data.

Putting the reason for the observed diminution of
high-frequency spectra to the earthquake source itself
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Figure 7
Source acceleration spectra for the Haskell rupture for a M 6
(black line) and M 4 (gray line) earthquakes. Also shown are the
point-source simulations of the same spectra with the kappa
operator applied
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naturally resolves the difficulties typically encoun-
tered in attributing it to local-site response. First,
negative kappa values have been reported, that is, the
existence of the acceleration spectra that are not
attenuated but rather amplified at high frequencies,
relative to the flat omega-square shape (Haendel
et al., 2023, their figs. 4, 6, 7, 8, 10; Palmer &
Atkinson, 2023, their Table 2). An increase in
acceleration spectra with frequency appears natural
if a slip-velocity function with the spectral fall-off
rate less than w2 is invoked. For example, Beresnev
(2023a, his Table 2) deduced the slopes of the spectra
of this function ranging from w~! to w=* from the
analysis of all well-recorded earthquakes by the KiK-
net in the magnitude range from 4 to 6.

Second, there has been persistently documented
poor correlation between the x value and the physical
characteristics of the site, including its average shear-
wave velocity (Ktenidou et al., 2014, their Fig. 2;
Haendel et al., 2023, their figs. 7 and 8; Palmer &
Atkinson, 2023, their Fig. 16). If one assumes that the
high-frequency decay is controlled by the source
instead, such a correlation should not be expected.

Third, significantly different x ‘s are inferred from
earthquake data for the western (WNA) and east-
ern/central (ENA) North America. For example,
Boore and Joyner (1997) deduced a generic
k =0.035 s for an M,, 6.5 earthquake on rock in
WNA; their fitting range was to 20 Hz. On the other
hand, a much lower k¥ = 0.006 s is generally accepted
for ENA (Toro et al., 1997, p. 43). It should be noted
in this regard that a substantive difference between
the two respective regional databases is that the ENA

43
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Figure 8

Geometry of radiation from a rectangular finite fault
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historic seismicity is much scarcer and consists
primarily of small-magnitude events. For example,
the EPRI ground-motion database, from which the
ENA value was derived, consists of the recordings of
66 events with the average magnitude of 3.6 (Electric
Power Research Institute, 1993, their Table 2.A-1). A
more recent database contains 92 events with the
average magnitude of 4.3 (Goulet et al., 2021, their
Table 1). According to Eq. (9), such events will
exhibit much higher corner frequencies than their
large-magnitude counterparts, obscuring the identifi-
cation of the true high-frequency spectral decay and
causing the underestimation of kappa.

We illustrate the latter point using the same model
that led to the radiated spectrum in Eq. (11). For a
unidirectional rupture and constant static offset U
across the entire fault (the Haskell solution), the
spatial spectrum in Eq. (11) reduces to the sinc
function, leading, for the omega-square slip, to the
modulus of the radiated frequency spectrum from the
finite fault as

- M() 1 sinX
u@) = 4npfR1 + (w/w)* | X | (12
where X = (wL/2)[1/v—(cos¥P)/f] [Aki &

Richards, 1980, their Eq. 14.18; the authors omit the
dimensional coefficient in front of the solution (12),
which we have retained for completeness]. One sees
(cf. Equation 1) that the difference with the point-
source radiation is that the omega-square spectrum
here is multiplied by the sinc function, the latter
serving as the finite-fault correction for the Haskell
rupture. The correction is equivalent in this case to
the kappa operator. To illustrate the differences for
two dissimilar magnitudes, Fig. 7 presents the finite-
fault spectra, calculated from Eq. (12), for M = 6 and
4. The spectra were computed at the same reference
distance of 1 m. In calculating the seismic moments,
the respective characteristic fault lengths were taken
as 10,000 and 1200 m, and, to remain within the
near-line-source approximation, the width was taken
as 10 m. The constant slips were 0.49 and 0.035 m,
Vmax in Eq. (9) was 1 m/s, v =0.8f, and ¥ = O (the
forward-directivity case). The corner frequencies,
calculated from Eq. (9), are 0.88 and 12 Hz. The
peaks and troughs in the spectral shapes in Fig. 7
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correspond to the instances of regular interference
owing to the orderly rupture propagation.

Similarly to Figs.5 and 6, the point-source
omega-square spectra with the same moments as
those of the finite faults in Eq. (12), multiplied by the
kappa operator and visually fitted to the finite-fault
shapes, are also shown, the fitting parameters being
Vmax = 0.4 m/s, x=0.041s and vy, = 0.5 m/s,
k =0.012 s for the M 6 and 4 events, respectively.
Note that the true high-frequency decay in the
frequency ranges much exceeding the corner fre-
quencies would be ™ in either case: it is
magnitude-independent. However, the kappa values
recovered if the finite-fault spectrum is interpreted
through a filtered point-source model (0.041 and
0.012 s) are substantially different, being an artifact
of the limited frequency range of the fitting (same as
in Boore & Joyner, 1997) and the much higher corner
frequency of the M 4 event. These kappa values are
very close to the averages adopted for the western
and eastern North America. The dependence of the
inferred values of kappa on the frequency band in
which it is measured was earlier noted by Parolai and
Bindi (2004). As one can see, the artifact causes the
apparent magnitude dependence of kappa. Also note
that the true vy, of 1 m/s, used to produce the finite-
fault spectra, is recovered incorrectly in both cases if
the point-source model with kappa is used to interpret
the spectra.

Fourth, individual sites exhibit high variability in
their x values measured from different events (Nye
et al., 2023, their Fig. 4b; Haendel et al., 2023,
p- 2659). Again, such a scatter is naturally explained
if it is attributed to the variations in the parameters of
the earthquake sources used to measure the site-
specific value.

The following related test can be conducted. If the
observed decay is truly a site-specific parameter,
locations with identical site conditions will exhibit
the same kappa values for the same earthquake
source. Beresnev (2026) calculated the ground-accel-
eration spectra from the rupture model presented in
Fig. 1b, at three observations sites that are distinctly
different geometrically but all correspond to the
original elastic-space formulation of the problem and
thus have no site response. In addition to the far-field
station with the coordinates {3400 + 10,000, 0, 0} m
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(same as in Fig. 2), two additional near-field stations,
situated at the opposite ends of the fault, were added,
with the coordinates {0, 200, 200} m and
{3400 + 200, 0, 0} m. The spectra at all three
stations were fitted with the kappa-filtered equivalent
point source as in Figs. 5 and 6. The resulting kappa
values were 0.013, 0.004, and 0.025 s, respectively.
Note that these values are all realistic and distinctly
different. In real world, they could be erroneously
interpreted as “site-specific”, while they are due
entirely to the direction-dependent finite-source effect
that forms a particular slope, not to variations in site
conditions.

The same purely directional effect on kappa is
observed in the behavior of the finite-fault correction.
We have seen that this correction for the case of a far
field of a small narrow Haskell rupture reduces to a
sinc function (Eq. 12). The same form of the
representation theorem that leads to this model can
be used to extend it to the more general situation of a
small rectangular source, in which the width is
independent of the length. In this case, the double
integration in Eq. (14.16) of Aki and Richards (1980)
replaces the spectrum in the authors’ Eq. (14.18) with

_ s siny [ on_w
u(w) = wAuy(w)WL X v {expz( 7 2—|—X Y)}7
(13)

where ry is the distance from the origin to the
observation point (Aki & Richards, 1980, their
Fig. 14.1), Y = (wW/2)cos®/f, and @ is the angle
between the &,-axis and the direction to the receiver
(the &,-axis is in the fault plane perpendicular to &;:
Aki & Richards, 1980, their Fig. 14.2; see also
Fig. 8). Equation (12) then is replaced with

() = M, 1
ner= 4npfPR1 + (0/w.)?

sinX sinY
X Y

(14)

One can see that, for the rectangular rupture, the
finite-fault correction is the product of two sinc
functions. Unlike the one in Eq. (12), the frequency
slope of the product (and thus of the low-pass filter
that it represents) is variable: it changes from w2 to
o ! (e g., at @ = 90°). These variations are
controlled by the angle @ but not the fault dimensions
L and W: that is, they are magnitude-independent.

Independence of the observed behavior of kappa on
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magnitude has been reported in the literature (e. g,,
Nye et al., 2023, p. 824).

We can illustrate the angular variability in the
high-frequency behavior for ¥ = 90° (radiation in the
plane perpendicular to the fault). Figure 9 presents
the rectangular-fault correction ’% ¥| for the
limiting cases of @ =0 (black line) and 90° (gray
line) (radiation along the &,-axis and in the direction
perpendicular to the fault, respectively). The fault is a
square, with L and W equal to 3400 m and v = 0.8f.
To reduce the quasi-periodic spectral oscillations due
to regular interference, the curves were discretized
into 400 intervals in the 0-30 Hz range shown and
smoothed by a seven-point running average. This
time, we measure the equivalent value of kappa in the
traditional way by fitting the negative high-frequency
slope with the function Agexp(—nkf) on log-linear
axes, where Ay is an adjustable constant that on these
axes moves the fitting line up and down (Anderson &
Hough, 1984, their Eq. 1; Nye et al., 2023, their
Eq. 1). The typical fitting interval is 5 to 30 Hz (Nye
et al., 2023, their Fig. 2). The values of k of the
visually matched straight lines in Fig. 9 are 0.044 and
0.020 s for @ = 0 and 90°, respectively. Again, this
variation is well within the observed empirical range
of this parameter.

The directional effect on the equivalent kappa
decay will be quantitatively similar in both the
situations of multiple events recorded by a single
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Figure 9
Finite-fault correction for a square fault, corresponding to M =5,
for two perpendicular radiation directions. The black and gray
lines: @ = 0 and 90°, respectively. Also shown are the straight lines
fitted to the high-frequency slopes and used to measure the
respective values of kappa
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station and multiple stations recording a single event.
In either case, the variability in the inferred kappa
will be purely a source-directivity phenomenon,
unrelated to the conditions at any particular site.
Indeed, the scatter in the inferred kappa values
obtained for various earthquakes at given site, on one
hand, and among different sites for one given event,
on the other, is quantitatively similar (cf. Figures 9
and 11 of Anderson & Hough, 1984). This fact is
readily understood if the scatter in both cases has the
same underlying cause.

The finite-fault corrections always carry the shape
of a high-cut filter, as, for example, is seen in the
modulation of the source spectrum by the sinc
functions in Egs. (12) and (14). An example of such
a shape is given in Fig. 9. This is explained by the
interference of the waves emanating from different
parts of the fault, which add up exactly in-phase at
the very long periods only. To produce the high-
frequency suppression, always present in the radia-
tion from finite sources, in their simulations by point
sources, an artificial kappa operator has to be
introduced as a proxy for the finite-fault interference
effect. Accounting for fault finiteness removes the
need for such an ad-hoc filtering.

Studies, in which the finite-fault radiation is
simulated deterministically at low but stochastically
at high frequencies (Aagaard et al., 2010; Graves &
Pitarka, 2010), still use, despite employing the actual
fault geometry, the kappa operator to reduce the high-
frequency amplitudes. The reason is that, in the
stochastic method, due to the difficulties in the fully
deterministic computation, the short-period radiation
is simulated through the summation of the omega-
square spectra from subfaults represented as point
sources. Such a summation tends to preserve the
underlying shape of the point-source spectra; in
addition, their random phasing does not produce the
correct spectral slope that would be created by
deterministic interference of waves emitted from a
continuous fault plane.

The results reviewed do not prove that a contri-
bution to kappa decay cannot arise from the local site
geology. However, they do demonstrate that the
typically observed kappa values and variability can
be fully accounted for by the effects arising at the
source, including the finite rupture dimensions and
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directivity. The specific form of rupture travel, the
variations in slip distribution, fault shape, hypocenter
position, or the shape of the source time function all
lead to the apparent x filtering (Beresnev,
2023a, 2024, 2025, 2026).

2.8. Concept 8: Moderate-Magnitude Events can be
Simulated as Point Sources

A relevant question to ask is what is the size of the
rupture that can then be safely simulated as a point
source not requiring any high-frequency modifica-
tion? It follows that, for that fault, the finite-fault
correction should equal one in the entire frequency
range of practical interest.

We can evaluate such a condition by considering
the finite-fault correction |sinX/X| for the same
model of Haskell rupture: it is reproduced in
Fig. 10 for an M 4 earthquake with the same
parameters as in Fig. 7. The correction is reasonably
close to unity only at the frequencies up to approx-
imately 5 Hz, above which it precipitously drops. It
follows that satisfactory modeling of an event even as
small as M 4 should account for their finite size. If
earthquakes of this size and greater are treated as
point sources, the models will necessarily require a
kappa filter, introduced in an ad-hoc manner to
explain the realistic shape of the finite-fault spectra at
the frequencies above 5 Hz. This limiting frequency
becomes progressively lower as the magnitude
increases (e. g., Beresnev, 2023a, his Fig. 9), further
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Finite-fault correction for the Haskell rupture corresponding to
M=4
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restricting the ability to model larger earthquakes as
point sources.

2.9. Concept 9: Distribution of Total Slip
on the Fault can be Recovered from Ground-
Motion Records

We have seen (concept # 3) that the frequency
content of radiation above the corner frequency is
fundamentally controlled by two parameters: U and
Vmax, the latter carrying the dominant influence. If one
uses such a higher-frequency band to solve solely for
U, as is done in the approach known as the linear
matrix inversion (Hartzell & Heaton, 1983; Hartzell
& Helmberger, 1982; Heaton, 1982), errors will
occur, because, in this band, the two parameters
strongly trade-off with each other. Inversions of
strong-motion records for distributions of static slip
on causative faults of significant earthquakes, with
magnitudes greater than six, using this method have
been routinely performed all over the world (e. g.,
Mendoza et al.,, 2024; Ye et al.,, 2016). Such
inversions will inevitably be prone to errors if they
utilize the data beyond the characteristic corner
frequency of the event (Beresnev, 2023b).

As an example, consider a M 7 earthquake. As
illustrated by the simplified models of Egs. (11) and
(12), the corner frequencies are imposed by the
source time function. For a typical offset of U =2 m
and vpa = 1 m/s, the corner frequency is estimated
from Eq. (9) as f.=e x 1/2n x 2) = 0.2 Hz. To
remain within the validity of the one-parameter
assumption, the frequencies of the data would need
to remain below this limit; however, linear inversions
of strong ground motions have often not followed this
restriction (Beresnev, 2003, pp. 2452-2454). In this
case, a certain value of slip velocity is always
implicitly assumed. For instance, isosceles triangles
have been widely utilized to represent the slip-
velocity function in the inversion algorithms. Then
the set base (duration) of the triangle becomes the
proxy for the slip velocity (see Eq. 17). The amount
of its trade-offs with the resolved static slip and the
resulting error usually remain unknown.

Nonlinear inversions, based on the minimization
of an objective function, which simultaneously solve
for more than one parameter of faulting, remove the
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severe restriction on the frequency band. However,
the trade-offs between the resolved parameters
remain significant. For example, the algorithm of Ji
et al. (2002) searches the parameter space for the
values of four variables: the slip magnitude, slip
duration, rake angle on the fault, and rupture speed.
The slip-velocity function is taken in the form of a
cosine:

u(t) =

where T is the duration (rise time) (Ji et al., 2002,
their Eq. 2). The ground-motion records that typically
are used in strong-motion inversions are ground
velocities, whose shape is controlled by the second
derivative of u(t):

17 1 — cos(2nt/T)

0<1<T, (15)
T

() = Zn%sin (2n %) (16)
Even though the algorithm independently solves
for both U and T, Eq. (16) demonstrates that the
amplitude of the ground-velocity is controlled by the
ratio U/T?: small changes in T will result in
significant alterations in the resolved slip U. For
both the cosine slip in Eq. (15) and the triangular
function, the duration is the proxy for the slip velocity
through the same formula

2U

Vmax

T= (17)

Equation (16) thus precludes an unambiguous
determination of both U and 7. The resulting
uncertainties in the inverted images are often not
quantified. To quote from Mai et al., (2016, p. 691),
who present a candid view of the ability of various
inversion algorithms to recover the true dynamics of
faulting: “rigorous uncertainty quantification in
earthquake source studies is needed but, unfortu-
nately, is often neglected.”

2.10. Concept 10: The Extent of the Near Field
of an Earthquake is Controlled by the Seismic
Wavelength

Mathematical description and modeling of the
seismic near field is much more involved compared
to the sufficiently long distances, making it important
to have the rigorous definition of the transition
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between the two zones. The distinction is conve-
niently made through the comparison of various
terms in the representation integral.

The commonly found near-field condition, R < 4,
where 1 is the wavelength, is formulated in the
frequency domain and is based on the direct compar-
ison of complex-number terms in the integrand of the
Fourier transform of the representation integral (e. g.,
Aki & Richards, 1980, p. 88). However, such a
comparison is only mathematically allowed for real
numbers. As a consequence, a paradoxical result is
obtained: the near field extends to infinity at near-zero
frequencies (e. g., for the static displacement). If this
were the case, permanent ground displacement would
dominate the shape of the seismic-displacement pulse
at any distances from an earthquake; however, this is
only observed very near the faults.

An alternative, non-contradictory near-field con-
dition can be derived from the time-domain form of
the representation integral, where the terms in the
integrand are allowed to be directly compared
(Beresnev, 2025). Beresnev (2017b, his Eq. 1) pro-
vided such a form convenient for the analysis (for
brevity, we do not reproduce it here). Using a
comparison property of integrals (e. g., Stewart,
1999, p. 333), we first estimate the value of the
leading near-field term (first term in the integrand):

R/B
(1/R%) / fAu(g,t —1)d < (1/R*)
R/o

(R/B - R/oc)max[t’Au(&, t— l/)}fromR/xtoR/ﬁ
< (1/R*)(R/B —R/2)(R/B)
U= (1/R)(1/p—1/o)(U/P)

(o is the P-wave velocity). We then estimate at what
distances this term dominates over the far-field ones.
The near-field condition for the first term relative to
the fifth becomes: term1/term5 ~ [(1/R*)(1/B — 1/
2)(U/B))/ [Vwax/ (B°R)] = (1 = B/)(U/R)(B/Vinax)
> 1. For Poisson’s solid, /o = 1/1/3 ~ 0.6. Except
for the small correction by the factor (1 — /o), the
near-field condition by-order-of-magnitude follows
as

p

Vmax

R<U

(18)
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[we follow the common rule in the asymptotic
assessment of mathematical orders of magnitude, in
which the constants of proportionality are not
included—e. g., Van Dyke (1964, p. 25)].

The condition expressed by Eq. (18) is physically
meaningful. If slip velocity vp,x becomes very small,
the near-field term dominates to very long distances,
resulting in no conventional wave propagation in the
form of seismic pulses and the static displacement
extending far from the fault. Also, recall that vy,
controls the strength of the high-frequency radiation.
Therefore, if vy is large, the near-field terms are
insignificant everywhere, and conventional high-fre-
quency pulses with no permanent
displacement dominate. The observational analogs
of these two end-member cases are slow earthquakes
(tremor) vs. conventional earthquakes.

Consider again an example of a M 7 earthquake
(U = 2 m, vmax = 1 m/s). For the shear-wave velocity
of 3000 m/s, the criterion in Eq. (18) yields
R < < 6 km. This is the estimation of the charac-
teristic range of distances at which significant
permanent displacement should be observed. To
compare, the largest geodetically measured ground
displacement around the fault of the M,, 7.2 Landers,
California earthquake occurred within approximately
10 km from the rupture (Wald & Heaton, 1994, their
Fig. 4). Note, in this regard, that the maximum near-
surface slip U in this event was inferred to be close to
6 m (Wald & Heaton, 1994, their Fig. 14), which
would shift the estimate of the extent of the near field
further upward, possibly by a factor of three. For
greater events, the extent of the near-field zone will
scale with their size according to the increasing value
of their average slip U (Eq. 18).

seismic

3. Concluding Remarks

Most of the inferences in this review have been
obtained from considering a model of seismic dislo-
cation as one controlled by two independent physical
parameters, the final slip and the velocity at which it
has been achieved (the slip rate over the rise time of
the event). Both are important to invoke to explain
the spectral content of wave radiation at the low- and
high-frequency ends; the separating corner frequency
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is defined by the same two parameters. Important
conclusions can in addition be derived from asymp-
totic models of a small narrow and a small
rectangular sources in the far field, for which the
complicated wave field simplifies to a physically
transparent form and even allows analytical solutions.
Unlike the popular point-source approximation, these
models correctly incorporate the fault finiteness, the
latter playing a crucial role in explaining the observed
radiation features. The conclusions naturally follow-
ing from such simplified models are corroborated by
the numerical simulations from the exact represen-
tation integral of elasticity.

Approaches, using formal fitting parameters to
describe earthquake ground motions, are well estab-
lished. For example, the “stress parameter” Ag is a
standard tunable quantity in the stochastic simula-
tions used to control the short-period spectral levels
(e. g., Boore, 1983, p. 1868; Atkinson & Beresnev,
1997), while the parameter x is tuned to artificially
introduce a decay in such spectra that otherwise
would be unphysically flat. Large numbers of
empirical determinations of such fitting parameters
and their variability have been made. Although, as
this review demonstrates, they are shown to be
proxies for real physical quantities (the peak slip rate
and fault finiteness, respectively), the approaches
seem to satisfy the practical purposes of seismic-
hazard calculations. What is then an advantage of
switching to the alternative real physical variables? In
our view, the advantage is not as practical as
methodological. It spells the difference between
empiricism and physics-based modeling. Empiricism,
widely used in earthquake engineering, codifies what
it cannot explain, but the ultimate goal of scientific
inquiry is to understand, explain, and predict natural
phenomena. The advantage of our models is that they
deduce the same phenomena from the laws of phy-
sics; unlike empirical relationships, they have the
power to explain and predict.

As an example, modeling earthquakes as sources
of finite dimensions naturally introduces the neces-
sary high-frequency decay of the radiated spectra,
without resorting to the need to measure an additional
empirical parameter. If one insists that it be measured
and ascribed to the effect of the local site condition,
its value will acquire additional uncertainties caused,
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for example, by the unfavorable signal-to-noise ratio,
ambiguous identification of the shear-wave window,
or soil-structure interaction in the instrument instal-
lation. The latter effect takes place in the frequency
range in which x is measured (Castellaro et al., 2022;
Hollender et al., 2020). All these factors make mea-
sured value of the empirical parameter kappa even
less reliable.
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