Bulletin of the Seismological Society of America, Vol. 104, No. 4, pp. 2043-2059, August 2014, doi: 10.1785/0120140032

Seismic-Wave Attenuation Determined from Tectonic
Tremor in Multiple Subduction Zones

by Suguru Yabe, Annemarie S. Baltay, Satoshi Ide, and Gregory C. Beroza

Abstract Tectonic tremor provides a new source of observations that can be used to
constrain the seismic attenuation parameter for ground-motion prediction and hazard
mapping. Traditionally, recorded earthquakes of magnitude ~3-8 are used to develop
ground-motion prediction equations; however, typical earthquake records may be sparse
in areas of high hazard. In this study, we constrain the distance decay of seismic waves
using measurements of the amplitude decay of tectonic tremor, which is plentiful in some
regions. Tectonic tremor occurs in the frequency band of interest for ground-motion pre-
diction (i.e., ~2-8 Hz) and is located on the subducting plate interface, at the lower
boundary of where future large earthquakes are expected. We empirically fit the distance
decay of peak ground velocity from tremor to determine the attenuation parameter in four
subduction zones: Nankai, Japan; Cascadia, United States—Canada; Jalisco, Mexico; and
southern Chile. With the large amount of data available from tremor, we show that in the
upper plate, the lower crust is less attenuating than the upper crust. We apply the same
analysis to intraslab events in Nankai and show the possibility that waves traveling from
deeper intraslab events experience more attenuation than those from the shallower tremor
due to ray paths that pass through the subducting and highly attenuating oceanic crust.
This suggests that high pore-fluid pressure is present in the tremor source region. These
differences imply that the attenuation parameter determined from intraslab earthquakes
may underestimate ground motion for future large earthquakes on the plate interface.

Introduction

Subduction zone earthquakes represent a large hazard for
society. Accurate ground-motion prediction, for hazard map-
ping and decision making, can help mitigate the disaster caused
by these events. Ground-motion prediction equations (GMPEs)
express ground motion primarily as a function of magnitude
and distance, but usually also as a function of parameters such
as mechanism, depth, and site classification (e.g., Boore and
Joyner, 1982; Si and Midorikawa, 2000). GMPEs are developed
using recordings of moderate to large earthquakes in the area of
interest. However, in some subduction zones, such as Nankai
and Cascadia, the usual seismicity on the plate interface is quite
low, which makes it difficult to empirically constrain the
parameters in GMPEs, despite the evident risk of great earth-
quakes (Ando, 1975; Satake et al., 1996).

Tectonic tremor is common in both the Nankai and Cas-
cadia subduction zones (Obara, 2002; Rogers and Dragert,
2003). It is thought to occur as shear slip on the subducting
plate interface beneath the lower edge of the coupling zone of
great earthquakes (Shelly et al., 2006; Ide, Shelly, and Beroza,
2007; Chapman and Melbourne, 2009; Liu et al., 2010; Royer
and Bostock, 2013). Therefore, seismic waves from tectonic
tremor should experience attenuation similar to that of waves
from plate-interface great earthquakes. Although tectonic

tremor is primarily detected in the frequency band between
2 and 8 Hz (Obara, 2002), and the amplitude of tremor is
much smaller than that recorded from modest ordinary earth-
quakes, Baltay and Beroza (2013) showed that records of tec-
tonic tremor can be used to constrain the seismic attenuation
parameter within this frequency range. This study expands on
that work to estimate attenuation in several different subduc-
tion zones with an improved, simultaneous inversion for the
source, path, and site.

Estimating seismic attenuation in this manner is useful for
ground-motion prediction, but it also elucidates our under-
standing of the conditions for tectonic tremor genesis, as at-
tenuation is sensitive to the presence of fluids. The existence
of high pore-fluid pressure around tremor hypocenters has
been proposed by seismic imaging studies (Shelly et al.,
2006; Hirose et al., 2008; Audet et al., 2009; Kato et al.,
2010). Other studies demonstrate that tremor activity is sus-
ceptible to small stress changes generated by tide and surface
waves from distant earthquakes, which suggests that tremor
occurs on very weak fault planes with high-pressured pore
fluid (e.g., Miyazawa and Mori, 2005; Shelly er al., 2007,
Thomas et al., 2009). Petrology studies suggest that the fluid
may be supplied by the dehydration reaction of hydrated
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Figure 1. (a) The distribution of tectonic tremor used in this study, in six regions in four subduction zones (Shikoku, Kii, and Tokai in the

Nankai subduction zone; the Cascadia subduction zone near southern Vancouver Island; the Jalisco region in Mexico; and southern Chile
north of the triple junction), as detected and located by Ide (2012). All tremor considered is shown with light gray dots; tremor actually used
for the analysis (after the noise threshold is considered) is plotted in black dots. Selected stations are shown with triangles, and a reference
station for site factors in each region is indicated with an inverted triangle. (b) In three regions in the Nankai subduction zones, the intraslab
earthquakes used for analysis are shown with crosses among ordinary earthquakes in the Japan Meteorological Agency (JMA) catalog. The
color version of this figure is available only in the electronic edition.

minerals in the subducting oceanic crust (Peacock and Wang,
1999; Hacker et al., 2003), which may have very low seismic
velocity and high Vp/V g ratio (Eberhart-Phillips ez al., 1989),
as seen in seismic imaging studies (Shelly et al., 2006; Hirose
et al., 2008; Audet et al., 2009; Kato et al., 2010). Such oce-
anic crust should also be strongly attenuating, as detected in
some tomography studies (Winkler and Murphy, 1995;
Eberhart-Phillips et al., 2005; Reyners and Eberhart-Phillips,
2009; Takaoka et al., 2012; Kita et al., 2013). Here, we also

discuss the existence of a strongly attenuating layer beneath
the plate interface on which tremor occurs.

We estimate the seismic attenuation parameter in six re-
gions: Shikoku, Kii, and Tokai in the Nankai subduction
zone in southwest Japan; the southern region of Vancouver
Island in the Cascadia subduction zone; the Jalisco region in
Mexico; and the northern region of the triple junction formed
by the Nazca, South American, and Antarctic plates in
southern Chile (Fig. 1). We use the timing and locations



Seismic-Wave Attenuation Determined from Tectonic Tremor in Multiple Subduction Zones

of tremor as cataloged in each of these regions (Ide, 2012) to
investigate the seismic attenuation. We also apply the same
inversion method to ordinary earthquakes in the Nankai sub-
duction zone using the Japan Meteorological Agency (JMA)
catalog, which consists of small intraslab earthquakes occur-
ring 5-10 km below the plate interface, which is likely near
the oceanic Moho. By comparing the attenuation parameter
obtained from tectonic tremor with that from these intraslab
earthquakes, we can constrain the attenuation structure in the
subducting oceanic crust.

Tectonic Tremor Peak Ground Velocities

We use the tremor catalog provided by Ide (2012),
which describes timing, duration, and locations of individual
tremor events, determined using an envelope correlation
method (Ide, 2010) and shown for the six regions in
Figure la. In total, nearly 70,000 tremor events are consid-
ered (Table 1). Except for Nankai, where the noise level is
relatively low, only events occurring at night (from 8 p.m. to
7 a.m. at the local time) are used in the analysis to reduce the
effects of anthropogenic noise (e.g., Baltay and Beroza,
2013). Although the majority of the events in the Ide (2012)
catalog are tectonic tremor, a few ordinary earthquakes are
also included, especially offshore of Nankai and along the
southern Chile coast, which we manually remove from the
catalog. To reduce potential outliers, the occasional time
periods during which several tremor events occur simultane-
ously, yet in different locations, are removed.

The hypocentral distance and peak ground velocity
(PGV) of velocity waveforms are measured for each event—
station pair used in our analysis. The hypocentral distance is
determined from the epicentral distance of the event from the
catalog location to the station location, with an assumed
depth of 30 km because depth estimated by envelope corre-
lation method is less certain. Continuous velocity waveforms
are downloaded from Hi-net for the Nankai region, from
Incorporated Research Institutions for Seismology (IRIS)
and Canadian National Data server (CNDC) for Cascadia,
and from IRIS for other regions (see Data and Resources for
details). Waveforms are band-pass filtered between 2 and
8 Hz, and the two horizontal components are summed in
a vector sense. Based on the origin time of events and the
S-wave travel time calculated from the seismic-velocity
structure of Ueno et al. (2002), IMA 2001, we calculate
the S-wave arrival time for each event—station pair. The
center of a time window is set to this arrival time, with
the total length of the window equal to the duration of the
tremor event as determined by Ide (2012). PGV is then mea-
sured as the maximum amplitude of the vector-summed rec-
ord in the time window for each event—station pair.

Because of the extremely small amplitudes of the tremor
signal, it is essential to use stations with good signal-to-noise
ratio. At each station, we define the noise threshold, below
which we reject any PGV measurements. To determine this
noise threshold, we make PGV measurements at each station
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Table 1

Tremor Catalog (Ide, 2012) for the Estimation of Seismic
Attenuation Parameter

Number of Number of
Events in the Events Used
Region Dates (yyyy/mm) Catalog in the Analysis

Shikoku 2004/04-2009/03 26,500 10,800
Kii 2004/04-2009/03 11,800 4500
Tokai 2004/04-2009/03 9700 4000
Cascadia 2005/01-2009/12 10,200 2100
Jalisco 2006/01-2007/06 1500 400
Southern Chile ~ 2005/01-2007/01 2200 400

over 20 s time windows that are randomly selected at many
times during quiet days (Fig. 2). A quiet day is when there is
no known tremor within 300 km of the station nor ordinary
earthquakes larger than magnitude 4. In Nankai and Jalisco,
we use the regional earthquake catalogs of JMA and of
Universidad Nacional Autonoma de Mexico (UNAM), re-
spectively; in Cascadia and southern Chile, there are few
earthquakes larger than magnitude 4 nearby, so we assume
there is no earthquake contamination. The noise threshold of
PGV is measured as the 95th and 99th percentiles of the dis-
tribution of noise PGVs, for weaker and stricter thresholds,
respectively (Fig. 2a). In Jalisco and southern Chile, the
weaker (95th percentile) threshold is used due to the small
number of events in the tremor catalog, whereas the stricter
threshold is used in Nankai and Cascadia; however, we also
test the weaker threshold during error estimation.

Figure 2 compares typical examples of quiet and less
well-recorded stations (i.e., noisier or farther stations) in
Shikoku. We see that, for a quiet station, many PGV measure-
ments are above the noise threshold and can be used in the
analysis, whereas most PGV values are below the threshold at
a less well-recorded station. Therefore, the range of PGV is
wide for a quiet station, and we can readily observe the decay
of PGV with distance (Fig. 2b). This trend is not observable for
a less well-recorded station because there are too few PGV
measurements, and hence stations such as this are not used.
Based on the noise thresholds and availability of velocity data,
we selected 5-10 stations for each region, shown in Figure 1.
Hereafter, only events at these selected stations with PGVs
above the noise threshold are used for analysis.

Data: Intraslab Earthquakes Peak Ground Velocities

In addition to using tremor velocity data, we also test the
method on intraslab earthquakes in the Nankai subduction
zone. These events are in the JMA catalog with depths be-
tween 30 and 50 km and JMA magnitudes from 1 to 3, and
they occur between April 2004 and December 2007 (Fig. 1b).
The method for processing the velocity data for these intra-
slab earthquakes is the same as that for the tremor events
(i.e., 2-8 Hz frequency range); however, the earthquake
depth from the JMA catalog is used to determine the
hypocentral distance, and a fixed 20 s time window centered
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Figure 2.

Example of a quiet station and a less well-recorded station in Shikoku. (a) Histogram of noise peak ground velocity (PGV)

measured on a quiet day (see Tectonic Tremor Peak Ground Velocities section) shown for a quiet station (left, N. IKKH) and a less well-
recorded station (right, N. AKIH). Two dashed lines indicate the defined weaker (95th percentile) and more strict (99th percentile) noise
thresholds for each station. (b) Measured PGV for tectonic tremor plotted against hypocentral distance. Left panel shows the example of the
quiet station (N. IKKH), showing larger amplitude at close distance; the right shows the less well-recorded station (N. AKIH), with only a
small number of signals above the noise threshold. The color version of this figure is available only in the electronic edition.

on the S-wave arrival time is used for the PGV measurement.
Although we do not model radiation patterns in this study,
we note that some intraslab events might be strike slip, in
which case stations that are directly above the events may be
near a nodal plane for the S-wave radiation pattern, even for
frequencies above ~1 Hz (Obana et al., 2005; Takemura
et al., 2009; Miyoshi and Obara, 2010). To avoid this com-
plication, we discard records from intraslab earthquakes with
hypocentral distances less than 50 km only in the Tokai
region.

Method: Simultaneous Estimation for Attenuation
Parameter and Site Factors

We extend the method of Baltay and Beroza (2013) to
estimate the seismic attenuation parameter for GMPEs using
tremor. Here, we perform a simultaneous inversion to esti-
mate the attenuation parameter and site factors at the same
time, using the hypocentral distance and PGV as described
previously.

The simple GMPE used in this method can be expressed
as the source amplitude combined with geometrical spread-
ing, path attenuation, and the site response:

A;; ~ Source; X RL x exp(—CR;;) x Site;, (1)

ij

for the ith event and jth station, in which the measured am-
plitude A;; is PGV. Source; is the source term for the ith
event, usually expressed as a function of the moment mag-
nitude. Typical GMPEs also consider effects of source
mechanism, but here we do not include this effect as we as-
sume that seismic waves are scattered once they travel more
than a few tens of kilometers (e.g., Takemura et al., 2009).
R;; is the hypocentral distance with 1/R representing the
geometrical spreading of the body wave in a homogeneous
medium. When the hypocentral distance becomes large, the
surface waves become more dominant, and geometrical
spreading is ideally 1/+/R. Though this crossover distance
(the point at which the geometrical spreading deviates from
1/R) is suggested to be about 50 km for crustal earthquakes
(Boatwright and Seekins, 2011), we consider 1/R as the
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geometrical spreading out to 150 km, the full range of our
data. Because tectonic tremor occurs deeper than crustal
earthquakes, the crossover distance should be larger. Our
estimated seismic attenuation should be correct as the
first-order approximation because we only use data within
150 km; however, if the geometrical spreading is indeed less
strong, we would underestimate the seismic attenuation.
C is the attenuation parameter that we seek, defined as
C = zf/Qp when considering a specific frequency, so that
exp(—CR;;) includes both seismic attenuation by anelastic
effects and the effect of scattering. In this study, C represents
the seismic attenuation of the dominant PGV frequency be-
tween 2 and 8 Hz. Furthermore, we assume a homogeneous
attenuation structure for simplicity, so that the obtained
attenuation parameters represent path-averaged attenuation,
although in reality the attenuation structure will have 3D
structure in each region. Site; in equation (1) is the site-
response factor for the jth station, which reflects the seismic
structure at very shallow depths and may consist of ampli-
fication, attenuation, and nonlinear soil effects.

Magnitude determination of individual tectonic tremor
events is difficult due to the small amplitudes and emergent
signal and is not routinely calculated for all of the events in
the catalog. Without this magnitude information, we cannot
constrain the source term in equation (1). To avoid this prob-
lem, we compare equation (1) for the ith event, recorded at
two stations, j and k, after taking the natural logarithm:

log(A;; x R;j) —log(Aj x Ry)
= —C(R;; — Ry) + [log(Site;) — log(Sitey)] + €. (2)

in which e; ;, represents error. By taking the amplitude differ-
ence for one event recorded at two stations, the common
source term cancels. In equation (2), the known parameters
are A;; (PGV) and R;; (hypocentral distance), with C (attenu-
ation parameter) and Site; (the site factor) as the unknown
parameters to be determined. Because we can estimate only
relative site factors when solving the inverse problem of
equation (2), we need one additional assumption about the
site factor. Hence, Site, is set to be the reference station with
a value of 1, and relative station factors are estimated for
other stations. The choice of reference station does not have
special meaning or significance but is shown in Figure 1.
We solve equation (2) for the attenuation parameter and
relative site factors by L1-norm minimization for e, ;. We use
L1 minimization rather than L2 minimization to reduce the
influence of outliers in data on the estimation. The L1-norm
minimization is solved with linear programming (Dantzig
et al., 1955; Mehrotra, 1992; Zhang, 1998). To obtain the final
results, we solve the same inverse problem again after remov-
ing outliers, defined as observations beyond the 3o level.
Throughout the analysis, we estimated the attenuation
parameter within a hypocentral distance limit. We use PGV
data with hypocentral distance less than the distance limit,
creating all possible pairs between these records (equation 2).
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We consider that the determined attenuation parameter C rep-
resents the averaged attenuation of the region within that hy-
pocentral distance. We test this distance limit, ranging from 50
to 150 km at 10 km interval (except for the Jalisco data, where
the smallest hypocentral distance we can consider is 120 km
due to sparse station distribution). At shorter hypocentral dis-
tances, the ray paths are nearly vertical because the events oc-
cur at approximately 30 km depth; for larger hypocentral
distances the ray paths become horizontal and sample the
deeper layers. For that reason, the estimated C becomes more
sensitive to attenuation in deeper layers, as the distance limit
increases. By considering the attenuation parameter deter-
mined at various distance limits, we can constrain the vertical
structure of the attenuation as discussed in the Synthetic Tests
for Distance-Dependent Attenuation Parameter from Tectonic
Tremor section.

Attenuation and Site Parameters
from Tectonic Tremor

Following the inversion scheme outlined above, we use
the PGV and hypocentral distance data from tectonic tremor to
solve for attenuation parameter C and the relative site terms.
We first examine the tremor PGV data (Fig. 3a) to confirm that
it shows a decaying trend with distance, which is primarily
attributable to geometrical spreading, using the Shikoku
data set as an example. The obtained attenuation parameters
at each distance limit and the relative site factors at each
station are shown in Figure 3b. When using a smaller distance
limit, less than ~70 km, the attenuation parameter is larger,
whereas use of a larger distance limit causes the attenuation
to decrease. C becomes less dependent on the distance limit at
larger distances and converges to around 0.008. The site fac-
tors are less dependent on the distance limit and are stably
obtained. For each parameter, we calculate error bars using
a model covariance matrix, in which equation (2) is solved
by L2 minimization (e.g., Menke, 1989). The root mean
square of the error e, is calculated using C and site factors
obtained from the L1 minimization. This range approximately
represents + 1o bounds and is shown in all the figures as error
bars, which are sometimes smaller than the symbol size. We
compare the initial PGV amplitudes (A;;) corrected by 1/R
geometrical spreading and site terms to visualize C as the
slope of the differences in distance (Fig. 3c):

log(A;; X R;;) —log(A; x Ry) — log(Site;) + log(Sitey)
= —C(R;; — Ry) + ;- (3)

When the distance limit is 50 km (Fig. 3c, panel A), the slope
is clearly steeper, implying greater attenuation than when the
distance limit is 100 km (Fig. 3c, panel B) or 150 km (Fig. 3c,
panel C). With the increase of the distance limit, more data are
included at greater distances, and the resulting estimated at-
tenuation represents the averaged seismic attenuation in the
larger region.
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Figure 3.

Data and results in the Shikoku region. (a) Measured PGVs of tectonic tremor at selected stations are plotted against hypo-

central distance. Three windows, (A), (B), and (C), represent the distance limit of 50, 100, and 150 km, respectively, and correspond with
panels (A), (B), and (C) in the lower section of the figure. (b) The estimated attenuation parameter C and site factors for each station are
plotted at each distance limit. The solid line shows the station factor of reference station (i.e., 1). (c) The best-fit line, the slope of which is
equal to the —C parameter obtained from estimated parameters when the distance limit is (A) 50 km, (B) 100 km, and (C) 150 km, is shown
by a solid line. Dashed lines with arrows indicate the approximate level beyond which data are removed when solving the inverse problem the
second time because of large scattering (>30). The vertical axis is the amplitude ratio, in log scale, of two stations for the same event
corrected with 1/R geometrical spreading and estimated station factors. The color version of this figure is available only in the electronic

edition.

The attenuation parameter values C obtained in all
regions are summarized in Figure 4. The Kii and Jalisco
regions have the largest C values (around 0.010), whereas
Tokai, Cascadia, and southern Chile have relatively smaller
C values (near 0.006), implying less attenuation along the
tremor ray paths. The attenuation parameter value in Shikoku
is near 0.008. The reliability of these estimates is about
40.002 for C and about +20% for site factors (see the Error
Estimation section). With the exception of the Jalisco region,
where we have few data at shorter distances, a trend emerges
between regions in that C is larger when the distance limit is
small and becomes smaller and less dependent on the limit as
the distances limit increase. In comparing these distance-de-
pendent C values with those of Baltay and Beroza (2013) in
Cascadia (fig. S5 of Baltay and Beroza, 2013), we find a
much stronger dependence, especially for the shorter distan-
ces, yet find a similar value for C at farther distances. One

reason for this observed difference is that Baltay and Beroza
(2013) estimate their final C using equation (1), after
obtaining and adjusting for site and source terms from resid-
uals of an initial inversion. Using equation (1) directly for
estimating the attenuation parameter tends to give more
weight to data at greater distances, compared to using
equation (2), which employs differential distances. A second
reason for the difference in the distance trend may be use of
different stations in the analysis. We include two surface sta-
tions (CNDC) in addition to five borehole stations (PBO),
whereas Baltay and Beroza (2013) use only the PBO bore-
hole stations. The different set of stations might also reflect
regional variations of seismic attenuation.

We can evaluate the source term using equation (1) and
substituting in the estimated C and site factors (Fig. 5)
calculated at a distance limit of 150 km. In each region,
the source terms have a lognormal or skew lognormal
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Figure 4.  The estimated attenuation (C) in all regions is plotted

at each distance limit. The solid line shows stable C values deter-
mined at the larger distance limits in each region, reported in Ta-
ble 2. On the right vertical axis, approximate path-averaged quality
factors Q are shown as well, which are calculated by C = zf/Qp
with f = 3.5 km/s and f = 4.5 Hz (the middle of the frequency
range of tectonic tremor). The color version of this figure is avail-
able only in the electronic edition.
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distribution, similar to that found by Baltay and Beroza
(2013) in Cascadia. Although typical values for the source
term differ between regions, physical interpretation of these
values requires care because the absolute amplitude of the
reference site in each region is not constrained.

Attenuation and Site Parameters from
Intraslab Earthquakes

In the three regions in the Nankai subduction zone (Shi-
koku, Kii, and Tokai), we apply the previously described
method to PGV of intraslab earthquakes. Comparing the re-
sults of C from both the intraslab earthquakes and tectonic
tremor (Fig. 6), we see that C from tremor is much smaller
and statistically significant as the error bars do not overlap.
Although care should be taken when comparing these attenu-
ation values due to the different frequency content between
ordinary earthquakes (whose spectra are peaked at the corner
frequency) and that of tectonic tremor (whose frequency
spectrum is flat in the 2-8 Hz range; Ide, Beroza, et al.,
2007), this large difference in C parameters suggests it is
a true difference in the path-averaged attenuation for tectonic
tremor as compared to intraslab earthquakes. The estimated
site factors (Fig. 6a right) are comparable with those from
tectonic tremor, within the 20% estimation reliability. Results
from the Kii and Tokai regions (Fig. 6b) show a similar trend,
with stronger attenuation from intraslab events as compared
to tremor. Because the hypocenters of intraslab earthquakes
are deeper, presumably in the oceanic mantle, the source of
the stronger attenuation is around the subducting oceanic
crust. Because we cannot separate the intrinsic attenuation

Shikoku

Cascadia

Normalized histgram

7 8 9 10 11 12 13 14 7 8 9 10

Kii Tokai

Jalisco S. Chile

11 12 13 14 7 8 9 10 11 12 13 14 15

Logarithm of estimated source term

Figure 5.

Histograms of the logarithm of source terms are shown for all regions. The source term of tectonic tremor is calculated using

equation (1) with A;; in nm/s and R;; in km. The color version of this figure is available only in the electronic edition.
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Estimated attenuation and site factors from intraslab earthquakes. (a) (left) Estimated C from intraslab earthquakes (triangles) is

compared with the estimated C from tectonic tremor (crosses; Fig. 4) in the Shikoku region. (right) Site factors estimated from intraslab
earthquakes (triangles) and tectonic tremor (crosses) are compared in the Shikoku region. The average and standard deviation (shown as error
bars) for all distance limits are plotted for each station. (b) Estimated C from tectonic tremor (crosses; Fig. 4) and intraslab earthquakes
(triangles) are compared for the (left) Kii and (right) Tokai regions. The color version of this figure is available only in the electronic edition.

from the scattering effect, at least two interpretations exist.
The first is that the estimated strong attenuation is due to
scattering of the seismic wave at the plate boundary. The sec-
ond is that an intrinsic attenuating layer exists between the
hypocenters of tectonic tremor and that of intraslab earth-
quakes. We prefer the latter possibility due to the existence
of high-pressured fluid near the locations of tectonic tremor
and the high attenuation of subducting oceanic crust, as sug-
gested by previous studies (e.g., Eberhart-Phillips er al.,
2005; Shelly et al., 2006). However, our results cannot ex-
clude other possibilities, such as the existence of a thin at-
tenuating layer of subducting sediments, as imaged by a
multichannel seismic study at the shallow part of subduction
zone (Park et al., 2002), as a source of strong attenuation.

Error Estimation

We test the reliability of the attenuation parameter and
site-factor estimates through three tests: first, a jackknife test
is performed to estimate the error in each region; second, we
assess the dependency of the results on selected stations; and
third, we examine the sensitivity of the results to the noise
criteria used.

To perform the jackknife test for the reliability of the C
and site factors, we remove 10% of the data (PGV adjusted
for geometrical spreading; the left side of equation 2) and
re-estimate the parameters, using L1-norm minimization, as
described in the initial analysis. We use a distance limit of
150 km and repeat the Jackknife procedure 100 times in each
region. The results are shown in Figure 7 as the histograms of
estimated parameters, with estimated values of C in Figure 7a
and the estimated site factors in Figure 7b. The ranges of
values for the C and site parameters, particularly for the
Nankai and Cascadia regions, are small. Because of sparse
data in Jalisco and southern Chile, the errors are somewhat
larger. In the Jalisco region, two stations have bimodal dis-
tribution (indicated by arrows in Fig. 7b) due to the trade-off
between these two site factors. This trade-off does not affect
the estimate of C, as shown in the Figure 7a.

Because this jackknife test estimates the random error of
the mean of the parameters, we also consider the systematic
error from each station. We perform a leave-one-out test by
removing all data from one station (other than the reference
station) and recalculating the attenuation parameter and site
factors, again with a distance limit of 150 km. Figure 8 shows
some variation in the estimated attenuation parameters when
leaving out each station. The amplitudes of the variation are
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Error estimation through a jackknife test. Seismic attenuation and site factors are re-estimated 100 times, removing 10% of the

data randomly each time. (a) Histograms of re-estimated C for all regions from the result of the jackknife test with a distance limit at 150 km.
(b) Histograms of estimated site factors for all regions from the same test. Each separate histogram represents a station in that region. The

color version of this figure is available only in the electronic edition.

about +0.002 for C and £20% for the site factors. We regard
these values as the error of our estimation from this test.
There are, however, some stations that cause a significant
deviation, which might represent the subregional hetero-
geneity of the attenuation structure. For example, in the
Kii region, C estimated without the northeastern-most station
(N.URSH; station 4) is very small. Pei et al. (2009) found
attenuation in the shallowest 10 km of crust to be relatively
high in the northeastern part of the Kii Peninsula, whereas
the shallow attenuation is less in the southern part. The
dependency of our results on station N.URSH seems consis-
tent with this local distribution of seismic attenuation in the
shallow layer. However, because this variation is not visible
in the result of Nakamura and Uetake (2002), who estimated

the averaged crustal attenuation structure between 0 and
30 km depth, further detailed investigation is necessary to
fully understand the cause of the differences.

Finally, we test the dependency of the parameter estima-
tion on the noise criteria threshold, using the Nankai and
Cascadia subduction zones, where the data are more plenti-
ful. In Mexico and southern Chile, we use the weaker noise
threshold (95th percentile) due to the smaller number of
tremor events in the catalog. We compare the results of the
estimated C parameter using both the weaker and stronger
(99th percentile) noise criteria (Fig. 9). Although the
differences are within +0.002 for the most part, the deviation
is systematic and somewhat larger in the Kii region. This
suggests the possibility of systematic errors in the results
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The estimated C with weaker noise criteria is compared with the C with stricter criteria in the Shikoku, Kii, Tokai, and Cascadia

regions. The estimated C with stricter criteria plotted in black (99th percentile; same plot as in Fig. 4) and estimated C with weaker criteria is

plotted in gray (95th percentile).

of Mexico and southern Chile, though it cannot be measured
from the available data set. Site factors from two criteria vary
less and are within +20%.

Considering these error estimations and the fact that the
errors from the first test are very small, we consider the over-
all error of estimation in this study to be +0.002 for the at-
tenuation parameter C and +20% for site factors, with larger
uncertainty for Mexico and southern Chile.

Synthetic Tests for Distance-Dependent Attenuation
Parameter from Tectonic Tremor

Our estimation of the attenuation parameter is dependent
on the distance limit. To understand the source of this depend-
ence, we create synthetic data and perform the same analysis
to estimate C and the relative site factors. We consider two
different attenuation structures to determine if the observed
distance-dependent C is due to a layered attenuation model.
The first, a reference model, is that of Katsumata (2001),
which represents the average attenuation structure in Japan.
In this model, the upper layer, with a thickness of 20 km
and shear-wave attenuation, Q¢ of 500, is less attenuating than
the lower layer, with a thickness of 10 km and Qg = 100
(Fig. 10a). The second attenuation model we consider is
the opposite; that is, the shallower layer is thinner (10 km)
and more attenuating, with Qg = 200, and the deeper layer
is thicker (20 km) and less attenuating with Q¢ = 1000
(Fig. 10Db).

We next generate synthetic PGV data by considering
2000 tremor sources at 30 km depth recorded by six surface
stations. The logarithms of source parameters, log(Source;),
for the 2000 sources are uniform-randomly defined within
the range of 9.0-11.0, which is slightly larger than the source
terms in the Nankai region (Fig. 5) due to strong attenuation

of the first model. Similarly, site factors are uniform-
randomly defined between 0.5 and 1.5 for each calculation,
with the reference stations set at 1.00 and the noise level set
at 30 nm/s at all stations. We use the velocity structure of
JMA 2001 (Ueno et al., 2002) to compute the ray paths.
For each event—station pair, we calculate path-averaged at-
tenuation and geometrical spreading by ray tracing and apply
the site factors and source term to obtain a synthetic PGV.
The ray path (i.e., epicentral distance) for each event—station
pair is randomly chosen from 8990 ray paths having incident
angle from 0° to 89.9°. To mimic noise in real data, the PGV is
multiplied by a random number having a uniform distribu-
tion from 0.8 to 1.2. Furthermore, 1% of PGV are replaced by
a random value from 100 to 1600 nm/s, which captures the
effect of random noise.

Figure 10a shows the synthetic PGV data generated using
the attenuation structure of Katsumata (2001), the estimated C
and site factors for the different distance limits, and synthetic
path-averaged attenuation for specific hypocentral distance.
The site factors are stable and well reproduced in this estima-
tion. The obtained attenuation parameter is smaller when
using only close data, whereas it is larger when using a greater
distance limit that includes more data. This dependence of the
attenuation parameter on the distance limit is opposite to what
we observe with data, as in Figure 4, in which C decreases
with increasing distance before becoming stable. Furthermore,
the absolute value of C, near 0.031, is much larger than the C
obtained from actual tremor data. With the second attenuation
structure, a less-attenuating deep layer, however, the results
show a dependence of C on distance that is more similar
to the data results, in which the parameter is large at smaller
distance before becoming stable at greater distance (Fig. 10b).
This final value of C is similar to the results found from the
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in the electronic edition.

actual tremor data, because the second attenuation model was
chosen to match the actual values by trial and error.

The attenuation parameter C obtained in this analysis is
the path-averaged attenuation. When using only the PGV
data with small hypocentral distances, the ray paths are
nearly vertical, and the distance of the seismic waves in each
layer is nearly equal to the thickness of that layer. On the
other hand, when the hypocentral distances become larger,
the ray paths are more oblique in the deeper layer. The dis-
tance traveled by this oblique ray path in the deeper layer is
longer, but the distance traveled in the shallower layer is sim-
ilar to that for small hypocentral distances, due to ray-path
bending. Therefore, for the larger distances, the deeper layer
has more influence on the attenuation. In the right panel of
Figure 10, we calculate synthetic C values at specific hypo-
central distances (rather than for a distance limit) for each
model so the estimated C for each distance limit is the aver-
age of the synthetic attenuation for all distances less than that
distance limit. In the reference model, the deeper layer has
stronger attenuation, resulting in increasing synthetic attenu-
ation with hypocentral distance (Fig. 10a). On the other
hand, for model 2, with weaker attenuation in the deep layer,
a decreasing synthetic attenuation with hypocentral distance
is found (Fig. 10b). The estimated C value for both models
(third panel of Fig. 10) is slightly larger than the average of
the synthetic value within each distance limit (far right
panel), perhaps due to the limitation of the assumption that

geometrical spreading is represented as 1/R. This deviation
is also within the range of error of the attenuation parameter.

This forward-modeling approach demonstrates that an in-
creasing C with distance implies a more-attenuating deep and
less-attenuating shallower layer, whereas a decreasing C with
distance implies that the shallower layer is more attenuating.
As Figure 4 exhibits, the actual tremor data show a decreasing
trend in attenuation with larger distance limits for all of the
regions considered, matching model 2. This indicates that
the shallower layer of the upper plate of these various subduc-
tion zones is more attenuating than the deeper layer.

Synthetic Tests for Distance Dependent Attenuation
Parameter from Intraslab Earthquakes

In the Nankai subduction zone, the attenuation parameter
values estimated for intraslab earthquakes are significantly
larger than those estimated from tremor (Fig. 6). Because we
have band-pass filtered both data sets between 2 and 8 Hz, the
attenuation parameter should only be affected by the path and
is not source dependent. The major difference between tec-
tonic tremor and intraslab earthquakes in Nankai is the source
depth, so it is likely that the material at depths between the
tremor event hypocenters and intraslab earthquake hypocen-
ters has a characteristic attenuation that affects our estimation
of C. Based on this idea, we construct a simple layered attenu-
ation structure (Fig. 1la) by trial-and-error modeling that
explains the differences in attenuation. In this model, we keep
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Figure 11.  Synthetic test for seismic attenuation is conducted at
the source depth of intraslab earthquakes, analogous to that of
tremor in Figure 10. (a) The seismic attenuation structure assumed
using model 2 (Fig. 10b), with an additional attenuating 5 km thin
layer to represent oceanic crust and a 5 km less-attenuating layer to
represent the oceanic mantle. (b) Seismic attenuation (C) is deter-
mined from synthetic data for intraslab earthquakes using the at-
tenuation structure in (a), assumed for the seismic source to be
located at 40 km depth. Open triangles show the result for tectonic
tremors (same as the plot in Figure 10b), and solid triangles show
results for intraslab earthquakes. The color version of this figure is
available only in the electronic edition.

the shallower two layers the same as that of model 2 in
Figure 10b, set Q¢ = 100 from 30 to 35 km depth to simulate
the subducting and strongly attenuating oceanic crust, and set
Qg = 1500 (i.e. nearly lossless) from 35 to 40 km depth to
simulate the subducting oceanic mantle (Katsumata, 2001).
The S-wave velocity in the attenuating layer (between 30
and 35 km depth) is set at 3.6 km/s (about a 10% reduction
from the JMA 2001; Hirose et al., 2008). We calculate syn-
thetic PGV data in the same manner as the previous section
with this structure and source depth for intraslab earthquakes
of 40 km, and we estimate C for different distance limits.

is an attenuating layer between tectonic tremors and intraslab
earthquakes, even if that attenuating layer is only 5 km thick.

Tectonic tremor, due to the depth and low-angle thrust
mechanism of low-frequency earthquakes, which comprise
tremor, are considered to occur on the plate interface (Ide,
Shelly, and Beroza, 2007; Royer and Bostock, 2013), whereas
intraslab earthquakes are located near the oceanic Moho (e.g.,
Shelly et al., 2006). Therefore, oceanic crust separates the two
populations of earthquakes. This crust is thought to be a low-
velocity and high Vp/V region (Shelly et al., 2006; Hirose
et al., 2008; Audet et al., 2009; Kato et al., 2010) with strong
attenuation (Eberhart-Phillips et al., 2005; Reyners and Eber-
hart-Phillips, 2009; Takaoka et al., 2012; Kita et al., 2013),
which may be attributable to the existence of high fluid pres-
sure or hydrous minerals in the oceanic crust.

In the Nankai subduction zone, from Tokai to Shikoku,
Hirose et al. (2008) have imaged a layer of about 5 km in
thickness with a low Vg and high Vp/Vg. The intraslab
earthquakes of the Philippine Sea plate are located just below
this layer, which is consistent with our model of the attenu-
ation structure in Figure 11a. The observed difference in C
values between tremor and intraslab earthquakes is signifi-
cant, given our estimated error, and is therefore attributable
to the subducting Philippine Sea plate, which is assumed in
our model to have Qg = 100. The actual value of Qg is dif-
ficult to estimate due to strong trade-offs between Qg and the
layer thickness, but we can say that it is significantly more
attenuating than the other layers.

Table 2

Summary of Results and Previous Studies

Region Study Data Type Typical C  Frequency Minimum C Maximum C

Shikoku This study Tremor 0.008 PGV* 0.004 0.012

Intraslab 0.016 PGV — —
Kii This study Tremor 0.010 PGV 0.002 0.012

Intraslab 0.016 PGV — —
Tokai This study Tremor 0.006 PGV 0.004 0.009

Intraslab 0.012 PGV — —
Shikoku-Kii ~ Fukushima et al. (2000) Crust 0.0076 PGV — —
Japan Si and Midorikawa (2000) Crust/Interplate/Intraslab — — 0.0046 (PGV) 0.0069 (PGAY)
Japan Kanno et al. (2006) Depth < 30 km 0.0037 2 Hz 0.0021 (PGV) 0.0092 (8 Hz)

Depth > 30 km 0.0074 PGV 0.0069 (2 Hz) 0.0101 (8 Hz)
Cascadia This study Tremor 0.005 PGV 0.002 0.006
Cascadia Baltay and Beroza (2013) Tremor 0.00471 PGV 0.00467 0.00480
Cascadia Atkinson and Boore (1997) Crust/Intraslab 0.00414 2 Hz 0.00254 (PGV)  0.00783 (8 Hz)
Jalisco This study Tremor 0.009 PGV 0.004 0.010
Mexico Garcia et al. (2005) Intraslab 0.0055 2 Hz 0.0053 (PGV) 0.0085 (5 Hz)
S. Chile This study Tremor 0.006 PGV 0.003 0.007
N. Chile Boroschek and Contreras (2012)  Interplate — — 0.0018 (2 Hz) 0.0044 (10 Hz)

*PGYV, peak ground velocity.
fPGA, peak ground acceleration.



2056

Shikoku

Kii =~ *
Tokai el * A
‘ in this study
X tremor in i
Cascadia W intraslab in this study
Jalisco ——
S. Chile —A
C | | | | [
[ | | | 7
0.000 0.005 0.010 0.015 0.020
Figure 12. Compiled results of the seismic attenuation param-

eter C from this study and other studies. Triangles represent esti-
mated C from tectonic tremors found in this study, with error
bars showing the range of values. The thick bars indicate the range
from the second minimum to the second maximum of the estimated
C in the station dependency test (Fig. 8), whereas the thin bars show
the minimum and maximum estimated C. Stars in the Shikoku, Kii,
and Tokai regions show estimated C from intraslab earthquakes.
Crosses and their associated thick bars give the range of C estimated
by previous studies in the same region (Fukushima ez al., 2000, in
Shikoku; Baltay and Beroza, 2013 [bar], and Atkinson and Boore,
1997 [cross] in Cascadia). The color version of this figure is avail-
able only in the electronic edition.

Comparison with Previous Studies

The purpose of this study is to estimate the C for imple-
mentation into GMPEs in subduction zone regions where typ-
ical earthquake records are sparse. We use a distance limit of
150 km for our final values of C, determined for PGV from
tectonic tremor, and compare it to previous studies (Table 2
and Fig. 12). Some previous studies do not consider
attenuation from PGV, and it is not clear how directly PGV
from tremor corresponds in our frequency band to PGV from
earthquakes used in these previous studies. We expect PGV
to be generated from frequencies near the corner frequency
of large events, which will be lower than the 2-8 Hz range
that we are considering with tremor. Because of these con-
siderations, it may be more applicable to compare our attenu-
ation parameters, found in the range of 2-8 Hz, with spectral
acceleration values from the previous studies in the 2—8 Hz
range. Although some studies performed their analysis in
log, this study uses the natural logarithm, so we re-express
the values from other researchers in natural logarithm for
consistency.

Fukushima et al. (2000) find C = 0.0076 in Japan and
are able to fit the ground motion from the 1995 Kobe earth-
quake well with their GMPE. Because the Kobe is a crustal
earthquake, which occurred near the Shikoku region, it
should be consistent with our C from tectonic tremor; our
value of 0.008 matches theirs well. Si and Midorikawa
(2000) a priori assume C = 0.0046 for PGV. Because they
do not discuss whether their result is based on crustal, inter-,
or intraplate events, it may simply be representative of an
overall averaged value, while our value is for plate-interface
events.

Kanno et al. (2006) estimate attenuation parameters for
shallow (depth < 30 km) and deep (depth > 30 km) earth-
quakes in Japan. Because our tremor sources are assumed to
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be located at 30 km depth, we expect our attenuation param-
eter values to be between those of Kanno et al. (2006) for
shallow and deep events. For PGV, they find C parameters
of 0.0021 and 0.0074 for shallow and deep sources, respec-
tively. For spectral acceleration frequencies ranging between
2 and 8 Hz, their C values are between 0.0037 and 0.0092 for
shallow events and 0.0069 and 0.0101 for deep events. Our
median attenuation parameters for the Nankai region range
from 0.006 to 0.010, so our results are consistent overall with
those of Kanno et al. (2006). However, their deep earth-
quakes are mainly in the Tohoku and Hokkaido regions of
Japan, so we cannot directly compare their deep results with
ours. They do find that deeper earthquakes, some of which
would be intraslab, tend to have larger C values than shal-
lower events, which is consistent with our result in the
Nankai region.

Nakamura and Uetake (2002) and Pei et al. (2009)
estimated the seismic attenuation structure in Japan by con-
ducting Q tomography. In those studies, the Shikoku region
tends to be more attenuating than the Kii and Tokai regions.
Here, we find the estimated attenuation parameter in Shikoku
to be larger than that of Tokai, in agreement with the
Q-tomography studies. In the Kii region, our estimated C
is large, but this region also shows large station variability
(Fig. 8). As discussed earlier, the large station variability may
represent local variations, which seems to be consistent with
the result of Pei ef al. (2009). Overall, the regional variations
of attenuation characteristics in the Nankai subduction zone
that we find are consistent with previous studies.

In Cascadia, Baltay and Beroza (2013) investigated seis-
mic attenuation from tectonic tremors using a similar
method. They found a C value for PGV between 0.00467
and 0.00480, which is very similar to our result of 0.005.
The GMPE from Atkinson and Boore (1997) for the Cascadia
region for both crustal and intraslab earthquakes has
C = 0.0025 for PGV from ordinary earthquakes, which is
smaller than our estimated attenuation parameter. They also
find attenuation parameters for spectral acceleration ranging
from 0.0041 at 2 Hz to 0.008 at 8 Hz. They do not distinguish
intraslab earthquakes from crustal earthquakes for analysis,
which might result in a slightly higher estimated C value;
however, our attenuation parameter in Cascadia of ~0.005
for PGV is between their attenuation values of 0.004 and
0.008 at 2 and 8 Hz, so is consistent with those results.

In Mexico, Garcia et al. (2005) developed a GMPE for
the broader Mexican subduction zone region and found C
values for PGV of 0.0053 and spectral accelerations of
0.0055 for 2 Hz and 0.0085 for 5 Hz. In the Jalisco region,
Tejeda-Jacome and Chédvez-Garcia (2007) developed a
GMPE but do not take seismic attenuation and scattering (our
C parameter) explicitly into account. Our average value for
C = 0.009 in Jalisco is not far from that of Garcia er al.
(2005), but, as their region is much larger, we may be able
to resolve smaller scale variations that give rise to slightly
different attenuation values.



Seismic-Wave Attenuation Determined from Tectonic Tremor in Multiple Subduction Zones

Along the South American subduction zone in Chile,
there is little regular seismic activity, but many ordinary
earthquakes occur 1000-3000 km farther north. Using inter-
plate earthquakes in that area, Boroschek and Contreras
(2012) estimate a C parameter of 0.0018 and 0.0044 for
spectral accelerations at 2 and 10 Hz, respectively. These val-
ues are similar to our average C value of 0.006. However,
these regions are disparate, and hence we cannot directly
compare their result with ours. In southern Chile near the
triple junction, our study provides the first estimate of the
GMPE attenuation parameter.

Some studies listed here do not distinguish between
crustal, interplate, and intraslab earthquakes when develop-
ing GMPEs. However, our study shows that intraslab earth-
quakes give rise to a larger C than do interplate events due to
their location below the subducting oceanic crust. This trend
can be also seen in the work of Kanno ez al. (2006). If we use
an attenuation parameter obtained from intraslab earthquakes
to predict ground motion of interplate earthquakes, that
ground motion may be underestimated, an unwelcome trend
given the location of mega-interplate earthquakes. Plate-
interface earthquakes alone should be used to estimate
GMPE parameters for seismic-hazard maps and assessments.

In this study, we have shown that tectonic tremor can be
used to determine the attenuation parameter for GMPEs in
regions where ordinary earthquakes may not often occur.
Physically, tectonic tremor tends to occur in regions where
ordinary earthquakes are less likely (e.g., Ide, 2013), so their
seismic signals are a helpful tool to estimate attenuation in
these areas. The results of this study for the C parameter
and its range of reliability are schematically summarized in
Figure 12, and the comparisons to other studies are given
in Table 2.

Discussion

The seismic attenuation parameter in the subducting
plate as determined using tectonic tremor differs, with stat-
istical significance, between subduction zones (Fig. 12). The
cause of this variation in attenuation is still unclear, but
physical controls might be the age of the subducting plate,
as temperature affects attenuation (e.g., Karato, 2003);
however, the subducting oceanic plates in this study all have
similar ages. An alternative explanation is that the material
constituting the continental crust might exert an influence on
the seismic attenuation in the crust.

The highly attenuating subducting oceanic crust, which
is often the host of the tremor source region, has been imaged
in several studies, yet the results are not conclusive (Eber-
hart-Phillips ef al., 2005; Reyners and Eberhart-Phillips,
2009; Takaoka et al., 2012; Kita et al., 2013). Smoothing
and limited resolution, typically 10-20 km, in Q tomography
make it difficult to identify an attenuating layer as thin as
~5 km. We have inferred such a layer through comparison
of attenuation between tectonic tremors and intraslab earth-
quakes with different hypocentral depths. Obtaining actual Q
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values of oceanic crust requires a more sophisticated analysis
that models specific frequencies and careful event location
selection of tremors and intraslab earthquakes so that path
effects in the upper plate are canceled, as well as consider-
ation of different geometrical spreading coefficients (i.e., dif-
ferent from —1). We also note that the estimated C in our
study includes both anelastic attenuation and scattering, so
to obtain an intrinsic Q value for the oceanic crust, the effect
of scattering must be estimated (e.g., Takemura and Yoshi-
moto, 2014).

The strongly attenuating oceanic crust suggested in this
study adds to the evidence for pore fluids caused by dehydra-
tion reactions in the subducting slab in the tremor source re-
gion. Tremor activity has various heterogeneities, such as tidal
sensitivity, duration of signal, and recurrence interval (e.g.,
Obara et al., 2010; Wech and Creager, 2011; Ide, 2012) that
might be influenced by the amount of dehydrated fluid.
Takaoka er al. (2012) show that oceanic crust at depths below
the tremor source is less attenuating, which may be due to the
lack of the dehydration reactions. Thus, the amount of dehy-
drated fluid could, in principle, be estimated from the varia-
tion in seismic attenuation as determined in this study.

Conclusion

We estimate seismic attenuation using tectonic tremor in
the Nankai, Cascadia, Jalisco, and southern Chile subduction
zones, quantitatively estimating the attenuation parameter C
and relative site factors for application in GMPEs. The esti-
mated attenuation parameters vary between regions, which
may be indicative of the material constituting the overriding
plate. By estimating the distance dependence of the attenu-
ation parameter, using several distance limits, we show that
the shallower layer of the upper plate is more attenuating
than the deeper layer. We also apply the same method to
estimate attenuation from intraslab earthquakes (which occur
near the oceanic Moho) to demonstrate that oceanic crust
(which exists in a layer between tectonic tremor and intraslab
earthquakes) has strong attenuation. These results caution
against the use of intraslab earthquakes for ground-motion
prediction because they may overestimate the effects of
attenuation on predicted ground motion from megathrust
earthquakes. Our method can be employed to estimate the
attenuation parameter in subduction zones where ordinary
earthquakes on the plate interface do not often occur and
hence where GMPEs are poorly constrained.

Data and Resources

The earthquake catalog is provided by Japan Meteoro-
logical Agency (JMA) for the Nankai region and by Univer-
sidad Nacional Autonoma de Mexico (UNAM) for the
Mexico subduction zone. The seismic waveforms are down-
loaded from Hi-net, maintained by the National Research
Institute for Earth Science and Disaster Prevention (NIED)
for Shikoku, Kii, and Tokai regions; from the Plate Boundary
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Observatory through Incorporated Research Institutions for
Seismology (IRIS) and the Canadian National Seismograph
Network through CNDC for Cascadia; through IRIS from
the “Mapping the Rivera Subduction Zone” project for
Jalisco; and through IRIS from the Chile Ridge Subduction
Network in southern Chile. Some figures in this study are
drawn using Generic Mapping Tools software (Wessel and
Smith, 1995).
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