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ABSTRACT

Subduction zones produce a wide array of seismicity including the planet’s largest
earthquakes. Recently, modern geodetic instruments have illuminated transient slip
events in subduction zones (and elsewhere) with durations ranging from days to years.
These events appear to be relatively common on the portion of the plate interface
downdip of the region that generates earthquakes. Such events are of particular
interest because they likely increase the stress on the shallower more brittle portion of
the fault and therefore could trigger a large earthquake. Although these slow events
do not generate strong shaking, they are often accompanied by a weak semi-
continuous seismic signal that has been termed non-volcanic tremor. A variety of
mechanisms have been proposed to explain this tremor and its association with slow
slip, often involving fluid flow. By utilizing seismic data from a dense borehole
network in southwest Japan, I demonstrate that tremor is instead generated by a
sequence of small shear failures on the plate interface. These failures likely occur
under very low shear stresses and may be enabled by high pore fluid pressures
interpreted to exist in this zone. Added together, these shear events form the semi-
continuous tremor signal, usually during much larger-scale slow slip events. In
addition, I present precise locations of tremor, obtained using a matched filter
technique with previously recorded “template events,” which allow slip to be tracked
with unprecedented resolution. These locations reveal a complex evolution of slow
slip, with smaller, shorter duration subevents exhibiting along-dip migration rates of
20-150 km/hour in repeated rupture episodes over the several-day course of an event.
Tremor may be generated primarily at plate interface heterogeneities that stick and slip

while driven to repeated failure by slip on neighboring portions of the fault.
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1. INTRODUCTION

Subduction zones, formed where two tectonic plates converge, are responsible for the
bulk of the seismic energy released worldwide. Recently, episodic transient slip
events have been discovered in subduction zones and elsewhere. Because these slip
events happen much more slowly than regular earthquakes, they do not generate the
strong shaking. However, such events are often associated with a weak semi-

continuous seismic signal that has been termed non-volcanic tremor [Obara, 2002].

Although the association between slow slip downdip of the main seismogenic zone
and tremor was recognized in both the Cascadia [Rogers and Dragert, 2003] and
southwest Japan subduction zones [Obara et al., 2004], the exact relationship between
these phenomena has remained unclear. Perhaps in analogy with volcanic tremor,
which is thought to be generated by the movement of volcanic fluids, several authors
proposed that the flow of fluids liberated from the subducting slab might be generating

non-volcanic tremor.

In this thesis, I begin by examining subduction seismicity and velocity structure in
northern Japan in Chapter 2. I then focus on non-volcanic tremor and episodic slow

slip associated with subduction in southwest Japan in Chapters 3-5.

The second chapter uses the double difference tomography method in combination
with waveform cross-correlation derived difference times to obtain high-precision
hypocenter locations and a high-resolution tomographic image of the subduction zone
at the complex intersection of three tectonic plates north of Tokyo, Japan [Shelly et al.,
2006a]. Here I find a high Poisson’s ratio within the subducting crust, which I
interpret as evidence for high fluid pressure within this region, likely as a result of
dehydration reactions taking place as the slab subducts and is subjected to increasingly
high temperatures and pressures. The precise relocations allow me to distinguish

between interplate and intraplate seismicity, highlighting the presence of interplate
1
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seismicity down to 60 km depth. I hypothesize that this area may remain seismic to
this depth in part because of a cooling influence from the unusual presence of a second
subducting plate at this location. In order to most naturally account for the presence of
the subducting slab and the most likely orientation of structure associated with this
feature, I regularized the tomographic problem using a spatially variable method that
applies the strongest regularization constraint along the dip of the slab, where it is

present.

In chapter 3, I examine non-volcanic tremor beneath western Shikoku in southwest
Japan [Shelly et al., 2006b]. Non-volcanic tremor was discovered in this area and
subsequently found to correlate with slow slip events modeled to occur on the plate
interface downdip of the main seismogenic zone. However, the mechanism of tremor
and its exact relationship to slow slip remained unclear. One obstacle to
understanding the phenomenon was that tremor locations were poorly constrained,
especially in depth. Some portions of this tremor that are relatively strong and isolated
have identifiable S-waves and occasionally also have P-wave observations. Such
events are routinely included in the seismic event catalog, labeled as low-frequency
earthquakes (LFEs). The catalog locations for these events, however, are relatively
poorly constrained, especially in depth, due to the scarcity of P-wave observations and
a difficulty in determining the exact S-wave onset time given the relatively low signal-
to-noise ratios. I addressed both of these problems in this study. First, because the
waveforms of different LFEs were found to be very similar, I could precisely measure
the differential arrival times using cross-correlation of the waveforms. Secondly, even
when no P-wave arrival time was given in the catalog, I was in many cases successful
in determining a differential P-wave arrival time by cross-correlation. To do this, I
cross-correlated waveforms in a window surrounding the theoretical P-wave arrival
time, determined based on the S-wave arrival time and the estimated origin time.
Using these cross-correlation measurements with the double-difference technique, I
was able to obtain very precise locations for the LFEs and regular earthquakes, and the

first LFE locations that were well constrained in depth. I found that the LFEs located

2
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on a plane dipping with the expected dip of the plate interface. Therefore, I
hypothesized that the LFEs occurred on the plate interface, coincident with the
observed slow slip, and that LFEs therefore were probably generated by shear slip as
part of the larger-scale slow slip slip event, rather than by fluid flow as previously

proposed.

In chapter 4, I investigate the relationship between LFEs and tremor as a whole
[Shelly et al., 2007]. First, I compare spectra of LFEs, tremor, and regular
earthquakes. I find that the spectral shapes of LFEs and tremor are very similar, while
clearly distinct from regular earthquakes. This indicates that the source processes of
LFEs are probably the same as the rest of tremor, and prompted me to search for
additional events similar to the previously recorded LFEs within continuous tremor.
To do this, I utilized the waveforms of 677 LFEs that I located as part of the study
presented in chapter 3. Using a matched filter technique with each LFE “template
event” across all available stations simultaneously, I find a nearly continuous sequence
of LFE detections during tremor. In other words, tremor is just the superposition of a
swarm of individual LFEs. Additionally, this technique allows me to obtain precise
locations of tremor with excellent temporal resolution. A study by Ide et al. [2007]
examining stacked waveforms of LFEs further supports a plate-interface shear slip
mechanism. In this study, mechanisms determined independently by P-wave first
motions and an empirical moment tensor inversion using S-waves are both consistent
with shear slip in the plate convergence direction. Combining these results, we can
conclude that tremor itself is generated by shear slip on the plate interface and

therefore tremor is a direct consequence of slow slip.

The implications of this result are profound. While we have recently begun to be able
to monitor slow slip by surface-based geodetic measurements (such as GPS), these
measurements do not constrain the temporal or spatial details of small slips at depth.
However, combining this ability to precisely locate tremor with the new understanding
of tremor as a direct signal of shear slip, we can begin to examine the details of how

slow slip evolves, as I do in Chapter 5. Here, I find that contrary to common
3
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assumption, slow slip does not evolve smoothly, but rather contains of a number of
smaller-scale, shorter-duration subevents. Although slow slip has been seen to
migrate along-strike at velocities around 10 km/day, I find instances of much more
rapid migration along-dip at velocities of approximately 25-150 km/hr. I hypothesize
that these regions of fast migration may be exhibiting stick slip behavior, driven to

repeated failure by slip on surrounding portions of the fault.

Slip on this portion of the fault may increase stresses updip where large earthquakes
occur; therefore, it is extremely important to monitor this stow slip. In the near future,
the details of slow slip revealed by precise locations of tremor may contribute to a

more accurate time-dependent seismic hazard evaluation.

Besides the fact that all chapters examine subduction in Japan, another unifying theme
through this thesis is the use of cross-correlations between seismic waveforms. In
particular, I employ the cross-correlation coefficient, which is a normalized measure
of the level of correlation between two signals. The correlation coefficient ranges
from —1 to 1, and, for vectors x and y of length N is defined as
N
Sl - ()i~ 0))]

=1

S S0

=1 i

where <x> and <y> are the expected values of x and y, respectively. In chapters 2
and 3, I use cross-correlation to determine very precise differential arrival times for
different earthquakes at individual stations. By aligning waveforms based on the

maximum correlation coefficient between them, I obtain very precise measurements of
the differential arrival times of P and S-waves for events with similar waveforms.
Waveforms tend to be most similar for nearby events with similar mechanisms;
however, I have found that quality correlation-based differential time measurements
can sometimes be made for events separated by up to 50 km and with a variety of

source mechanisms. Besides using the maximum correlation to align waveforms, the
4
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value of the correlation coefficient is also used to assess the quality of the data, which
is then used to control the relative weighting each of these measurements receives
during the inversion process. Chapters 4 and 5 utilize cross-correlation in a different
context, in a matched filter technique for the problem of event detection. Here,
similarity between the data stream and a known signal is measured by the sum of the

correlation coefficients across all available channels of data.

Two related studies not included in this thesis were led by Dr. Satoshi Ide. These
include the determination of low-frequency earthquake mechanisms [Ide et al., 2007a]
and the proposal of a new scaling law unifying tremor/LFEs, very low frequency

earthquakes, and slow slip events into a family of constant moment rate, shear slip

events [Ide et al., 2007b].
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2. HIGH-RESOLUTION SUBDUCTION ZONE SEISMICITY AND
VELOCITY STRUCTURE BENEATH IBARAKI PREFECTURE, JAPAN

ABSTRACT

We use double-difference tomography and waveform-derived cross-correlation
differential times to estimate earthquake locations and P- and S-wave velocity
structure in the subduction zone under Ibaraki and neighboring prefectures of north-
central Honshu. We find evidence in both earthquake hypocenters and the velocity
structure that the Philippine Sea plate, or perhaps a microplate fragment, may be
caught between the subducting Pacific plate and overriding Okhotsk plate in this
region. In the southern part of the study area, we find a zone of interplate events
extending as deep as 60 km, forming a distinct lineation in cross-section. Focal
mechanisms support the interpretation that these are low angle, subduction interface
events. We infer that these events probably occur on the interface between the Pacific
and Philippine Sea plates rather than between the Pacific and Okhotsk plates. In the
upper part of the downgoing Pacific plate, we find a zone of high Vp/Vs ratio (~1.95),
which may be explained by high pore-fluid pressures within the subducting crust. At
a depth of 60-80 km, this region of high Vp/Vs appears to diffuse into the overlying

mantle wedge, possibly indicating the upward release of fluids from the slab.

The material in this chapter has appeared in Shelly, D. R., G. C. Beroza, H. Zhang, C.
H. Thurber, and S. Ide (2006), J. Geophys. Res., 111, B06311,
doi:10.1029/2005JB004081.
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INTRODUCTION

Ibaraki Prefecture of north-central Honshu, Japan, lies in an area of complex tectonics,
near the intersection of four tectonic plates. In northeastern Japan, the Pacific plate,
an old and cold oceanic plate, is subducting beneath the Okhotsk plate (a fragment of
the North American plate) at a rate of about 8-9 cm/yr to the west-northwest [Bird,
2003] (see Figure 2.1). To the south, the younger Philippine Sea plate is subducting
beneath the Amur plate at a velocity of about 4.5 cm/yr to the northwest. The
Philippine Sea plate also subducts beneath the Okhotsk plate to the north, along their
short, common boundary, while the Pacific plate in turn subducts beneath both
tectonic plates. Thus, within a zone just south of our study region, the Philippine Sea
plate is known to be sandwiched between the subducting Pacific Plate and the
overriding Okhotsk plate. Alternatively, Toda et al. [2005] have proposed the
existence of a separate microplate in this region, which they interpret as a dislodged

block of the Pacific plate.

For simplicity, we refer to our study area as the Ibaraki region; however besides the
Ibaraki prefecture, our study area also encompasses parts of the Tochigi and
Fukushima prefectures to the north and west (Figure 2.2). The seismicity in the
Ibaraki region includes shallow crustal earthquakes, interplate thrusting events on the
subduction interface, and a prominent double seismic zone of intermediate-depth
earthquakes. Events in the double seismic zone are believed to rupture within the
subducting plate, with the upper plane events occurring primarily within the
subducting crust [Igarishi et al., 2001]. Nearly parallel and about 30 km deeper, a
second plane of earthquakes is found within the subducting mantle lithosphere
[Hasegawa et al., 1978]. Recent studies [i.e. Hacker et al., 2003] support the
hypothesis that these intraplate events are enabled by the process of dehydration
embrittlement [Kirby, 1995]. According to this hypothesis, as the plate subducts,

increasing pressures and temperatures result in metamorphic reactions within the slab.

8
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If the slab initially contains hydrous minerals, water may be released as a product of
the metamorphic reaction, thus raising the pore-fluid pressure and reducing the
effective normal stress, enabling brittle failure [Kirby, 1995]. While the precise
mechanisms are still a matter of debate, the upper plane of seismicity may correspond
to the dehydration of metabasalt and metagabbro during their transformation to
eclogite, while serpentine dehydration has been proposed to enable the lower plane of

seismicity [Peacock, 2001; Hacker et al., 2003 ).

We examine the subduction zone beneath the Ibaraki region using a combination of
double-difference tomography [Zhang and Thurber, 2003] and differential times
determined by waveform cross-correlation. Double-difference tomography
(tomoDD) extends the double-difference earthquake location technique (hypoDD)
[Waldhauser and Ellsworth, 2000] to estimate earthquake locations and velocity
structure. Like hypoDD, tomoDD uses differential times, calculated either from
catalog phase picks or by cross-correlation of waveforms. TomoDD also includes
absolute arrival time measurements. The combination of precise earthquake
hypocenters and differential time measurements allows determination of higher
resolution velocity-structure in the near-source region compared to that possible with
conventional tomographic techniques (see Zhang and Thurber [2006] for a detailed
analysis of the double-difference technique). Earthquake locations should improve
compared with hypoDD (particularly the absolute locations) due to the estimation of
3D velocity structure and the inclusion of absolute travel times. In our analysis we use
differential times calculated from catalog phase picks as well as those calculated by
waveform cross-correlation. Cross-correlation measurements provide a set of very
low noise measurements, since for similar waveforms the cross-correlation technique
greatly reduces errors inherent in the arrival time picking process [e.g., Schaff et al.,
2004]. The need for waveform similarity, however, restricts the scale-length across
which differential time measurements can be made using cross-correlation. Thus,
cross-correlation measurements are most valuable for resolving short scale-length

velocity structure and relative locations of closely spaced earthquakes.
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Figure 2.1. Tectonic map of the region. Dashed lines indicate plate boundaries.
PA=Pacific plate, PS=Philippine Sea plate, OK=Okhotsk plate, AM=Amur plate.
Plate model is PB2002 from Bird [2003].
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Figure 2.2. Map of events and seismic stations used in this study. Small dots indicate
earthquakes, filled triangles represent seismic stations, open triangles denote
volcanoes active in the Quaternary, and pluses show the locations of our velocity
inversion nodes. Gray lines show prefectural boundaries with the prefectures in our
central study area labeled.
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DATA AND RESULTS

We relocate 3513 earthquakes, occurring between June 2002 and September 2003 in
the Ibaraki region, with catalog locations between 36 and 37.5 degrees north latitude
and 139.5 and 141.75 degrees east longitude as shown in Figure 2.2. We include all
catalog events located deeper than 50 km. Due the high density of shallow events and
in order to make the problem more computationally tractable, we select every third
event (in time) for those shallower than 50 km. We use waveform data at 60 stations
maintained by NIED, Japan Meteorological Agency (JMA), University of Tokyo, and
Tohoku University. Of these stations, 34 are from the NIED Hi-net high-sensitivity
borehole network [Obara, 2005]. Waveform cross-correlation measurements yield 1.1
million differential times (63% of which are S-wave measurements). We also use
approximately 87,000 absolute arrival times (52% S) from the JMA catalog for these
same stations. From these data we derive 4.4 million catalog differential times (53%

S).

Because there are strong velocity variations in subduction zones, and because we are
interested in resolving this velocity structure, we do not limit ourselves to closely
spaced event-pairs as is commonly done to reduce velocity model dependence in
double-difference earthquake relocation. Instead, we allow catalog differential times
for some event-pairs up to 75 km apart and attempt cross-correlations for event
separations of up to 50 km. This provides a large number of cross-slab differential
times between the upper and lower limbs of the double seismic zone, giving us
enhanced sensitivity to the internal velocity structure of the slab. For the cross-
correlation measurements, we accept a differential time if the sum of the maximum
cross-correlation coefficient and the mean coherence is greater than 1.30. Although
we attempt correlations for event pairs up to 50 km apart (maximum horizontal
separation 20 km), the number of successful correlations decreases with distance.
Figure 2.3 shows histograms of the number of successful correlations versus event pair

separation distance for P-waves (3a) and S-waves (3b). The greatest decrease occurs
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from O to 5 km event separation. S-wave correlations exhibit a slightly sharper decline
with increasing separation distance than do P-waves. Post-fit residuals for cross-
correlation-based differential time measurements increase with separation distance
(Figure 2.3, parts ¢ and d), but this increase levels off at larger distances. The
residuals remain relatively low, indicating that these data represent precise differential
time measurements. The fitting of these differential times still allows the fitting of
the absolute arrival times, as the mean of the magnitude of the absolute-time residuals
decreases from 0.76 s to 0.18 s over the course of the inversion. Spatially, events
along the subduction interface are more highly correlated than events within the
subducting slab. This characteristic is likely due both to the higher density of events
on the plate interface, as well as more consistent mechanisms for these events. Since
intraplate events do not occur along a single fault, their source mechanisms are likely

more diverse than interplate events.

In addition to the hypocentral relocations, we simultaneously solve for the P- and S-
wave velocity structure at each grid node. In the central portion of our model we use a
node spacing of 5 km vertically, 10 km horizontally along subduction dip, and 24 km
horizontally along subduction strike. Velocities are interpolated linearly between grid
nodes. The horizontal spacing of grid nodes is shown in Figure 2.2. Although our
starting model contains a region of higher velocity where we expect the slab, tests

performed using a simple 1-D starting model produce similar results.
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Figure 2.3 Characteristics of cross-correlation measurements as a function of event-
pair separation distance. Parts (a) and (b) show the numbers of successful cross-
correlations for P- and S-waves respectively, plotted in light gray. A successful
correlation is defined as one where the sum of the maximum cross-correlation
coefficient and mean coherence exceeds 1.30. Plotted in dark gray are the numbers of
these measurements retained at the end of the inversion, after outliers have been
removed. Parts (c) and (d) show the average residuals for these retained
measurements as a function of separation distance for P- and S-wave correlations,
respectively. The sharp peak in residuals near 49 km separation is due to the very
small number of retained observations being averaged at this distance.
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To optimize our model for the expected geological structure, we regularize the inverse
problem using two different approaches. Since we anticipate the smallest variations in
velocity along the dip of the slab, where it is present, and horizontally elsewhere, we
can adapt our regularization to accommodate this expectation explicitly [Clapp, 2001].
To accomplish this, we first divide our model into two regions. Everywhere including
and below the Wadati-Benioff zone seismicity is considered “slab” while everywhere
above this is considered “not slab”. The dashed lines in Figure 2.4 (parts C and D)
indicate the boundary between these two regions. Within the “slab”, we perform the
primary regularization along the average dip of the slab, by minimizing the difference
between slowness at diagonally adjacent nodes. The grid is arranged so that this
diagonal step corresponds to the dip angle of the slab. Elsewhere, our primary
regularization is horizontal. In either case, we constrain the L2-norm of the first
difference between slowness perturbations at adjacent nodes. Using this technique, we
can select the model (from the many that fit the data acceptably well) that has general
structure most consistent with our geologic expectations. In addition to our primary
geologically motivated regularization, we also perform a low-weighted secondary

regularization in each coordinate direction.

In order to achieve a “minimum feature” model containing only features strongly
determined by the data, we apply a substantial smoothing constraint in our inversion.
To examine the resolution of our inversion and the effects of this smoothing, we
perform two types of resolution tests: 1) a checkerboard test, which tests the ability to
recover a model with alternating blocks of high and low velocities (Figures 2.4c and
2.4d) and 2) a restoring resolution test [Zhao et al., 1992], which tests the ability to
recover the model estimated from the inversion of the real data (Figure 2.5). For each
test, we calculate synthetic travel-time observations, including only those travel-times
and differential times for which we actually have data. We then add noise based on
the estimated uncertainty of the real data. In this case, we add uniformly distributed
random noise in the interval [-0.025s, 0.025s] for P-wave observations and [-0.05s,

0.05s] for S-wave observations. Additionally, we add a station noise term from the
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uniform distribution [-0.05s, 0.05s] to each observation; this noise term is the same for
every observation at a given station. Finally we invert these data using the same

procedure as our actual inversion, including the spatially variable regularization.

perturbation
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Figure 2.4 Checkerboard test. (a) The P-wave input velocity model, and (b) S-wave
input velocity model for the checkerboard tests. Each consists of patches 15x30 km in
dimension (3 nodes vertically and horizontally) with velocities +5% and —-5%
compared to the normal starting model. Parts (c) and (d) show the recovered P- and S-
wave models, respectively, using the same parameters as the actual inversion. This
test demonstrates that features of this spatial dimension and magnitude are well-
resolved in the central part of the model, but not well resolved in the shallowest region
offshore (where there are no seismic stations) and in the westernmost part of the slab
and mantle wedge (where there are few crossing rays, especially for S-wave
observations). The dashed lines in parts (c) and (d) indicate the boundary between the
two different regularizations of our model.
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Figure 2.5. Restoring resolution test. Parts (a) and (b) show the input P- and S-wave
velocity models, respectively. Parts (c) and (d) show the corresponding recovered
velocity models. In this test, the input P- and S-wave models are well recovered in all
parts of the model. The dashed lines indicate the boundary between the two different

regularizations of our model.
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The results of the checkerboard test are shown in Figures 2.4¢ and 2.4d. In this case,
the large smoothing coefficient produces a model containing only features strongly
determined by the data. With this constraint, P- and S-wave velocities are well
resolved in the region between the lower limb of the double-seismic zone and the
stations on land at the surface. We observe some smearing of velocities along the
primary ray direction between the slab and stations on the surface to the west. One
area not well resolved at this scale is the slab and mantle wedge west of <70 km where
sparse seismicity and a lack of crossing rays hampers resolution, especially for S-wave
structure. While the strong smoothing is sub-optimal for recovering the very
oscillatory checkerboard pattern, it is much better suited to the recovery of a more
geologically reasonable model. To demonstrate this, we perform the restoring
resolution test, using the velocity structure obtained in the inversion of the real data as
our-synthetic model (Figure 2.5). In this case, the velocity structure recovered is

almost identical to the input velocity structure.

A comparison of initial catalog locations and our relocations is shown in Figure 2.6 for
each of three cross-sections. We see improved definition of the limbs of the double
seismic zone when viewed in cross-section, as well as clear sharpening of many
structures in map view. The most dramatic improvement in locations occurs with the
events near the upper part of the slab between 35 and 60 km depth along cross-section
C-C’. Figure 2.7 shows a zoom of the relocations in this area. At these depths, in the
southernmost cross-section (C-C’), an area of intense seismicity appears diffuse in the
catalog locations but collapses into a distinct and pronounced plane after relocation.
We observe a dense cluster of seismicity from 35-45 km depth. Between 45 and 60
km depth the seismicity on this plane is less dense but still obvious. NIED CMT
solution focal mechanisms, shown in Figure 2.7, support the interpretation that these
are low angle, subduction-interface thrust events. As seen from the cross-sections
shown in Figure 2.6, however, this well-defined plane is only present in the southern

cross-section and the seismicity pattern farther north is somewhat more complex.

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Catalog Hypocenters

Map View

+ +’\+ B R Tt

: hrad ‘
I A o e Sl IR
-10Q sl
-150 -100 -50 0 50

km

A‘  Vplvs

‘> ratio
i ?t’ e 2
20+
40:
E&
-‘K’ i
£ 80;
&
o 100 :
126-;'
140 7Y
160_
-160 . 0
Distance (km)
B B Ve/vs

0»‘C ‘ ' 7 . C'_Vp/vs
&‘h ratio
20t
B
0 1.9
60
2 1.8
g &0
3 10? - 1 17
120
i ~ 16
149.
160 15

-100 -50 0
Distance (km)

Relocated Hypocenters

Map View

+ +\+ *++f*++f?+f+“f+"*_f§.+‘ +
so- N

FET. +++‘+’+++f~+*1—fr;v\t++*vi~ +
-10Q SRR
-200 -150 -100 -50 0 50

Depth (km)
g 38888

-100

g 88 o

Depth (km)
m
(=]

Depth (km)
8 g

o
a

12Q ’

140. ° % ’
160... . _E=1s

{600 6
Distance {(km)

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.6. Comparison of catalog-determined (left column) and relocated
hypocenters (right column) shown in map view (top) and three different cross-
sections. Also plotted in the map view are the locations of velocity inversion nodes
(red +) and the locations of cross-sections A-A’, B-B’, and C-C’ (blue lines).
Hypocenters shown in each cross-section are from the 24 km wide corridor along the
cross-section as shown in map view. The Vp/Vs velocity structure corresponding to
each cross-section is also shown for reference, but is faded to avoid obscuring
hypocenters. The green outline in map view represents the coastline of Honshu.
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Figure 2.7. Close up view of plate interface events (cross-section C-C’, Fig. 2.6),
including focal mechanisms. NIED CMT solution focal mechanisms are plotted as a
side view projected onto the cross-section. Locations and focal mechanisms are
consistent with low-angle thrusting on the plate interface. The dashed line indicates
the inferred location of the plate interface.
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Figure 2.8 shows the P-wave, S-wave and Vp/Vs structures for cross-section C-C’,
along with all of the earthquake hypocenters used in the inversion. The faded areas
indicate regions of poor resolution. We see a clear region of high Vp and Vs in the
area of the downgoing slab. Although our initial velocity model includes a slab (initial
Vp=8.2, Vs=4.7), high velocities are recovered in this region even when starting from
a 1-D model. Velocities in the slab between the upper and lower limbs of seismicity
are approximately Vp=8.4 km/s and Vs=4.6 km/s, with a Vp/Vs ratio of about 1.8. We
also find region of high Vp and Vs above the subducting Pacific Plate, between 40 and
70 km depth and horizontal coordinate —70 and 0. This feature is less pronounced in
the north compared to the south where some seismicity can be seen corresponding to
this region. The change in velocity is not merely a byproduct of variable resolution, as

the resolution of this zone remains very good along the strike of the slab.

One of the most striking features of our velocity image is a region of very high Vp/Vs
ratio (~1.95) in the upper part of the downgoing plate.  This feature is most
pronounced up to a depth of 70 km, where the region of high Vp/Vs ratio appears to
begin to diffuse into the mantle wedge. In the slab below this depth, the Vp/Vs ratio
decreases to about 1.85. This contrasts with a region of slightly lower than average
Vp/Vs of ~1.7 associated with the lower limb of the double seismic zone, a feature that
bears some similarity to that seen by Zhang et al. [2004] but is much less pronounced

here.
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Figure 2.8. Velocity inversion results. Plots show P-wave velocities (top), S-wave
velocities (middle), and Vp/Vs ratios (bottom), for cross-section C-C’ (Figure 2.6).
Relocated hypocenters for all earthquakes used in the inversion are also plotted.
Faded areas represent zones of poor resolution, where the derivative weight sum (dws)
value is less than 50.
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DISCUSSION

HIGH VP AND VS ABOVE SUBDUCTING PACIFIC PLATE

As noted above, we find a region of high Vp and Vs above the subducting Pacific slab
(Figure 2.8), which is most pronounced in the southern portion of our study area.
Accompanying this feature is some anomalous-looking seismicity, occurring within
what would normally be the mantle wedge. This seismicity can be seen around 55-65
km depth, between —40 and 10 km horizontal coordinate, a short distance above the
subducting Pacific plate. Slightly to the south of our study area, similar seismicity has
been interpreted as occurring within the Philippine Sea plate [Ohmi and Hurukawa,
1996; Sato et al., 2005; Matsubara et al., 2005]. This leads us to believe that this high
Vp and Vs feature is actually the northern corner of the Philippine Sea Plate,
sandwiched here between the Pacific Plate (below) and the Okhotsk plate (above).
Alternatively, it could be a separate microplate fragment block dislodged from the

Pacific slab, as proposed for this region by Toda [2005].

INTERPLATE SEISMICITY

The observed interplate events represent significantly deeper seismic coupling than the
37-43 km maximum depth reported for this area previously by Tichelaar and Ruff
[1993], but they are consistent with the maximum depth of 50-70 km for low-angle
thrust events found by Igarashi et al. [2001] farther to the north. Interestingly, the
deepest interplate events are not extensive along subduction strike, but are limited to
the southern portion of the study region. This, along with evidence for the presence of
the Philippine Sea plate (or other microplate) above the slab, leads us to suggest that
these events probably occur on the interface between the Pacific and Philippine Sea
plates rather than between the Pacific and Okhotsk plates. We observe a distinct
difference in the character of interplate seismicity between the southern 1/3 of the

study region, which is continuously active to 60 km depth, and the northern 2/3, which
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appears only sporadically active to about 50 km depth. This may indicate the northern
boundary of the sandwiched plate. In the south, this third plate would cool the
interface, possibly allowing seismic slip to persist to greater depths. These deeper
interplate events may be a northern extension of what has been termed the Tsukuba-
Chiba seismic belt [Ohmi and Hurukawa, 1996; Hurukawa and Imoto, 1990], a band
of seismic activity extending in a north-south direction that consists of events believed

to occur on the boundary of the Philippine Sea and Pacific plates.

HiGH VP/VS NEAR TOP OF SUBDUCTING SLAB AND IN THE MANTLE WEDGE

A region of high Vp/Vs can be located in the uppermost part of the subducting Pacific
Plate by its position just beneath the interplate seismicity. This feature is robust in that
it extends with large amplitude between 50 km and 70 km depth (-50 to 10 km
horizontal coordinate) and is apparent in all three cross-sections of the region (Figure
2.4). Slightly to the south, Matsubara et al. [2005] imaged a similar region of high
Vp/Vs within the upper part of the subducting Pacific slab, which was most
pronounced between 70 and 90 km depth. An analogous area of high Vp/Vs has also
been observed in the Nankai trough [Kodaira et al., 2003], where it was interpreted to
result from high pore-fluid pressures. In Cascadia, Bostock et al. [2002] and
Nicholson et al. [2005] reported a comparable region of low S-wave velocities, based
on scattered wave images. These authors interpret this zone as the subducting crust
and associate it with the so-called E-reflection layer, whose location relative to the
subducting slab has been a matter of significant debate. If the region we observe in
Ibaraki is analogous, our work supports the conclusion that this feature in fact

represents the subducting oceanic crust.

Below 70 km, the Vp/Vs ratio in the top of the slab decreases and we see a
corresponding increase in Vp/Vs in the overlying mantle wedge to ~1.85 between 60
and 80 km depth (-90 to —50 km horizontal coordinate). This exchange of the high
Vp/Vs region likely indicates water being released from the oceanic crust into the

overlying mantle at this depth. It may be qualitatively similar to that seen in southern
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Cascadia by Bostock et al. [2002] and Brocher et al. [2003], although the depth here is
much greater than their observed depth of around 40 km. However, this discrepancy
might be explained by a difference in thermal structures between the subduction
zones. Subduction in northeast Japan is believed to occur under substantially cooler
conditions than in Cascadia [Hacker et al., 2003] because the Pacific plate is much
older and is subducting more quickly than the Juan de Fuca plate in Cascadia. The
possible presence of a third plate, whether the Philippine Sea or other microplate,
sandwiched between the Okhotsk and Pacific plates, would act to lower temperatures
further [Iwamori, 2000]. Therefore, similar processes may occur at greater depths in

this region compared to Cascadia.

Bostock et al. [2002] as well as Brocher et al. [2003] interpreted the low S-wave
velocities they image as serpentinization of the forearc wedge. In this case, we have
evidence for the release of water from the slab crust, which in turn could allow
serpentinization of the overlying mantle. Christensen [2004], however, argued that
the observed Vp/Vs ratio of ~1.9 cannot be due to serpentinization alone since even
pure antigorite (the form of serpentine stable under conditions of relatively high
temperature and pressure) has a Vp/Vs ratio of only 1.85. He suggested high pore
pressures and anisotropy in addition to serpentinization might be responsible for the
high Vp/Vs ratio. Serpentine would generally be unstable at the temperatures and
pressures at 70 km depth; however, as we argued above, the thermal structure of this
area is likely to be much cooler than average. On the other hand, if the thermal effect
of the Philippine Sea plate is limited and this zone is not sufficiently cool for
serpentine stability, a small percentage of melt could also explain the observed Vp/Vs
ratio. Nakajima et al. [2001] and Zhang et al. [2004] offered this interpretation for
similars features they observed farther north. Recently active volcanoes located on the
surface a short distance west of this feature might support this conclusion. As with the
serpentine hypothesis, the release of water from the slab is key; in this case the water
would lower the melting temperature in the mantle wedge sufficiently to allow the

small percentage of melt.
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CONCLUSIONS

Using waveform cross-correlation and double-difference tomography, we provide a
detailed image of the seismicity and P- and S-wave velocity structure beneath the
Ibaraki region that provides important constraints on the structure, petrology and fluid

content of this subduction zone.

Precise hypocenter locations show three planes of seismicity in cross-section: a
distinct plane of interplate events on the upper surface of the slab, a zone of intraplate
events within the upper part of the slab, and a lower zone of intraplate events within
the slab mantle. The nature of the interplate seismicity, however, varies considerably
along strike; it is most active and extends deepest in the southern part but is shallower
and more irregularly distributed to the north. A contributing factor to this difference
may be the termination of the Philippine Sea plate above the downgoing Pacific slab

and below the overriding Okhotsk plate in this region.

We observe a high Vp/Vs ratio of ~1.95 in the upper part of the downgoing slab
between 50 and 70 km depth, which we interpret as evidence for high pore fluid
pressures within the subducting slab crust of this region. Beginning around 70 km
depth this zone appears to diffuse upward, likely related to water being released from
the slab and migrating up into the overlying mantle wedge. A small percentage of
melt or a combination of high pore-pressures and serpentinization may explain the

observed high Vp/Vs ratio in the mantle wedge.
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3. LOW-FREQUENCY EARTHQUAKES IN SHIKOKU, JAPAN, AND THEIR
RELATIONSHIP TO EPISODIC TREMOR AND SLIP

Non-volcanic seismic tremor was discovered in the Nankai trough subduction zone in
southwest Japan [Obara, 2002] and subsequently identified in the Cascadia subduction
zone [Rogers and Dragert, 2003]. In both locations, tremor is observed to coincide
temporally with large slow slip events on the plate interface downdip of the
seismogenic zone [Rodgers and Dragert, 2003; Dragert et al., 2001; Miller et al.,
2002; Obara et al., 2004; Hirose and Obara, 2005; Obara and Hirose, 2006];
however, the relationship between tremor and aseismic slip remains uncertain, largely
due to difficulty in constraining the source depth of tremor. In southwest Japan, a high
quality, borehole seismic network allows identification of coherent S-wave (and
sometimes P-wave) arrivals within the tremor, whose sources are classified as low-
frequency earthquakes (LFEs). Since LFEs comprise at least a portion of tremor,
understanding their mechanism is critical to understanding tremor as a whole. Here
we provide strong evidence that these LFEs occur on the plate interface, coincident
with the inferred zone of slow slip. The locations and characteristics of these events
suggest that they are generated by shear slip during otherwise aseismic transients,
rather than by fluid flow. High pore fluid pressure in the immediate vicinity, as
implied by our estimates of seismic P- and S-wave speeds, may act to promote this
transient mode of failure. LFEs could potentially contribute to seismic hazard

forecasting by providing a new means to monitor slow slip at depth.

The material in this chapter has appeared in Shelly, D. R., G. C. Beroza, S. Ide, and
S. Nakamula (2006), Low-frequency earthquakes in Shikoku, Japan and their
relationship to episodic tremor and slip, Nature, 442, 188-191,
doi:10.1038/nature04931.
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A key to understanding the mechanism of deep non-volcanic tremor is determining
exactly where it is generated; however, tremor is very difficult to locate due to its
small amplitude and scarcity of coherent impulsive wave arrivals of the sort used to
locate ordinary earthquakes. Epicentral locations based on seismogram envelope
cross-correlation constrain tremor to lie within a belt that follows the strike of the
subducting plate’. At these locations the depth of the plate interface is 30-45 km, but

the depth of the tremor source is less certain.

At least two hypotheses might explain the observed tremor signals. One is that
tremor is generated by the movement of fluids at depth, either by hydraulic fracturing
[Obara, 2002; Seno and Yamasaki, 2003] or by coupling between the rock and fluid
flow [Katsumata and Kamaya, 2003]. In this model, tremor might be analogous to
much shallower volcanic tremor, which is thought to arise from the coupling of fluid
flow to the solid Earth in volcanic systems [Chouet, 1988, Julian, 1994]. The
correlation between tremor and aseismic slip could be explained if the slip is triggered
by the same fluid movement that generates the tremor or, alternatively, if the fluid

flow is a response to changes in stress and strain induced by slip [Kao et al., 2005].

A second possibility is that tremor is generated directly by slow shear slip on the plate
interface [Obara and Hirose, 2006]. Under this hypothesis, tremor is the weak
seismological signature of slip that is otherwise too slow to generate detectable
seismic waves. In this scenario, tremor could be generated during aseismic transients
as slip locally accelerates due to the effects of geometric or physical irregularities on
the plate interface. Fluids might play an auxiliary role, altering the conditions on the
plate interface to enable transient slip events, without generating seismic waves

directly.

Since 1999, the Japan Meteorological Agency (JMA) has differentiated a new class of
events denoted as low-frequency earthquakes (LFEs) in their seismicity catalogue.
These events occur almost exclusively as part of an extended duration tremor signal

[Obara and Hirose, 2006; Kasumata and Kamaya, 2003] (Fig. 3.1). They therefore
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correlate strongly with observed slow slip events. The LFEs and extended tremor also
locate in the approximately the same region [Obara, 2002; Hirose and Obara, 2005;
Obara and Hirose, 2006; Seno and Yamasaki, 2003; Katsumata and Kamaya, 2003 ]
and exhibit similar migration behaviour along strike [Obara, 2002; Obara et al., 2004;
Hirose and Obara, 2005, Obara and Hirose, 2006]. While it’s uncertain whether or
not LFEs and extended duration tremor represent a single phenomenon, their close
association means that their mechanisms are likely intertwined. Fig. 3.2 shows
waveform records of a long-duration tremor sequence containing several LFEs. The
visible arrivals from these events are primarily S-waves, and if arrivals from the same
source are distinguished at enough stations, the event is included in the JMA seismic
catalogue. For such events, usually only the S-wave arrival time is reported. Due to
the lack of P-wave measurements and because the S-wave arrival is often emergent,

catalogue locations of these events have large uncertainties, especially in depth.

To improve this situation, we use a combination of waveform cross-correlation and
double-difference tomography [Zhang and Thurber, 2003; Zhang et al., 2004] to
relocate these LFEs in the western Shikoku region of the Nankai trough. We also
obtain high-resolution velocity structure and precise locations of ordinary earthquakes.
Although tremor (including LFEs) is observed along much of the Nankai trough, it is

exceptionally active in western Shikoku.
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Figure 3.1. Comparison of temporal distribution of tremor activity and low-frequency
earthquakes (LFEs) in western Shikoku. The horizontal axis indicates time, with each
year a separate panel, beginning in 2002. Red dots denote LFEs with magnitude on
the vertical axis. The black line indicates the number of hours containing tremor per
day. Yellow bars indicate the period and duration of detected slow slip events [Obara
et al, 2004; Hirose and Obara, 2005], which are modelled to occur near the plate
boundary beneath western Shikoku. Events with an undetermined magnitude are
plotted as magnitude=0. The magnitude determination method changes during
September 2003.
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Figure 3.2. An extended period of tremor containing four identified LFEs. a, One
hour of unfiltered east component velocity seismograms for August 29, 2005,
beginning at 17:00 local time during a tremor sequence as recorded at six Hi-net
borehole stations in western Shikoku. Arrows indicate times of LFEs. b, Expanded
view of seismograms showing one LFE from part a. S-wave arrivals can be identified
on these seismograms between 433 and 436 seconds and are highlighted in gray.
Traces are ordered by the time of the S-wave arrival, with the earliest arrival on top. P-
wave arrival is too weak to be obviously visible above the noise, even on vertical
seismograms, but often can be measured for such events using cross-correlation.
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Fig. 3.3 shows the events, stations, and the horizontal distribution of velocity inversion
nodes used in this study. Vertically, the velocity node spacing is 5 km. In total, we
relocate 6713 events occurring between June 2002 and June 2005, including 1180
LFEs, using waveforms from 112 seismic stations operated by the National Research
Institute for Earth Science and Disaster Prevention (NIED), JMA, University of
Tokyo, and Kochi University. This includes 77 stations from the recently installed
NIED Hi-net high-sensitivity borehole network, which provides especially high
quality, low noise waveforms [Obara et al., 2005]. In addition to these data, we use P
and S-wave arrival time picks, provided by JMA for all stations. More details about

the data and inversion process are included in the methods section.

We find that the waveforms of LFEs recorded at the same station often correlate with
each other, suggesting a similar source location and mechanism for these events.
Their waveform similarity is high enough for successful relocation using cross-
correlation-derived differential times. Starting with only a rough estimate of the P- or
S-wave arrival time, we obtain precise differential travel time measurements by cross-
correlation waveform alignment . Figure 3.4 demonstrates the dramatic reduction in
measurement error achieved by cross-correlation of LFE waveforms. Among the
LFEs, S-wave correlations are particularly successful due to the greater amplitude and
signal to noise ratio, of the S-waves compared with P-waves. However, despite the
lack of P-wave arrival times in the catalogue, we are able to obtain P-wave differential
arrival times for LFEs by correlating waveforms in a window centred on a theoretical
P arrival time estimated from the S-wave arrival time and origin time (Fig. 3.5). We
are also able to obtain successful P-wave and S-wave correlations between some LFEs
and ordinary earthquakes (Fig. 3.6). These correlations are especially important
because they demonstrate similarity of the LFEs with known shear sources, and
because they help locate the LFEs relative to intra-slab seismicity. The correlations
with regular seismicity along with the observed larger S-wave amplitudes suggest that

the LFEs themselves represent shear failure.
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34 N

Figure 3.3. Area map with events, stations, and velocity nodes used in the inversion.
Black dots indicate regular earthquakes and red dots indicate LFEs. Black triangles
show seismic stations used in the inversion, filled triangles denote Hi-net borehole
stations, and blue pluses indicate the horizontal locations of velocity nodes. The
shaded yellow region shows the zone of earthquakes and LFEs plotted on cross-
section A-A’ in Fig. 3.7. Inset in the lower right shows the broader tectonics of the
region, with the red box indicating the area shown in the main figure. Dashed lines
indicate plate boundaries. PA=Pacific plate, PS=Philippine Sea plate, AM=Amur
Plate, OK=0Okhotsk plate. Plate model is PB2002 [Bird, 2003].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



plitude

Trace number Am

Amplitude

Trace number

Figure 3.4. S-wave alignment for 172 correlated LFEs recorded at NIED Hi-net station
N.KWBH, north component. a, Alignment using catalogue arrival time. b,
Alignment using cross-correlation differential time. Waveforms are amplitude
normalized and bandpass filtered between 1 and 8 Hz. The top portions of a and b
show the waveforms plotted on top of each other; the grey trace is the “master event”
with which the other events are correlated. The bottom portions show each trace with
normalized amplitude indicated by shading, with black=-1 and white=+1 amplitude.
Note the precisely aligned S-wave arrivals in part b, demonstrating the dramatic
reduction in measurement error achieved using cross-correlation differential times.
Waveforms are shifted by up to 0.85 seconds from the catalogue pick time in order to
achieve this alignment. Time=0 corresponds to the approximate S-wave arrival time.
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Figure 3.5. P-wave alignment for 70 correlated LFEs recorded at NIED Hi-net station
N.KWBH, vertical component. a, Waveforms aligned by catalogue (or theoretical) P-
wave arrival time. b, Waveforms aligned by cross-correlation differential time. The
red trace in a and b is the “master” event, with which all others are correlated. Traces
are shifted by up to 0.90 s to achieve the alignment in shown in b. If no P-wave
arrival time is given in the catalogue (as is common for LFEs), we cross-correlate the
waveforms in a window centred on the theoretical arrival time, calculated from the
listed S-wave arrival and origin times. Thus, using cross-correlation, we are able to
make differential P-wave measurements for many LFEs with P-wave arrivals too
weak to be identified. Time=0 corresponds to the approximate P-wave arrival time.
For more details on the figure, see the caption to Fig. 3.4.
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Figure 3.6. An example of the correlation of a LFE with 45 regular earthquakes
recorded at NIED Hi-net station N.KWBH, vertical component. a, Traces aligned
with the catalogue P-wave arrival time. b Traces aligned with cross-correlation
differential time. The red “master” event in a and b is a LFE, while the other traces
are from regular earthquakes that correlate with this LFE. Time=0 corresponds to the
approximate P-wave arrival time. For more details, see the caption to Fig. 3.4.
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Figure 3.7. Seismic velocities and relocated hypocenters along cross-section A-A’. a,
P-wave velocity. b, S-wave velocity. ¢, Vp/Vs ratio. This cross-section is selected
because it cuts through the region of highest tremor and LFE activity (see Fig. 3.2).
Relocated hypocenters are plotted for events within 9 km of the cross-section (the
yellow highlighted region in Fig. 3.3), with black dots indicating regular earthquakes
and the red dots indicating LFEs. Faded areas represent regions of poor resolution,
where the derivative weight sum (DWS) value is less than 50. d, Schematic diagram
of our interpretation overlayed on the Vp/Vs structure. We interpret the LFEs to occur
on the plate interface, while the seismicity within the slab occurs primarily within the
oceanic lower crust. The oceanic Moho is drawn based on an 8 km crustal thickness,
which is consistent with observed P and S-wave velocities in a and b. Between the
LFEs and slab seismicity, within the slab crust, is a distinct region of high Vp/Vs ratio
(1.9-1.95), which we interpret as due to high fluid pressure. The plate interface updip
of the LFEs is apparently locked, based on rupture models of the 1946 Nankai
earthquake [Baba et al., 2002; Tanioka and Satake, 2001] and the lack of current
seismicity. Downdip of the LFEs, the plate interface may slip stably.
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After relocation, the LFEs collapse onto a distinct plane 5-8 km above, and
approximately parallel to, the dipping plane of seismicity within the subducting
Philippine Sea slab (Fig. 3.7). In places, the plane of LFEs extends for nearly 20 km
in the dip direction of the slab, and they are strongly clustered along-strike (Fig. 3.3).
Although it was previously thought that these events occurred within the overriding
plate [Katsumata and Kamaya, 2003}, we believe they occur on the plate interface.
This hypothesis is supported by an independent seismic refraction study, which finds
that the plate interface is 3-5 km shallower than previous estimates [Baba et al., 2002],

with the top surface corresponding closely to our LFE locations.

Assuming average oceanic crustal thickness (8 km), the location of LFEs on the plate
interface places the intra-slab seismicity primarily within the oceanic lower crust (Fig.
3.7D). An increase in P and S-wave velocities seen just below the slab seismicity
(Fig. 3.7), as well as recent receiver function analysis [Shiomi et al., 2004}, further
support this location of the oceanic Moho. The intra-slab seismicity appears to begin
within the lowermost crust at shallower depths and expand upward within the crust as
the slab subducts. Such behaviour is consistent with thermal-petrologic models for
this region, which predict metamorphic reactions to occur first within the hotter lower
crust [Peacock and Wang, 1999], but contrasts with expectations that intra-slab
seismicity occurs primarily within the upper crust [Hacker et al., 2003]. This issue

remains an important subject of future research.

In the immediate vicinity of the LFEs, we find a zone of high Vp/Vs ratio (1.9-1.95),
likely indicating high pore-fluid pressures [Christensen, 1984]. Fig. 3.7 shows the
estimated P, S, and Vp/Vs velocity structure on a cross-section through an area of high
LFE activity. A checkerboard test (Fig. 3.8) demonstrates that our model is well
resolved. The most prominent area of high Vp/Vs is located between the LFEs and the
intra-slab seismicity, within the subducting crust. The high Vp/Vs zone is most
pronounced on the cross-section with the most LFE activity (Fig. 3.7) and is consistent
with the hypothesis that these LFEs are enabled by the release of fluids in the

subduction zone. A likely source of fluids is dehydration of hydrous minerals within
46
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the subducting oceanic crust, a process also proposed to enable intra-slab seismicity

[Hacker et al., 2003; Raleigh and Paterson, 1965; Kirby, 1995].

High pore-fluid pressure on the plate interface has the potential to alter the mode of
slip by extending the conditionally stable region, as proposed for the Tokai segment at
the northeast end of the Nankai trough [Kodaira et al., 2004] in order to explain a
long-term slow-slip event on this segment [Ozawa et al., 2002]. Interestingly, this
region also experiences a high level of tremor activity [Obara, 2002], with epicentral
locations of the tremor matching a region of high Vp/Vs within the subducting crust
[Kodaira et al., 2003]. This correspondence between active tremor and high Vp/Vs is

strikingly similar to what we observe in western Shikoku.

Tremor has recently been discovered outside of a subduction environment under the
San Andreas fault system south of Parkfield [Nadeau and Dolenc, 2005]. This tremor,
estimated to occur below the seismogenic zone at depths of 20-40 km, shares many
characteristics with that observed in Japan and Cascadia. Like tremor in subduction
zones, tremor on the San Andreas occurs in a region previously thought to deform

aseismically, however no associated deformation transient has yet been detected.

We propose that the coupled phenomena of tremor, LFEs, and episodic slow-slip
events represent a mode of failure for a transition zone between a locked and
continuously creeping fault. In a subduction zone, this corresponds to the transition
between the locked megathrust source region up-dip and the continuously slipping
region down-dip. In fact, models of co—seismicArupture for the 1946 M,, 8.2 Nankai
earthquake [Baba et al., 2002; Tanioka and Satake, 2001] terminate only a short
distance up-dip of the observed band of LFEs. Some areas where tremor and LFEs
occur, such as the Tokai (discussed above) and Bungo Channel regions, have also
been observed to fail in longer duration slow-slip events [Ozawa et al., 2002; Hirose
et al., 1999; Miyazaki et al., 2003], demonstrating a tendency for transient slip in these

areas.
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Precise locations indicate that the LFEs analyzed in this study occur on the plate
interface. The correlation between LFEs and regular seismicity, the fact that LFEs are
primarily composed of shear waves, and the remarkable correspondence with slow-
slip events®” argue that LFEs represent shear slip on this interface. We propose that
LFEs may be generated by local slip accelerations at geometric or frictional
heterogeneities that accompany large slow slip events on the plate interface. Long-
duration tremor may result simply from a superposition of many concurrent LFEs.
Alternatively, long-duration tremor might represent a combined signal of shear slip
and fluid flow. We hypothesize that increasing fluid pressure may reduce the effective
normal stress and enable slip on the plate interface; this slip could increase
permeability and allow pressurized fluid to escape, possibly contributing to the tremor
signal in the process. In either case, evidence discussed above suggests that fluids
play a key role in the failure process. Remote triggering of tremor and LFEs
[Miyazawa and Mori, 2005], reminiscent of earthquake triggering seen in

hydrothermal regions, provides additional evidence for fluid enablement.

As noted by previous authors [Rogers and Dragert, 2003; Hirose et al., 1999], a slow
slip event on the subduction interface would increase the stress up-dip on the locked
portion, potentially elevating the probability of a large earthquake during or soon after
the slow slip. The same concept applies to other fault settings with juxtaposed locked
and creeping portions, like the San Andreas [Nadeau and Dolenc, 2005]. If LFEs are
direct signals of episodic slow-slip, they would illuminate aseismic slip at depth with
temporal and spatial precision well beyond that attainable with surface geodetic
instruments. With proper instrumentation and analysis, we will likely detect similar
events within tremor in regions beyond southwest Japan. Consequently, LFEs may
provide critical information for monitoring the seismic hazard in a variety of tectonic

settings.
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METHODS

In order to resolve the velocity structure of the mantle wedge, we included catalogue
difference times for events up to 75 km separation and attempted cross-correlations for
events with up to 20 km horizontal and 50 km vertical separation. To attain the best
correlations and reduce the likelihood of correlating noise, we bandpass filtered the
data between 1 and 8 Hz before cross-correlating. We accepted a cross-correlation
measurement if the sum of the maximum cross-correlation coefficient and the mean
coherence was greater than 1.40. In total, we used 3.9 million cross-correlation
differential times (64% of which were S-wave measurements), 200,000 absolute

arrival times (55% S), and 6.6 million catalogue differential times (58% S).

For the inversion, we used an initial 1-D velocity model, approximating that used by
the JMA since 2001 for routine earthquake locations. The velocity is interpolated
linearly between nodes, and the slowness is regularized in each coordinate direction.

The calculated Vp/Vs ratio is simply the quotient of the P and S-wave velocity models.

To examine the velocity structure resolution, we performed two checkerboard
resolution tests in cross-section (Fig. 3.8). For these tests, we first calculated synthetic
travel times using a velocity model with velocities +5% and —5% from our normal
starting velocity model. We then performed the inversion using these synthetic times
with parameters identical to those used in the actual inversion. To estimate resolution
on multiple scales, we conducted this test using two different block sizes. Fig. 3.8a-d
shows the results using a model with 20 km by 20 km blocks in cross-section (2 nodes
horizontally by 4 nodes vertically), while Fig. 3.8e-h shows the same test with blocks
10 km (vertically) by 20 km (horizontally). In each case, to examine the resolution of

our Vp/Vs model, we performed a separate test with a perturbed Vs model and

unperturbed Vp model (Fig. 3.8d,h). The results of these tests demonstrate very good
resolution in nearly all areas above the deepest slab seismicity, with excellent

resolution in the central part of the model.
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Figure 3.8. Two checkerboard resolution tests for cross-section A-A’ shown in Fig.
3.3. Parts a-d show the test performed using 20 by 20 km blocks perturbed by +/- 5%
relative to the normal starting model, while parts e-h show the same test using blocks
10 km (vertically) by 20 km (horizontally) a, Input perturbation for each output
property shown in parts b, ¢, and d. b, Output P-wave model. c, Output S-wave
model. d, Output Vp/Vs ratio. Parts b and c are produced in one test, while part d is
produced in a separate test. Part d is generated with a perturbed input Vs model and
unperturbed input Vp model, in order to produce a perturbed Vp/Vs model. Panels e-h
are analogous to a-d but with the smaller block size. For the 20x20 km blocks (a-d),
recovery of the input velocities and Vp/Vs ratios is very good in nearly all areas above
the deepest seismicity. For the 10x20 km blocks (e-h), P and S-wave velocities are
well recovered in these same areas. With the smaller blocks, the Vp/Vs ratios (h) are
clearly resolved in the central region of the model, but the recovered perturbation
amplitudes are reduced outside of this region.
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4. NON-VOLCANIC TREMOR AND LOW FREQUENCY EARTHQUAKE
SWARMS

Non-volcanic tremor is a weak, extended duration seismic signal observed
episodically on some major faults, often in conjunction with slow slip events [Obara,
2002; Rogers and Dragert, 2003; Nadeau and Dolenc, 2005; Obara et al., 2004].
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;
however, the mechanism of tremor and its relationship to aseismic slip are 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; however, occasionally tremor in
Japan contains relatively energetic and isolated pulses that have been identified as
low-frequency earthquakes (LFEs) by the Japan Meteorological Agency [Katsumata
and Kamaya, 2003]. Compared to 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 [Shelly et al., 2006]. Based on their locations and the
character of their waveforms, LFEs were inferred to represent fluid-enabled shear slip
on the plate boundary as part of concurrently observed slow slip events [Shelly et al.,

2006], rather than fluid flow as previously proposed [Katsumata and Kamaya, 2003].

The material in this chapter is in press at Nature, with coauthors G. C. Beroza, and S.
Ide.
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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-waves [Ide et al., 2007]. As shown in
Figure 4.1, these techniques each yield results consistent with the mechanisms of slow
slip events as well as the most recent mega-thrust 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 LFEs [Shelly et al., 2006]. The spectra of tremor tracks that of LFEs, but
with slightly smaller amplitude (Fig. 4.2), which supports the possibility of a common

physical mechanism for the two phenomena.
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Figure 4.1. Comparison of LFE, slow slip event, and megathrust earthquake
mechanisms. a, P-wave first motions determined by Ide et al. [2007] for low
frequency earthquakes by cross correlation-based first motion determination. Solid
circles and open triangles indicate compressional and dilatational first motions for
LFE P waves, respectively. SNR 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. T-, P-, and 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 area [Hirose and
Obara, 2005]. d, Mechanism of the 1946 Nankai earthquake [Ando, 1982], which is
the most recent mega-thrust 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 lower focal hemisphere.
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Figure 4.2. Comparison of Earthquake/LFE/Tremor Spectra. 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° N,
132.6-132.8° E, 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 second window, from 0.5 s before to 2.0 s after the catalog phase arrival.
Noise is calculated from a 2.5s 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 M>1, 52 earthquakes with
M<=1, and 233 LFEs. LFE (red) and tremor (pink) spectra are highly similar, but
tremor has smaller amplitude. Small earthquake (dark blue) and very small (light
blue) 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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To test this hypothesis, we used the waveforms of 677 of the best-recorded 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 LFEs [Gibbons and Ringdal, 2006]. We require each template event to
be recorded at a minimum of six, 3-component 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.

Since 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 Figure 4.3, 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 Figure 4.4. Because we are working with complex, low
signal-to-noise ratio waveforms, 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.

The ability to extract a weak signal from noisy data is demonstrated by the synthetic
example discussed in the methods section (below) and shown in Figure 4.5. 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 ~3.3x10®. Based on
synthetic tests such as the example shown in Figure 4.5, we estimate a location

uncertainty for “strong” detections of approximately 3 km.
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Figure 4.3. Example of a detected LFE. a, Correlation sum function for template
event #5 during the same 30 minute period as highlighted in Fig. 4.6b. A histogram of
correlation sum values is shown on the right. b, Continuous tremor waveforms are
shown in gray and template event waveforms in black for each component of 10 Hi-
net stations. The correlation coefficient (CC) for each trace is shown next to the

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



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 4.4. Correlation sum functions and detection examples for two template LFEs
during two tremor episodes. a, Correlation sum functions for template events 639
(upper) and 620 (lower) for the tremor episode August 29, 2005, 17:00-17:30, with
histogram of correlation sum values shown to the right. Event #639 has a clear
detection while event 620 shows no activity. b, Same as a, but for the episode
September 2, 2005, 19:00-19:30. Notice that in this case, it is event #620 (lower) that
is active, while event 639 (upper) is quiet. ¢, Waveforms at the time detection for
template event #639 on August 29, 2005 episode. Continuous tremor waveforms are
shown in gray and template event waveforms in red for each component of 10 Hi-net
stations. The correlation coefficient (CC) for each trace is shown next to the template
event waveforms. The 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. d, Same as ¢, but for the detection with
template event #620 on September 2, 2005.
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Figure 4.5. Synthetic test of LFE detection capability in the presence of noise and
other events. a, Original tremor waveform (top, black), added test waveform
consisting of a single template event (#83) scaled by 1/10 repeated every 100 s
(middle, red), and the modified tremor that is the sum of these two signals (bottom,
blue). The waveforms shown are unfiltered, east-component from station KWBH,
September 2, 2005 19:00-20:00. Note that the maximum amplitude of the scaled
event is smaller than the noise level and much smaller than the amplitude of the visible
tremor. b, Correlation sum function showing the detections for the template event that
was inserted into the real data. In this example, 34/35 instances of the scaled template
events are recovered. A correlation peak from the undetected event is visible, but falls
below the detection threshold due to the strong competing tremor at this time. c,
Waveforms at the time of detection for the event inserted near t=1030. Gray
waveforms are the modified tremor, while red waveforms are from the template event.
The correlation coefficient (CC) for each trace is shown next to the template event
waveforms. The station names and components are given to the right of each trace. d,
Map view showing “strong” detected events for this synthetic example, with the color
indicating number of detections from 1 (yellow) to 34 (red). Circle in map view
shows added event (bright red) and a small amount of “leakage” to 3 nearby LFEs,
two of which are located within 0.5 km. The third event is located approximately 3
km away, but has only a single detection compared with 34 for the inserted event.
Events outside the circle are detections present in the unaltered tremor data.

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In order to allow for the possibility that tremor is excited in the vicinity of, but not at
exactly the same location as, a low frequency earthquake in our catalog, we also allow
for “weak” detections. In this case, we take the maximum correlation coefficient from
a 0.4-second window at each station before summing. For the weak detection, the
threshold is set at 9 times the median absolute deviation of the distribution over the

median, which corresponds to a probability of ~6.4x10'°, 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 based on 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 favor 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.

Figure 4.6 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 4.6 demonstrates the
detailed evolution of two 30-minute episodes of active tremor on different portions of
the plate interface. The second example (Fig. 4.6b) 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 minutes. 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 ~45km/hr is much faster than along-strike
migration rates of 5-17 km/day previously reported in this region' and in Cascadia
[Dragert et al., 2004; Kao et al., 2006]. Although these slower rates may still govern
the longer-term average migration, with the matched-filter technique we can resolve
more complex behavior 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
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active simultaneously. This may explain some of the variation, particularly in depth,
found in previous estimates of tremor location in Cascadia [Kao et al., 2005; 2006].
For a detailed look at tremor behavior during the periods shown in Figure 4.6, please

see the movies in Quicktime format included on the enclosed CD (Figures 4.7 and

4.8).
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Figure 4.6. Detection of low-frequency earthquake swarms forming tremor. a, Map
view of westernmost Shikoku showing areas active (colored circles) during the 30
minute period on August 29, 2005 beginning at 17:00, color coded with time. 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°®. Blue triangles denote station locations. Lower 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 at upper left shows the regional tectonics, with the
red box indicating the area shown in the main figure. PA, Pacific plate; PS, Philippine
Sea plate; AM, Amur plate; OK, Okhotsk plate. b, Same as a, but beginning
September 2, 2005 at 19:00. In this episode, a clear up-dip migration of the tremor
source can be seen. The locations of template events referred to in Figs. 4.3 and 4.4
are also labeled (T.E. #).
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Figure 4.7. Animation showing detected events with time during non-volcanic tremor
for the hour beginning September 2, 2005 at 19:00 (see enclosed CD for movie in
Quicktime format). Top panel: Map view of western Shikoku region. Template
events are plotted as small black crosses. Colored circles represent a detected event.
Filled circles represent “strong” detection (no time shift allowed between stations
relative to template event) while open circles represent a “weak” detection (time shift
of up to 0.4 s allowed). The shade of the circle represents the robustness of the
detection, with light orange a detection just above the threshold level and bright red a
detection at 2 or more times the threshold. Each frame represents 2 seconds, with only
the strongest detection per frame plotted. The symbols are plotted in reducing size and
shading toward black for 3 frames beyond the detection time in order to guide the eye.
Blue triangles show station locations; the filled triangle indicates the station with
waveforms plotted in the bottom panel. The time listed at the top corresponds to the
approximate time of the first S-wave arrival at any station. Bottom panel: A sample
velocity waveform, one hour in duration, corresponding to the time-period of the
animation. Waveform is bandpass filtered between 1 and 8 Hz. Portions plotted in
red indicate times with a detected event similar to a template event. Note that nearly
all high-amplitude segments of the waveform are matched by LFEs. The vertical blue
bar indicates the point in time represented in the map view.
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Time=0-2 seconds.
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Figure 4.8. Same as Supplementary Movie 1 but for the hour beginning August 29,
2005 at 17:00 (see enclosed CD for movie in Quicktime format). In this case, tremor
is active in a region distinct from that active in Supplementary Movie 1.
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The dense coverage of LFE template sources in the region active in Figure 4.6b allows
us to attribute the tremor source almost entirely to the sources of known LFEs. This is
illustrated by the waveforms shown in Figure 4.6b, 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 Figure 4.6a, previously recorded LFEs still explain the vast
majority of the tremor, but occasionally weak tremor occurs without LFE detections.
This likely reflects the main limitation of our technique — the uneven distribution of
our LFE template sources. Since 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 Figure 4.6a by

template LFE events supports this interpretation.

The heterogeneous distribution of LFEs (Fig. 4.6) likely 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
sequences [Dodge et al., 1996] or earthquake swarms [McGuire et al., 2005; Vidale
and Shearer, 2006] 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. 4.2).

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. Such behavior bears
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careful watching, as slow slip transients can load adjacent locked portions of the fault

and increase the probability of large damaging earthquakes.

METHODS

We search continuous waveform records during non-volcanic tremor activity for
events similar to previously recorded and located LFE “template events” using a
matched-filter technique. A matched filter is recognized as an effective means of
detecting a known signal in the presence of noise and is extremely powerful when
applied simultaneously across multiple stations [Gibbons and Ringdal, 2006]. For this
study, we use waveforms from Japan’s Hi-net high sensitivity borehole seismic
network operated by the National Research Institute for Earth Science and Disaster
Prevention (NIED). As template events, we select 677 low-frequency earthquakes
(LFEs) occurring between June 2002 and June 2005; these events represent the best
recorded of those located by Shelly et al. [2006], with at least 6 three-component Hi-
net stations (18 channels) recording each event. This criterion helps ensure that each
template event is well located and maximizes our ability to detect any similar events

within the continuous data in the presence of noise.

We search tremor episodes systematically for events resembling these template
events by cross-correlating corresponding stations and components between the
template events’ S-waves and continuous data. For each template event at each
station, we use 4 seconds of the waveform, starting 1 second before the S-wave arrival
time estimated by the Japan Meteorological Agency (JMA) at that station. We
selected this waveform length and positioning in order to be sure to capture the main
S-wave arrival (the strongest arrival) of the template LFE, without including too much
of the waveform that may be dominated by noise or other sources. All waveforms are
bandpass filtered between 1 and 8 Hz. We calculate the correlation coefficient as a
function of time, shifting the window in increments of 0.05 seconds through the

continuous waveforms (see Figs. 4.3 and 4.4). At each point we compute the sum of
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the correlation coefficients across all channels. This provides a measure of waveform
similarity that is insensitive to the absolute amplitude of the input signal. The same

procedure is repeated for each template event.

When the correlation sum exceeds the threshold, we record a “strong” detection.
Because all stations are considered simultaneously, the detected event must originate
from nearly the same position as a given template event, with nearly the same source
mechanism. At times, multiple nearby template events may detect the same event in
the data; in this case we assign the location of the detected event to the location of the
template event that registers the most robust detection. The detection robustness is

calculated as the ratio between the correlation sum and the detection threshold.

We also attempt to detect events slightly offset from our template events by
allowing a slight shift (0.4 s) in waveforms between stations compared to the pattern
of the template event. In this case, we take the maximum correlation coefficient from
the 0.4-second window at each station before summing. This scheme compromises
noise tolerance in order to detect events over a slightly wider area. We maintain this
“weak” detection separately from the “strong” detection (with no allowed shift)
described above. For the weak detection, the threshold is set at 9 times the median

absolute deviation of the distribution above the median.

Using these methods, we observe peaks in the correlation sum when the
continuous tremor data exhibits similar waveforms across stations/components. We
use the absolute value of the correlation sum as our detection statistic. To define a
detection threshold we use the median absolute deviation (MAD), which is defined as
the median of the absolute values of the deviations about the median [Rousseeuw and
Leroy, 2003]. MAD is an estimator of the variability in a distribution that is robust
with respect to outliers, which in this case would correspond to positive detections.
For a normally distributed random variable the standard deviation is 1.4826xMAD.
We set a conservative threshold for a positive detection at 8 times MAD, which
corresponds to approximately 5.4 sigma above the mean for the normal case. This
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level was chosen to suppress spurious detections while retaining as many legitimate
detections as possible. The probability of exceeding 5.4 sigma for a normally
distributed random variable is approximately 3.3x10%. In a 1-hour period, we sample
72,000 time steps for each of 677 template events, giving an expectation of about 1
false detection of a “strong” event per hour. By contrast, we record 1288 “strong”
detections during August 29, 2005 17:00-18:00 and 767 “strong” detections during
September 2, 2005 19:00-20:00.

The correlation sums, which we use as the detection statistic, are not independent.
Moreover, there may be other correlations in the data that lead to non-Gaussian
behavior. For these reasons we use a synthetic test to examine the performance of the
LFE detection algorithm under controlled conditions. This test works identically to
our normal detection procedure, using the actual data but with stations and
components randomized. Instead of correlating the template event waveforms among
corresponding stations and components, waveforms are correlated with those from a
different station. The stations are randomized among those recording the event, with
the randomization different for each template event but kept the same during the time-
period of interest. Using this procedure for ten complete runs of all 677 template
events over a 1-hour period of tremor, we recorded an average of 0.4 “strong”
detections and 1.2 “weak” detections per hour, thus confirming an extremely low level

of spurious detections.

Applying these procedures, we detect events within continuous tremor many times
weaker than our (already weak) template events and can tolerate some degree of
interference from multiple, concurrent sources. To examine our detection capability,
we perform another synthetic test. In this test, we take a template event not active
during a particular hour of tremor and add a scaled-down version of it repeatedly over
the 1-hour period. An important benefit of this technique is that it includes the noise
of the real data and also tests the ability of the detection algorithm to register a

detection when other events are present in the data. An example of such a test is
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shown in Figure 4.5, where template event #83, located close to but not in the active
region in this example, is scaled by 1/10 and then added into the real tremor sequence
every 100 seconds. We then perform our normal detection procedure on the
“modified” tremor. This test confirms a remarkable detection capability, with 34 of 35
of the events successfully detected — a type II error rate of less than 5%. Occasional
“leakage” of detections to very nearby template events provides an estimate for our

location uncertainty of ~3 km.
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5. THE COMPLEX EVOLUTION OF TRANSIENT SLIP DERIVED FROM
PRECISE TREMOR LOCATIONS IN WESTERN SHIKOKU, JAPAN

ABSTRACT

Transient slip events are increasingly being recognized as important components of
strain release on faults and may substantially impact the earthquake cycle. Surface-
based geodetic instruments provide estimates of the overall slip distribution in larger
transients but are unable to capture the detailed evolution of such slip, either in time or
space. Accompanying some of these slip transients is a relatively weak, extended
duration seismic signal, known as non-volcanic tremor, which has recently been
shown to be generated by a sequence of shear failures occurring as part of the slip
event. By precisely locating the tremor, we can track features of slip evolution with
unprecedented resolution. Here, we analyze two weeklong episodes of tremor and
slow slip in western Shikoku, Japan. We find that these slip transients do not evolve in
a smooth and steady fashion but contain numerous sub-events of smaller size and
shorter duration. In addition to along-strike migration rates of ~10 km/day observed
previously, much faster migration also occurs, usually in the slab dip direction, at rates
of 25-150 km/hour. We observe such migration episodes in both the up-dip and
down-dip directions. These episodes may be most common on certain portions of the
plate boundary that generate strong tremor in intermittent bursts. The surrounding
regions may slip more continuously, driving these stronger patches to repeated
failures. Tremor activity exhibits a correlation with the tidal period, possibly

reflecting the modulation of slow slip velocity by tidal stresses.

This chapter is in preparation for G-Cubed with co-authors G. C. Beroza and S. Ide.
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INTRODUCTION

In recent years, advances in geodetic monitoring systems have led to the discovery of
transient slip events in subduction zones, with durations ranging from days to years
[Hirose et al., 1999; Dragert et al., 2001; Ozawa et al., 2002]. With similar advances
in seismic monitoring networks, a weak semi-continuous seismic signal, termed non-
volcanic tremor, has been found to accompany some events on the shorter end of this
duration range (days to weeks), with its activity approximately matching the duration
and location of the slip event [Rogers and Dragert, 2003; Obara et al., 2004]. Such
“episodic tremor and slip” (ETS) events have been verified to occur in both the
Cascadia and southwest Japan subduction zones. In each location, tremor and slip is
concentrated down-dip of the main seismogenic zone in a region believed to be
transitional between velocity weakening (stick-slip) behavior up-dip and velocity

strengthening (stable sliding) down-dip.

Initially, a variety of mechanisms were proposed to explain the tremor signal, often
invoking fluid flow as the tremor generating mechanism [Obara, 2002; Katsumata
and Kamaya, 2003; Seno and Yamasaki, 2003]. Such a mechanism arose from
analogies with volcanic tremor, which is thought to be generated by the movement of
volcanic fluids and from the fact that fluids are expected to be liberated from the
subducting slab near where the tremor is occurring. However, it is unclear how such a
mechanism would account for the close correspondence now observed with transient

slip events.

More recently, precise locations of relatively distinct and energetic portions of tremor,
classified as low-frequency earthquakes (LFEs), revealed that these LFEs occurred on
the plate interface, coincident with the estimated zone of slow slip [Shelly et al.,
2006]. Based on the LFE locations and the character of their waveforms, the authors
of this study proposed that LFEs may be generated directly by shear slip as part of the
slip transients. This interpretation is supported by Ide et al., [2007a], who used
stacked LFE waveforms to constrain the LFE’s mechanism. They found that LFE P-
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wave first motions and an empirical moment tensor inversion using LFE S-waves both
yielded mechanisms supporting shear slip on the plate interface in the direction of
plate convergence. Meanwhile, Shelly et al., [2007] demonstrated that tremor could
be explained as a swarm-like sequence of LFEs occurring on the plate interface. This
study established that tremor itself is generated by shear slip on the plate interface and
in doing so demonstrated a method to locate much of the tremor activity with high

precision.

An intriguing type of slip event was recently discovered to occur coincident with ETS
activity in southwest Japan. These events, called very low frequency earthquakes
(VLFEs), are detected in broadband data at periods of 20-50 seconds [[fo et al., 2007].
They also have mechanisms consistent with shear slip in the plate convergence
direction, and are intermediate between slow slip events and LFEs, both in duration

and magnitude.

We now recognize that tremor/LFEs, VLFEs, and slow slip events are all members of
a family of slow shear slip events occurring together in the transition zone on the
subduction interface, down-dip of the seismogenic zone [Ide et al., 2007b]. This
family appears to exhibit scaling of moment proportional to duration, unlike regular

earthquakes, which have a moment proportional to the cubed duration.

This new understanding of tremor allows us to use precise tremor locations to examine
the evolution of slow slip events. Although geodetic measurements can now resolve
average properties of larger slow slip events, they cannot provide information on
detailed temporal or spatial evolution of slip. Because of this, the slip in these events
has often been assumed to evolve in a relatively steady fashion. We find that in
western Shikoku, slow slip is a complex occurrence, likely influenced by variable
frictional properties on the plate interface. Precise tremor locations give us the ability
to resolve slip on a time scale of seconds, rather than days, and a spatial scale of ~1
km, rather than 10s of kilometers. Although we are limited by the locations of our

LFE template sources, we can locate tremor (and thus slip) in these zones very
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precisely and can infer the behavior of surrounding regions. Such information could

greatly assist our understanding of the physical processes controlling slow slip.

METHODS

In this study, we use the method described in Shelly et al. [2007] to examine the
detailed evolution of slip during two, weeklong ETS episodes in western Shikoku that
occurred during January and April 2006. This method uses the waveforms of
previously located LFEs [Shelly et al., 2006] as “template events” and systematically
searches continuous tremor for instances where the tremor waveforms strongly
resemble the waveforms of a previously recorded LFE. The similarity is measured by
the sum of the correlation coefficients across all available channels of data. By
utilizing multiple stations and components in the network simultaneously this
matched-filter approach becomes extremely powerful for detecting a known signal in

noisy data [Gibbons and Ringdal, 2006; Shelly et al., 2007].

We adjust the template event selection and detection threshold parameters used in
Shelly et al. [2007] slightly. For this study, we use continuous data from eight, three-
component Hi-net stations in western Shikoku. As “template events”, we select each
LFE [Shelly et al., 2006] recorded by at least five of these eight stations, giving a
minimum of 15 channels of data for each template event. This selection criterion
gives 609 LFE template events and ensures both that these are well located and that
they have sufficient data to allow detection of similar events within the continuous

tremor waveforms.

As in Shelly et al. [2007], we adopt a detection threshold based on the median absolute
deviation (MAD) of the distribution of correlation sums. Our standard detection
threshold is set at 8*MAD and is set independently for each template event and each
day of continuous seismic data. At this threshold, based on statistical arguments
supported by synthetic tests [Shelly et al. 2007], we estimate the false detection rate to

be about 1 per hour (total over all 609 template events). Sometimes, we consider a
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“very robust” detection threshold of 9*MAD. This very high detection threshold
(probability of exceedance of ~6.4 x 10" for a Gaussian distribution) sacrifices many
legitimate detections but virtually eliminates spurious detections. With this detection

threshold, we expect our false detection rate to be less than one event per day.

RESULTS AND DISCUSSION

We examine two ETS episodes occurring in western Shikoku during January and
April 2006. Figure 5.1 shows the regional tectonics and location of our study area, as
well as the epicenters of our template LFEs. Tilt data and the associated slip model
for the April event, as determined by Sekine and Obara [2006], are shown in Figure
5.2. For this event, they estimate a moment magnitude M, = 6.0, and an average of 1.2
cm of slip, based on the tilt change at multiple stations during a three-day period from
April 17-20. However, no geodetic-based slip model is currently available for the
January event, as it apparently did not generate a sufficient tilt signal to enable
modeling of a fault plane. This may be due to the fact that, based on our tremor
locations, the January 2006 event ruptured a smaller area than the April event,

extending a shorter distance to the southwest.

Figures 5.3-5.9 and 5.10-5.16 demonstrate the complex evolution of tremor and slip
during the episodes of January 15-21 and April 15-21, 2006, respectively, based on
precise tremor locations. For a different perspective on these episodes, please see
Figures 5.17 and 5.18 and the associated Quicktime format movies included on the
enclosed CD. In total, we detect 7,297 events during the January episode and 3829
events during the April episode. Of these, 3924 and 1905 events in January and April,
respectively, correspond to “very robust” detections, exceeding the threshold of
9*MAD (see methods). Since these events have been shown to represent shear failure
on the plate interface, we believe the locations accurately reflect portions of the plate
boundary slipping at any given time. Although potential locations are limited to

places where we have LFE template sources (Figs. 5.3-5.16), we can use these
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locations to infer the behavior of the surrounding region as well. In fact, the locations
of the LFEs themselves with their often-clustered distribution may contain information

about the properties of the plate boundary.

Honshu

34 N

131 E 132 E 133 E 134 E 135 E

Figure 5.1. Tectonic setting and location of study area. Red box in main figure shows
location of study area and denotes the region shown in Figures 5.3-5.16, parts A and
B. Black dots indicate LFE template events. Blue triangles show the locations of the
eight Hi-net stations used in this study. Inset shows the regional tectonics with the red
box indicating the region shown in the main figure. Dashed lines indicate
approximate plate boundaries. PA, Pacific plate; PS, Philippine Sea plate; AM, Amur
plate; OK, Okhotsk plate.
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Figure 5.2. The April 2006 tremor and slip event. A, (from top to bottom) Time series
of tiltmeter records, daily tremor counts, atmospheric pressure, and precipitation from
April 10-24, 2006. Station names and components are given next to each tiltmeter
record. The records are plotted after removing their linear trend and estimated tidal
and atmospheric components [from Sekine and Obara, 2006]. B, Tilt change vectors
(blue arrows; ground downward direction), the estimated short-term slow slip model
(red rectangle area and arrow) from these tilt change data, and the calculated tilt
changes due to this short-term slow slip event model (open arrows) for the western
Shikoku region. Epicenters of deep low-frequency tremor activity are also plotted
during the same time period (April 17-20, 2006) [from Sekine and Obara, 2006].
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One of the characteristics obvious from Figures 5.3-5.16 is the repeated tremor (and
thus slip) activity on portions of the plate interface covered by template LFEs during a
given ETS episode. The repeat time of such ruptures is not regular but may be related
to stresses applied from slip on neighboring portions of the fault. Such episodes often
appear to rupture through an entire LFE cluster, but individual clusters rupture more or
less independently. Even closely-space “subclusters” of LFEs in the northeast part of
our study area (along-strike position ~60 km) often display out of phase slip from one
another, while concurrently active. This behavior suggests a scenario where these
LFE clusters are driven to failure by steadier slip in the surrounding region. These
clusters may be places with frictional properties different from those of the
surrounding material or may represent some sort of geometrical heterogeneity. Under
this scenario, these clusters may be analogous to repeating earthquake patches, which
are believed to be portions of the fault that exhibit unstable slip surrounded by a stably
slipping region [Schaff et al, 1998]. As in the case for repeating earthquakes, the
repeat time of rupture may be related to slip rates in the surrounding region [Nadeau
and McEvilly, 1999]. However, the slip episodes in this case proceed over a matter of

minutes, rather than seconds as for a comparable earthquake.

MIGRATION OF TREMOR AND SLIP:

We observe two classes of migration of ETS activity: a relatively slow migration
along-strike and a much faster migration usually observed in the dip direction of
subduction. Previous investigators have observed that ETS episodes often exhibit
along-strike migration rates of approximately 5-20 km/day [Obara, 2002; Dragert et
al., 2004; Kao et al., 2006]. We observe a similar migration trend, although somewhat
sporadic, in both the January and April events. In January the along-strike migration
is mostly unilateral, whereas in April migration occurs bilaterally. However,

overprinted on this slow average migration is much more complex short-term
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behavior, where we see the portions of the fault that generate strong tremor (LFEs)

rupturing repeatedly.

Using precise tremor locations, we can now resolve much higher rates of migration of
tremor and slip than those previously observed. The clearest of these migrations occur
in approximately the dip direction at ~20-150 km/hour, as highlighted in Figures 5.3-
5.16. Occasionally, migration at similar rates can also be seen in the along-strike
direction. These rates are 40-300 times faster than a typical long-term along-strike
migration rate of ~12 km/day. However, they are still approximately 3 orders of
magnitude slower than ordinary earthquake rupture velocities. These migrations are
easiest to observe in the LFE cluster located at an along-strike position of ~40 km,
where rupture commonly propagates ~15 km along-dip in ~15 minutes. If the scaling
relationship proposed by Ide et al. [2007b] is applicable to these events, such episodes
would be expected to have a moment magnitude of approximately M,=4.3, falling

between VLFEs and slow slip events in size and duration.

In different along-dip episodes, the migration direction can be up-dip, down-dip, or
bilateral. The down-dip migration examples, combined with very high migration rates,
make it unlikely that fluids migrate with this slip. Instead, the events are most likely
triggered by stresses accumulating from slower, steadier slip in the surrounding
region. This larger-scale, more-continuous slip appears to grow slowly in size,
controlling the along-strike migration, while the smaller-scale events grow much more

quickly, consistent with the scaling relationship proposed by Ide et al. [2007b].

We rarely observe clear examples of fast migration along strike. Although gaps in our
distribution of template LFEs often make it difficult to recognize along-strike
migration if it propagates for less than 10 km, we can conclude that larger-scale
episodes are rare. For example, even though the large LFE cluster near the center of
our study area (along-strike position of ~40 km), sometimes ruptures its entire length
of nearly 20 km, such episodes do not generally propagate to neighboring LFE clusters

along strike, even though they may be quite nearby.
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A notable exception occurred on April 19, 2006 and is shown in Figure 5.14, part E.
This particular example migrates to the northeast 50 km along strike over a period of
2.5 hours, an average rate of 20 km/hour. If this episode did not extend significantly
outside our study region, the scaling relationship of Ide et al. [2007b] would suggest a
magnitude near M,,=5.0. This fast along-strike migration episode is superimposed on
top of a slowly migrating tremor front and likely represents a propagating pulse of
faster slip within the larger transient slip event. Although the physical dimensions of
the event may play a role [Ide et al., 2007b], the processes controlling these two very

different migration rates are not well understood.

Segmentation of the fault may inhibit extensive propagation of “fast” pulses of slip
along strike. This segmentation could be due to small geometrical irregularities, which
would be expected to align in the direction of slip (similar to the slab dip direction)
over time. In fact, a corrugation of the fault may also influence the distribution of
LFE template sources, which are sometimes located in clusters approximately aligned
with the plate convergence direction. This phenomenon could be related to streaks of
seismicity aligned in the slip direction observed on creeping faults elsewhere [Rubin et
al., 1999; Waldhauser et al., 2004]. In the case of our study area, the plate boundary
appears more strongly segmented to the northeast than the northwest. Apparently, only

the larger, slower “main event” is readily capable of overcoming this segmentation.

For both slow and fast migration, the onset of activity is usually much sharper than the
ceasing of activity on a given portion of the fault. These trailing events could be
considered “aftershocks” of the major sequence of activity - they may be due to
residual stresses or simply indicate a fault weakened immediately after rupture that

heals over time.

RELATIONSHIP TO VERY LOW FREQUENCY EARTHQUAKES

Ito et al. [2007] found VLFEs coincident with ETS activity in southwest Japan and

identified four such events occurring as part of the ETS episodes examined here. All
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four occurred on April 18, 2006; their reported locations and timing relative to our
tremor locations are shown by the open circles in Figure 5.13. The magnitudes of
these four events were estimated to range from M,=3.2 to M,,=3.5, with durations on
the order of 10 seconds. Although we clearly see tremor activity in the vicinity of the
reported VLFEs before and after their occurrence, such activity is unremarkable
compared to other times when VLFEs were not reported. The relatively small size and
short duration of these events combined with somewhat sparse template LFE coverage

in the vicinity of the VLFEs probably explain this lack of signal.

TIDAL TRIGGERING OF TREMOR AND SLIP

Tremor activity observed in the January 2006 event exhibits a strong periodicity at
slightly more than 12 hours, very similar to the average tidal period of 12.4 hours.
The effect is so strong it can be seen visually in Figures 5.3-5.9. Figure 5.19 evaluates
this periodicity statistically based on Schuster’s test, which is often used to test
statistical significance of tidal triggering of earthquakes [i.e. Tanaka et al., 2002;
Cochran et al., 2004]. For each event, Schuster’s test assigns a unit vector in the
direction defined by its phase angle. The squared length of the vectorial sum for all

events, D’, is given by

N 2 /N 2
D’ = (Ecos&) + (2 sinB,.)
i=1 i=1

where 0; is the phase angle of the ith event and N is the total number of events.
Assuming the events occur randomly and independently, the probably of obtaining a

vectorial sum equal to or greater than D is

2
P= exp(— %)

Therefore, 1-P represents the significance level to reject the hypothesis that the events

occur randomly. Assuming a period of 12.4 hours, we obtain P values of 2 x 10°%
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and 6.7 x 10 for the January and April events respectively. In our case, because of
the strong clustering of events in time, their occurrence is not independent and P likely
overestimates the significance somewhat. However, these incredibly small numbers
are some indication of the strong tidal effects in this dataset supported by relatively
large numbers of events in our dataset. For comparison, P values of 10 have been

considered extremely significant for tidal triggering of earthquakes [Cochran et al.,

2004].

Figure 5.19 plots D?/N, the argument of the exponential in Schuster’s test, versus
tested period. For both episodes, phase angles are assigned starting with 0 and ranging
to 2m, repeating with the period to be tested. Figure 5.19 shows an incredibly strong
peak at just over 12 hours for the January event. The actual peak occurs at 12.2 hours,
slightly shorter than an average tidal period of 12.4 hours, but consistent with the
average tidal period during this particular time span, as evidenced by nearby sea-tide
records. Peaks in tremor activity levels correspond to during and shortly after the high
tide recorded on the Pacific coast of Shikoku. The April episode also exhibits a strong
peak near a period of 12 hours, although the effect is subtler than for the January
event. Figure 5.20 shows histograms of event abundance versus phase angle for the

two episodes, assuming a period of 12.4 hours.

Although we do not attempt to calculate the tidally induced stress, previous studies
have emphasized the importance (and often domination) of ocean tide loading effects
relative to solid earth tides when near ocean basins [Tsuruoka et al., 1995, Cochran et
al., 2004]. Ocean loading probably plays an important role in this case, with high tide
likely serving to reduce the coupling force between the subducting and overriding
plates by exerting a downward force on the subducting plate. The depth of the
triggered events in this study (generally 30-35 km) means that the tidal stress is
extremely small compared with the confining pressure, although near-lithostatic pore
pressures may serve to mitigate the effects of this depth by greatly reducing the

effective normal stress on the fault. Tidal triggering of tremor has also been reported
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in eastern Shikoku [Nakata et al., 2006], indicating that this behavior may be
relatively common. A likely scenario is that tidal forces modulate the slip velocity in
the region surrounding the LFE clusters, generating an increased LFE/tremor activity

level during times when the slip rate in the surrounding region is accelerated.

The lunar period may also have the potential to affect tremor and slip activity. The
January and April events apparently begin on the 15" of the month (90 days apart),
while another minor tremor episode in this region has been reported to begin
approximately the same time of the month in February [Obara et al., 2006], about 30
days after the January event and 60 days before the April event. Although only

suggestive, these intervals correspond closely with the 29.5-day lunar cycle.

IMPLICATIONS FOR THE MECHANICS OF TREMOR AND SLIP

Although tremor appears to be generated by shear slip, fluids may play an important
role in enabling such slip. This idea is supported by tomographic and seismic
reflection studies suggesting high fluid pressures may be present in the tremor and
slow slip zone [Shelly et al., 2006; Kodaira et al., 2004). Kodaira et al. [2004]
proposed that high fluid pressure could enable transient slip by extending the
conditionally stable region between zones of velocity weakening up-dip and velocity

strengthening down-dip.

Modeling studies also indicate that near-lithostatic fluid pressures may promote
transient slip behavior [Liu and Rice, 2007], even without time-varying properties [Liu
and Rice, 2005]. An alternate possibility is the existence of a transition in friction
properties from velocity weakening behavior at very low slip speeds to velocity
strengthening at higher velocities as modeled by Shibazaki and Iio [2003]. Observed
triggering of tremor, both by seismic waves from distant earthquakes [Miyazawa and
Mori, 2005; 2006] and by tidal forces, further suggests that fluids play a role in this

process, and that the system may be sensitive to small perturbations in fluid pressure.
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CONCLUSIONS

Strong evidence supports the notion that non-volcanic tremor, at least in western
Shikoku, is generated by shear ship on the plate interface. These micro-slips do not
generally occur in isolation but rather in swarms as a cascade of shear failure along the
plate boundary. The slip from these events clearly contributes the geodetically
detected slip and thus slow slip and tremor can be considered essentially different
manifestations of a single process. However, strong tremor activity is concentrated at
certain areas of the plate boundary, where some heterogeneity in fluids, mineral
properties, and/or geometry likely exists. As a result, these zones stick and slip as
they are driven by slip in the surrounding region. Activity within one tremor cluster
often propagates through the cluster, but takes a matter of minutes, rather than seconds
as for a comparable earthquake rupture. Areas of the plate boundary between these
strong tremor patches may slip while generating only weak (and possibly

undetectable) tremor.

Slow slip does not evolve smoothly, but rather contains of a series of sub-events.
These sub-events are pulses of more rapid slip, such as the VLFEs reported by Ito et
al. [2007]. We also infer somewhat larger, slower sub-events from precise tremor
locations, propagating primarily in the along-dip direction at velocities of 20-150
km/hr. The relative scarcity of these sub-events extending a significant distance along
strike may be due to fault segmentation, possibly reflecting a “grain” of the plate
interface oriented in the dominant slip direction. In addition, tremor activity often
demonstrates strong tidal periodicity, possibly reflecting the modulation of overall slip
velocity of the transient event by tidal forces. This observation suggests that the high
confining pressure expected at this depth is mitigated by near-lithostatic fluid pressure,

resulting in very low effective normal stress on the plate interface.
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Figures 5.3-5.9. Space-time progression of tremor during January 15-21, 2006. Date
is given by figure heading. a, Map view showing active LFE template events
(colored circles) during the first half of each day (0:00-12:00 JST). The color scale
indicates the along-strike position, for reference when comparing with part ¢. Only
very robust detections exceeding 9*MAD (see text) are plotted. If multiple detections
are present, the strongest in each 2-second window is plotted. Black dots show
epicentral locations for LFE template sources. Blue triangles indicate the locations of
Hi-net stations used in this study, with the solid triangle showing station N.KWBH
referred to in part d. The black line is the coastline of Shikoku. b, Same as part a, but
for the second half of each day (12:00-24:00 JST). ¢, Down-dip position of tremor
versus time. Events are color-coded by along-strike position as in parts (a) and (b).
Arrows and labels indicate the direction and approximate migration velocity for some
of the clearest examples of migration. Notice the migration of tremor that can be seen
in both the updip or downdip directions. d, Seismic waveform from station NNKWBH,
north component (location shown in part a). Portions of the waveform plotted in red
indicate times of very robust detections (exceeding 9*MAD) while portions plotted in
pink indicate times with standard detections (exceeding 8*MAD or 0.4 second time
shift between stations allowed with 9*MAD - see text for details). A relatively steady,
low-amplitude signal seen around mid-day and uncorrelated with LFEs does not
appear to be non-volcanic tremor, as neighboring stations do not record a similar

signal.

Figures 5.10-5.16. Same as figures X, but for April 15-21, 2006. Open circles in
parts b and ¢ during April 18 (Fig. 5.13) indicate the occurrence of VLFEs, as reported
by Ito et al. [2006]. e, (Fig. 5.14 only) Along-strike position of tremor versus time.
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Day=115, Time=0-0.03 hours.
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Figure 5.17. Animation showing detected events with time during non-volcanic tremor
for 7 days, January 15-21, 2006 (see enclosed CD for movie in Quicktime format).
Top panel: Map view of western Shikoku region. Template events are plotted as
small black crosses. Colored circles represent a detected event, using the normal
threshold of 8 times the median absolute deviation of the distribution of correlation
sums for each template event. The shade of the circle represents the robustness of the
detection, with light orange indicating a detection just above the threshold level and
bright red indicating a detection at 2 or more times the threshold. Each frame
represents 2 minutes, with strongest detection from each 2-second window plotted.
The symbols are plotted in reducing size and shading toward black for 3 frames
beyond the detection time in order to guide the eye. Blue triangles show station
locations; the filled triangle indicates the station with waveforms plotted in the bottom
panel. The time listed at the top corresponds to the approximate time of the first S-
wave arrival at any station. Bottom panel: A sample velocity waveform, one hour in
duration, corresponding to the time-period of the animation. Waveform is station
N.KWBH, north component, bandpass filtered between 1 and 8 Hz. Portions plotted
in red indicate times with a detected event similar to a template event. The vertical
blue bar indicates the point in time represented in the map view.
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Day=418, Time=0-0.03 hours.

Figure 5.18. Same as Figure 5.17, but for the period from April 15-21, 2006 (see
enclosed CD for movie in Quicktime format).
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Figure 5.19. Evidence for tidal triggering of LFE activity. The population of detected
LFEs during each tremor and slip episode is analyzed for non-randomness at periods
from 0.2 to 36 hours. The quantity DN relates to the statistical significance of the
non-randomness in Schuster’s test (see text). The January event (solid blue line)
exhibits an extremely strong periodicity near the average tidal period of 12.4 hours
(dashed black line). Tidal triggering in the April event (dashed red line) is less
obvious, but this episode still shows a periodicity very close to the average tidal
period.
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Figure 5.20. Histograms of LFE numbers versus phase angle, assuming a period of
12.4 hours (the average tidal period). (A) January 15-21, 2006. (B) April 15-21,
2006. The phase angle is assigned to be zero at the beginning of each episode (i.e. at
0:00 on January 15 and April 15) and is repeated every 12.4 hours. The January event
exhibits a very clear tidal triggering, while the tidal effect in the April event is less
obvious.
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