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Shallow-Focus Repeating Earthquakes in the Tonga—Kermadec—Vanuatu

Subduction Zones

by Wen-che Yu

Abstract This paper examines moderate shallow-focus repeating earthquakes
along the Tonga—Kermadec—Vanuatu subduction zones by cross-correlating tele-
seismically recorded waveforms. A total of 23 clusters and 31 doublets are identified
with an average cross-correlation coefficient of >0.8. A master-event algorithm is
used to determine the precise relative locations. I then estimate and superpose the
source areas among these event pairs. This analysis reveals that most of these corre-
lated pairs are repeating earthquakes, which have similar seismic moments (M) and
completely overlapping source areas. Most of the moderate repeating earthquakes
were quasi-periodic with a recurrence interval (7,) on the order of years, and occurred
at the plate interface. The repeating earthquakes are used to study spatial-temporal
variations in fault-slip rate (d) and interplate coupling. Apart from spatial variations in
d, a temporal acceleration in d is observed, associated with large interplate earth-
quakes in the Vanuatu region. Interplate coupling is weak for most of the study areas,
except the northern section 15°-19° S of the Tonga arc. Strong coupling in the
northern Tonga interplate region appears to be at odds with the decoupling expected
of a region associated with active back-arc extension. Repeating earthquakes are also
used to examine the scaling relationship between M|, and 7, derived from the San
Andreas fault (SAF). The T, — M|, scaling relationship derived from the SAF can
adequately account for the normalized T, for the Kermadec, Vanuatu, and Tonga in-
terplate regions where it is decoupled, suggesting that the convergence rate is the pre-
dominant influence on the recurrence interval in a repeating earthquake sequence.

Introduction

Repeating earthquakes are characterized by highly cor-
related seismic waveforms, and are generally interpreted as
reflecting repeated slip at small asperities on the same fault,
surrounded by stably sliding regions on the plate boundary
and active faults. In the past two decades, the cumulative
seismic waveform data in the Seismic Analysis Code
digital format, combined with a rapid increase in computa-
tional power and memory, have allowed easy identification
of repeating earthquakes (or repeaters) based on high cross-
correlation coefficients. The discovery of repeating earth-
quakes has led to increased interest in this research field.
Repeaters can be used to monitor the spatial-temporal varia-
tions in quasi-static slip (rate) in subduction zones or along
active faults (Nadeau and Johnson, 1998; Nadeau and McE-
villy, 1999; Igarashi ef al., 2003; Uchida et al., 2003, 2004;
Uchida, Yui, et al., 2009), and to estimate interplate coupling
(Uchida, Nakajima, et al., 2009; Igarashi, 2010; Uchida and
Matsuzawa, 2011) and fault healing rates (Marone er al.,
1995; Peng et al., 2005). The scaling relationship between
recurrence time interval (7,) and seismic moment (M) of
repeaters can also be used to understand the parameters that
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influence the recurrence interval (7,; Chen er al., 2007).
Repeating earthquakes with a regular 7', can be used as an
assessment for understanding the long-term earthquake cycle
model (Nadeau et al., 1995; Matsuzawa et al., 2002; Uchida
et al., 2007). In addition, earthquakes with highly correlated
waveforms are extensively used to improve the precision of
relative location among earthquake sequences and to map the
details of sub-surface faults (Rubin et al., 1999; Waldhauser
and Ellsworth, 2000; Schaff et al., 2002; Cheng et al., 2007,
Li et al., 2007). Repeating earthquakes with identical loca-
tions, focal mechanisms, and moment rate functions, which
can minimize the uncertainties due to earthquake source, are
also used to detect subtle temporal changes in the seismic
structure of the crust associated with large earthquakes (Pou-
pinet et al., 1984; Rubinstein and Beroza, 2004; Schaff and
Beroza, 2004; Rubinstein and Beroza, 2005; Peng and Ben-
Zion, 2006; Rubinstein et al., 2007; Chao and Peng, 2009;
Chen et al., 2011) and Earth’s deep interior (Zhang et al.,
2005; Wen, 2006; Zhang et al., 2008).

Small repeating earthquakes with a periodic or a quasi-
periodic recurrence interval, described as the continual-type
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by Igarashi et al. (2003), were discovered on the Parkfield
segment of the San Andreas fault (SAF; Nadeau ef al., 1995;
Nadeau and Johnson, 1998; Nadeau and McEvilly, 1999), the
Chihshang fault, and the Longitudinal Valley fault, Taiwan
(Chen et al., 2008, 2009), and in northeastern Japan (Igarashi
etal.,2003; Uchida et al., 2007). Continual-type repeaters are
located at small asperities surrounded by the stably sliding
regions on the plate boundary. Burst-type repeaters (swarms
or aftershocks) were also described by Igarashi ez al. (2003),
and are typically associated with large earthquakes, such as
the 1984 Morgan Hill earthquake on the Calaveras fault, the
1989 Loma Prieta earthquake on the SAF (Vidale et al., 1994;
Schaff er al., 1998; Schaff and Beroza, 2004; Peng et al.,
2005; Zhao and Peng, 2009), the 1999 Izmit and Diizce
earthquakes on the North Anatolian fault in Turkey (Peng
and Ben-Zion, 2006), and the 1994 far-off Sanriku and
2003 Tokachi-oki earthquakes in northeastern Japan (Igara-
shi et al., 2003; Uchida, Yui, et al., 2009). In subduction
zones, burst-type repeaters are characterized by temporal
clustering and can be located both down- and up-dip of
the asperities of large earthquakes (i.e., the coseismic slip
areas; Igarashi et al., 2003; Uchida and Matsuzawa, 2011).
Classification of continual- and burst-type is primarily based
on differences in temporal behavior. The spatial distribution
on the plate interface is essentially the same for both the
continual- and burst-type repeaters (Igarashi et al., 2003).
However, moderate-sized (body-wave magnitude, my, > 4.7)
repeating earthquakes are less common, as the 7', would be
long and follow the log-log T, — M|, scaling relationship
(Nadeau and Johnson, 1998; Chen et al., 2007). Moderate
repeaters have been discovered on the Parkfield segment
of the SAF (Nadeau and Johnson, 1998), several regions
in circum-Pacific subduction zones (Zhang et al., 2008), the
South Sandwich islands (Zhang et al., 2005), China (Schaff
and Richards, 2004), Kamaishi-oki in northeastern Japan
(Matsuzawa et al., 2002; Uchida et al., 2007), and at great
depth inside the Tonga—Fiji slab (Wiens and Snider, 2001;
Myhill et al., 2011; Yu and Wen, 2012).

I am in the process of assembling teleseismic waveform
data recorded by the Global Seismographic Network (GSN)
and permanent regional seismic networks, and analyzing
similar earthquake pairs for global subduction zones at all
depth ranges. Previously, we searched for similar deep-focus
earthquake pairs in the Tonga—Fiji subduction zone (Yu and
Wen, 2012). Herein, a new dataset is analyzed comprising
shallow-focus repeating earthquakes (focal depth <70 km)
along the Tonga—Kermadec and Vanuatu (former New Heb-
rides) subduction zones using teleseismic waveform data. A
master-event algorithm (Wen, 2006) is used to determine the
precise hypocentral relative locations and depths between
earthquake pairs. I estimate the circular rupture zones assum-
ing a Brune source model (Brune, 1970), and plot the esti-
mated circular rupture zones relative to their precise locations.
It is demonstrated that the majority of shallow correlated
earthquake pairs are repeating earthquakes (i.e., earthquakes
that have entirely overlapping rupture zones and comparable
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M,). Finally, the T, — M, scaling relationship is discussed,
along with spatial-temporal variations in fault-slip rate, and
interplate coupling in the Tonga—Kermadec—Vanuatu sub-
duction zones.

Search for Repeating Earthquakes

Spatial separation and waveform cross correlation (cc)
were used as the initial and secondary constraints to screen
for potential earthquake pairs. Shallow events were first
divided with my, > 4.7 in the Preliminary Determination
of Epicenters (PDE) catalog into a 0.5° by 0.5° grid in
the Tonga—Kermadec—Vanuatu subduction zones (160° E—
166° W, 6° S—42° S). An my magnitude threshold of 4.7
was adopted in order to have high signal-to-noise ratio
(SNR) waveform records at teleseismic distances. I computed
spatial separation between any two events within a grid
element, and in the neighboring grid elements, for the entire
study region. Events separated by <80 km were considered
as potential event pairs. A source separation of 80 km was
used as the distance threshold to account for possible event
mislocation in the PDE catalog. There are > 7900 shallow
events with my > 4.7 in the database between 1990 and
2009, and more than 390,000 potential pairs satisfy the initial
spatial separation constraint. I compiled seismic waveforms
recorded by the GSN and regional seismic networks for each
event (see Data and Resources; Fig. 1). I then band-pass fil-
tered a 30-s time window after the direct P and PKPdf waves,
which includes the P, pP, sP, PKP, pPKP, and sPKP
phases in the frequency range of 0.8-2.0 Hz, and calculated
the cc coefficient for all 390,000 potential pairs. The fre-
quency range of 0.8—-2.0 Hz can suppress the low-frequency
background noise. More than 62 million waveform cc pairs
were computed to search for similar earthquake pairs through-
out the database. For the purpose of earthquake relocation,
some pairs with <5 cc measurements were excluded. I iden-
tified 128 correlated earthquake pairs with an average cc
coefficient of >0.8 computed from >5 measurements.
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Figure 1. Map of the seismic stations used to search for corre-

lated earthquake pairs. Seismic stations belong to the Global Seis-
mographic Network (GSN), the Global Telemetered Seismograph
Network (GT), GEOSCOPE (G), and the new China Digital Seis-
mograph Network (CD, IC). Note that the status of the network is as
of December 2001, and these seismic networks have progressively
expanded since that time.
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Among these correlated event pairs, some pairs that share an
event in common were further grouped as clusters (compris-
ing 3-5 events), whereas others comprising just two events
were referred to as doublets.

A total of 22 clusters and 31 doublets were identified
along the Tonga—Kermadec—Vanuatu subduction zones (Fig. 2,
Tables 1 and 2). These correlated earthquake pairs occurred at
the plate interface with low-angle thrust-fault focal mecha-
nisms (Fig. 2). Along the Tonga plate-interface region, the
majority of the correlated event pairs are spatially clustered
between 19° S and 21.5° S (T1 and T2 regions in Fig. 2a),
where the plate convergence rate is inferred from the Global
Positioning System (GPS) data to be 16.4-20.5 cm/yr (Bevis
et al., 1995; Fig. 3, Table 3). Along the Kermadec and
Vanuatu plate-interface regions, the spatial distribution of
the correlated pairs is sporadic (Fig. 2). There are more clus-
ters and doublets along the Tonga interplate region than
along the Kermadec and Vanuatu interplate regions (Fig. 2).
The majority of the interplate clusters and doublets are con-
tinual-type with a time separation on the order of years
(Fig. 4). The burst-type correlated event pairs with short time
separations of months to a year are the TS-D2, KS-D19, KS-
D27, and VS-D1 doublets, and the 2007/08/23 and 2007/09/
05 events of the VS-C2 cluster, the 2008/04/06 and 2008/06/
01 events of the VS-C4 cluster, and the NFS-C9 cluster
(Fig. 4). Several burst-type correlated clusters and doublets
appear to be associated with large interplate earthquakes.
The TS-D2 doublet may be associated with the 2009/09/29
Samoa-Tonga outer trench-slope earthquake (M, 8.1) that
triggered large interplate doublets (both of M, 7.8; Lay et al.,
2010; Figs. 2a and 3). Near 165.7° E, 11.4° S in the northern
Vanuatu interplate region, the 2007/09/02 earthquake
(M,, 7.3) and the 2009/10/07 earthquake triplet (M,, 7.7,
M, 7.8, and M, 7.4) likely induced the 2007/09/05 and
2009/10/08 events of the VS-C2 cluster and the 2009/10/
15 event of the VS-D1 doublet (Figs. 2b, 3, and 4). In the
V3 interplate region in Vanuatu, the 2008/04/09 M, 7.3
earthquake and associated aseismic slip probably induced
the 2008/04/10 event of the VS-C6 cluster and the 2008/
06/01 event of the VS-C4 cluster (Figs. 2b, 3, and 4). The
NFS-C9 cluster that occurred in the North Fiji basin is dis-
tinct from the interplate clusters and doublets, and is charac-
terized by temporal clustering during November 1997 and
normal-fault focal mechanisms (Figs. 2b and 4b, Table 1).

These shallow similar earthquake pairs exhibit highly
correlated waveforms. Figure 5 displays examples of high-
frequency P- and S-wave coda waveforms in a 45-s time
window for the clusters TS-C3 and VS-C5 at regional and
teleseismic distances. For the TS-C3 cluster, the waveform
cc coefficient can approach 0.9 for the P-wave coda and
0.95 for the S-wave coda recorded at the closest station
AFT (Fig. 5a). The cc coefficient of the P-wave coda can
approach 0.9 and above for the records with high SNR
(Fig. 5b—f). For the VS-C5 cluster, the cc coefficient can
reach 0.95 and above for the available P and S coda recorded
by the closest stations DZM and NOUC (Fig. 5g,i). The cc

coefficient of the P-wave coda can often approach 0.95 at
teleseismic distances (Fig. 5h,j, and k).

Master-Event Algorithm

I use a master-event algorithm (Wen, 2006) to determine
the precise relative location and depth between shallow-event
pairs. This algorithm treats one event of the pair as the master
(or reference) event for which the origin time and hypocenter
are fixed to those of the PDE catalog. The error on the origin
time and relative location and depth of the second event are
solved via a grid searching technique. The data are the travel-
time residuals of the seismic-phase pairs calculated by wave-
form cc of the high-frequency waveform pairs. The P, pP,
and PKP phase pairs are included in the master-event relo-
cation algorithm. Surface-reflected pP phases sampling the
upper focal hemisphere are used to improve the precision
on the relative depth estimates. The travel-time residual is
sensitive to differential location and depth, and origin-time
error between two earthquakes, and is insensitive to hetero-
geneous velocity structures along the ray paths because the
event pair should have nearly identical ray paths. Whereas
the absolute location and depth of the master event might
be biased by the 3D heterogeneous velocity structures near
source, the relative location between earthquake pairs should
still be precise. Event-origin time error is treated as a
constant and is calculated by averaging the travel-time resid-
uals for a given earthquake pair. The optimum location and
depth of the second event relative to the master event are
solved by grid searching the region near the master event that
yields the minimum root-mean-square (rms) time residual.
The box for the grid search is 12 km (east-west) by 12 km
(north—south) by 12 km (vertical) centered on the hypocenter
of the master event. The interval used for the grid search is
100 m. To achieve sub-sample precision, the time series are
interpolated to 5-milliseconds (ms) sampling rate before cc.

To estimate the location uncertainties, I compute the
95%-confidence ellipse for each event pair with 200 boot-
strap re-samplings. Eighty percent of the travel-time resid-
uals of the seismic phases are randomly selected and used
in each bootstrap calculation. The 95%-confidence ellipse
is estimated using a least squares fit to the 200 locations.
Precision of the location uncertainties depends on the geom-
etry of seismograph distribution, the epicentral distance that
influences the sensitivity of horizontal slowness, and the
number of measurements. With adequate azimuthal cover-
age, bootstrap re-samplings can constrain the reliability of
the location uncertainties (Waldhauser and Ellsworth, 2000).

Relocation Results and Identification of Repeating
Earthquakes

One relocation exercise for the TS-C3-99r-94 event pair,
consisting of events 1999/06/21 (my, 5.0, 33-km depth,
labeled as 99r) and 1994/05/15 (my 5.2, 33.2-km depth,
labeled as 94) is displayed in Figure 6 as an example.
The TS-C3-99r-94 pair has reasonably good sampling
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Regional map of moderate-sized (m;, > 4.7) shallow-focus repeating earthquakes and background seismicity along the
(a) Tonga—Kermadec and (b) Vanuatu (former New Hebrides) subduction zones. Shallow repeating earthquakes (black stars) and their avail-
able Global Centroid Moment Tensor (GCMT; Dziewonski ef al., 1981; Ekstrom et al., 2003) are labeled with event date and doublet/cluster
id where applicable. Colors of GCMT are used to distinguish nearby different repeaters. Source parameters for the clusters and doublets are
listed in Tables 1 and 2. Background seismicity is shown as gray dots and large interplate earthquakes (moment magnitude, M, > 7.3) since
1976 are shown as large open gray stars. Black lines indicate the trench (Bird, 2003) and slab contour at 50-km depth (Gudmundsson and
Sambridge, 1998). Repeating earthquake clusters in the (a) T1 and T2 plate-interface regions in Tonga and (b) V3 plate-interface region in
Vanuatu are used to study the fault-slip rate (d). A regional map of the Tonga—Kermadec—Vanuatu subduction zones is shown in the inset
figure, with the gray dotted box indicating the expanded region in the main figure.

(Continued)
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Figure 2. Continued.
coverage at regional and teleseismic distances (Fig. 6a,b). M, = (16/7)Aca?, (1)

The master-event relocation shows that the TS-C3-99r-94
pair is separated by 0.15 and 0.2 km in the horizontal and
vertical planes, respectively (Fig. 6¢). The major and minor
axes of the 95% confidence ellipse of the location uncertain-
ties in the horizontal plane are 0.58 and 0.30 km, respectively
(white ellipse in Fig. 6¢c, Table 1). The travel-time residuals
are within £30 ms (Fig. 6b), and the rms time residual pre-
dicted on the basis of optimum location and depth of the sec-
ond event is 13 ms (Fig. 6¢c, Table 1). The cc coefficient of
most high-frequency P and surface-reflected pP and sP
waveforms with high SNR in the distance range of 30° to
100° can also approach 0.85 and above (Fig. 6d.e).

Overall, the master-event relocation results suggest that
most clusters and doublets are separated by hundreds of
meters in the horizontal and vertical planes, except for a few
cases that are offset by > 1 km. The master-event algorithm
can greatly improve the precision of relative locations and
depths from the PDE catalog with, for example, location un-
certainties in the horizontal plane often being less than a few
kilometers (Tables 1 and 2).

It is essential to estimate the rupture areas of individual
earthquakes and plot rupture areas relative to the precise
location of the hypocenters, in order to determine whether
the rupture areas overlap among these earthquake pairs. I first
relate magnitude (m,,) to scalar seismic moment (M; dyn-cm;
Hanks and Kanamori, 1979). The radius of earthquake rupture
zones is estimated based on the relationship:

for which Ao is the stress drop and a is the radius of a circular
fault. T use a stress drop of 1 MPa for interplate earthquakes
(Kanamori and Anderson, 1975). The estimated circular rup-
ture zone for moderate interplate earthquakes is 2-5 km.

Figures 7 and 8 display the estimated earthquake rupture
zones relative to the precise location of these correlated clus-
ters and doublets. Their spatial separation is usually much
smaller than the estimated circular source areas. Thus, these
clusters and doublets have entirely overlapping source areas.
Moreover, the majority of these earthquakes have similar
circular source areas or M. Both of these observations imply
that the majority of these earthquakes re-rupture over the
same fault area and can be defined as repeating earthquakes.
Note that several similar earthquake pairs do not satisfy the
definition of repeating earthquakes in that these pairs are oft-
set by 1-2 km in the horizontal and vertical planes, or their
source areas are not entirely overlapped, and/or do not have
similar M,. The similar earthquake pairs are the TS-C1, KS-
C14, NFS-C9 clusters, the 2001/07/04 (m;, 4.8) and 2007/12/
04 (my, 4.8) events of the VS-C7 cluster, and the TS-D2, TS-
D12, and KS-D27 doublets (Figs. 7 and 8, Tables 1 and 2).
My analyses suggest that cross correlation can be used as a
preliminary index to identify similar earthquake pairs and
repeaters. Apart from having a high cc coefficient, repeating
earthquakes can be better defined as the correlated earth-
quake pairs that have entirely overlapping source areas and
similar M.
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Shallow-Focus Repeating Earthquakes in Tonga—Kermadec—Vanuatu Subduction Zones
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Figure 3. Large subduction-zone interplate earthquakes (large

open gray stars) labeled with event date, M,,, GCMT focal mecha-
nisms, and GPS velocity vectors (gray arrows and black triangles
labeled with station name). GPS velocities are listed in Table 3.
Black lines indicate the Tonga—Kermadec and Vanuatu trenches.
Note that the 2009/09/29 Samoa—-Tonga outer trench-slope event
(M,, 8.1) triggered large interplate doublets (both of M, 7.8;
Lay et al., 2010). The Pacific plate subducts westward beneath
the Australian plate along the Tonga—Kermadec trench, whereas
the Australian plate subducts eastward beneath the Vanuatu arc
and North Fiji basin. The opposite orientation between the
Tonga—Kermadec and Vanuatu subduction systems is due to com-
plex and broad back-arc extension in the Lau and North Fiji basins
(Pelletier et al., 1998).

Fault-Slip Rate Inferred from the Scaling Relationship
between Fault Slip (d) and Seismic Moment (M)

Nadeau and Johnson (1998) suggested that fault slip
(d; cm) and M,y (dyn-cm) for the repeaters in Parkfield on
the SAF follow a log—log scaling relationship:

log(d) = 0.17 x log(M,) — 2.36. 2)
Table 3
GPS Velocities near the Tonga and Vanuatu Subduction Zones
GPS Velocity ~ GPS Velocity
Station  Latitude (°N) Longitude (°E)  Azimuth (N°E) (cm/yr)
NTPT —15.947 —173.763 104 24
VAVA —18.648 —173.999 108 20.5
TGPU -21.173 —175.309 105 16.4
VANU —16.432 179.413 92 7.9
VITI —17.651 177.394 94 8.6
LLAU —18.187 —178.78 89 7.8
TORS —13.33 166.64 254 6.5
DILB —18.82 169.02 247 11.8
TANA —19.53 169.25 249 12.4
FTNV —19.52 170.23 259 9.6
YTUM —20.14 169.77 248 11.8
MTTW —22.34 171.36 197 4.8
HUNT 224 172.09 177 4.2

The listed GPS stations are near shallow repeaters in the Tonga and
Vanuatu subduction zones. Note that GPS velocities are relative to the
Australian Plate. GPS velocities were obtained from previous studies
(Bevis et al., 1995; Calmant et al., 2003).

W. Yu

The main assumption in the derivation of equation (2) is
that the tectonic loading rate is equal to the average fault-slip
rate (éi). Igarashi et al. (2003), Uchida et al. (2003), and Chen
et al. (2008) demonstrated that d estimated from equation (2)
is applicable to the Chihshang fault in Taiwan and north-
eastern Japan, as calculated d values and its spatial distribu-
tion are consistent with the GPS data. As a first step towards
understanding fault-slip rate in the Tonga—Kermadec—Vanuatu
interplate regions, I use equation (2) to estimate fault slip and
slip rate. A step increase in slip corresponds to the occur-
rence of an earthquake estimated from equation (2), and d
is the slope between step increases in slip and time separation
between two events (Fig. 9). Fault slip and slip rate may
exhibit temporal variations due to aseismic slip associated
with large interplate earthquakes or spatial variations such
as transitions from strongly coupled to decoupled regions.

I primarily focus on the T1 and T2 plate-interface re-
gions in Tonga and the V3 plate-interface region in Vanuatu,
where there are several repeating earthquake clusters (Fig. 2).
In the T1 region, the TS-C3, TS-C4, and TS-C7 clusters have
a fairly constant d of 7.8, 20.5, and 8.1 cm/yr, respectively
(Fig. 9a, Table 4). Moreover, the TS-C5 qnd TS-C6 clusters
appear to have a temporal acceleration in d. The TS-C5 clus-
ter has dof 12 cm/yr before the 2003/10/09 event, followed
by a d of 28 cm/yr for later events in the cluster. The TS-C6
cluster has d of 7.3 cm/yr before the 2002/02/15 event and a
dof 19 cm/yr for later events in the cluster (Fig. 9a). In the
T2 region, the TS-CS, TS-C9, TS-C10, and TS-C11 clusters
have a consistent d in the range of 10-14 cm/yr (Fig. 9b,
Table 4). In the V3 region, apart from the VS-C5 cluster, d
accelerates after 2007 and 2008 for the VS-C3, VS-C4, and
VS-C6 clusters (Fig. 9c). Among these clusters, the 2008/04/
06 and 2008/06/01 events of the VS-C4 cluster and the 2008/
04/10 event of the VS-C6 cluster are likely associated with
the 2008/04/09 event (M,, 7.3; Figs. 2b, 3, and 9c). Near
165.7° E, 11.4° S in the northern Vanuatu plate-interface re-
gion, the burst-type VS-C2 and VS-D1 repeaters appear to
have a temporal acceleration in d in the range 31-37 cm/yr
(Fig. 2b, Table 4), which are probably associated with the
aseismic afterslip of the 2007/09/02 M,, 7.3 event and the
2009/10/07 earthquake triplet (M, 7.7, M, 7.8, and M, 7.4;
Fig. 3). Average fault-slip rates d for each cluster and doublet
are given in Table 4.

Estimation of Interplate Coupling

Interplate coupling is useful for identifying locked zones
that could potentially produce large interplate earthquakes.
The coupling coefficient (c¢) can be estimated based on the
equation:

c=(Vo—d)/Vo. 3)
for which V|, is the GPS-derived plate convergence rate.
A c of 0 indicates that the plate is creeping at its long-term

slip rate, whereas a c of 1 indicates that the plate boundary is
fully locked (Uchida, Nakajima, et al., 2009). Previous studies
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Shallow Doublets and Shallow Clusters, respectively, whereas T, K, V, and NF refer to the regions Tonga, Kermadec, Vanuatu, and North Fiji

basin, respectively.

analyzed GPS data and estimated convergence rate between
the Pacific and Australian Plates along the Tonga and Va-
nuatu subduction zones (Bevis et al., 1995; Calmant et al.,
2003; Table 3). A convergence rate of 8 cm/yr along the Ker-
madec subduction zone was adopted from the NUVEL-1
model (DeMets et al., 1990). There were three GPS stations
(NTPT, VAVA, and TGPU) along the 1500-km-long Tonga
arc (Fig. 3, Table 3). Given that V increases northward from

16.4 cm/yr at the TGPU station to 24.0 cm/yr at the NTPT
station, I assigned V, for the clusters/doublets on the basis
of the nearest GPS station. For example, several doublets
and clusters in the T1 region are assigned with a V| of
20.5 cm/yr close to the VAVA station, and other clusters
in the T1 region have a V) of 18.5 cm/yr as these are located
between the VAVA and TGPU stations (Fig. 3, Tables 3 and
4). I noted that V, values quoted in the studies of Bevis ef al.
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Figure 5.  Examples of high-frequency waveforms filtered in the frequency range of 0.8-2.0 Hz for the TS-C3 cluster in Tonga recorded
by the seismographs (a) AFI, (b) CTAO, (c) WRAB, (d) RAR, (e) PMG, and (f) NOUC and for the VS-CS5 cluster in Vanuatu recorded by the
seismographs (g) DZM, (h) WRAB, (i) NOUC, (j) PMG, and (k) CTAO. Epicentral distance (A) for each station is labeled at the top of each
panel. Traces of the events are distinguished by different colors. (a, g) display both P and S coda, whereas the rest of the panels display only P
coda, except (i), which only shows S coda. Note that cross-correlation (cc) coefficients of many traces with good SNRs can approach 0.85 and
above, and the entire P and S coda are very similar (a, g).
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Figure 6. Relocation results and example waveforms for the 1999/06/21 (reference event, labeled as 99r) and 1994/05/15 (labeled as 94)
events of the Tonga shallow cluster TS-C3, referred as TS-C3-99r-94 in the text. Regional Pn and teleseismic P and PK P phase pairs are used
to determine the precise relative location. (a) Travel-time residuals subtracted from the mean of all travel-time residuals (the event origin time error)
between the event pair plotted at the location of each seismograph, with the great circle paths (gray traces). (b) Predicted travel-time residuals based
on the optimum location and depth of the second event relative to the reference (master) event plotted at the location of each seismograph. Negative
and positive travel-time residuals are indicated by red circles and blue squares, respectively, and the magnitude of the travel-time residual is
proportional to the size of the symbol. (c) rms time residual near the earthquake source. Coordinate (0, 0) corresponds to the location of the
reference event. White open star corresponds to the optimum location and depth of the second event. White open ellipse corresponds to the
95% confidence ellipse calculated with 200 bootstrap re-samplings. (d, ) Examples of high-frequency P, pP, and sP waveforms filtered in
the frequency range of 0.8-2.0 Hz for the 1999/06/21 (red traces) and 1994/05/15 (blue traces) earthquakes with station name and cc coefficient
displayed on the right side of the panel. Waveforms for the reference event are aligned by the predicted P arrival of the IASP91 seismic velocity
model (Kennett and Engdahl, 1991), whereas waveforms for the second event are aligned by waveform cc between the two traces.
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Figure 7. Relative locations for the 23 shallow-focus clusters in the Tonga—Kermadec—Vanuatu subduction zones. Each panel displays
the east—west and north—south plane view for the clusters. Reference events of the clusters are located at coordinate (0, 0). Black circles refer
to the estimated circular source areas. Only available GCMTs are plotted, which are labeled by year. Note that the difference in depth among
the clusters is small (dz, column in Table 1), thus only the east—west and north—south plane view is displayed. For some clusters, one or a few
events slightly deviate from the rest of the events due to limited sampling coverage affecting determination of their precise relative location. In
the VS-C2 cluster, 07b refers to the 2007/09/05 event. In the VS-C4 cluster, 08a and 08b refer to the 2008/04/06 and 2008/06/01 events,
respectively. In the NFS-C9 cluster, 97r and 97a refer to the 1997/11/11 and 1997/11/03 events, respectively. Source parameters for the
shallow-focus clusters are listed in Table 1.

(1995) and Calmant et al. (2003) were measured in the 1990s repeating events are indicative of strong coupling that could
and early 2000s. It is possible that a temporal acceleration in not be resolved by this approach. For example, the following
slip rate may have occurred in the late 2000s. The effect of  plate-interface regions are known to be strongly coupled in-
this would be to produce a smaller V,, than d and a negative ~ ferred from the studies of large earthquakes and geodesy:
coupling coefficient. near the junction of the Tonga—Kermadec subduction zones

Coupling coefficients exhibit regional variations in the ~ and the aseismic Louisville ridge (gray dashed regions labeled
Tonga, Kermadec, and Vanuatu plate-interface regions. In by LR in Fig. 10a; Christensen and Lay, 1988), and near
the northern part of Tonga (15°~19° S) plate-interface region, Santo and Malekula where the aseismic D’Entrecasteaux

a high V, and a low d yield high coupling coefficients of ridge is subducting in the central Vanuatu region (gray
0.6-0.77 (Fig. 10a, Table 4). In the T1 and T2 regions, the dashed regions labeled by DER in Fig. 10c; Calmant et al.,
coupling coefficients are usually <0.5 (Fig. 10b, Table 4). 2003).
Along the Kermadec and Vanuatu plate-interface regions,
the coupling coefficients are mostly < 0.3, indicative of weak

coupling or decoupling (Fig. 10a,c Table 4). Along the

Scaling Relationship between Recurrence Interval (7',)
and Seismic Moment (M)

Vanuatu plate-interface region, many repeaters exhibit neg- I now consider the recurrence time interval (7,) among
ative coupling coefficients due to an acceleration of aseismic these clusters and doublets. T, is defined as the average
slip caused by large interplate earthquakes (Fig. 10c, Table 4). time difference between two successive events in a cluster.

It should be noted that some plate-interface regions Following the notation used in the previous studies (Nadeau
characterized by low background seismicity and a lack of and Johnson, 1998; Chen et al., 2008), a coefficient of
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Spatial separation of the 31 shallow doublets in the Tonga—Kermadec—Vanuatu subduction zones. The reference events are
placed at 0 km. Black circles refer to the estimated circular source areas of each earthquake. The size of the circular source areas is scaled on
the basis of length of the x coordinate. On the right side of the panel, each doublet is labeled with the reference event id (ref, top row) and the
second event id (middle row), and the doublet id, spatial separation in kilometers, and average cc coefficient (bottom row). Source parameters
for the shallow doublets are displayed in Table 2. Note that the majority of the shallow clusters and doublets are defined as repeating earth-
quakes in that these similar earthquake pairs have comparable scalar moments and overlapping rupture areas.

variation (COV) is defined as the standard deviation divided

log(T,) = 0.16 x log(M,) — 2.53,

“4)

by the mean. A COV for a recurrence interval of zero means
the recurrence is perfectly periodic, whereas a COV in T, of
~1.0 and a COV in T, > 1 indicate Poisson recurrence and
temporal clustering, respectively. COVs in T, for the clusters
are displayed in Figure 11. The majority of the clusters are
quasi-periodic with a COV in T, < 0.5. The acceleration of
aseismic slip can promote the occurrence of events and pro-
duce a larger COV in T, such as the TS-C5, TS-C6, VS-C2,
VS-C3, and VS-C4 clusters (Figs. 9 and 11). It is also
reasonable to assume that the majority of the doublets are
quasi-periodic.

Chen et al. (2007) studied the T, — M, scaling relation-
ship using data collected from small repeaters on the SAF, the
Chihshang fault in Taiwan, and northeastern Japan. Chen
et al. (2007) suggested that 7, and M in the SAF also follow
the log—log scaling relationship:

for which T, is in units of years and M, is in units of
dyn-cm. Chen et al. (2007) observed that 7, measurements
in northeastern Japan are four times shorter as compared with
those on the SAF, and that 7, on the Chihshang fault are
two times shorter as compared with 7, on the SAF. The
differences in 7, between the SAF, the Chihshang fault,
and northeastern Japan are due to variations in the geodeti-
cally derived long-term fault-slip rate (V). Chen et al. (2007)
further suggested that the 7, — M, scaling relationship
(equation 4) for Parkfield on the SAF can account for the
normalized recurrence interval T, (nor) for repeaters on the
Chihshang fault and northeastern Japan, when 7', is normal-
ized to Parkfield on the SAF by multiplying the normaliza-
tion factor V¢/Vpasicld:
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Figure 9. Cumulative slip (in cm) as a function of calendar time for the clusters in the (a) T1, (b) T2, and (c) V3 plate-interface regions in
Tonga and Vanuatu (Fig. 2). A step increase in slip corresponds to the occurrence of an earthquake. Fault slip is estimated using equation (2).
Fault-slip rate is the slope between slip increase and time separation between two events. Note that the TS-C5, TS-C6, VS-C3, VS-C4, and
VS-C6 clusters appear to have a temporal acceleration in slip rate in the later part of the cluster.

T.(nor) = T, x (V¢/Vpakficld) (5)  from geodetic data in subduction zones. Given that the

studies of Bevis er al. (1995) and Calmant et al. (2003)

for which Vpyigiena is the long-term fault-slip rate in Parkfield ~ provide the only geodetic measurements in these areas, I
on the SAF with a value of 2.3 cm/yr. Chen et al. (2007) begin with the assumption that V; = V,,. The logarithm of
inferred that the tectonic loading rate is likely the most  the normalized recurrence interval log (T, [nor]) for the inter-
important factor that influences the repeat time of the earth- plate repeating earthquakes in the Kermadec and Vanuatu
quake cycle. regions do, indeed, better fit the predicted value based on
Moderate repeating earthquakes in the Tonga, Kerma-  the scaling relationship (equation 4) as compared with log
dec, and Vanuatu subduction zones can fill the data gap for (T,) (Fig. 12b,d). For the repeating earthquakes in the Tonga
larger M and longer T}, and provide measurements for dif- region, equation (4) does account for some, but not all, of the

ferent plate bou'ndaries. Log (T,) measurements for the mf)d- log (T, [nor]) data (Fig. 12d). Note that equation (4) also as-
erate repeaters in the Tonga—Kermadec—Vanuatu subduction sumes Vo = 4. which presumes that the regions where the

zones (black symbols) are below the predicted values from . .
th I lationshi tion 4: dotted line) by 0.3 t0 0.8 repeaters occurred are decoupled. This offers an explanation
¢ scaling relationship (equation 4; dotted line) by 0.3 to 0. as to why equation (4) better matches log (7, [nor]) in the

(Fig. 12a,b). This means that the time it takes for an earth- . . .
. . . Kermadec and Vanuatu interplate regions as compared with
quake to recur with the same M|, is shorter in the Tonga— . . .
. . the Tonga interplate region (Fig. 12d). In order to understand
Kermadec—Vanuatu subduction zones than in Parkfield on )
the scatter in the log (7,[nor]) data from the Tonga

the SAF by 2-6.3 yr. This result is expected because the ) . . .
convergence rates in Tonga (16-24 cm/yr; Bevis er al., subduction zone, I isolate the log (7, [nor]) data with high

1995), Kermadec (8 cmjfyr; DeMets er al., 1990), and coupling coefﬁ(.:ients of >0.7 (dark gray circles) fl"OII.l those
Vanuatu (4—12 cm/yr; Calmant et al., 2003; Table 3) are with low coupling coefficients of <0.3 (light gray circles).
higher compared with the tectonic loading rate on the SAF ~ Equation (4) can adequately explain the log (7' [nor]) data
(2.3 cm/yr). 1 compute the normalized recurrence interval with low coupling coefficients in Tonga (light gray circles
T.(nor) using equation (5). I assume that the average long- in Fig. 12d), and the largest log (7 [nor]) data values corre-
term fault-slip rate (V;) is equal to the GPS-derived plate ~ spond to those with high coupling coefficients (dark gray
convergence rate (V(; Table 4). This assumption may not circles in Fig. 12d). The 7 — M, measurements from the
be necessarily true, because GPS data only cover a short time repeaters located at the weakly coupled or decoupled inter-
period and likely represent a transient rate, and because the ~ plate regions in Tonga, Kermadec, and Vanuatu further
long-term interseismic slip rate could be unsteady. However, confirm the scaling relationship (equation 4) derived from
it is generally difficult to acquire long-term fault-slip rates Parkfield on the SAF. My analyses provide further support
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Table 4

Average Fault-Slip Rates (d) Estimated from the Repeaters
Compared with GPS-Derived Plate Convergence Rates
(V) and Interplate Coupling Coefficients along the
Tonga—Kermadec—Vanuatu Subduction Zones

d Vo Interplate Coupling
Cluster Id/Doublet Id (cm/yr) (cm/yr) Coefficient
TS-C2 7.2 20.5 0.65
TS-C3 7.8 20.5 0.62
TS-C4 20.5 20.5 0
TS-C5 13.3 18.5 0.28
TS-C6 11.7 18.5 0.37
TS-C7 8.1 18.5 0.56
TS-C8 11.8 16.4 0.28
TS-C9 12.1 16.4 0.26
TS-C10 14.4 16.4 0.12
TS-C11 10.6 16.4 0.35
TS-C12 6.9 14 0.51
TS-C13 9.5 10 0.05
TS-D1 8.6 24 0.64
TS-D3 5.5 24 0.77
TS-D4 6.2 24 0.74
TS-D5 8 21 0.62
TS-D6 4.7 20.5 0.77
TS-D7 12.2 20.5 0.4
TS-D8 7.5 18.5 0.59
TS-D9 10.8 18.5 0.42
TS-D10 5.7 18.5 0.69
TS-D11 14.4 18.5 0.22
TS-D15 8.2 16.4 0.5
TS-D16 8.6 16.4 0.48
TS-D17 13.6 10 -0.36
TS-D18 4.9 10 0.51
KS-D20 5.2 8 0.35
KS-D21 7 8 0.12
KS-D22 7.2 8 0.1
KS-D23 4.5 8 0.44
KS-D25 11.3 8 —-0.41
KS-D26 7.4 8 0.07
KS-D29 6.2 8 0.22
VS-C1 7 6.5 —0.08
VS-C2 14.3 6.5 -1.2
VS-C3 12 11.8 —0.02
VS-C4 10 11.8 0.15
VS-C5 9.9 11.8 0.16
VS-C6 8.7 11.8 0.26
VS-C8 6.9 4.8 —0.44
VS-D1 37.4 6.5 —4.75
VS-D2 9.8 11.8 0.17

Note that the average fault-slip rate (d) is derived from least squares fitting
the slip for each event throughout the cluster or doublet. For several clusters
and doublets, a negative coupling coefficient is likely a result of temporal
acceleration of aseismic slip.

for the conclusions of Chen er al. (2007) that the plate con-
vergence rate is the predominant influence on the recurrence
interval in a sequence.

A Cluster in the North Fiji Basin

The NFS-C9 cluster occurred in the North Fiji basin at a
depth of about 11 km and was characterized by normal-fault
focal mechanisms and a short time separation of days. In fact,

the NFS-C9 cluster belongs to an earthquake swarm consist-
ing of 14 earthquakes with my of 4.8-5.3, which occurred
over a one month period in the North Fiji basin in November
1997. In the same area, there is another normal-fault earth-
quake swarm consisting of 15 events with my, 4.8-5.8 in
March 1993. Other event pairs within the 1993 or 1997
swarms and event pairs between the 1993 and 1997 swarms
yield considerably lower cc coefficients, apart from the pair
1997/11/11 and 1997/11/06 with a cc coefficient of 0.76
(Table 1). Moreover, some events of the NFS-C9 cluster
are not exactly overlapping (NFS-C9 in Fig. 7). The NFS-
CO cluster is probably associated with active ridge spreading,
in that the epicenter and the direction of the T-axis of the
NFS-C9 cluster geographically correspond to the location
and the spreading direction of the North Spreading ridge
of the North Fiji basin (Pelletier et al., 1998). The episodic
occurrence, short time separation, normal faulting, and shal-
low hypocentral depth for the NFS-C9 cluster mimic those
for the ridge-spreading earthquake swarm in the northern
Gulf of California (Thatcher and Brune, 1971).

Discussion

Comparison with Previous Studies

Zhang et al. (2008) searched for repeating earthquakes
in the Tonga—Kermadec—Vanuatu subduction zones. The
repeaters discovered in the paper of Zhang et al. (2008)
are also found by waveform cross correlation in my paper.
I note that there are several differences in the database and
procedures used by Zhang er al. (2008) and my paper:
(1) Zhang et al. (2008) used an my,, of 5.0, whereas I use
an my, of 4.7 as the lower bound of the magnitude threshold;
(2) the waveform data of Zhang et al. (2008) were collected
between January 1991 and January 2005, whereas I include
waveforms for events up to December 2009, which encom-
passes almost five years more data collection than the paper
of Zhang er al. (2008). A longer time window is advanta-
geous in identifying more repeating earthquakes in the
cluster and also allows the T, — M, scaling relationship,
fault-slip rate (d), and coupling coefficient to be studied;
(3) Zhang et al. (2008) detected similar earthquake pairs
by cross-correlating waveforms recorded by a single seismic
station CTAO, whereas I cross correlate waveform pairs
recorded by all available stations of the GSN and several
regional seismic networks. I determine the precise relative
location among the similar earthquake pairs, estimate the size
of the circular source rupture areas, and superpose the source
rupture areas relative to the precise relative location to ensure
that the correlated earthquake pairs are repeating earth-
quakes. Finally, I note that some correlated earthquake pairs
that occurred between 1991 and 1992 which were identified
in the paper of Zhang et al. (2008) are not considered in my
paper, because those earthquake pairs have few travel-time
measurements and their precise relative location is less well
determined.
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Spatial distribution of interplate coupling coefficients for each cluster and doublet. (a) Tonga—Kermadec interplate region,

(b) expanded view of the T1 and T2 interplate regions in Tonga, and (c) Vanuatu interplate region. In (b), both cluster id and doublet id are
labeled. Strong coupling (coupling coefficient >0.7) observed in the Tonga plate-interface region is apparently at odds with that expected in
the presence of active back-arc opening in the Lau basin. Note that in (a, c), the strongly coupled plate-interface regions bounded by gray
dashed lines are previously inferred from the studies of large earthquakes and geodesy. These strongly coupled plate-interface regions are
characterized by the subduction of the aseismic Louisville ridge (LR; a) and the D’Entrecasteaux ridge (DER; c).

Uncertainties in the Estimation of Fault-Slip Rate

Uncertainties in d influence the values of the coupling
coefficient and normalized recurrence interval T, (nor). I
now consider several likely sources of uncertainty that can
affect the estimation of d. One possible source of uncertainty
is a temporal change in aseismic slip, such as observed in the
TS-C5, TS-C6, and VS-C6 clusters. For example, the accel-
eration in aseismic slip for the TS-C5 cluster is 28 cm/yr
following the 2003/10/09 event, but the average measured
dis 13.3 cm/yr for the cluster (Table 4). The actual uncer-

VS-C5 | TS-C4 | TS-C12

VS-C8 | TS-C11 | VS-C6

.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
COV in recurrence interval

TS-C6 | VS-C4

Cluster id
O = N WA OO

Figure 11.  Coefficient of variation (COV) for the recurrence in-
tervals (7',) of 19 shallow clusters in the Tonga—Kermadec—Vanuatu
plate-interface regions. The majority of the clusters are quasi-
periodic with COV in T, < 0.5. Note that the TS-C1, KS-C14,
VS-C7, and NFS-C9 clusters are excluded, because the source areas
are not comparable for events of the TS-C1, KS-C14, and VS-C7
clusters (Fig. 7), and because the NFS-C9 cluster exhibits temporal
clustering (Fig. 4b).

tainty depends on the magnitude of aseismic slip. Another
possible uncertainty is missing event(s) in the clusters
(Uchida and Matsuzawa, 2011) and measurements from
the doublets. A missing event could alter d, whereas a dou-
blet yields a slip rate of about 2-3 cm /yr lower as compared
with that estimated from the cluster in the same region (e.g.,
TS-C3 versus TS-D6, and TS-C11 versus TS-D15; Table 4,
Fig. 10b). The other likely uncertainty emerges from the
d— M, scaling relationship (equation 2), because the
assumption used in the derivation of equation (2) is that the
tectonic loading rate is equal to the slip rate. For strongly
coupled regions (i.e., Vo > d), the d — M, scaling relation-
ship may not conform to equation (2) and could also alter d.

Possible Explanations for Strong Interplate Coupling
in the Northern Tonga

It is generally thought that subduction zones associated
with active back-arc extension are weakly coupled or de-
coupled, such as the Mariana and Tonga subduction zones
(Uyeda and Kanamori, 1979). Several subsequent studies
have attempted to quantify seismic coupling along major
subduction zones worldwide. Peterson and Seno (1984) esti-
mated that seismic coupling coefficients were 0.08, 0.13,
and 0.16 for the Tonga, Kermadec, and Vanuatu interplate
regions, respectively, whereas Pacheco ez al. (1993) obtained
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Figure 12. (a) T, — M, measurements for shallow repeating earthquakes in the Tonga, Kermadec, and Vanuatu interplate regions (black

open circles, labeled as this study) compared with those made for the San Andreas fault (SAF; gray crosses), northeastern Japan (NEJ; gray
circles), the Chihshang fault in Taiwan (CT, gray triangles). Equation (4) (log(T,) = 0.16 x log(M) — 2.53) was derived from fitting the
T, — M measurements from Parkfield on the SAF published in Chen et al. (2007). (b) Expanded view displaying the 7, — M measurements
for the Tonga (black open circles), Kermadec (black solid squares), and Vanuatu (black crosses) interplate regions. (c) and (d) are as analo-
gous to (a) and (b), respectively, except T, for the repeaters in the Tonga—Kermadec—Vanuatu regions is normalized to the average long-term
fault-slip rate from Parkfield on the SAF by multiplying the normalization factor V;/Vp.ugeq @S in equation (5), which are labeled as 7', (nor).
In (d), for the log (T, [nor]) data from the Tonga region, dark gray and light gray circles correspond to the repeaters with high (>0.7) and low
(<£0.3) coupling coefficients, respectively. T, — M measurements for the repeaters in the interplate regions with low coupling coefficients are

better explained by equation (4).

seismic coupling coefficients of 0.38, 0.16, and 0.13 for the
Tonga, Kermadec, and Vanuatu interplate regions, respec-
tively, from a seismicity record of 90 yr. Although these
two studies adopted slightly different methods to estimate
seismic coupling coefficients, they are in agreement that
the majority of the Tonga, Kermadec, and Vanuatu interplate
boundaries are weakly coupled, except for those interplate
boundaries near the subduction of the aseismic ridge as
stated previously.

The weak coupling of the Kermadec and Vanuatu inter-
plate regions, and in the southern section 20°-23° S of the
Tonga interplate region is generally consistent with the stud-
ies of Peterson and Seno (1984) and Pacheco et al. (1993;
Fig. 10). However, high coupling coefficients (i.e., strongly
coupled) in the northern section 15°-19° S of the Tonga in-
terplate region are inconsistent with the previous studies. I
provide several possible explanations for this discrepancy.
First, this part of the interplate boundary is in fact strongly
coupled. In particular, the great 2009 Samoa—Tonga outer
trench-slope event (M, 8.1) followed by large interplate dou-
blets (both of M, 7.8; Lay et al., 2010) provides compelling
evidence for the northern Tonga interplate region being

strongly coupled. In addition, compared with the multitude
of repeaters in the regions T1 and T2, the lack of repeaters in
the northern Tonga interplate region may also be an indica-
tion of strong coupling. On the other hand, the aseismic slip
could also be existent in other forms of slow earthquakes and
small repeaters that cannot be quantified by this paper. The
aseismic slip and slip rate estimated from moderate repeating
earthquakes and equation (2) could be underestimated com-
pared to the total aseismic slip, thereby producing a larger
coupling coefficient.

Possible Explanations for Variations in the T, — M,
Scaling Relationship

The T, — M scaling relationship (equation 4) derived
from the SAF is able to account for the T, (nor)-M, data
for the repeating earthquakes that have occurred in north-
eastern Japan, on the Chihshang fault, in the Kermadec
and Vanuatu interplate regions, and in part of the Tonga
interplate region. However, there are apparent variations in
the T, (nor) data for the Tonga region. In this section, I
explore the factors that could contribute to the variations
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in the T, (nor) data. Assuming a circular rupture area, con-
stant stress drop (Aoc), and no aseismic slip, the 7, — M,
relationship for the repeating events should follow the rela-

1
tionship T, o« M (Beeler et al., 2001). Small repeating
events observed in Parkfield on the SAF reveal a weaker T, —

M, dependency of T, o M% (Nadeau and Johnson, 1998). To
explain the discrepancy between the expected and observed
T, — M, data, researchers have developed several possible
models including high stress drop (Ac; Nadeau and Johnson,

1998; Sammis et al., 1999), V, not being equal to ii, the
repeaters occurring at the border between locked and adja-
cent creeping zones (Anooshehpoor and Brune, 2001; Sam-
mis and Rice, 2001; Johnson and Nadeau, 2002), and the
occurrence of aseismic slip (Beeler et al., 2001). Some of
these explanations may provide insight as to how to interpret
the variations in the 7, — M, data. Assuming a constant

1
tectonic loading rate, in order to yield 7', & M}, it requires

that Ao has a dependency on M, (i.e., Ao x Ma‘l‘). Small
repeating events thus could have very high stress drop
(Nadeau and Johnson, 1998; Chen et al., 2007). The varia-
tions in the log (7, [nor]) data in the range of 23-24 of log
(M) appear to be independent of M, (Fig. 12d). The high
stress-drop model is thus unlikely to account for the varia-
tions in the 7, — M, data. I consider that V, not being equal

to d, and the occurrence of aseismic slip, are both likely to
account for the variations in the T, — M, data. Aseismic slip
could lengthen or shorten 7, measured by moderate repeaters
and produce varying T, compared with the 7, calculated
from equation (4). Moreover, the largest log (T, [nor]) data
values in the Tonga region correspond to those with strong
coupling (i.e., Vy> d), which do not conform to the
assumption V = din deriving the T, — M, scaling relation-
ship (equation 4). The fact that the repeaters occurred in a
location where V, is not equal to d provides a plausible ex-
planation for the variations of T, (nor). Finally, I note that
T.(nor) is computed using the normalization factor
Vi/Vpaksieda Using the assumption of Vi = V(. The large
log (T[nor]) data values could be due to an overestimation
of V. Clearly, it remains challenging to robustly estimate
the long-term fault-slip rate in subduction zones.

Conclusions

I have collected a large waveform dataset for moderate
shallow-focus earthquakes that have occurred in the Tonga—
Kermadec—Vanuatu subduction zones and were teleseismi-
cally recorded by the GSN and regional seismic networks
between 1990 and 2009. I have identified a total of 23 clus-
ters and 31 doublets with an average cc coefficient of > 0.8
among >390, 000 potential pairs. These highly correlated
clusters and doublets have occurred at the plate interface
and are characterized by low-angle thrust-type focal mech-
anisms. The majority of these highly correlated event pairs

W. Yu

are repeating earthquakes, as defined by their similar seismic
moments and completely overlapping source areas. Most
repeating earthquakes are continual-type, with a recurrence
interval on the order of years, and are quasi-periodic with
COV in T, < 0.5. T also observed burst-type repeaters, such
as the VS-C2 and VS-C4 clusters, associated with large
interplate earthquakes in the Vanuatu region. The burst-type
nature is reflected by a large COV in T, of >0.5 and a
temporal acceleration in d.

These repeating events are used to examine the 7, — M,
scaling relationship, derived from Parkfield on the SAF, and to
estimate spatial-temporal changes in d using the d — M, scal-
ing relationship derived from the SAF, and the state of inter-
plate coupling. The continual-type repeating clusters exhibit a
reasonably constant d, whereas the burst-type repeaters reveal
a temporal acceleration in d. My analyses reveal spatial—
temporal variations in d in the Tonga—Kermadec—Vanuatu
interplate regions. The results of my paper reveal weak cou-
pling in the Kermadec, Vanuatu, and the southern section of
the Tonga (20°-23° S) interplate regions, and strong coupling
in the northern section of the Tonga (15°~19° S) interplate re-
gion. Strong coupling in the northern Tonga interplate region
contrasts with the general understanding of the decoupled
plate boundaries undergoing active back-arc extension in
the Lau basin. The T, — M|, scaling relationship derived from
the SAF can reasonably account for T’ (nor) for repeaters that
have occurred in the Kermadec, Vanuatu, and the Tonga in-
terplate boundaries where it is decoupled. This observation
suggests that the convergence rate is the predominant influ-
ence on the repeat time in an earthquake sequence.

Data and Resources

My seismic data were collected from the Global Seismo-
graphic Network (GSN), the Global Telemetered Seismograph
Network (GT), GEOSCOPE (G), the new China Digital Seis-
mograph Network (CD, IC), the Caltech Regional Seismic
Network (CI), the United States National Seismic Network
(US) from the Incorporated Research Institutions for Seismol-
ogy Consortium Data Management Center (http://www.iris
.edu/hg/), the German Regional Seismic Network and the
Grifenberg Seismic Network from the SZGRF (http://www
.szgrf.bgr.de/), and the Canadian National Seismographic
Network (http://earthquakescanada.nrcan.gc.ca/stnsdata/wf
_index-eng.php). Earthquake focal mechanisms were ob-
tained from the Global Centroid Moment Tensor Project
(www.globalcmt.org/CMTsearch.html). Figures were pre-
pared using the Generic Mapping Tools software (Wessel
and Smith, 1998) available at http://www.soest.hawaii.edu/
gmt/. Seismic Analysis Code software was used to process
the seismic data. The aforementioned web links were last
accessed in February 2012.
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