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What makes low-frequency earthquakes low frequency
Qing-Yu Wang'*, William B. Frank', Rachel E. Abercrombie’?, Kazushige Obara®, Aitaro Kato®

Low-frequency earthquakes, atypical seismic events distinct from regular earthquakes, occur downdip of the
seismogenic megathrust where an aseismic rheology dominates the subduction plate boundary. Well situated
to provide clues on the slip regime of this unique faulting environment, their distinctive waveforms reflect either
an unusual rupture process or unusually strong attenuation in their source zone. We take advantage of the
unique geometry of seismicity in the Nankai Trough to isolate the spectral signature of low-frequency earth-
quakes after correcting for empirically derived attenuation. We observe that low-frequency earthquake
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spectra are consistent with the classical earthquake model, yet their rupture duration and stress drop are
orders of magnitude different from ordinary earthquakes. We conclude their low-frequency nature primarily
results from an atypical seismic rupture process rather than near-source attenuation.

INTRODUCTION

Tiny repetitive earthquakes with a characteristic deficit of high-fre-
quency seismic radiation called low-frequency earthquakes occur in
swarms of activity at plate boundaries around the world. While they
occur along many plate boundaries, low-frequency earthquakes
most often occur in subduction zones (1) in the transition zone
on the plate interface between major earthquakes and deeper
steady creep. Their spatial distribution and distinct periodicity
provide important insights into the nature of slip in this transitional
region (2) and its relationship to large destructive earthquakes (3, 4),
but the underlying cause of their distinctive seismic signature
remains enigmatic.

The low-frequency nature of these events could reflect a novel
seismic source, with abnormally slow rupture and slip velocities
compared to regular earthquakes (5, 6), which are well explained
by the classical w-square circular rupture model (7), or they could
be regular earthquakes with their high-frequency radiation attenu-
ated away during propagation through the unusual source region in
which they occur (8). Alternatively, some combination of the two is
possible, as the unusual conditions needed to produce one are also
likely to affect the other.

Regional three-dimensional (3D) imaging of seismic velocity (9,
10) and attenuation (I11I) structures provides a general context for
the complexity of the plate boundary faulting system. Much re-
search has highlighted the presence of high fluid content within
the subduction interface zone (12), causing high fluid pore pressure
(13, 14) and strong attenuation (15, 16). Regional studies over hun-
dreds of kilometers cannot, however, constrain the narrow low-fre-
quency earthquake source region at the plate interface.

A powerful approach to precisely isolating the spectral signature
of an earthquake source is to use the recording of a colocated
smaller earthquake as an empirical Green's function to remove
the waveform distortion due to propagation along the path from
the source region to the recording seismometer (17). The low
signal-to-noise and small size of low-frequency earthquakes
prevent this approach from being applied directly. Thomas et al.
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(18) used nearby shallower earthquakes as empirical Green's func-
tions to resolve the source characteristics of low-frequency earth-
quakes on the San Andreas fault. However, if the recorded deficit
of high frequencies was a consequence of localized attenuation in
the source zone, then this approach is unable to distinguish
whether the attenuation between the low-frequency earthquakes
and the shallower empirical Green's functions is responsible for
the characteristic spectral shape of low-frequency earthquakes. Sim-
ilarly, the low seismicity rates on the Cascadia subduction zone
forced Bostock et al. (15) to use earthquakes over a 100 km region
as empirical Green's functions to investigate the source characteris-
tics of low-frequency earthquakes on the plate interface at depth.
Resolving this outstanding question requires a combined analysis
of both earthquakes and low-frequency earthquakes in a region
where many of each type of seismic event occurs in an optimal ge-
ometry to isolate source and path effects.

The Nankai Trough, where low-frequency earthquakes were first
observed (19), is monitored by a long-term borehole monitoring
network (20) that has recorded low-frequency earthquakes in the
same epicentral area as both crustal and intraslab earthquakes
(Fig. 1). We focus on two depth columns directly beneath two
seismic stations where the subduction interface is sandwiched
between earthquakes above and below, with one depth column
hosting low-frequency earthquakes and the other not. With this
unique seismic geometry, we investigate the end-member possibil-
ities of attenuation experienced by low-frequency earthquakes to
isolate their source process. Through this natural controlled exper-
iment, we place key constraints on the character of the low-frequen-
cy earthquake source to address the outstanding question: What
makes low-frequency earthquakes low frequency?

RESULTS

Experimental setup

We define two 10-km-radius-depth columns of seismicity beneath
two Hi-net (high-sensitivity seismograph network) (20) borehole
seismometer stations TOKH and TKWH (Fig. 1A), using the
Japan Meteorological Agency (JMA) catalog of local earthquakes
between 2005 and 2018. Low-frequency earthquakes only occur
beneath TKWH (the orange column), located on Kii Peninsula,
while none are observed beneath eastern Shikoku Island beneath
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Fig. 1. Spatiotemporal behavior of low-frequency and regular earthquakes in the Nankai Trough. (A) Map view of two neighboring localized regions of seismicity
with and without low-frequency earthquake activity. Black circles represent the low-frequency earthquakes from 2005 to 2018 as cataloged by the JMA. We focus on
depth columns beneath two seismic stations, TOKH in blue where no low-frequency earthquakes occur and TKWH in orange where low-frequency earthquakes do occur;
other analyzed neighboring stations are shown by the colored triangles. The black thin lines indicate the plate boundary of the Philippine Sea slab (54), and the black thick
line illustrates the Nankai Trough, where the Philippine Sea Plate is subducting beneath southwestern Japan. (B and C) Depth distributions of regular earthquakes and
low-frequency earthquakes (black circles) within the two 10-km-radius-depth cylinders beneath TOKH and TKWH; low-frequency earthquakes only occur beneath the

orange depth cylinder (TKWH).

TOKH (the blue column), a real gap in low-frequency earthquake
activity verified by a recent joint analysis with permanent and tem-
porary observations (21). The local magnitudes M; for regular earth-
quakes estimated from peak seismic velocities range from 0 to 4.1;
low-frequency earthquake with magnitudes larger than magnitude
(M;) 1 are not observed. We observe regular earthquakes in the over-
riding plate crust and just below the subduction interface within the
downgoing oceanic slab throughout the studied time period in both
depth columns (Fig. 1, B and C). Within the orange column, low-
frequency earthquakes occur in discrete bursts of activity (22) at
~30 to 40 km in depth, consistent with the depth of the plate inter-
face (6, 23, 24). The apparent vertical extent of the low-frequency
earthquake source region is likely overestimated because of signifi-
cant location errors in depth due to a lack of observable P-wave ar-
rivals (Fig. 1) (19).
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We start by relocating the regular earthquakes from their original
JMA catalog locations, using a double-difference travel time ap-
proach that leverages interevent waveform correlation (25). This ap-
proach explicitly groups the earthquakes into clusters defined by
both their spatial proximity, defined by the double-difference
travel times, and their similarity in source mechanism, defined by
their interevent waveform correlations. This explains why there are
distinct clusters shown in fig. S1 that are tightly grouped together in
space: Their waveforms, and thus their source mechanisms, distin-
guish a given cluster from the other nearby clusters. We use this or-
ganization of the catalog into clusters to first evaluate the seismic
structure of the two depth columns and then to constrain the spec-
tral shape of low-frequency earthquakes.
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Vertical structure along the low-frequency earthquake path
A precise local seismic structure is essential context to accurately
capture the faulting environment of the low-frequency earthquake
source region. We constrain the vertical profile of seismic velocity
and attenuation within both depth columns at high resolution using
all of the relocated regular earthquakes (fig. S3B). We use the man-
ually picked P- and S-wave arrival times to invert for the velocity
structure of both P and S waves (Fig. 2, A and B), initialized with
a regional a priori seismic velocity model (9).

In the blue column, both the P and S seismic velocity profiles
have a comparable shape to the initial model, increasing steadily
with depth except close to the plate interface where they exhibit a
rapid change. The sharp velocity contrast expected at the interface
is difficult to recover because the earthquake location errors are
probably larger than the depth range of the velocity changes. In con-
trast, the P and S velocities in the orange column exhibit significant
variation with depth and deviation from the initial model. Both ve-
locities decrease below ~20 km and remain low throughout the low-

B C D
T T O T r 0 T 0 T T
—— Initial V/ \ — Initial V| [ — Initial Q — Initial Q
— — | — —_—
Y \ Y% | [ % 9
% b 10+ % 10+ % | 10+ )
20+ 20+ 1 20+
€ B €
\ <30 <30 )
© © ©
‘ 40} \ 40+ 40t
o |
50 = 1 50 &g 50
¥ E‘" | | i‘
™ ‘1 | b
60 : 60 : ] 60 60 3 -
4 6 8 10 4 6 8 10 0 500 1000 0 1000 2000
V (km/s) V (km/s) Q Q
E
0 50 TOKH TKWH
M~ e LA
50 - eq #per 5km <—> 10km <—> 10km
e Initial blue: V /V. —-—-Blue column: V_/V. ——Blue column: Q_/Q
[Blue eq # » p s ps p s
[_"lOrange eq # - Initial orange: Vp/l/S Orange column: Vp/Vs Orange column: Ople
40+
€ 8
<30 s
@
o
8
g
£20
()
£ o
e
g0 8o, LFE
3 source
S o Plate interface %o, @ region
= o 0 ¢ ©
& * e
10 :
20
s p s
| I I I I T I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Ratio

Fig. 2. Seismic velocity and attenuation structure of the two depth columns. (A and B) respectively show the 1D velocity structure within the blue and orange
columns. (C and D) respectively show the 1D seismic Q structure within the blue and orange columns. The black dotted lines indicate the shallowest depth of intraslab
earthquakes, assumed to be the slab interface for the purpose of aligning the two columns in (E). The shaded zones outline the uncertainty estimated as two times the SD.
(E) Ratios of V,/V; (dotted blue and orange curves) and Q,/Q; (solid blue and orange curves) within the blue and orange columns. The black dots indicate the low-
frequency earthquakes scaled by longitude within the orange column. The colored bars indicate the number of earthquakes in 5-km-depth bins within the two columns.
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frequency earthquake source region (26, 27). At the depth of the
plate interface, they increase rapidly, similar to the behavior in
the blue column. We observe a high V,/V; ratio within the low-fre-
quency earthquake source region that is not present elsewhere, con-
sistent with increased fluid pressure where low-frequency
earthquakes occur (23). We also use a joint inversion (28) to simul-
taneously invert the absolute earthquake hypocenter and the 1D
seismic velocity structure, using all adjacent seismic stations. The
results of the joint inversion confirm the reliability of our seismic
velocity model and corroborate the high V,/V; ratio within the
low-frequency earthquake source region (fig. S6).

To determine the attenuation structure, we first estimate the
local site effects beneath each station and then invert for the path-
averaged attenuation. Using our high-resolution seismic velocity
profile in Fig. 2 (A and B), we recover the local attenuation structure
with depth (Fig. 2, C and D). Given the uneven depth distribution of
earthquakes (Fig. 2), we invert for a constant quality factor Q within
the first 5 and 10 km for the blue and orange columns, respectively.
Both profiles are comparable to the seismic attenuation structure
estimated by Kita and Matsubara (11), but our results reveal more
detail in depth, especially in the orange column, which displays a
high Q zone at a relatively shallow depth of ~10 to 20 km, possibly
associated with the Kumano pluton (29), that decreases with depth
and then increases beneath the interface.

To evaluate our horizontal spatial resolution of the structure
within the 10-km radius of the depth columns, we estimate the
Fresnel zones of the earthquake clusters as they travel through the
low-frequency earthquake source region. We observe in fig. S2C
that any given cluster of earthquakes, each well constrained by
their differential travel times and waveform correlations, is more
widely distributed than their respective Fresnel zones. This suggests
that the epicentral location errors are greater than the Fresnel zones,
implying that our recovered seismic structure likely represents an
areal average across the entire 10-km-radius-depth column.

We then focus on the ratios of Q,/Q, and V,/V; that are both
indicators of the presence of pore fluids (30). We plot together
these ratios in both depth columns after removing a reference
depth from the shallowest intraslab earthquake (Fig. 2E), which
we consider to be the deepest possible extent of the subduction
plate interface. This relative reference frame enables us to directly
compare the seismic structure of the two depth columns. For
both V,/V; and Q,/Q,, the shallowest ~10 km is strongly affected
by shallow heterogeneity and poorly resolved in our models (fig.
S3A). At greater depths the V,/V; ratio is similar to previous obser-
vations in Japan (31, 32). Overall, the Q,/Q, in both columns is less
than 1. It is only in the orange column, within the 10 to 15 km above
the plate interface reference depth, that the Q,/Q; ratio approaches
unity; this coincides with a V,/V; significantly greater than the
crustal reference value of 1.74 (33). This region of high V,/V, and
Q,/Q, in the orange column just above the plate interface suggests
pore space saturated with fluids (30), likely originating from meta-
morphic dehydration reactions (16, 32). The high V,,/Vand Q,/Q;
in the orange column both decrease upward from the plate interface
reaching average values about 15 km above the plate interface, co-
inciding with a high absolute Q,. This suggests an impermeable
barrier above the Philippine Sea Plate near or at the base of the
upper plate that maintains a high pore fluid pressure, likely a key
ingredient in generating low-frequency earthquakes (23). We
suggest that this observed seismic structure of the orange column
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indicates a fluid-rich environment within the low-frequency earth-
quake source region (34) above the plate interface, likely facilitating
seismic rupture by reducing the effective normal stress. With no ev-
idence of a singular zone of attenuation responsible for the unique
spectral content of low-frequency earthquakes, we now turn to the
seismic waveforms of low-frequency earthquakes to constrain their
source signature.

Earthquake-like spectral shape of low-frequency
earthquakes

The displacement spectra of regular earthquakes in both depth
columns exhibit typical magnitude-dependent scaling of their spec-
tral shape, with larger low-frequency amplitudes and lower corner
frequencies with increasing magnitude (Fig. 3). The spectra of low-
frequency earthquakes in the orange column are visible over the
noise with their eponymous deficiency in high frequencies when
compared to regular earthquakes.

Leveraging the waveform similarity defined by our relocation ap-
proach, we use earthquake clusters to extract local empirical atten-
uation functions shown in Fig. 3C that include path effects that
cannot be explained by simple exponential attenuation models
(see Materials and Methods for details). We constrain the empirical
attenuation separately for each earthquake cluster, allowing us to
precisely estimate the attenuation at different depths, notably sur-
rounding the low-frequency earthquake source region. We once
again observe a layer with relatively low attenuation (high-quality
factor Q) at ~20 km in depth, above the low-frequency earthquake
source region (Fig. 2D). Consistent with the uncorrected displace-
ment spectra of regular earthquakes in Fig. 3 and the resolved
seismic structure of attenuation, the recovered empirical attenua-
tion does not show evidence of a localized, strongly attenuating
region in the orange column that would explain the observed defi-
ciency of high-frequency energy in low-frequency earth-
quake spectra.

We average the empirical attenuation functions across three
earthquake clusters at ~45 km, the deep extent of the low-frequency
earthquake source region, to isolate the spectral signature of the
low-frequency earthquake source; this average represents the
maximum attenuation that low-frequency earthquakes could expe-
rience. We divide this average empirical attenuation function from
the averaged displacement spectra of low-frequency earthquakes
separated into two magnitude bins, 0.2 to 0.5 and 0.5 to 1. We
observe in Fig. 3D that the rate of high-frequency decay of low-fre-
quency earthquakes after correction now matches an w-square
falloff, suggestive of an earthquake-like circular rupture.

We observe a subtle magnitude-dependent scaling of the corner
frequency f. of low-frequency earthquakes (Fig. 3D), consistent with
regular earthquakes (Fig. 3, A and B). Noise at frequencies lower
than 2 Hz precludes us from determining a corner frequency for
the largest low-frequency earthquakes, but the maximum possible
corner frequency f. of the low-frequency earthquakes observed
here is about ~2 to 3 Hz (35). A corner frequency of 3 Hz is
more typical for a magnitude 4 earthquake, three magnitude units
greater than the largest low-frequency events observed here, indicat-
ing how anomalous these events are. The representative stress drop
estimated from this maximum possible corner frequency is ~10
kPa, about two orders of magnitude smaller than that of regular
earthquakes. If we assume a source dimension of 50 m, the
rupture radius more typical of an earthquake of similar moment
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magnitude (Fig. 3), then the rupture velocity would have to be 100
m/s for a source duration of 0.5 s (1/f.= 2 Hz), more than one order
of magnitude smaller than typical earthquake rupture velocities.
We evaluate how robust our source estimates of low-frequency
earthquakes are by examining their source-time functions in the
time domain, the result of a reverse Fourier transform of their dis-
placement spectra corrected with an empirical Green's function. We
estimate source-time functions for the largest low-frequency earth-
quakes (Fig. 3E) with estimated magnitudes of 1 with two different
sets of empirical Green's functions, one using regular earthquakes
similar to (18) and one with smaller low-frequency earthquakes.
The source-time functions of low-frequency earthquakes show
simple earthquake-like pulses, albeit with a much longer duration
than even a regular earthquake of magnitude M; = 3.3. We verify
the resolution of our source-time functions with regular earth-
quakes and observe simple pulse shapes with an expected slightly
longer duration for larger magnitude events (Fig. 3E and fig. S7D).
Assuming that rays from deep earthquakes pass through the
region where low-frequency events occur in the orange column,
the observed difference in spectra between regular earthquakes
and low-frequency earthquakes cannot be explained by the greatest
possible attenuation below the subduction interface where low-fre-
quency earthquakes occur, as estimated from intraslab earthquakes.
This contrasts with recent experimental work on lithologies sus-
pected to host low-frequency earthquakes (36). Our results indicate
that the absence of high-frequency components in low-frequency
seismic events is not primarily controlled by abnormally high atten-
uation. As discussed above, epicentral location errors and the wide
distribution of estimated Fresnel zones suggest that our empirical
estimates of attenuation, while horizontally averaged over the
depth column (fig. S2B), accurately represent the impact of the
source-receiver path on the recorded low-frequency earthquake
waveforms. In addition, the similarity of low-frequency earthquake
source-time functions, whether computed with regular earthquakes
or low-frequency earthquakes, suggests that strong lateral heteroge-
neity is unlikely to explain our results. We thus conclude that atten-
uation is not solely responsible for the distinctive spectral signature
of low-frequency earthquakes and that the low-frequency earth-
quake source is significantly different from the typical earthquake
source. We suggest that this distinct faulting source is likely influ-
enced by the unique faulting environment that hosts low-frequency
earthquakes: the fluid-rich subducting plate boundary.

DISCUSSION

Our findings indicate that distinct structural factors dictate the oc-
currence and characteristics of low-frequency earthquakes. After
correcting with precise empirical attenuation functions, we
observe that low-frequency earthquakes are consistent with the w-
square high-frequency spectral falloff and the simple pulse of
source-time function that explains the majority of earthquake
sources (7). This indicates a similar rupture process for regular
and low-frequency earthquakes that can be modeled as a circular
crack. As the slip velocity on the fault controls high-frequency
seismic radiation (7), high frequencies are preferentially generated
by abrupt changes in rupture velocity. The presence of fluids, sup-
ported here by our local estimates of 1D seismic velocity and atten-
uation, can not only affect the dynamic rupture propagation by
reducing dynamic friction (37) but also slow down rupture speeds
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through dilatancy strengthening (38). Compared to dry conditions,
fluids can cause frequency-dependent attenuation to dominate
under saturated conditions (36) that is difficult to model. We side-
step this challenge by correcting low-frequency earthquake spectra
with empirical estimates of attenuation that do not rely on a given
model (Fig. 3). By comparing two neighboring depth columns, we
demonstrate that attenuation with a lateral resolution of 20 km con-
tributes to, but cannot alone explain, the unique spectral signature
of low-frequency earthquakes (Fig. 2).

We demonstrate at a higher resolution than past regional-scale
studies (11, 23) that the local environment of the plate interface is
different in areas where low-frequency earthquakes occur compared
to nearby areas where they do not. The source regions of the low-
frequency earthquakes are marked by high pore fluid pressure indi-
cated by high Q,/Q, and V,/V, ratios (Fig. 4). This suggests that local
variations in the rheology of this transitional zone, just downdip of
where major earthquakes occur and where slow fault slip dominates
the tectonic slip budget, are responsible for earthquakes that rupture
an order of magnitude more slowly than is typical. Metamorphic
dehydration of the downgoing oceanic crust likely facilitates this
slip regime by increasing pore fluid pressure and creating the nec-
essary stress conditions to host seismicity. An atypical rupture
mechanism associated with this rheology, likely governed by pro-
cesses linked to saturated fault conditions at the plate boundary,
is necessary to explain the source of low-frequency earthquakes.
The unique rheology of low-frequency earthquakes has implications
for the potential occurrence of transient slow slip events, which can
impact the interseismic loading of the megathrust. Observation of
low-frequency earthquakes suggests that the fault system is likely ac-
cumulating strain that will not be released in a major earthquake but
rather as an aseismic slow slip event. Further work will be essential
to explore the physical mechanisms that can explain the rupture dy-
namics observed here, shedding light on the role the transitional
zone downdip of the seismogenic megathrust plays in the
seismic cycle.
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MATERIALS AND METHODS

Earthquake relocation and clustering

We relocate all the regular earthquakes in two columns with a 10-
km radius centered on Hi-net seismic stations TOKH and TKWH
(Fig. 1). We use seismic recordings from all the available Hi-net sta-
tions close enough to record the small earthquakes: 8 for the blue
column of earthquakes and 11 for the orange column. Our reloca-
tion, done separately for each depth column, is based on the Grow-
Clust relocation approach (25), which uses double-difference travel
times and waveform correlation. We only attempt to relocate events
with magnitudes (M;) larger than 0.5 and 0.8 for the blue and
orange groups, respectively. The magnitude criteria are designed
to ensure sufficient signal-to-noise ratio for the P and S waves
while maintaining the required number of earthquakes for the
depth-dependent analysis. We only use the differential travel
times to relocate if the corresponding correlation coefficient is
greater than 0.7 (39) for both P and S waves at 4 to 8 Hz using a
1-s window length for a given event pair at one station.

Figure S1 (A and B) illustrates earthquake hypocenters in both
depth columns before and after the earthquake relocation. Starting
from the JMA catalog from 2005 to 2018, we are able to relocate 313
of 454 regular earthquakes in the blue column and 409 of 526
regular earthquakes in the orange column. The relocation produced
negligible difference in epicenters, consistent with the known
quality of the JMA catalog (40). In both column configurations,
the earthquakes are concentrated within layers, including shallow
crustal earthquakes and deep intraslab earthquakes.

The relocation (25) involves grouping the relocated events into
distinct clusters by combining the hypocentral locations with the
waveform similarity determined during cross-correlation. In fig.
S1 (C and D), different colors are used to distinguish the relocated
clusters containing at least 10 earthquakes. Although several earth-
quake clusters are located in the vicinity of other clusters at compa-
rable depths, they are grouped into distinct clusters based on
waveform cross-correlation constraints at multiple stations. We
are thus able to control for earthquake mechanism by leveraging
both locations and waveforms. The high correlation coefficient
threshold we chose allows us to extract clusters of earthquakes
with both similar focal mechanisms and locations. Earthquakes
having a magnitude M; greater than 2.5 are considered to be
target earthquakes for studying the source features, attenuation
characteristics, and stress changes within the localized
depth columns.

Low-frequency earthquake locations and lateral
heterogeneity

The locations of the low-frequency earthquakes from the JMA
catalog are within the depth interval of ~30 to 40 km in the
orange column (Fig. 1C). Without identifiable P-wave arrivals
(19), the low-frequency earthquake epicentral locations are more
robust than their poorly constrained depths. The overly broad
range of depths of the low-frequency earthquakes corroborates
that their locations in depth are much more uncertain (Fig. 1C).
Our experimental setup to constrain attenuation in the low-fre-
quency earthquake source region rests on the assumption that the
10-km-radius-depth columns are sufficiently small that the seismic
waves radiated from all of the seismic events in the depth column
experience the same seismic structure as they travel to the station
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directly above. This assumes that all seismic waves traverse the
low-frequency earthquake source region in the orange column. To
evaluate the horizontal coverage of our recovered seismic structure,
we estimate the Fresnel zone of the seismic waves traveling through
the low-frequency earthquake source region. The Fresnel zones
shown in fig. S2C represent the lateral coverage sampled by the
seismic waves from the earthquakes at 4 Hz and their spatial rela-
tionship with the distribution of low-frequency earthquakes. Figure
S2 (A and B) depicts the spatial distribution of the target earth-
quakes in the two depth columns.

We estimate the radius of the Fresnel zones (41) of the five intra-
slab earthquake clusters in the orange column using

71/ to
T—E ]—(

where v is the velocity from the local 1D profile and ¢, is the travel
time between each individual earthquake epicenter and the median
depth of low-frequency earthquakes of approximately 36 km; we
calculate this travel time between each individual intraslab earth-
quake hypocenter and this median depth of 36 km. We observe
that the Fresnel zones of the relocated earthquake clusters with sig-
nificantly similar waveforms do not overlap as much as expected,
suggesting that the epicentral location errors are greater than the
Fresnel zones. The spatial distribution of these waveform-based
earthquake clusters demonstrates that we cannot recover the
lateral heterogeneity within the 10-km radius of each depth
column. Our estimates of seismic velocity and attenuation thus
likely represent the horizontally averaged attenuation across the
depth column, which accurately accounts for the impact of the
source-receiver path on the low-frequency earthquake waveforms
recorded at the stations at the top of each depth column.

(1)

Seismic velocity structure
We jointly invert 1D P- and S-wave velocities down to 45 km
beneath TOKH and 60 km beneath TKWH (Fig. 2, A and B)
using the manually picked P- and S-wave arrival times t, and t;
and hypocenter depths of all relocated events (fig. S3A). We
adopt a least-squares inversion and reject earthquakes with incident
angles of >25° to avoid bias from shallow structure. We select a re-
gional seismic velocity model (9) and extract a separate 1D velocity
model for each depth column separately from the grid point closest
to the two central stations. We then interpolate each model to every
1 km to form our two initial velocity models m,. We jointly invert
the 1D velocity of both P and S waves using

-1

m=(G'C'G+ Ci) (GTCpld™ + Cylmy)

by minimizing the least-squares misfit

2)

N

2
1 L[ obs & |
Xm=3> 5 (dib - ZGUW’) +52_ 5 mi—me) (3)
i i j=1

i=1 Yi

where Cp is identity matrix considering uniform input uncertain-
ties € and Cy is the diagonal matrix composed of squared y. The
larger v is, the less dominant the initial model is. We select the
final y based on the inflection point from L curve of root mean

square misfit X" against |m, — m| (fig. S3C).

7 of 11

$207 ‘bz [Hdy uo 810°00ud1os mmar//:sd)y woij papeo[umo]



SCIENCE ADVANCES | RESEARCH ARTICLE

We use a bootstrapping scheme to estimate uncertainties for the
1D inversions. We take a random 80% subset of the observations
and the invert for the 1D structure; we perform this over 200 iter-
ations. The root mean square residuals for the velocity inversion are
reduced by 79 and 58% for the blue and orange columns, respective-
ly. We then estimate the uncertainty as 1x and 2x the SD o of these
200 iterations. The uncertainty for the velocity ratio (o3 ) is then de-
termined by the following equation

o\’ 2
2 \% Ov,
== ] t(=
: (w) (V)

Joint-inversion of earthquake location and seismic velocity
To ensure the robustness of the resolved local seismic velocity struc-
ture and earthquake relocation, we also conduct a joint inversion of
the local seismic velocity and earthquake hypocenters. (28). We use
all the surrounding Hi-net stations, 9 and 11 stations in the blue and
orange regions (Fig. 1A) respectively, and include all the earth-
quakes with both P- and S-wave arrival times from at least eight sta-
tions. We successfully locate 107 of 454 and 299 of 526 earthquakes
respectively in the blue and orange depth columns.

Figure S4 depicts the earthquake locations in the blue and orange
regions after 10 iterations, where each iteration allows for a 5 km
fluctuation in earthquake depth. The final earthquake locations in
both regions are comparable to the initial JMA locations and Grow-
Clust results, with no significant differences observed.

Figure S5 illustrates a comparison between the velocity structures
shown in Fig. 2 (depth resolution of 1 km) and the joint inversion
that is designed to recover velocities with a 2-km-depth sampling.
The root mean square residuals from the joint inversion remain in
the range of 0.2 to 0.25 s, suggesting an error in depth of around
2 km.

The distribution of earthquakes within the blue depth column is
suboptimal and does not provide significant local detail beyond the
initial model. By using all of the surrounding Hi-net stations, the
joint inversion produces an average velocity structure that covers
an area of approximately 10,000 km ?, which is not capable of accu-
rately reflecting the complex structure within the studied depth
columns. In addition, the shallow portion of the structure is
mostly influenced by shallow ray paths reflecting the path to all of
the surrounding stations. This shows that the local 1D velocity in-
version, as well as the joint inversion of earthquake location and ve-
locity structures, can both effectively resolve the important low S
velocity zone, as indicated by the black arrow in fig. S5B.

The comparison of V,/V, obtained from the inversions using
either a single station or the joint inversion of velocity and hypocen-
ter indicates a noticeable high V,,/V; zone within the depth range of
low-frequency earthquakes source zone above the plate interface in
the orange column (fig. S6).

(4)

Empirical Green's function and source-time functions of
regular earthquakes

The empirical Green's function method uses small earthquakes in
the vicinity of the main earthquake to cancel out the main event's
path, site, and instrumental effects (42). Events to use as empirical
Green's functions need to be carefully selected to ensure that they
are smaller than the mainshock and share a similar focal mecha-
nism and hypocenter with the mainshocks (42). We select empirical
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Green's functions and target earthquakes from the earthquake
clustering.

We only use seismogram pairs with a cross-correlation coeffi-
cient larger than 0.7 in the frequency range of 4 to 30 Hz for both
P and S waves; across both depth columns and all target events, this
criterion is met for between 4 and 11 stations per event pair. We
correct for slightly different travel times by aligning the waveforms
by cross-correlation. Figure S7A shows one example of a P-wave
seismogram of a target earthquake and the nine empirical Green's
functions in the same cluster (fig. S1, C and D). We estimate the
corresponding spectra using the multitaper approach (43) for a
0.8-s time window for P waves and 1-s window for S waves. We
then calculate the spectral ratios at each station to eliminate
effects coming from the path and site and the trade-off between f.
and t* (44). Figure S7B shows the spectral ratios obtained from each
pair of target and empirical Green's function earthquakes in the fre-
quency range of 2.5 to 30 Hz.

We isolate earthquake sources by averaging the normalized
ratios of all pairs of target and empirical Green's function events
for each target earthquake at each station. Figure S7C depicts an
example of P-wave spectral ratios from the Z component for the
11 total target earthquakes at station TKEH in the orange station
group. We only retain the ratios when the signal-to-noise ratio in
the frequency range of 4 to 30 Hz for each earthquake pair is
larger than 3. We obtain the spectral ratio for each target earthquake
in either group that is well recorded by at least four stations. After
deconvolution, we observe in fig. S7D clear and simple source-time
functions for each of the target earthquakes, with large magnitude
events with durations that increase with magnitude.

Probabilistic inversion of source properties
We perform an empirical Green's function analysis (42) to retrieve
the corner frequency of each of the target earthquakes using the

equation
nyY; 1/y
Qo [1 + (Lz ! )} 2
R(f)y =L Ve JJ

= QOZ [1 T (L”IYI):|1/YI
Ja

Assuming that y = 2 and n = 2, we then invert for the displace-
ment source spectra of the target events at all of the surrounding
stations, imposing a single f. per event across the network. Instead
of directly obtaining the apparent best result for each fitted param-
eter, we estimate the probability distribution of model parameters to
propagate the likelihood (fig. S8). We adopt a Bayesian inference to
derive the posterior probability from our inversion of f, for each
target earthquake (45)

()

i=N
®(m) = _w(i)[g(m) — Ras] 'C."'[g(m) = Ros]  (6)

where N is the total number of stations, ranging from 4 to 11 for the
target earthquakes across both depth columns, and ®(m) is defined
as the misfit between observation of ratios R,ps from multiple sta-
tions and synthetic model g(m)[R(f)]. w(i) is the weight for station
i. C, is a diagonal matrix of the square of uncertainties o of the ob-
servational ratios at the corresponding frequency; we consider it
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here to be uniform. The likelihood for the model m is as follows

1 ( @(m))
exp| —
(v/2nC,) 2
where [ denotes the data length. As before, we fix n =2 and y = 2
when searching for the minimum residuals (46). The full set of

L(Robs(f)|m) =

(7)

unknown model parameters is m = [fcb fcz,%—g; , 0}. On the basis

of the Bayesian posterior probability, the solution of the inversion is

L£(Raps () m) P (fer fea 108 0)
I £Raps () 1m) B (et of e 32k 0 ) df crdf cad g do
(®)
We show in fig. S8 the 1D Gaussian probabilistic inversion for a
regular earthquake of M; = 3.3 at a depth of ~40 km in the orange
column. The posterior probability of f; (blue bars), the corner fre-
quency of the target earthquake, exhibits a rather unambiguous
Gaussian distribution within 10 to 15 Hz. However, f,, the averaged
corner frequency of the empirical Green's function earthquakes is
very likely outside of the studied frequency range of less than 30 Hz.
The modeled ratio shown as the red star line matches well the global
shape of the ratios from different seismic stations.

P(fd-,fczv%,ﬁ\llobs(f)) =

Seismic attenuation structure

To obtain a more detailed attenuation structure, we extend our
spectral analysis to all events in the two columns. We start by
using the f. posterior of the probabilistic inversion above as an a
priori to constrain site effects and minimize the ambiguities
between source and site inherent to spectral inversion (47). We
invert the displacement spectra Q(f) for all the target events record-
ed at the same station and obtain relatively independent path-inte-
grated attenuation ¥ (48)

Qe )
[+ (/0

The full set of unknown model parameters can be described by m
= [Qo, fo t*, 0]. We interpret the average station residuals of the dis-
placement spectra (at individual stations from all target earth-
quakes) that the fitted model cannot explain as the site effects that
are unique to the station (14). We then correct the displacement
spectra of all the earthquakes recorded using these site effects deter-
mined from the target events. To do this, we divide the displacement
spectra of each event at each station by the averaged station residual.
We then resolve for the source and path terms by modeling the cor-
rected displacement spectra using Eq. 9.

As a quality control measure for the inversion of single displace-
ment spectra, we select and retain t* only when the corresponding o,
the uncertainty of data from probabilistic inversion, is below 0.2.
From the definition * = t/Q, we solve the local seismic structure
of quality factor Q over depth (Fig. 2, C and D) using the same
least-squares inversion method as for the seismic velocity structure.
The root mean square residuals for the attenuation inversion are
reduced by 50 and 58% for the blue and orange columns, respective-
ly. We compute the travel times using the previously inverted
seismic velocity structure. As our purpose is to compare the relative
depth variation within each of the two regions, as well as the relative
relationship between Q, and Q;, we select the initial Q, for the

off) = ©)
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inversion by taking the minimum norm residual (fig. S9, C and
D). Constant Qq values equal to 450 and 900 are separately set for
the initial model in blue and orange columns, respectively. To avoid
introducing any bias caused by using different prior values for the
initial models, we set the Qq uniformly for Pand S waves and jointly
invert Q, and Q; for each depth column.

The inversion of 1D Q from regular earthquake spectra provides
an average attenuation structure in each depth column. Despite in-
verting for the local 1D seismic velocities and attenuation, we note
the lack of detailed structure at depths where there are few earth-
quakes. Earthquakes with a broad spatial distribution, especially
in depth, are an indispensable prerequisite for obtaining robust es-
timates of the velocity and attenuation structure.

Empirical attenuation function

From Fig. 3 (A and B), we observe that the spectral energy of the
low-frequency earthquakes decreases below the noise level above
~25 Hz. The low-frequency part of low-frequency earthquake
spectra is comparable to the averaged low-frequency level of the
spectra of regular earthquakes of slightly larger magnitude and is
significantly higher than the low-frequency part of the noise. In
comparison to the recorded frequency spectra of regular earth-
quakes, the fall-off rate of the low-frequency earthquake spectra is
significantly greater at frequencies above 2 Hz.

We use an empirical attenuation function method to constrain
the low-frequency earthquake source spectra using the attenuation
measured from the probabilistic inversion for the regular earth-
quake displacement spectra. Each empirical attenuation function
represents the difference between the best-fitting spectrum of a
simple source model and the observed spectrum that incorporates
path and site effects that cannot be simulated by simple exponential
model of attenuation. We use these empirical attenuation functions
to place constraints on the attenuation experienced by low-frequen-
cy events with similar paths occurring in the same depth column.

We show in fig. S10 an example empirical attenuation function
in the blue column, where the blue curve represents the best model
obtained from the probabilistic inversion, the red curve is the model
without accounting for the exponential attenuation term e~"")
(Eq. 9), and the black curve is the observed spectrum. We then es-
timate the empirical attenuation as the difference between the red
and black curves. We obtain 5 and 11 empirical attenuation func-
tions from the local target earthquakes beneath station TOKH and
TKWH, respectively, as shown in Fig. 3C. Both empirical attenua-
tion functions and low-frequency earthquakes are averaged over the
two horizontal components at station TKWH Fig. 3D. The flow-
chart in fig. S11 provides a summary of the above steps used to
obtain the empirical attenuation functions.

We correct the low-frequency earthquake spectra by removing
the averaged empirical attenuation functions over three events
closest to the depth range of low-frequency earthquakes. The
spectra of both empirical attenuation functions and low-frequency
earthquakes are averaged over the two horizontal components at
station TKWH. The maximum frequency limit is set to 30 Hz con-
sidering the low signal-to-noise ratio at a higher frequency. We
compare the low-frequency earthquakes’ spectra before and after
empirical attenuation function correction in Fig. 3D with the w-
square model (49) calculated using multiple theoretical f.. This em-
pirical attenuation function correction allows us to precisely capture
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and evaluate the consequences of path effects on low-frequency
earthquakes and investigate their source properties.

Source time functions of low-frequency earthquakes

The vast majority of low-frequency earthquakes is too small, with a
sufficient signal-to-noise over too narrow a frequency range, to use
the empirical Green's function approach to isolating the source
from the path and site effects. That is why we adopted the
methods described above. However, we can test our methods
using the two largest low-frequency earthquakes with M; = 0.8
and 0.9 for which we are able to find empirical Green's function
events with a sufficient signal quality. We select two sets of
smaller magnitude events to use as empirical Green's functions:
low-frequency earthquakes and neighboring regular earthquakes.
All the empirical Green's function events have a cross correlation
of at least 0.7 (between 1 and 8 Hz) with the large low-frequency
target events.

We select the regular earthquake empirical Green's functions
from the events used in the inversion for velocity and attenuation
structure; they have a magnitude of M; = 0.5 and occur between
depths of 35 and 45 km. Low-frequency earthquake empirical
Green's functions are selected to have small magnitudes (M; <
—0.2) with a low-frequency amplitude that is at least 10 times
smaller than the target event. Figure S12 (A, C, and E) is the wave-
forms in different frequency bands of target low-frequency earth-
quakes and empirical Green's functions. There are five empirical
Green's functions from regular earthquakes and five from low-fre-
quency earthquakes. The time window enclosed by the vertical
dashed lines is the time window used for the empirical Green's func-
tion deconvolution. We estimate the source-time functions of low-
frequency earthquakes using the same deconvolution procedure as
for the regular earthquakes. The similarity of the source-time func-
tions in Fig. 3 (C and E) supports our use of regular earthquakes for
the retrieval of empirical attenuation functions and the source
process of low-frequency earthquakes described above. We
observe in fig. SI2E that low-frequency earthquakes have a simple
pulse source similar to regular earthquakes but with a duration sig-
nificantly longer than even an earthquake of M; = 3.3.

Stress drop

We estimate the stress drop (Ao) of the target earthquakes from our
corner frequency measurements and the calculated seismic moment
(Mo) (50)

7 M
“6a@ (10)

where d is source radius d = kP/2nf.. k is a constant, and P is the
shear-wave velocity in the vicinity zone of source.

A recent study (51) identified a significant discrepancy between
the moment magnitudes and the JMA magnitudes M; for small
earthquakes, similar to the earthquakes we study here. Using the
M; to M, relationship calculated by Uchide and Imanishi (51), we
convert the local M; into M,, and then calculate the seismic moment
M, using the equation by Aki (49) log;oM, = 1.5M,, + 9.1. We
combine these values with our estimates of corner frequency to es-
timate stress drops. The stress drop from earthquakes in the two
columns are similar and are consistent with typical global values
(46). If we take an average corner frequency of a low-frequency
earthquake as 2.5 Hz following Fig. 3D and assume that M; = 0.8

Ao
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~ M,, = 2, then we estimate a stress drop of about 10 kPa for a
low-frequency earthquake.

We can also estimate the stress drop of low-frequency earth-
quakes with past slip estimates of low-frequency earthquakes.
Recent work has estimated low-frequency earthquakes to slip
several microns during each event, along the San Andreas fault
(18) and in the Cascadia subduction zone (52). If we assume that
each low-frequency earthquake slips (8) 50 um, then the expected
slip velocity (8) is 100 pm/s assuming an average source duration of
(T)0.55 (1/f.). Assuming a circular rupture of area A = L%, where L
is the radius, and combining the equations for seismic moment M,
= unL?8 and stress drop Ac = ud/2L, where  is the shear modulus,
we can estimate the stress drop with

S udn
4M,

Ao = (11)

For a low-frequency earthquake of M,, = 1, assuming pt = 30 GPa,
we calculate a stress drop of ~8160 Pa. This estimate of ~8 kPa is
similar to our other estimate of stress drop above, suggesting that
low-frequency earthquake stress drops are about two orders of mag-
nitude smaller than that of regular earthquakes (53).

Supplementary Materials
This PDF file includes:
Figs. S1to S13
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