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Abstract

Estimating the radiated energy of small-to-moderate (Mw < 5) events remains challenging because their waveforms are strongly
distorted during wave propagation. Even when near-source records are available, seismic waves pass through the shallow crust
with strong attenuation; consequently, high-frequency energy may be significantly dissipated. Here, we evaluated the degree of
energy dissipation in the shallow crust by estimating the depth-dependent attenuation (Q-1) by modeling near-source (< 12
km) waveform data in northern Ibaraki Prefecture, Japan. High-quality waveforms recorded by a downhole sensor confined by
granite with high seismic velocity helped to investigate this issue. We first estimated the moment tensors for M1-4 events and
computed their synthetic waveforms, assuming a tentative one-dimensional -model. We then modified the -model in the 5-20
Hz range such that the frequency components of the synthetic and observed waveforms of small events (Mw < 1.7) matched.
The results show that the Q-value is 55 at depths of < 4 km and shows no obvious frequency dependence. Using the derived
-model, we estimated the moment-scaled energy (eR) of 3,884 events with Mw 2.0-4.5. The median eR is 3.6 x10-5 , similar to
the values reported for Mw >6 events, with no obvious Mw dependence. If we use an empirically derived Q-model (7350), the
median eR becomes a one-order underestimation (3.1x10-6). These results indicate the importance of accurately assuming the

Q-value in the shallow crust for energy estimation of small events, even when near-source high-quality waveforms are available.
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Key Points (<140 characters)

1. We estimated the shallow Q-structure using high-quality near-source (< 12 km)
seismic data by matching observed and synthetic waveforms.

2. The shallow (< 4 km) crust has a low Qs-value (~55), influencing the estimation of
the moment-scaled radiated energy (eg) of small events.

3. The ez of 3,884 My, 2.0-4.5 events based on the refined @Q-model has a median value

of 3.6 x 107> and does not show an obvious scale dependence.
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Abstract (242 < 250 words)

Estimating the radiated energy of small-to-moderate (M, < 5) events remains
challenging because their waveforms are strongly distorted during wave propagation.
Even when near-source records are available, seismic waves pass through the shallow
crust with strong attenuation; consequently, high-frequency energy may be
significantly dissipated. Here, we evaluated the degree of energy dissipation in the
shallow crust by estimating the depth-dependent attenuation (Q~!) by modeling
near-source (< 12 km) waveform data in northern Ibaraki Prefecture, Japan.
High-quality waveforms recorded by a downhole sensor confined by granite with high
seismic velocity helped to investigate this issue. We first estimated the moment tensors
for M1-4 events and computed their synthetic waveforms, assuming a tentative
one-dimensional Q~!-model. We then modified the Q~'-model in the 5-20 Hz range
such that the frequency components of the synthetic and observed waveforms of small
events (M, < 1.7) matched. The results show that the Q-value is 55 at depths of < 4 km
and shows no obvious frequency dependence. Using the derived Q~!-model, we
estimated the moment-scaled energy (egz) of 3,884 events with M, 2.0-4.5. The median
er is 3.6 x 1075, similar to the values reported for M,, >6 events, with no obvious M,,
dependence. If we use an empirically derived Q;-model (~350), the median eg
becomes a one-order underestimation (3.1 x 107¢). These results indicate the importance
of accurately assuming the Q-value in the shallow crust for energy estimation of small

events, even when near-source high-quality waveforms are available.
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Plain language summary (199 < 200 words)

A good understanding of the energy-radiation characteristics of small earthquakes is
the basis for understanding the differences in the generation processes between small
and large events. However, estimating the radiated energy for small (My<5) events is
still challenging because their waveforms are significantly distorted during wave
propagation. To evaluate the degree of energy dissipation in the shallow crust, we used
high-quality near-source (< 12 km) waveform records from northern Ibaraki Prefecture,
Japan. We estimated the attenuation structure by matching the synthetic and observed
spectral amplitudes in multiple frequency bands. The results show that energy
dissipation is fairly large in the shallow (< 4 km) part. We used the derived attenuation
structure to estimate the moment-scaled energy (eg) of 3,884 small events (M, 2.0-4.5).
The median value was 3.6 X 1075, which is similar to the values reported for larger (My
> 6) events, with no obvious difference in magnitude. If we assume a standard
attenuation value, the ez erroneously becomes too small (median of 3.1x107°),
requiring a significant increasing trend with magnitude. These results indicate the
importance of accurately determining the attenuation of the shallow crust to estimate

the energy radiation of small events, even when near-source records are available.
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1. Introduction

The precise quantification of energy radiation from small earthquakes provides a
basis for understanding the differences and similarities between the physical processes
of small and large earthquakes. The most straightforward approach to estimating the
radiated energy (Ez) of an earthquake is to analyze seismic waveform records obtained
at good near-source stations, where wave propagation effects can be negligible
(Abercrombie, 1995; Kanamori et al., 1993 and 2020). Kanamori et al. (2020) recently
employed this type of method to systematically estimate E; for 29 M,, > 5.6 events in
the crust of Japan. However, estimating Er for small (M,, < 5) events is generally more
difficult than for large events (My > 6). This is because high-frequency (f > 5 Hz)
radiated energy, which is significantly dissipated during wave propagation, is critical
for evaluating small events.

The energy dissipation during wave propagation is described by the inverse of the
seismic quality factor, Q71 = _zATEE’ where E is the energy of a seismic wave, and AE
is the energy lost during one cycle. Assuming Q! « 1, amplitude attenuation over
elapsed time t is related to Q™! as follows:

In(A (f)) = —nfQ™*(f)t — yIn(r) +In C(f), (1)
where f is frequency; A(f) is the spectral amplitude of P- or S-waves at a certain
station; r is the wave-propagation distance; y is the exponent of the geometric
spreading factor depending on the ray path; and C(f) includes the source- and
site-effects on amplitude. Here, Q~! is a combination of amplitude attenuation owing
to intrinsic absorption and scattering losses (summarized in Sato et al., 2012). If
Q-value is constant, the attenuation (the first term on the right-hand side of Eq. 1)
increases exponentially as f or t increases. To avoid losing high-frequency
information, it is essential to use records with a small t (i.e., a small distance).

A severe problem in examining small events is the possible strong attenuation
(high @71, i.e., low Q) of seismic waves in the shallow part of the crust (Anderson &
Hough, 1984; Hauksson et al., 1987; Aster & Shearer, 1991). If the Q-value of the
shallow crustal is very small, near-source observations can miss substantial

high-frequency energy, which is important for estimating the source parameters of
4
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small events (Frankel, 1982; Anderson, 1986; Abercrombie, 1997, 2000; Ide et al.,
2003). Abercrombie (1997) suggested that even granite rocks have a very small Q
(<50) at shallow depths (< 3 km), which influences high-frequency waveforms. Such a
strong shallow attenuation was sometimes empirically estimated as a site effect,
represented by parameters such as k (Anderson & Hough, 1984; Oth et al., 2011;
Edwards et al., 2015; Hassani & Atkinson, 2018; Haendel et al., 2023) or fnax (Hanks,
1982). However, obtaining the depth profile of the Q~!-structure is essential for
adequately understanding this effect. Previous studies have estimated Q-values that
vary with depth (Hough & Anderson, 1988; Lin and Jordan, 2018; Wang et al., 2023),
horizontally (Eulenfeld & Wegler, 2017; Prudencio et al., 2018), and in three
dimensions (Eberhart-Phillips, 2005; Hauksson & Shearer, 2006; Nakajima &
Matsuzawa, 2017; Nakamura & Shiina, 2019), with various assumptions. However, few
studies have examined the depth variation of the Q~!-structure within the crust in
detail given that most available data are far from the sources (>15 km).

The National Research Institute for Earth Science and Disaster Resilience (NIED)
Hi-net operates an excellent borehole seismic station (N.JUOH) in northern Ibaraki
Prefecture, Japan, which helps to investigate this issue. Site effects usually include
both site amplification and shallow attenuation, which makes them difficult to separate.
However, the downhole sensor of this station is confined by granite rock with high
velocity (Vp=5.4 km/s, Vs=3.2 km/s, and a depth of 100 m

(https://www.kyoshin.bosai.go.jp/cgi-bin/kyoshin/db/siteimage.cqi?0+/IBRH14+Kkik+p

df), and the site amplification effect can be well taken into account. Intense seismicity
has occurred in this region since the 2011 M9 Tohoku earthquake (Fig. 1; Yoshida et al.,
2019a), and this downhole sensor records many earthquake waveforms within ten
kilometers. Recently, Yoshida (2023) showed that the waveforms recorded at this
sensor are clean enough to directly examine the moment-rate function for M,, >3.3

events from the P-wave shapes.
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Figure 1. (a) Map showing the location of the study region represented by a red
rectangle. The black contour lines show the coseismic slip distribution of the 2011 M9
Tohoku earthquake by linuma et al. (2012). Crosses indicate the seismic stations used
for hypocenter relocation. (b) Magnitude-time diagrams of events in the study region.
Blue circles with gray bars indicate the earthquake magnitudes in the Japan
Meteorological Agency (JMA) unified catalog. The black line denotes the number of
earthquakes with an amplitude-based magnitude reported by the JIMA (Mjya = 2.0). (c)
The study region. The red cross denotes the station (N. JUOH) whose waveforms are
analyzed in this study. Gray circles show the hypocenters of shallow earthquakes (z <
40 km) with an My, = 2.0 from January 1, 2003, to September 30, 2022. The circle
sizes correspond to the diameters of Eshelby's (1957) circular fault with a stress drop of

3 MPa. Beach balls show the moment tensor solutions by the F-net catalog.
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The use of clean waveforms at near-source (< 12 km) distances helps examine
shallow attenuation in detail because propagation path effects generally accumulate
with increasing distance, and multipath effects appear at distant stations. In this study,
we used the high-frequency waveforms (5-20 Hz) recorded by this sensor to estimate
the Q-structure in the shallow crust. In estimating Q-value, many previous studies used
various assumptions, such as the w?-model (Brune, 1970), negligible effects of rupture
directivity, and spatially uniform and/or frequency-independent Q-condition. However,
we did not use such assumptions, taking advantage of the sufficient signal-to-noise
ratios of small (M <1.7) events. We modeled the propagation effect using synthetic
waveforms based on one-dimensional (1-D) structures of Q-value, seismic velocity,
and density. The use of synthetic waveforms can naturally incorporate the effects of
near-field and intermediate terms, geometrical spreading, impedance contrast, and
surface reflections above the downhole sensor. Based on the estimated Q~!-model, we
systematically estimate the e for small (M, 2.0-4.5) events.

Subsequent sections are organized as follows. We estimate the 1-D velocity
model and moment tensor solutions of small events (Subsection 2) to compute synthetic
waveforms. We then compare the observed waveforms for small (M,, <1.7) events with
the synthetic waveforms (Section 3). This comparison allowed the estimation of the
depth-dependent Q! -structure. Finally, we use the obtained depth-dependent

Q~l-structure to estimate the radiated energies of small events (Section 4).

2. Estimation of input parameters for synthetic waveform computation

We retrieved information to compute the synthetic waveforms of small events for
comparison with the observed waveforms. We first estimate the 1-D velocity structure
and earthquake hypocenters (Subsection 2.1). We also derived the moment tensors for
events that were sufficiently small to avoid the finiteness effect on seismic waveforms
in the frequency band of interest (< 20 Hz) (Subsection 2.2). The waveform of an
earthquake is affected not only by path and site effects but also by the rupture process.
Often, corrections are made using the w?-model (Aki, 1967; Brune, 1970), but it has

become clear in recent years that complex events deviating from the w?-model are not
7
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uncommon even for small events (Uchide & Imanishi, 2016; Pennington et al., 2023;
Yoshida & Kanamori, 2023). Thus, we used the waveforms of very small events to

avoid the influence of their source processes in the used frequency band.

2.1. Hypocenters and depth-dependent velocity structure

Here, we refine the 1-D velocity model for detailed comparisons between the
synthetic and observed waveforms. The joint determination method of Kissling et al.
(1994) was used to determine the 1-D velocity model and earthquake hypocenters. Both
for the 1-D velocity structure estimation and hypocenter relocation, the data were the
arrival times of the P- and S-waves of events derived from the JMA-unified catalog.
Figure 1(a) shows the station distribution; we included data within 30 km of the
epicenter.

We first use 1,256 Mjya =3 events to estimate 1-D seismic velocities and station
corrections. We adopted the hypocenters listed in the JMA-unified catalog as the initial
locations. For the initial velocity model, we adopted the model proposed by Hasegawa
et al. (1978) that was used for routine processing at Tohoku University (broken line in
Fig. 2b). The JIMA2001 model (Ueno et al., 2002) was also tested as the initial velocity
model. However, this model exhibits an abrupt velocity change at a depth of 3 km. This
change in velocity generated reflected waves that did not appear in the observed
waveforms. Therefore, we chose the model of Hasegawa et al. (1978) because it has no
abrupt velocity changes in the shallow part. We added a low-velocity layer at depths <
10 m, according to that reported by the NIED. The depth variation in seismic velocity

was approximated using 16 layers.
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Figure 2. Epicenter distribution and the one-dimensional (1-D) models of seismic
velocity, Q-value and density. (a): Epicenter distribution. The size of the circle
represents the diameter of the circular fault in Eshelby (1957), assuming a stress drop
of 3 MPa. The lines from A to | represent the locations of the cross sections in Fig. S1.

(b), (c), and (d): 1-D models of seismic velocity, Q-value, and density, respectively.

The broken line in (b) shows the initial model.

We set station N.JUOH (red cross in Fig. 1c and 2a), which is closest to the
epicenters and has a high seismic velocity at the sensor depth, as the reference station
for which the station correction of the P-wave arrival time is assumed to be zero. The
velocity structure obtained is shown in Fig. 2(b). The obtained model is similar to the
initial model. However, the change in velocity structure and the introduction of the
station corrections reduced the mean arrival time residual from 0.10 s to 0.057 s. The

station corrections obtained are shown in Table S1, where the correction value for the
S-wave at N. JUOH was 0.01 s.
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Depth (km
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Using the obtained velocity model and station corrections, we relocate the
hypocenters of 35,336 events with M;ya > 1 in the JMA catalog. Figure 2(a) and S1
show the relocated hypocenters. The mean standard errors of the hypocenters are 0.19
km, 0.12 km, and 0.24 km in longitude, latitude, and depth, respectively. Even though
we did not use the relative relocation method based on precise waveform correlation
data, we obtained a detailed fault structure (Fig. S1) owing to the stations directly

above the earthquakes.

2.2. Moment tensors of Mjyua 1-4 events

We determined the moment tensors for events whose source durations were
sufficiently small to be negligible in the frequency band of interest (< 20 Hz). The
source corner frequency of an M, 1.7 event is approximately 32 Hz, according to
Brune's (1970) source model, with a typical stress parameter of 3 MPa in the crust of
Japan (Yoshida & Kanamori, 2023) and a focal depth of 10 km. Thus, we attempt to
estimate the moment tensors for events with My, 1.7 or less.

We estimated the moment tensors of small events from March 2003 to July 2022
using the amplitudes of direct P- and S-waves. To avoid path and site effects, we
corrected the amplitudes using those of a reference event with a known focal
mechanism. We used the procedure of Yoshida et al. (2019b), which follows Dahm
(1996), and utilized the amplitude ratios of the waveforms among different events.

Figure 1(a) shows the distribution of the seismic stations used. Our data represent
the amplitude ratios of the P, SH, and SV waves of each target event to those of the
reference events. By limiting the distance between the target and reference events to
less than 3 km, we first computed the cross-correlation coefficient of each phase
between each pair of target and reference events. If the coefficient was > 0.8, the
amplitude ratio was derived. If amplitude ratio data were obtained from more than eight
stations, the moment tensor of the target event was determined by solving the linear
equation of Dahm (1996). When there were multiple reference events for each target
event, we used the amplitude ratio data from all events. We compute 2,000 focal

mechanisms for each target event based on bootstrap resampling of the amplitude ratio
10
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data. The difference between the focal mechanisms and the best solution was measured
using the 3-D rotation angle (Kagan, 1991). We discarded the results if the 95%

confidence interval was greater than 30°.

The analyzed frequency range must be smaller than the source corner frequencies
of both the target and reference events. We first used a frequency range of 0.8-2.0 Hz
to estimate the moment tensors for Myua 2—4 events. We used the F-net moment tensor
catalog (Kubo et al., 2002) to select the reference events. We adopted 217 events with
3.5 < My <4.0 and values of variance reduction greater than 70% (Figs. 3a and d). Using
these events as references at the relocated locations, we obtained moment tensor
solutions for 7,952 Mj;ma 2-4 events, including 6,683 events with an M,, of 3 or less

(Figs. 3b and e).

Next, to derive the moment tensors for smaller events, we used M,, < 3 events, for
which the moment tensors were estimated (Fig. 3b) as reference events. Only events
with a 95% confidence range smaller than 25° are adopted as reference events. We
selected a frequency band of 2-5 Hz, which provided sufficient S/N for events in this
magnitude range. As a result, we newly derived moment tensors for 23,811 events with
a 95% confidence range of less than 30° (Figs. 4c and f). Of these, 2,340 events have an
My of 1.7 or less, which are used in the following analysis.

Figures 3(b) and (c) show the spatial distribution of the moment tensors in the
first and second processes, respectively. The results show that most events in this
region have normal fault-type focal mechanisms, which is consistent with the typical

fault type in this region (Fig. 1a; Kato et al., 2011; Yoshida et al., 2015).

11



264
265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

(a) F-net M, <4.0 (b) Myya: 2.0-4.0 (C) Myya: 1.0-2.0
140.5° 140.6° 140.7°  140.5° 140.7°  1405° 1406 140.7°

7 e %0%000 o “",.‘.".- .‘- o9
0
o] 8 ||
36.9 %8 N P
©50 000 o X
© 0o 00 ©
OQ)o @
36.8° 28 ° =
Tog
od
P
o 009 9
36.7" 0009&: 1
0%6)
(\]
36.6° 1 L H
2300 d]'2|17l]l - fll2.’l.’,811”| -
N= N=
520.0—( ) ®
c
S 10.0-
O
- 15 2.0 25 3.0 35 40 15 2.0 25 3.0 35 40 15 2.0 25 3.0 3.5 4.

Mw Mw Mw

Figure 3. Moment tensor solutions. (a): reference events with 3.5 < M,, < 4.0 and
variance reduction greater than 70% from the F-net catalog (n=217). Locations of the
F-net focal mechanism are shifted in the relocation results. (b): Events with M;ya 2.0—
4.0 whose moment tensors were determined by the first processing (n=7,952). (c):
Events with M;wya 1.0-2.0 whose moment tensors were determined by the second
processing (n=23,811). (d), (e), and (f): histograms of M,, for the datasets in (a), (b),

(c), respectively.

3. Comparison between observed and synthetic waveforms
3.1. Computation of synthetic waveforms

We estimated the Q-structure by comparing the observed waveforms obtained at
the downhole sensor of the N.JUOH station with those of its synthetic counterparts. We
must assume a tentative Q-structure to compute the synthetic Green's functions. We use
Brocher’s (2008) empirical relationship to assume the Q-value, following previous

studies (e.g., Yamaya et al., 2022). Density was determined from the P-wave velocity
12
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(Ludwig et al., 1970) as follows:
p(g/cm®) = 1.6612Vp — 0.4721Vp? + 0.0671Vp® — 0.0043Vp* + 0.000106Vp® . (2)
The Q, (Q of the P-wave) and Qs (Q of the S-wave) were determined from the S-wave

velocity as follows:

Qs =—-16 + 104.13V, — 25.225V52 + 8.2184\/53 (3)
Q, =13 for V, < 0.3km/s (4)
Qp = 20Q; . (5)

The depth profiles of the density, Q,, and Qs are shown in Fig. 2(c) and (d).

We computed Green's functions using the code of Zhu and Rivera (2002) based on
the wavenumber integration method. We chose a frequency range of 5-20 Hz. We only
use events with M,, < 1.7 and set the source duration for the synthetic waveform
calculation to 0.01 s (triangle), which is short enough for the analysis bandwidth. Note
that the actual source durations of these events are diverse, but the low-pass filter
removed that information. We use the moment tensor solutions obtained in Section 2.
However, synthetic waveforms sometimes do not explain the polarities of the observed
waveforms well because of errors in the moment tensors. We modified the focal
mechanisms slightly to better explain the observed three-component waveforms at the
N.JUOH station. In particular, we conducted a grid search for the double-couple
moment tensor (Fig. S2), within 35 °of the 3-D rotation angle (Kagan, 1991) of the
previous solution. A low frequency of 1.2-3.0 Hz is used to avoid the attenuation
effects. We removed results with poor agreement between the synthetic and observed
waveforms (variance reduction < 50%), leaving 1,006 events (Fig. S3). M,, was, on
average, 0.4 larger than Mjua for these events (Fig. S4). The tendency of M,, to be
larger than the M;ya for small (M,, < 3) events has been reported in previous studies in
this region (Uchide & Imanishi, 2016) and other regions of Japan (Edwards and
Rietbrock, 2009; Yoshida et al., 2017) as well.

Figure 4 shows the synthetic waveforms (displacements; f < 25 Hz), the patterns
of which agree well with the observed waveforms. We computed the cross-correlation
coefficient between each pair of observed and synthetic waveforms for the 2-10 Hz

frequency interval. The median values for the vertical, radial, and transverse
13
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components were 0.75, 0.73, and 0.75, respectively (Fig. S5). In the observed
transverse component waveforms, direct waves were sometimes followed by
large-amplitude waves that were not observed in the synthetic waveforms, which may

have been affected by unmodeled factors. Hereafter, we refer to the vertical component.

(a) N,JUOH, 2011092421110729 (M,1.8), del=5.7 km, z=4.6 km, az=242 °, t.=1.30s . () .
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Figure 4. Comparison of observed and synthetic waveforms (displacement waveform).
(a) Observed (above) and synthetic waveform (below) for vertical (left), radial (center),
and transverse (right) components. (b), and (c): comparison of observed and synthetic
spectra for the vertical components of P- and S-waves, respectively. (d) Residuals
between observed and synthetic spectra. The blue curve shows the P-wave, and the red

curve shows the S-wave. The dashed lines represent the fitted lines.

The Q-model assumed above is based on an empirical relationship with seismic
wave velocities. The Q-model was refined based on the spectral discrepancies. We cut
the P- and S-wave windows from the observed and synthetic waveforms. Their spectra

were computed using the FFT algorithm, as shown in Figs 4(b) and (c). The P-wave
14
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window is cut from 0.1 s before the arrival to 0.5 s after, and the S-wave window is cut
from 0.1 s before the arrival to 1.0 s after. We computed the logarithmic residuals of
the observed spectra 0;(f) and synthetic spectra S;(f) of the i-th event as follows:
InR;(f) = In0;(f) —In S;(f). (6)
Figure 4(d) shows an example. We used the residual spectrum R;(f) to refine our 1-D
Q-model. If the assumed @Q-model is appropriate, InR;(f) should be close to O;
however, if the assumed Q-model is inappropriate, InR;(f) can differ substantially

from 0.

3.2. Frequency dependence of residual spectra

We aim to estimate A(Q7(2)) = Qnoa(2) — Qorg(2), the difference between the
assumed Q~'-model (Qgrlg(z)) and the optimal one (Q,54(2)), where z is depth. First, we
examined the frequency-dependent trend of R;(f). If A(Q™(z)) does not depend on
frequency and depth, InR;(f) changes with f in proportion to —wA(Q Y tof (Eq. 1),
where t, is travel time. We measure the slope, a, of InR;(f) in the range of 2-20 Hz
(Fig. 4d), and obtain At* = —a/m, which represents A(Q 1)t,, for each event. Figures
5(a) and (c) show the histograms of At for the P-wave (At;) and S-wave (At;). Atg is
positive in almost all cases (99%), with a median value of 0.0123. The median 95%
confidence range of At; estimated by bootstrapping is 0.0118 to 0.0127. The
significantly positive value suggests that the actual attenuation is stronger at higher
frequencies than predicted by the model (i.e., A(Q™1) is positive). In the case of
P-waves, the median of At; is approximately 0.0023, with the median 95% confidence
interval ranging from 0.0117 to 0.0127. There are many events with negative At,
(33%). Still, in both P- and S-waves, At* tends to increase as the horizontal distance

increases (Figs. 5b and d).
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Figure 5. Characteristics of At*. (a) and (b): At; and Aty, respectively. (c) and (d):

At; and Aty respectively, versus epicentral distance.

We computed that Aqg~! = At*/t,. Aq~! coincides with A(Q™1) when A(Q™Y) is

constant in frequency and has no spatial variation. Figures 6(a) and (c¢) show the

histograms of Aq~' = for P-wave (Aq,"') and S-wave (Ag;'). The median value of Ags*

is approximately 0.0039 and shows no clear horizontal distance dependence (Fig. 6b).

This suggests that the horizontal distance dependence observed in At; is essentially

explained by the increasing total attenuation due to increasing propagation distance. If

we use Qg =350 for the depth-average initial Qg -value (Fig. 3c), we obtain

16



367

368

369

370

371

372
373

374

375

376

377

378

Qs = 1/(Qorgs + Ags') = 148. For the P-wave, Agy" was distributed around 0 (Fig. 6c),
but the median value is positive (0.0013). If we use Qg =700 for the depth-average

initial Qorg-value (Fig. 3c), we obtain Q, = 1/(Qorgp + Agp ") = 366.
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Figure 6. Characteristics of Ag~'. (a) and (c): Histograms of Aq~! of S- and P-waves,
respectively. (b) and (d): Ag~! versus lateral distance for the S- and P-waves,

respectively.

4. Estimation of Q-structure and radiated energies of small events
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4.1. Refinement of the Q-model

In the previous section, we made a rough estimate of the Q-value, assuming that
the A(Q™1) is constant along the path and independent of frequency. We here eliminate
the above assumptions and estimate depth-dependent A(Q~1(f)) and Q-value. We
divided the frequency range into five bands: (1) 5-8, (2) 8-11, (3) 11-14, (4) 14-17,
and (5) 17-20 Hz. To avoid the influence of subtle errors in the focal mechanisms on
the spectral amplitudes, we multiplied the amplitudes of the synthetic spectra by a
constant, such that the mean amplitudes of the synthetic and observed spectra matched
at low frequencies (1.5-3 Hz). We compute the mean value of InR;(f) in the k-th
frequency band for each event ry.

Figures 7(a), (c), (e), (9), (i), (k), (m), (p), (q), and (s) compare the r; of the
1,006 events with epicentral distances for the P- and S-waves. The red line represents
the average value of ry of different events. ry is scattered but tends to significantly
decrease with increasing distance at high (> 14 Hz) frequencies, especially for the
S-wave. At f > 14 Hz (Figs. 7a and e), ry is as small as -2 for the S-wave, even at short
distances. The same tendency is observed for the P-wave, although not as pronounced
as that for the S-wave. These trends suggest that the observed spectra 0;(f) are subject

to stronger attenuation than the modeled spectra S;(f).
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Figure 7. Relationship of the spectral residuals InR;(f) with the epicentral distance.
(a), (c), (&), (9), (i), (k), (m), (0), (q), and (s) show the observed InR;(f) for different
frequency windows and wave types. The red line represents the average value. (b), (d),
(), (h), (j), (D), (n), (p), (r), and (t) show the relationship between the residuals and the

distance expected for the estimated Q-structure shown in Fig. 8.
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If the My, < 1.7 events used included those with corner frequencies smaller than
the respective frequency bands, InR;(f) should be smaller than 0 for them due to the
source finiteness effects. However, the high-frequency residuals are larger not only in
some of those outliers but, on average, than would be inferred from the w?-model.
Moreover, the distance attenuation observed in our results cannot be explained by the
source finiteness of small events, which indicates that the obtained residual trends are
due to the attenuation effects during wave propagation.

We modify the Q-value of each layer for each frequency band such that the
synthetic spectral amplitudes agreed better with their observed counterparts. We refer
to the original Q-value at the j-th layer as Qgrlg_].(f) and the modified Q-structure as
Qmoda j(f), and attempt to estimate A(Q['(f)) = Qmeoa j(f) — Qorgj(f). Using the time At;
required for the direct wave of the i-th event to pass through the j-th layer, r can be
related to A(Q;'(f)) as follows:

T = —7f T2y AT (/i) A, (6)
where f, is the mean frequency of the kth frequency band, and nj,, = 16 is the number
of layers. Using equations from multiple events (number: ng,. = 1006), we write this
equation system in vector form for each frequency band (i.e., k fixed) as follows:

e = —nfTmy, (7)
where ri is a vector of ng,-raw, containing ry, (i=1,:,Nnee), My is a vector of
nj,,-raw containing AQj‘l(fk) (j=1,-,nyy), and T = (At;;). We calculate At; based on
the hypocenters and velocity structure shown in Fig. 3(b). my was solved using the
damped least-squares method, with the damping parameter determined by the tradeoff
curve with the residuals. Through trial and error, we found that an adjustment of the
Q-values in the four shallow (z < 4.2 km) layers was almost sufficient to explain our
data. Therefore, to avoid instability, we increased the damping factor of the deeper
layers by a factor of five over that of the shallower layers and focused on the changes in
the shallow layers.

Figure 8 shows the obtained 1-D @-model (Q;j,dj(fk)) for 17-20 Hz (k = 5) for the
P- and S-waves. The mean values of @, and @, at depths < 4 km were approximately

55 and 105, respectively (Qp/Qs =1.9), which were much smaller than the original
20
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values at depths shallower than 4 km (@, =350, Q, =700). The modification of the
Q-model reduces the RMS residual from 1.65 to 0.68 for the S-wave and 0.88 to 0.70
for the P-wave. In the second layer, at a depth of 10-110 m, the obtained Q-value was
high (Qs = 250, Q, =509), but the time elapsed through this layer was so short that it
had little effect on the spectral amplitudes. This high value is apparent because of the
damping to the initial value. Therefore, we changed the Q,- and @,-values for the
second layer to the same values as those for the 0-10 m depth (Qs = 34, Q, = 69). These
changes in residuals were less than 0.01%, and the residuals were rather reduced.
Figures 7(b), (d), (f), (h), (j), (D), (n), (p), (r), and (t) show the distance
dependence of the calculated r, when the actual Q-structures are as shown in Fig. 8
(17-20 Hz). The refined @-model reproduces the decreasing trend with observed
distance well due to this low Q-value. The result that the actual Q-value is much
smaller than the assumed initial model is consistent with the results based on the
frequency-dependent amplitude decay in Subsection 3.2. However, the specific
Q-values obtained here are lower than the estimates in Subsection 3.2 from the
frequency-dependent amplitude decay (Qs=148,Q, =366) at shallow depths. The
results obtained in this study, which do not pre-suppose a specific frequency
dependence of @Q, are deemed more reasonable than those assuming a constant Q-value

in both frequency and space.
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Figure 8. Estimated Q-structure (17-20 Hz). (a) @, and (b) Qs. The solid and dashed
lines represent the derived and initial models, respectively. The light-colored lines

indicate the 1,000 results based on bootstrap resampling.

We performed 1,000 bootstrap samplings of the events to estimate the uncertainty
in the Q-values and obtained 1,000 results (Fig. 8). Uncertainties in the Q-values were
small at depths shallower than 4 km. Most waves pass through a layer shallower than 10
km (Fig. S6), and the results for the deeper layers were not reliable. The Q-values
estimated at different frequencies and predicted residuals are shown in Figs. S7 and S8.
The Q-values varied with the frequency band. However, in the lower-frequency bands,
the influence of the assumed Q@Q-structure is small, owing to the short distances. Note

that even at a constant Q-value, the attenuation is stronger at higher frequencies (Eq.
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1). Even when using the Q-values obtained for the 17-20 Hz range, the features on the
lower-frequency side appear to be roughly explained (Fig. 7). The mean RMS residuals
increase only from 0.62 to 0.71 for the S-wave (1.08 for the initial model) and from
0.61 to 0.73 for the P-wave (0.83 for the initial model) even if we use the Q-values

obtained for the 17-20 Hz range in the entire frequency band.

4.2. Radiated energy of small events

Based on the refined Q-model, we estimated the radiated energies of the M,, 2.0—
4.5 events for which we obtained moment tensor solutions (Figs. 3a and b). We used the
Q-model obtained at 17-20 Hz for the entire frequency band because this model
generally explains the trend for all frequencies (Fig. 8). We only included events within
an epicentral distance of 12 km and used waveforms obtained at a single near-source
station (N.JUOH). Although the radiation patterns of earthquakes become obscure with
increasing frequency and distance (Takemura et al., 2009), at near-source distances, the
radiation patterns are preserved even at high frequencies (Trugman et al., 2021). The
data are the vertical components of the S-wave at the N.JUOH station because of the
synthetic fitness (see Fig. 4). We remove the instrumental response and use the
frequency range of f < f,=25 Hz.

To account for the wave propagation effects, we used synthetic waveforms. We
recomputed the synthetic waveform based on the refined Q-model for each target event
with a source duration of 0.01 s, unit seismic moment, and the same focal mechanism as
the target event. The duration is sufficiently short from the upper limit of the analyzed
frequency band, in which the synthetic waveforms have only information on wave
propagations and focal mechanisms.

We estimated the moment rate spectrum M(f), by dividing the spectral
amplitudes of each observed waveform by those of the synthetic waveform. We

estimated the radiated energy from M(f) based on Vassiliou and Kanamori (1982):

1 1

+
15pa5  10pps

Er = 8 ( )J 12 ()f .

where p is the density, a is the P-wave velocity, and B is the S-wave velocity at the
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source. High-frequency amplitudes above high-cut frequency fn=25 Hz are corrected
based on the method of Snoke (1987). This method assumes that the amplitude
decreases in proportion to f~2 at higher frequencies than fy.

We obtained E, for 3,884 events with M,, 2.0-4.5. As the estimates are based on
a single station, individual estimates are strongly affected by rupture directivity
(Venkataraman & Kanamori, 2006; Yoshida, 2019). Therefore, we focused on the
statistical characteristics. Figure 9(a) shows the e = Ex/M, for the 3,884 events. The
median ep for the events is 3.6 x 107>, which is similar to the median values (3 x 107°)
obtained in the crust of Japan by Kanamori et al. (2020) and Yoshida and Kanamori
(2023) for larger events (My > 5.6 and M,, > 3.0, respectively). This value is similar to
those estimated for earthquakes worldwide (e.g., Ide & Beroza, 2001).

Figure 9(b) shows the relationship between e, and M,,, We divided the dataset
into 20 bins according to M,, and computed the median values for each bin with the
same number of ep data and the 95% significance intervals using 1,000 bootstrap
resamplings. The results do not show a clear scale-dependent trend in the M,, 2.0-4.5
range. Upon closer inspection, it appears that the ey increases slightly with My
between the My, 2.5-3.5 events. However, the frequency range we were able to use is up
to fn=25 Hz, beyond which we extrapolated the source spectra using the w?-model
(Snoke, 1987). The effect of correction is greater for smaller events as they have higher
dominant frequencies, making it difficult to discuss this slight difference (< 30 %). The
depth dependence of the source parameters is controversial (Abercrombie et al., 2021),

but our estimated ey is almost depth-independent at depths from 3 to 10 km (Fig. 9¢).
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Figure 9. Results of scaled energy ez. (a): Histograms of eg. (b) and (c): e compared
with moment magnitude My, and depth, respectively. Small gray circles represent
individual results; large circles represent the median of each M,, range. The vertical
line represents the 95% confidence range of the median value. The horizontal line

represents the My, range.

5. Discussion

We obtained small Qs-values for the shallow (< 4 km) crust, averaging ~55,
based on a comparison of observed and synthetic seismic waveforms of events with My,
< 1.7. The use of near-source waveforms at a hard rock site allowed us to confirm that
the shapes of the observed and synthetic waveforms were similar and did not include
distinct reflected or converted waves, which were not considered in the model. In
estimating the Q-value, many previous studies used various assumptions about the
source spectra, such as the w?-model and negligible effects of rupture directivity, and
Q -condition, such as spatially uniform and/or constant regardless of frequency.
However, we did not make these assumptions. Our only assumption is that at f < 20Hz,

the duration of the moment rate function for M,, < 1.7 events is small enough to be
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considered a delta function (i.e., flat spectral amplitude). Using the obtained Q,-model,
we estimated the moment-scaled seismic radiated energy, er = Ex/M,, for more than
3,884 events with My, 2.0-4.5 and obtained a median value of 3.6 x 1075, similar to that
estimated for M, > 6 earthquakes in Japan (Kanamori et al., 2020), without obvious
scale dependence.

Previous studies examined the frequency dependence of the Q,-value by
assuming a spatially uniform Q, condition. It has been suggested that the Q-value
increases proportionally with frequency (Q « f™*, n =1) in the upper lithosphere (e.g.,
Sato et al., 2012). In such situations, the spectral amplitudes of the high- and
low-frequency components decrease by the same amount during wave propagation (Eq.
1). Therefore, the high-frequency amplitude did not decay faster than the
low-frequency amplitude. However, our results show stronger attenuation at higher
frequencies. Some studies obtained smaller values of n=06-09 (Aki, 1980;
Kinoshita, 1994; Moya & Irikura, 2003; Oth et al., 2010), in which case the attenuation
effect becomes slightly stronger at higher frequencies. However, our observations are
essentially explained even when a constant Q,-value of ~55 is assumed at 1-20 Hz (Fig.
7). If Qs-values in the study region significantly increase with frequency, the Q-value
at low frequencies needs to be unrealistically small (~12 at 1 Hz for n = 0.6 and ~4 for
n = 1). This suggests that, in the shallow crust of this region, Q. increases much more
slowly than f.

Owing to the various assumptions in estimating @Q-value in different studies, it is
not straightforward to directly compare the results. In several regions of the upper
lithosphere of Japan, Q,-values have been estimated using different methods and
assumptions; Yoshimoto et al. (1993), Takahashi et al. (2005), and Yoshida et al.
(2017) used the coda normalization method of Aki (1980) and obtained Q,-values of >
300 at 20 Hz. These studies essentially assumed spatially uniform Q,-values and
examined the distance decay of seismic wave amplitudes at relatively long distances (>
20 km) outside particular source regions. Their Q;-estimates were much larger than
those of the shallow crust in this study (Q; =55), possibly because of the different

depth sensitivities between their analysis and ours. The seismic waves used in their
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analyses mainly propagated at depths > 10 km because of large epicentral distances,
and the distance decays were more strongly affected by attenuation at deep levels. In
contrast, the present study only used records with epicentral distances less than 12 km
from shallow (<10 km) events, and the results essentially represented shallow
structures. The difference in these estimates may indicate that the shallow Qs-value is
much smaller than the deep Q,-value. Yoshida et al. (2017) reported that their
Q;'-model based on the distance decay of waveform amplitudes, was insufficient to
explain the observed high-frequency energy loss of earthquake spectra event at a
hard-rock site. They suggested that stronger attenuation exists in the shallow crust.

To observe the effect of strong depth variations in Q-values on the distance
decay of seismic wave amplitudes, we examined synthetic waveforms based on our
refined model. We assume a normal-fault event (strike of 90°, dip of 45°, and rake of
-90°) with My, of 4 and source duration of 0.01 s (triangle) as the source. Synthetic
waveforms were computed at epicentral distances ranging from 2 km to 100 km, with
station azimuths of 15°, 30°, and 45°, given the symmetry of the radiation pattern. We
calculated the S-wave spectra 0.3 s before the arrival to 4.0 s after and obtained the
median amplitude, A, in the 17-20 Hz band, and multiplied them by the propagation
distances, r, to remove the effects of geometrical spreading by assuming y =1 in Eq.
(1). Figure 10(a) compares travel time t with Ar for the vertical component, showing
a weak decreasing trend owing to Q. For comparison, we also calculated the amplitude
attenuation for two uniform Q-values (Qs=400 and Q,=55) based on Eq. (1). The
overall distance decay pattern of the synthetic waveform amplitudes appeared to follow
the prediction from a uniform value of Q,=400, corresponding to the average value on
the deeper side (> 8 km). If we fit Eq. (1) to the synthetic amplitudes by assuming a
uniform Q-value, we obtain Q,=443, although Q, is approximately 55 on the shallow
(< 4 km) side of the model used. Figure 10(b) shows the S-wave amplitudes based on
the reference model (Qs-value of approximately 350 for depths < 4 km), whose decay
pattern is similar to that of the revised model (Fig. 10a). If we fit Eq. (1), we obtained
Q,=516. The results for the radial and transverse components show a similar trend (Fig.

S9). These results indicate that the distance decay of the seismic amplitude at far
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distances (> 30 km) is greatly affected by the deep Q-value and does not provide much
information on the shallow Q-value. However, such a small Q-value at a shallow level

strongly affects the estimation of the source parameters for small events.
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Figure 10. Amplitude decay of the synthetic waveforms against travel time. (a) Results
based on the refined model (Fig. 8a), and (b) results based on the original model (Fig.
2c) for three different station azimuths. Circles show the median spectral amplitudes of
the synthetic waveforms in the 17-20 Hz band. Black solid and broken lines show the
distance decay pattern predicted from models with Q; = 400 and Q, =55, respectively,
independent of depth. The blue line shows the result obtained by fitting Eqg. (1) to the

observed data.

A possible reason for the low Qs-value in the shallow crust of the study region is
that it is seismically active. Faults and fracture zones exist (Kato et al., 2013; Yoshida
et al., 2015), and seismic waves may attenuate as they pass through them. Abercrombie
(2000) showed that Q-varies greatly with rock type and that the Q-value in fault zones

may be small (Q,=50, Q,=80). Estimations using trapped waves in the fault zone also
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indicated that the Q-value in the fault zone can be very small (Qiu et al., 2017).
Additionally, previous studies have suggested that fluids exist in fault zones in this
region and affect the intense seismicity (Kato et al., 2013; Umeda et al., 2015; Yoshida
et al., 2015; Zhao et al., 2015; Usuda et al., 2021). Yoshida (2021) examined the
seismic waves in a fluid-driven earthquake swarm in Japan and suggested that the
near-source (< a few kilometers) Q,-value was very small (< 50) during intense fluid
migration. The presence of fluid may have resulted in small Q-values in this region.

Alternatively, such a low Q-value may not be uncommon in shallow crust.
Hauksson et al. (1987), using deep borehole records, derived a similar value of Q, = 30
at a depth of 0.4-1.5 km in the Newport-Inglewood fault zone, Los Angeles basin.
Similarly, many previous studies have shown that Q-value is very small at shallow
depths (Anderson, 1986; Frankel, 1992; Kinoshita & Ohike, 2002; Fukushima et al.,
2016). Many of the aforementioned studies assumed that Q-value is constant in
frequency, with a small value indicating that the observed amplitudes are strongly
attenuated at higher frequencies. Such strong shallow attenuation is sometimes treated
separately from the average Q, and referred to as x (Anderson & Hough, 1984;
Edwards et al., 2015; Hassani & Atkinson, 2018). Although such reports are often made
for sedimentary layers, Abercrombie (1995) obtained a small value (~20) at a depth of
< 3 km from the Cajon Pass borehole stations in southern California. Hauksson and
Shearer (2006) obtained Q,- and Qs-values of approximately 100 in the crust of
Southern California at depths < 5 km. Thus, the high attenuation in the shallow crust
obtained in this study may not be unique, but rather common. Because the depths of the
events were > 4 km (Figs. S1 and S3), the depth variations in the Q, values shallower
than 4 km were not resolved well in our analysis. A value of approximately 55 at a
depth of < 4 km represents the average value for layers in this depth range. The trend of
very few earthquakes at depths < 4 km in this region (Figs. S1 and S3) may be related to
the small Q-values at this depth.

Radiated energy (EgR) is an essential parameter for summarizing earthquake
radiation processes and reflecting earthquake rupture dynamics. The combination of Ej,

with seismic moment (M,), which represents the static size of an earthquake, aids in
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understanding the physical processes of earthquakes of different magnitudes (Kanamori
& Heaton, 2000); moment-scaled radiated energy (eg = Ex/M,) allows comparison of
earthquakes with different sizes. Not only that, source parameters for small events may
be a rare source of information about processes in the seismogenic region (e.g., fluid
movement that may influence fault strength). Some previous studies showed that er
increases with M,, (e.g., Abercrombie 1995; Mayeda & Walter 1996; lzutani &
Kanamori 2001; Prejean & Ellsworth 2001; Mori et al. 2003; Takahashi et al. 2005;
Mayeda et al. 2005; Malagnini et al. 2014), while others suggested that the er is
independent of My, (e.g., Ide & Beroza 2001; Pérez-Campos & Beroza 2001; Baltay et al.
2014; Zollo et al. 2014; Denolle & Shearer 2016; Ye et al. 2016; Chounet and Vallée,
2018). Many recent results show that e, of M,, 2-5 events are not so different from
that of larger events (M,, > 6) (e.g., lde & Beroza, 2001). Still, the estimation of Ejp,
and hence eg, includes an estimation error of a few times of magnitude even using
modern, high-quality data even for My, > 6 events (Kanamori et al., 2020). It is still
important to investigate the scale dependence of e, with greater accuracy and fewer
assumptions. Our results show that e, of the M, 2.0-4.5 event is approximately
constant regardless of M,, with a similar median value of 3.6 x 107> to those estimated
for larger events (Kanamori et al., 2020).

Many studies have used the empirical Green's function (EGF), which is the
waveform of a nearby smaller earthquake (EGF event) (Mueller, 1985; Hough et al.,
1997), to account for the propagation effect. Previous studies have shown that this
empirical approach is often more effective at accounting for the propagation effect than
other approaches assuminge Q@Q-structure and site effects (Ide et al., 2003). However,
there are practical difficulties with this empirical approach. The results tend to be
unstable owing to noise in EGFs and subtle differences in locations and focal
mechanisms between the target and EGF events. The available frequencies are narrowed
because of the source finiteness of EGF events. In addition, source parameters cannot
be estimated for events that do not have appropriate eGFs. These place some limitations
on the estimation of e, and an approach that does not rely on EGFs is desirable for

analyzing high-frequency waveforms.
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The low Qg-values in the shallow crust obtained in this study indicate the
importance of correctly understanding shallow structures when estimating source
parameters for small events. In general, the smaller the magnitude of the event, the
more important the higher-frequency information becomes because information near
and above the source corner frequency is crucial for the accurate estimation of radiated
energy (e.g., Ross et al., 2018). Figure 11 shows the results for e, if we assume the
empirically derived Q-model (Fig. 2c). In this case, the median estimate of ej
becomes approximately 3.0 x 107 (Fig. 11a), an order of magnitude smaller than the
value obtained for My, > 6 events. The effect of neglecting the shallow attenuation was
greater for smaller events (Fig. 11c). The validity of our Q-model (Fig. 9a and b) is
also supported by the previous results showing that a typical ez for My, 2.0-4.5 events
is not an order of magnitude smaller than that of larger events (M, > 6) (e.g., lde &
Beroza, 2001). The large difference in the obtained results clearly shows the strong
influence of the shallow low Q layer on the estimation of E; of small events, even if

high-quality near-source data are available.
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Figure. 11. Estimated scaled energy (ef°™°%) without the modification of the Q-model.
(a): Histograms of ef°™°d  (b): el°™°d compared with moment magnitude M. (c):
e£°““°d/eR compared with moment magnitude M,,. Small gray circles represent
individual results; large circles represent the median of each M,, range. The vertical

line represents the 95% confidence range of the median value. The horizontal line

represents the M, range.

6. Conclusions

We detected high attenuation (Q;! =55) in the shallow (< 4 km) crust in the
northern Ibaraki Prefecture, Japan, based on waveform modeling of high-quality
near-source seismic data. Our estimates of the moment-scaled energies (eg) based on
the derived Qg-model for 3,884 My, 2.0-4.5 events vary around the median value of
eg = 3.6 x 1075, which is similar to values reported for larger (M,, > 6) events. However,
if we use an empirically derived Q,-model (~350 at depths < 4 km), er erroneously
becomes much smaller (median of 3.1 x 107°), requiring a significant increasing trend
with M,,. Thus, the precise evaluation of the Q~!-value in the shallow crust is crucial
for the precise energy estimation of small events, even when high-quality near-source
data are available. One possible reason for the low Q,-value in this study may be that
this region is seismically active. Faults, fracture zones, and fluids exist, and seismic
waves may be attenuated as they pass through them. Alternatively, it may not be

unusual for shallow Q-values to be extremely small, even for granite bodies.
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