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Non-volcanic tremor and low-frequency earthquake
swarms
David R. Shelly1, Gregory C. Beroza1 & Satoshi Ide2

Non-volcanic tremor is a weak, extended duration seismic signal
observed episodically on some major faults, often in conjunction with
slow slip events1–4. Such tremor may hold the key to understanding
fundamental processes at the deep roots of faults, and could signal
times of accelerated slip and hence increased seismic hazard. The
mechanism underlying the generation of tremor and its relationship
to aseismic slip are, however, as yet unresolved. Here we demonstrate
that tremor beneath Shikoku, Japan, can be explained as a swarm of
small, low-frequency earthquakes, each of which occurs as shear
faulting on the subduction-zone plate interface. This suggests that
tremor and slow slip are different manifestations of a single process.
Tremor is difficult to locate because it lacks the distinct impulsive,
body wave arrivals used by traditional earthquake location methods; but
occasionally tremor in Japan contains relatively energetic and isolated
pulses that have been identified as low-frequency earthquakes (LFEs) by
the Japan Meteorological Agency5. Compared with nearby ordinary
earthquakes, LFEs are enriched in low frequencies (,1–5 Hz) and
depleted at higher frequencies. Precise relocations of LFEs beneath western Shikoku reveal that they lie along the dipping subduction interface at
depths of 30–35 km (ref. 6). On the basis of their locations and the
character of their waveforms, LFEs were inferred to represent fluidenabled shear slip on the plate boundary as part of concurrently observed
slow slip events6, rather than fluid flow as previously proposed5.
To test this interpretation further, Ide et al. calculated the mechanism of LFEs using two independent methods that exploit waveform
similarity between LFEs and regular earthquakes in the subducting slab:
analysis of LFE P-wave first motions and an empirical moment tensor
inversion of LFE S waves7. As shown in Fig. 1, these techniques each
yield results consistent with the mechanisms of slow slip events as well
as the most recent megathrust earthquake in this area. All these lines of
evidence indicate that LFEs are generated by shear slip on the plate
interface. Does a similar mechanism generate continuous tremor?
If the same shear-faulting source generates both LFEs and tremor,
we might expect to see additional weaker events within tremor with
waveforms similar to the previously identified LFEs6. The spectrum
of tremor tracks that of LFEs, but with slightly smaller amplitude
(Fig. 2), which supports the possibility of a common physical mechanism for the two phenomena.
To test this hypothesis, we used the waveforms of 677 of the bestrecorded LFEs in this region as ‘template events’ in a matched-filter
technique to search tremor waveforms systematically for portions of
the tremor that strongly resemble one or more template LFEs8. We
require each template event to be recorded at a minimum of six threecomponent stations. Correlation coefficients from these stations/
components are then stacked to produce an ‘array’ correlation sum. We record a detection when this correlation sum peaks above a threshold value.
As a detected event must possess the same pattern of waveforms
across multiple stations and components as the template event, their

locations must closely coincide. An example of a positive detection is
shown in Fig. 3, which plots the correlation sum as a function of time,
as well as waveforms and cross-correlation coefficients at the time of
detection across the network. Additional examples of detections and
non-detections are shown in Supplementary Fig. S1. Because we are
working with complex waveforms with low signal-to-noise ratios, individual channels of data show relatively weak correlations and contain
insufficient power to detect events when examined in isolation. The
strength of the matched-filter approach comes from simultaneously
considering waveforms across the network, which increases the detection power dramatically.
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Figure 1 | Comparison of LFE, slow slip event, and megathrust earthquake
mechanisms. a, P-wave first motions determined by Ide et al. for low
frequency earthquakes by cross-correlation-based first motion determination7.
Filled circles and open triangles indicate compressional (up) and dilatational
(down) first motions for LFE P waves, respectively. The signal-to-noise ratio for
most observations (small dots) is too low to determine the polarity. b, Moment
tensor inversion results from empirical Green’s function analysis of LFE S
waves. Tension (T), pressure (P) and null (N) axes are shown together with
symbols showing uncertainty and corresponding P-wave first motion
distribution. c, Overlay of the mechanism for three slow slip events near the
study area15. d, Mechanism of the 1946 Nankai earthquake16, which is the most
recent megathrust earthquake in this region and representative of relative plate
motion between the Philippine Sea plate and the over-riding plate on the
dipping plate interface of the Nankai trough subduction zone. All are shown in
equal area projection of the lower focal hemisphere.
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Figure 4 shows that rather than being random, the distribution of
positive detections is highly clustered. Not only are the detections
spatially coherent during a tremor burst, they also show an interesting
time progression. Figure 4 demonstrates the detailed evolution of two
30-min episodes of active tremor on different portions of the plate
interface. The second example (Fig. 4b) is notable in that it shows an
episode of tremor migration, with the source moving approximately
15 km up-dip along the interface in just over 20 min. This is not a
unique occurrence—similar episodes are observed at other times and
sometimes propagate in the opposite direction. This along-dip migration rate of ,45 km h21 is much faster than along-strike migration
rates of 5–17 km d21 previously reported in this region1 and in
Cacadia9,10. Although these slower rates may still govern the longerterm average migration, with the matched-filter technique we can
resolve more complex behaviour and faster migration rates along both
strike and dip. Notably, we also find instances when multiple tremor
sources, separated by up to ,20 km, are active simultaneously. This
may explain some of the variation, particularly in depth, found in
previous estimates of tremor location in Cascadia10,11. A detailed look
at tremor behaviour during the periods shown in Fig. 4 is available in
the Supplementary Movies.
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The ability to extract a weak signal from noisy data is demonstrated
by the synthetic example discussed in the Supplementary Methods
and shown in Supplementary Fig. S2. We use the correlation sum as
our detection statistic, and register a ‘strong’ detection when a value
of 8 times the median absolute deviation is exceeded. For a normally
distributed random variable, this corresponds to an exceedence
probability of ,3.3 3 1028. On the basis of synthetic tests such as
the example shown in Supplementary Fig. S2, we estimate a location
uncertainty for ‘strong’ detections of approximately 3 km.
In order to allow for the possibility that tremor is excited in the
vicinity of, but not at exactly the same location as, an LFE in our
catalogue, we also allow for ‘weak’ detections. In this case, we take the
maximum correlation coefficient from a 0.4-s window at each station
before summing. For the weak detection, the threshold is set at 9
times the median absolute deviation of the distribution of correlation
sums plus the median of this distribution, which corresponds to a
probability of ,6.4 3 10210, for the gaussian case.
Our detection technique reveals a nearly continuous sequence of
LFEs during periods of active tremor. Statistical considerations argue
against random detections, but perhaps an even more compelling
argument can be made on the basis of the highly clustered nature of
the positive detections. The detection statistic that we use is normalized, which means that it does not depend on absolute amplitudes.
Therefore, there is nothing in the construction of the measurement
to favour positive detections of one LFE over another if the tremor
consists of incoherently radiated energy or noise. Thus, we expect that
false positive detections should be geographically random.
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Figure 2 | Comparison of earthquake/LFE/tremor spectra. Shown is a
comparison of stacked, uncorrected spectral amplitude from Hi-net velocity
seismograms (horizontal components) from multiple nearby events of
various kinds. LFEs and regular earthquakes (EQs) are selected from the
same hypocentral region (33.4–33.6 uN, 132.6–132.8 uE, depths 25–45 km).
Tremor is selected from approximately the same region. For LFEs and
regular earthquakes, spectra are calculated for S-wave arrivals for a 2.5-s
window, from 0.5 s before to 2.0 s after the catalogue phase arrival.
Background (BG) noise is calculated from a 2.5-s window, 2 s before to 0.5 s
after the origin time of regular earthquakes. Tremor spectra are calculated
from sequential 2.5-s windows over a 400-s time period. Earthquakes are
separated by magnitude. We do not divide LFEs by size because their
magnitude determination method changed during our study period. In this
example, we use: 43 earthquakes with magnitude M . 1, 52 earthquakes with
M # 1, and 233 LFEs. LFE (solid black line) and tremor (solid grey line)
spectra are highly similar, but tremor has smaller amplitude. Small
earthquake (dashed black) and very small (dashed grey) earthquake spectra
are highly similar to each other, but lack the rapid decay of amplitude with
increasing frequency that is characteristic of both tremor and LFE spectra.
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Figure 3 | Example of a detected LFE. a, Correlation sum function for
template event 5 during the same 30-min period as highlighted in Fig. 4b.
CC, correlation coefficient. A histogram of correlation sum values is shown
on the right. b, Continuous tremor waveforms are shown in grey and
template event waveforms in black for each component of 10 Hi-net stations.
The CC for each trace is shown next to the template event waveforms.
Station names and components are given to the right of each trace.
Additional detections (not shown) are also present during this time window.
Waveforms are bandpass filtered between 1 and 8 Hz and template event
amplitudes are scaled to match the continuous data. Although individual
cross correlation coefficients are modest, they are overwhelmingly positive
and extremely unlikely to have occurred by chance.
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Figure 4 | Detection of LFE swarms forming tremor. a, Top panel; map view
of westernmost Shikoku, showing areas active (coloured circles) during the
30-min period on 29 August 2005 beginning at 17:00, colour coded with time
(see colour scale below). Only ‘strong’ detections are shown. Note the clear
spatial coherence of detected events with time. The spatial distribution of
positive detections is not built into the detection algorithm, but emerges
from the data. Black dots show epicentral locations of template LFEs used in
this study. The depth of these events corresponds to the plate interface at
30–35 km (ref. 6). Blue triangles denote station locations. Bottom panel

shows east-component waveforms at three Hi-net stations, bandpass filtered
between 1 and 8 Hz. Portions plotted in red indicate times with a detected
event (‘strong’ or ‘weak’) similar to a template event. Inset, the regional
tectonics, with the red box indicating the area shown in the main panel. PA,
Pacific plate; PS, Philippine Sea plate; AM, Amur plate; OK, Okhotsk plate.
b, Same as a, but beginning 2 September 2005 at 19:00. In this episode, a clear
up-dip migration of the tremor source can be seen. The locations of template
events (TE) referred to in Fig. 3 and Supplementary Fig. S1 are also labelled.

The dense coverage of LFE template sources in the region active in
Fig. 4b allows us to attribute the tremor source almost entirely to the
sources of known LFEs. This is illustrated by the waveforms shown in
Fig. 4b, where portions explained by LFEs are plotted in red. In this
case, the match between detected LFEs and tremor is nearly perfect.
In the example of Fig. 4a, previously recorded LFEs still explain the
vast majority of the tremor, but occasionally weak tremor occurs
without LFE detections. This probably reflects the main limitation
of our technique—the uneven distribution of our LFE template
sources. As we only have template LFEs in places that, at least occasionally, rupture energetically enough to produce an identifiable
phase across many stations, some areas of the fault may generate
weak tremor without producing ‘template-strength’ LFEs. In these
instances, tremor may be generated too far from a template event to
register as a positive detection, even though it may be occurring as a
weak LFE. The relatively sparse coverage of the region active in Fig. 4a
by template LFE events supports this interpretation.
The heterogeneous distribution of LFEs (Fig. 4) probably reflects
properties of the plate boundary. Clusters of relatively strong LFEs
may occur in places of geometric or compositional variations where
the fault sticks and slips as part of much larger scale slow slip transients—a process analogous to that proposed for some foreshock
sequences12 or earthquake swarms13,14 in other environments. In this
case, high fluid pressure on the plate boundary could allow slip to
occur under low shear stress, resulting in relatively slow rupture and
slip velocities (compared with ordinary earthquakes) and a corresponding deficit in high frequency energy (Fig. 2).
Using previously recorded and located LFEs as template events, we
have established that tremor in Shikoku can be regarded as a swarm
of LFEs and thus is generated by a series of small shear slip events on
the plate boundary. Our approach allows us to track the source of
tremor with unprecedented temporal and spatial resolution, and
hence may provide similar precision in monitoring slow slip. It is
important to watch such behaviour carefully, as slow slip transients
can load adjacent locked portions of a fault and increase the probability of large, damaging earthquakes.
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