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Abstract The 9 November 2009 Mw 7.3 Fiji deep earthquake is the largest event in a region west of the
Tonga slab defined by scattered seismicity and velocity anomalies. The main shock rupture was compact,
but the aftershocks were distributed along a linear feature at distances of up to 126 km. The aftershocks and
some background seismicity define a sharp northern boundary to the zone of outboard earthquakes,
extending westward toward the Vitiaz deep earthquake cluster. The northern earthquake lineament is
geometrically similar to tectonic reconstructions of the relict Vitiaz subduction zone at 8–10Ma, suggesting
the earthquakes are occurring in the final portion of the slab subducted at the now inactive Vitiaz trench.
A Coulomb stress change calculation suggests many of the aftershocks were dynamically triggered. We
propose that fossil slabs contain material that is too warm for earthquake nucleation but may be near the
critical stress susceptible to dynamic triggering.

1. Introduction

The Tonga subduction zone has long been identified as having more deep earthquakes than any other
region in the world. Most of these deep earthquakes occur within the continuous slab currently subducting
along the Tonga trench, while a much smaller group is sparsely distributed outside of the Tonga Wadati-
Benioff Zone (WBZ) beneath the North Fiji Basin [Hamburger and Isacks, 1987; Okal and Kirby, 1998; Chen and
Brudzinski, 2001], extending westward as far as 700 km (Figure 1a). These unusual earthquakes, often referred
to as “outboard” events, are commonly thought to occur within a detached slab segment [Hamburger and
Isacks, 1987; Okal and Kirby, 1998; Chen and Brudzinski, 2001], as indicated by seismic tomography [van der
Hilst, 1995; Amaru, 2007; Simmons et al., 2012; Fukao and Obayashi, 2013]. However, the origin of this detached
slab still remainsunsolved. The sparse seismicity andabsenceof largemagnitudeearthquakeswith aftershocks
have prevented a thorough study of the outboard earthquake characteristics as well as the associated
slab geometry.

The 9 November 2009 (Mw=7.3; depth = 591 km) earthquake beneath the Fiji Islands was the largest
outboard earthquake ever recorded in the Tonga region. This earthquake occurred in a heretofore aseismic
location, with the nearest previously detected earthquakes located at least 60 km away. According to
International Seismological Center (ISC) catalog, the event was followed by a sequence of 15 aftershocks with
duration of 21 h that extended east-southeastward as far as 126 km (Figure 1b). These events were recorded
by a temporary seismic network deployed on the Fiji Islands (Figure 1a), which enables detailed study of the
main shock rupture properties as well as the locations and focal mechanisms of some larger aftershocks. This
aftershock sequence provides important insight into the mode of seismic nucleation in previously subducted
materials, as well as the subduction history and the deep slab geometry in this region.

2. Data and Methods
2.1. Body Waveform Inversion for the Main Shock Rupture Properties

We use vertical component broadband data from both local (<10°) (Figure 1a) and Global Seismic Network
(GSN) teleseismic stations (30°–85°) (Figure 2a), after removing instrument response to obtain the displace-
ment records. The addition of local stations enabled us to characterize the vertical rupture component better.
Local records were low pass filtered at 0.5 Hz to provide frequency content that is similar to teleseismic
records attenuated along long paths. We exclude stations near nodal planes to avoid waveform complexity.
Waveform polarities were modified to have positive first motions only, and the Pwave first arrival times were
manually picked as reference times for the following analysis.
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To investigate the main shock rupture details, we first conduct a qualitative directivity analysis [Silver et al.,
1995; Ammon et al., 2005] to determine the major rupture directions, number of subevents, and their origin
times and locations. Then with this starting model, we predict the arrival times of each subevent at each
station. By assuming Gaussian-shaped source time functions centered at the predicted arrival times, we then
determine the best fitting duration and amplitude for each event at each station and take the average values
as representing the source [Tsai et al., 2005; Zhan et al., 2014]. We then determine the best fitting subevent
times and locations using a damped iterative Gauss-Newton algorithm that minimizes the misfit between
the predicted and observed waveforms (Figure 2b).

2.2. Relative Relocation of Aftershocks and Background Seismicity

We combined P and S phases from the temporary regional network (Figure 1a) and teleseismic P, pP, and PKP
phases from the International Seismological Center (ISC) to constrain the relative locations of the aftershocks
with a hypocentroidal decomposition algorithm that minimizes the effect of velocity heterogeneities along
the raypaths [Jordan and Sverdrup, 1981]. At least 10 more aftershocks in addition to those in the ISC catalog

Figure 1. (a) Map showing hypocenters of relocated deep earthquakes (>300 km) beneath the Lau and North Fiji Basins
between 1964 and 2012, with colors denoting focal depth. Contours mark depths to the Waditi-Benioff Zone (WBZ) from
Slab 1.0 model [Hayes et al., 2012]. The filled star is the 9 November 2009Mw 7.3 main shock; filled triangles are earthquakes
within the Tonga WBZ; filled circles are outboard earthquakes discussed in this study. Black dashed box marks the area
shown in Figure 1b. Inset shows the main shock location and the distribution of a temporary seismic network (black filled
triangles) as well as a Global Seismic Network station (gray filled triangle) deployed on the Fiji islands. (b) Enlargedmap view
showing the main shock (yellow star), the main shock subevents inferred fromwaveform analysis (red open diamonds), the
aftershock sequence (gray filled circles), background seismicity from 1964 to 2012 (black open circles), and an earthquake
that occurred well after the aftershock sequence (black open hexagon). Focal mechanisms are plotted as lower focal
hemisphere projections for themain shock and larger aftershocks. (c) Cross section showing the locations of themain shock
subevents along AA'.
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can be identified on waveforms from the temporary network; however, they are small and their locations
cannot be precisely determined with the limited number of regional arrivals. Four out of 15 ISC identified
aftershocks were also omitted during the relocation process due to insufficient number of arrivals.

Background deep earthquakes (depth >300 km and north of 22°S) that occurred between 1964 and 2012
were relocated using regional P and S phases as well as teleseismic P, pP, and PKP arrival times from ISC.
We discarded background events with average 95% confidence semiaxis lengths larger than 10 km to ensure
that all events were accurately located.

2.3. Coulomb Stress Change Calculation

We calculate the static Coulomb stress changes around the main shock rupture area in an elastic half-space
assuming a finite-fault source model for the main shock [Lin and Stein, 2004; Toda et al., 2005]. According to
the body wave inversion result, the fault model consists of five subevents (Table S1 in the supporting infor-
mation) with an approximate 30 km by 30 km overall rupture dimension along the NE striking steeply dipping
nodal plane. For each subevent, a uniform slip distribution of 2m is used and the rupture dimension is esti-
mated from their seismic moment. In the calculations, we assumed a shear modulus of 11.6× 1011 dyn cm2,
appropriate for a depth of 590 km, and a Poisson's ratio of 0.24 for olivine, the dominant mineral in mantle,
and an apparent coefficient of friction of 0.7. The orientation of the receiving faults is set to be the same as
that of the main shock rupture fault.

3. Results and Discussion
3.1. Rupture Characteristics and Aftershock Locations

Body wave inversion results show that the main shock faulted with a bilateral rupture pattern in the
northeast-southwest (NE-SW) direction (Figures 1b and 1c and Table S1). In the NE direction, the rupture
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Figure 2. (a) Map showing location of the main shock with a lower focal hemisphere projection of its focal mechanism and
teleseismic stations (red triangles) used for waveform analysis; (b) waveform fits for the subevent model. The data are
plotted in black and the synthetics are plotted in red. Records with directivity parameters greater than 0 are from local
stations and (c) source time functions for each subevent (black) and the overall rupture (gray).
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propagated somewhat downward with an average apparent velocity of ~4.6 km/s, while in the SW direction,
the rupture propagated roughly horizontal with an average apparent velocity of ~1 km/s. The overall
mechanism of the main shock consists of an east-northeast striking steeply dipping nodal plane and a south
striking shallower dipping nodal plane (Figure 1b). The NE-SW distribution and significant depth variation of
the rupture subevents suggests that the faulting occurred along the steeply dipping nodal plane. The overall
rupture dimension is about 30 km by 30 km, giving an estimated stress drop of 13MPa assuming a circular
rupture. This stress drop is comparable to results for other deep earthquakes [Wiens, 2001; Tibi et al.,
2003a; Frohlich, 2006a; Zhan et al., 2014; Houston, 2015].

The main shock and the 11 well-located aftershocks are distributed along an east-southeast striking trend
(Figure 1b and Table S2), at a large angle to the NE-SW striking rupture direction. This distribution does
not agree with either fault plane of the main shock, which has been noted previously for some deep earth-
quakes [Frohlich and Willemann, 1987] but not others [Wiens et al., 1994]. Between 1964 and 2012, more than
360 deep background earthquakes not directly associated with a subducted slab were identified (Figure 1a).
These earthquakes include both earthquakes in the region immediately west of the Tonga slab and a concen-
tration of deep earthquakes between the Vanuatu and Vitiaz Trench known as the Vitiaz cluster [Okal and
Kirby, 1998]. Relocation results show the main shock and most of its aftershocks extend a west-northwest
trending zone of past seismicity into a previously aseismic region at the northern boundary of the flat slab.

3.2. Relationship to Tonga and Vitiaz Slabs

This feature, denoted here as the northern seismicity band, has an intriguing relationship with the seismicity
of the deepest Tonga slab (Figure 3). The northern band splits into two features at its eastern terminus; one
section curves southward and deeper, forming a linear north-south feature denoted here as the eastern band
that contains many of the deepest earthquakes (654 km–687 km) in the Tonga region. A semicircle shaped
seismicity gap between this zone and the main Tonga WBZ indicates that the eastern band is separated
by a slab tear from the currently subducting Tonga slab. Another zone of seismicity, termed the hinge cluster
in Figure 3b, extends from the northern band to the northernmost termination of the active Tonga slab. The
hinge cluster is dominated by downdip compressional stresses that are roughly orthogonal to the strike of
the active slab to the east (Figure 4a), suggesting this cluster is being compressed by the subduction of
the active slab. The northern band, which is composed by the aftershock sequence and adjacent background
earthquakes, defines a sharp northern boundary for the Tonga outboard earthquakes. The northern band has
an approximate thickness of 30 km and is dipping to the east (Figure 4a), which may be an outcome of the
compression and induced mantle flow by the rapidly subducting present-day Tonga slab.

The newly defined northern band of earthquakes at the boundary of the Tonga outboard region is in line with
the long axis of the Vitiaz cluster (Figures 1a and 3a), suggesting a connection between these two seismic
zones. We further analyzed focal mechanisms for earthquakes along the Tonga to Vitiaz lineaments
[Dziewonski et al., 1981; Ekström et al., 2012]. The Vitiaz cluster can be divided into two groups, a compact
northwestern cluster and amore diffuse southeastern group (Figure 1a). Earthquakes within the southeastern
part of the Vitiaz cluster and the northern Tonga outboard lineament show similar compression axis orienta-
tions, parallel to the lineament strike (Figures 1a and 4). This suggests that the subducted slab defined by the
linear boundaries may be continuous, with stresses resulting from the compression of the main slab
transferred along the detached Vitiaz slab, even though no earthquakes have occurred along the central part
during the past half century.

Further insight is provided by 3-D seismic velocity models of the region [Amaru, 2007; Simmons et al., 2012].
Both the southeastern part of the Vitiaz cluster and the northern Tonga band of earthquakes are located near
the edge of a continuous fast velocity anomaly striking northwest at around 550 km depth (Figure 3a). The
coincidence of the Tonga to Vitiaz lineament with high velocity material in the transition zone suggests that
they both mark the location of a recently subducted slab. Apparently, isolated deep earthquakes worldwide
are located in high velocity regions representing recently subducted, but largely aseismic, slabs [Bezada et al.,
2013]. Additional evidence to link the Vitiaz cluster to the northern band of Tonga earthquakes and to the
Tonga main slab comes from the slope of the earthquake magnitude frequency relationship (b value). The
Tonga subduction zone is distinctive for showing the highest b value of deep subduction zones worldwide
[Wiens and Gilbert, 1996], and both the Vitiaz cluster and the northern band of outboard earthquakes show
statistically identical b values to that of the Tonga main slab (Figure S1).
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The location and orientation of the Tonga to Vitiaz lineaments are similar to that of the reconstructed Vitiaz
subduction zone at 10Ma [Schellart et al., 2006] (Figure 3a). Southwest-directed Pacific plate subduction at
the Vitiaz Trench ceased about 8–10Ma due to the impingement of the Ontong Java Plateau, after which
northeast directed subduction began along the present-day Vanuatu Trench [Hamburger and Isacks, 1987;
Schellart et al., 2006]. We suggest that the earthquakes extending along the northern band to the Vitiaz
cluster represent the last portion of the slab subducted along the fossil Vitiaz trench. The detached
Vitiaz slab followed a dipping trajectory to its present-day depth under the effect of gravity. The curved
zone of earthquakes between the northern band and the eastern band (Figure 3b) is the junction of the
ancient Vitiaz subduction slab and the Tonga subduction slab. The eastern band and the hinge cluster
(Figure 3b) represent fragments of the ancient Tonga slab which become detached from the present-
day Tonga slab due to the rapid eastward motion of the central and northern Tonga trench caused by
slab rollback.
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Figure 3. (a) Map showing the relationship between the deepest outboard earthquakes (>570 km) and regional P velocity
anomalies at 550 km depth from LLNL_G3Dv3 model [Simmons et al., 2012]. Black dashed box indicates the area shown in
Figure 3b. White dashed lines indicate locations of the cross sections in Figure 4. Inset is a tectonic reconstruction showing
the location of the Vitiaz trench at 10Ma [Schellart et al., 2006] and red dashed box marks the area shown in the velocity
anomaly map. (b) Enlarged map view showing hypocenters of the deepest earthquakes (>570 km) within the Tonga WBZ
(filled triangles) and within the detached Vitiaz slab (filled circles). Thick gray dashed line sketches the fossil Vitiaz and
Tonga slab dating from the time of active Vitiaz subduction.
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3.3. Dynamic Triggering Within a Fossil Slab

Thus, we propose the 9 November 2009 earthquake occurred within the fossil Vitiaz slab, with many of the
aftershock locations controlled by the availability of cold or seismogenic slab material in the surrounding
region rather than by the rupture plane. Five aftershocks within 25 km of the main shock hypocenter are
localized near the fault plane defined by the main shock subevents (Figure 1b). We make a Coulomb stress
change calculation to investigate which aftershocks likely resulted from static stress changes during the
main shock. The results show that the five aftershocks near the fault plane are located within or very close
to an area where the Coulomb stress increased by more than 0.2MPa (Figure 5). These results suggest that
these adjacent aftershocks may have been triggered by static stress change caused by the main
shock rupture.

Six other aftershocks are more distant from themain shock and are located in regions with near-zero or nega-
tive Coulomb stress changes (Figure 5), suggesting they were not induced by the static stress increase from
the main shock. Instead, they were triggered by the dynamic strains associated with the propagating seismic
body waves [Hill et al., 1993; Tibi et al., 2003b]. Synthetic seismograms calculated for the main shock at the
location of the aftershocks using orthonormal propagator algorithm [Wang, 1999] show that the strain
experienced during the passage of the shear waves is on the order of 10!6, comparable to the dynamic
strains known to trigger shallow earthquakes [van der Elst and Brodsky, 2010; Johnson et al., 2015]. The
locations of these dynamically triggered earthquakes were likely in a stressed state prior to the arrival of
strain-inducing seismic waves, but perhaps the normal seismic nucleation process is inhibited [Tibi et al.,
2003b]. Similar phenomenon are also observed in the warmer slab regions surrounding the slab core
[McGuire et al., 1997] and in the normally aseismic extensions of slabs [Ye et al., 2016].

Figure 4. (a) Cross section showing locations and focal mechanisms of earthquakes along the Tonga northern seismicity
band. Symbols are defined as in Figure 1b, and open squares represent earthquakes within the hinge cluster. Focal
mechanisms from the Global CentroidMoment Tensor catalog are shown as horizontal hemisphere projections; White/gray
focal mechanisms are solutions for three larger aftershocks obtained in this study. Inset is a lower hemisphere stereographic
plot showing the compression axis directions for events within the northern band (black open circles) and within the hinge
cluster (open squares); the solid line represents the strike of the cross section (290°); (b) cross section showing locations
and focal mechanisms of earthquakes distributed along the northern boundary of the Vitiaz cluster. Stereographic plot shows
the compression axis directions. The solid line represents the strike of this profile (290°). Dashed lines are inferred boundaries
of the slab from the earthquake distribution.
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3.4. Implications for the Mechanism of Deep Earthquakes

There is still considerable debate about the physical mechanisms of deep earthquakes, with the most widely
accepted ideas being some variation of transformational faulting [Green and Burnley, 1989; Kirby et al., 1991] or
runaway ductile shear instabilities [Ogawa, 1987; Karato et al., 2001]. The dynamically triggered aftershocks
occurred30minto21 hafter thepassageofPandSwaves fromthemainshock, indicatingsomeshort-termnon-
linear delaymechanisms have been involved [Freed, 2005]. These delay times are similar to those observed for
otherdynamically triggereddeepearthquakes [Tibi etal., 2003b]andmaybecharacteristicofdeepearthquakes.
We estimate that the thermal parameter of the detached Vitiaz slab, the product of the lithospheric age and
downward velocity [Kirby et al., 1991], is about 7000 km, larger than that of the seismically active deep South
American slab. The estimated minimum temperature of the slab interior is about 690°C at 600 km [Frohlich,
2006b]. Thus, the temperature in theVitiaz slabshouldbenearbutnotabovethe limiting temperatureobserved
for deep earthquakes in other slabs andwithin the region of olivinemetastability but close to the kinetic phase
boundary [Chien-MinandBurns, 1976;Kirbyetal., 1991]. Both the transformational faultingandductile instability
modelscouldaccommodate thepresenceof regionsnear thecriticality for shear failure thatareunable tonucle-
ate failure in slabs that aremarginally able to support seismicity. In this case, the passage of seismic waves can
beginaprocessunderwhichfailureoccurswithinaperiodofminutestohours.Furtherobservationaland labora-
tory studies of these processesmay play a key role in clarifying the physical mechanisms of deep earthquakes.

4. Conclusion

The 2009 Mw 7.3 Fiji deep earthquake faulted with a bilateral rupture pattern in NE-SW direction, with very
fast rupture velocity in NE direction (~4.6 km/s) and slow rupture velocity in SW direction (~1 km/s). We infer
that the main shock statically triggered the adjacent aftershocks (<25 km) and dynamically triggered the
others. The main shock and its aftershock sequence were located within a normally aseismic region, and their
distribution does not agree with either fault plane of the main shock. The background seismicity, the transi-
tion zone P wave velocity, and the tectonic reconstruction result suggest that the main shock and its after-
shock sequence occurred in the final portion of the slab subducted at the now inactive Vitiaz trench.
Material within the normally aseismic fossil slab appears particularly susceptible to dynamic triggering by
nearby deep earthquakes, with delay times of minutes to hours. The presence of fossil slabs near critical shear
failure conditions that are unable to nucleate slip without a triggering stress perturbation is compatible with
either the transformational faulting or runaway shear instability models for producing deep earthquakes.
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