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We apply a multiple source inversion method to systematically study the source processes of 25 large
deep-focus (depth >400 km) earthquakes with Mw > 7.0 from 1994 to 2012, based on waveform
modeling of P, pP, SH and sSH wave data. The earthquakes are classified into three categories based
on spatial distributions and focal mechanisms of the inferred sub-events: 1) category one, with non-
planar distribution and variable focal mechanisms of sub-events, represented by the 1994 Mw 8.2 Bolivia
earthquake and the 2013 Mw 8.3 Okhotsk earthquake; 2) category two, with planar distribution but
focal mechanisms inconsistent with the plane, including eighteen earthquakes; and 3) category three,
with planar distribution and focal mechanisms consistent with the plane, including six earthquakes. We
discuss possible physical mechanisms for earthquakes in each category in the context of plane rupture,
transformational faulting and shear thermal instability. We suggest that the inferred source processes of
large deep-focus earthquakes can be best interpreted by cascading failure of shear thermal instabilities
in pre-existing weak zones, with the perturbation of stress generated by a shear instability triggering
another and focal mechanisms of the sub-events controlled by orientations of the pre-existing weak
zones. The proposed mechanism can also explain the observed great variability of focal mechanisms, the
presence of large values of CLVD (Compensated Linear Vector Dipole) and the super-shear rupture of
deep-focus earthquakes in the previous studies. In addition, our studies suggest existence of relationships
of seismic moment ~ (source duration)’> and moment ~ (source dimension)® in large deep-focus
earthquakes.
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mation can lead to catastrophic earthquake failure (Green, 2007;
Green and Burnley, 1989; Green and Houston, 1995; Kirby, 1987;
Wiens et al,, 1993). And, shear thermal instability suggests that
rapid deformation can be achieved (especially, in pre-existing rhe-
ological weak zones), when a stress or temperature perturba-
tion promotes a positive feedback between shear heating and
temperature-dependent rheology (Hobbs and Ord, 1988; Karato et

1. Introduction

Physics of deep-focus earthquakes remains enigmatic, since
deep-focus earthquakes occur at the depth below 400 km where
the pressure would strongly inhibit brittle failure and the tem-
perature would result in ductile deformation (Scholz, 2002). Var-
ious models have been proposed to explain the unexpected oc-

currence of deep-focus earthquakes, including dehydration embrit-
tlement, transformational faulting and shear thermal instability.
Dehydration embrittlement suggests that deep earthquakes may
be triggered by embrittlement accompanying dehydration of hy-
drous minerals (such as serpentine) (Jung et al., 2004; Meade and
Jeanloz, 1991), although it is unclear if the water content be-
low the 400 km depth can support this mechanism. Transforma-
tional faulting mechanism hypothesizes that a meta-stable olivine
wedge exists in the mantle transition zone and the phase transfor-
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al.,, 2001; Kelemen and Hirth, 2007; Ogawa, 1987).

Studies of source processes of large deep-focus earthquakes
provided important constraints on deep-focus earthquake mech-
anisms. During the past 20 yr, various methods have been ap-
plied to study source processes of deep-focus earthquakes. Rup-
ture directivity is analyzed to determine fault plane orienta-
tions of deep-focus earthquakes occurring in the Tonga-Kermadec
subduction zone (Warren et al., 2007). Both sub-horizontal and
sub-vertical fault planes are detected, corresponding to a com-
plex rupture system with either a reactivated or new generated
fault system (Warren et al.,, 2007). Super-shear rupture was also
reported for an Mw 6.7 aftershock of the Okhotsk earthquake
(Zhan et al., 2014b). A number of large deep earthquakes, especially
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Fig. 1. Distribution of the global large deep-focus earthquakes (Mw > 7 and depth > 400 km) from 1994 to 2012, and their GCMT focal mechanisms, labeled with event
numbers in Table SO. The earthquakes labeled with green, blue and red represent those in categories one to three as classified in Section 4. The events labeled with red
numbers are the example events presented in the main text. Three earthquakes with black beach balls are not studied (see text for the reasons).

the 1994 Mw 8.2 Bolivia and 2013 Mw 8.3 Okhotsk deep earth-
quakes, have also been studied by multiple source inversion (Chen
et al., 2014; Silver et al, 1995; Zhan et al, 2014a) and fi-
nite fault inversion (Antolik et al., 1996, 1999; Estabrook, 1999;
Wei et al., 2013; Ye et al., 2013). The source processes of these
two largest ever-recorded deep earthquakes provided particu-
larly important insights on the physical mechanisms of deep
earthquakes. Both the Bolivia earthquake (Silver et al., 1995;
Zhan et al,, 2014a) and the Okhotsk earthquake (Wei et al., 2013;
Ye et al., 2013) were determined to have a large source region that
totally cuts out of the assumed meta-stable olivine zone, seemingly
excluding the transformation faulting as a possible mechanism. In
a recent study, we showed that the Okhotsk earthquake consists
of six sub-events that cannot spatially be fit into plane rupture
and have variable focal mechanisms; we further suggested that
the source process can be best explained by a cascading failure of
shear thermal instabilities distributed at different depths, with one
shear instability triggering another (Chen et al., 2014).

Though the past studies have provided important constraints
on deep earthquake physics, several issues remain to be resolved.
1. Do deep-focus earthquakes rupture in a single fault plane? 2. Do
deep-focus earthquakes behave the same between hot and cold
subducted slabs? 3. Is there a unified mechanism to explain all the
seismic results? In this study, we perform a systematical study of
source processes of the global large deep-focus earthquakes with a
moment magnitude greater than 7 and depth larger than 400 km,
based on waveform modeling of direct P and SH waves and near-
surface reflected pP and sSH waves through multiple source inver-
sion. Combining the direct and near-surface reflected phases places
a tight constraint on the depth distribution of the seismic energy
release during these earthquakes (Chen et al., 2014). The multi-
ple source inversion also makes no a prior assumption on the focal
mechanism of the sub-events in waveform modeling and is able to
resolve varying focal mechanisms in the source process. In the fol-
lowing sections, we present event information and seismic data in
Section 2, multiple source inversion method in Section 3, multiple
source inversion results in Section 4, a unified physical mechanism
of shear thermal instability for explaining the seismic results in
Section 5, and implications to the observed focal mechanism vari-
ation and super-shear rupture of deep earthquakes in Section 6.

2. Seismic data
We search the events with Mw > 7.0 and depth > 400 km

from 1994 to 2012. There are a total of 28 earthquakes match-
ing the criterion (Fig. 1 and Table SO). The studied events are

well recorded by the Global Seismographic Network (GSN). The
data consist of broadband compressional waves (P), near-surface
reflected compressional waves (pP), transversally polarized shear
waves (SH) and near-surface reflected transversally polarized shear
waves (sSH) recorded at tele-seismic distances between 30° and
90°. The selected data constitute good azimuthal coverage for all
the events (Figs. S1a-S25a). As we will mention later, the combi-
nation of direct P and SH waves with the near-surface reflected pP
and sSH waves places a tight constraint on depth extent of seis-
mic source. The displacement seismograms are deconvolved with
their respective instrument responses and bandpass filtered be-
tween 0.01 and 4 Hz. Our source models are constrained mostly by
the seismic energy in a lower frequency band, but the use of the
high-frequency data provides better arrival time reading of the P
wave onsets while producing little artifacts in the inversions (sup-
plementary information).

3. Multiple source inversion method

3.1. Method procedure

We apply a multiple point source inversion procedure to infer
the source processes based on waveform fitting of direct phases
P/SH and near-surface reflected phases pP/sSH (Chen et al., 2014).
The method treats a large earthquake as a combination of multiple
double couple point sources (sub-events) separated in space and
time, and resolves the spatio-temporal separation and focal mech-
anism of each sub-event by modeling the seismic data. Each sub-
event is represented by nine parameters: seismic moment, seismic
duration (the width of the source time function represented by
a half sine function), strike, dip and slip for focal mechanism, dt
for time separation of origin time from the initiation time, and
de, dn and dz for distance separations from the initiation point
in east-, north- and vertical-direction, respectively. Seismic Green’s
functions are computed by the Generalized Ray Theory method
(Helmberg, 1968), based on the velocity and attenuation struc-
tures of PREM (Preliminary Reference Earth Model, downloaded
from IRIS EMC-PREM) (Dziewonski and Anderson, 1981). The seis-
mic response of each sub-event is obtained by convolving Green’s
function with source time function (Ji et al, 2002). The 9 x N
(N, number of sub-events) model parameters are searched by the
simulated heat annealing algorithm for the best-fitting solution
that generates the least root mean square (RMS) residual between
the seismic data and synthetic waveforms (Chen et al., 2014).
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Fig. 2. (a) Ray paths for P (green path) and pP (blue path) waves from earthquake source (star) to a seismic station (triangle). (b) Sub-event 1 (black star), sub-event 2s (red
and black star) and stations (red triangles) used for synthetics calculations (sub-event 2 in red is located 20 km deeper, but with a 1.5 s later occurring time than sub-event
2 in black). (c) P synthetics generated using a source that consists of sub-event 1 and sub-event 2 in black in (b) (black traces) and a source that consists of sub-event 1 and
sub-event 2 in red in (b) (red traces). Synthetics are aligned along the maximal amplitudes of the seismic phase associated with sub-event 1. The pulses of two sub-events

are labeled accordingly with their numbers. (d) Same as (c), except for pP synthetics.

3.2. Importance for depth constraint by including the near-surface
reflected waves

Most of previous studies inverted the source process using P
waves only, which would have poor resolution in determining
depth distribution of the seismic energy release during the earth-
quake, as the inferred depth of energy release trade-offs with the
inferred occurring time of the energy release (Fig. 2). Combining
pP wave with P wave data into the seismic inversion would place
a tight constraint on the depth of seismic energy release, as pP
waves take off from the opposite hemisphere of the source from
the P waves (Fig. 2a).

We illustrate the necessity of combining P and pP waves to re-
solve the depth of propagating seismic energy release, using the
following synthetic examples of a source consisting of two sub-
events. We generate synthetics of sub-event 1 and a delayed sub-
event 2 (black stars in Fig. 2b) at a group of hypothetical stations
at different azimuths. We also generate synthetics for another sub-
event 2 (red star in Fig. 2b) with a greater source depth and a
delayed occurring time. These two sub-event 2s produce synthet-
ics that exhibit only slight time offsets for P waves at various
epicenter distances (Fig. 2c). These travel time differences are not
resolvable in the real data inversion. In another word, strong trade-
offs exist between source depth and event occurring time when
only P waves are used in the inversion. However, the deeper sub-
event 2 (red star in Fig. 2b) generates travel time delays of pP wave
up to 3 s (red traces in Fig. 2d) in comparison with the shallower
sub-event 2 (black star in Fig. 2b), since the deeper source has a
longer path for pP wave. The above example indicates that com-
bining direct waves and near-surface reflected waves is critical for
resolving source distribution in depth.

4. Source processes of global large deep-focus earthquakes

We apply our multiple source inversion procedure to study
the source processes of 28 deep-focus earthquakes. The observed
waveforms of 25 of those earthquakes can be modeled reasonably
well, using one to eight sub-events (green, blue, and red beach
balls in Fig. 1). Three earthquakes (E26, E27 and E28, black beach
ball in Fig. 1) are excluded in the present study. The seismic waves
of event E27 are mixed with that of event E24 which occurred

24 min earlier, while E26 and E28 generated too complex wave-
form to be modeled by our method.

We align broadband P phases by the first arrival onsets, which
can be clearly identified and picked in the high-pass filtered data
above 1 Hz. SH, pP and sSH phases are aligned iteratively in
the inversion process: we first pick them based on IASP91 model
(Kennett and Engdahl, 1991) and perform a preliminary inversion
with P wave heavily weighted over other phases. The alignments
of pP, SH and sSH phases are adjusted based on the best match
between synthetics and the data during the inversions, until no
further adjustment is observed from the previous inversion. The fi-
nal inversion weights each phase equally. Synthetics tests indicate
that such procedure of phase alignment is effective even in the
presence of noise, large initial misalignment and waveform dis-
tortions due to attenuation or multi-path effects (supplementary
information).

For each event, we also test whether the seismic data can be
compromised with rupture in a single fault plane. We test three
planar models: the two GCMT (Global Centroid Moment Tensor)
fault planes and the plane that best geographically connects the
inverted best-fitting sub-events in the multiple source inversion.
Obviously, the best-fitting sub-event models of the multiple source
inversion would always fit the data better than any planar models,
but we test if the better data fitting is significant. We define that
the earthquake can be modeled by a single fault plane if the mis-
fit difference between the best planar model and the best-fitting
sub-event model is less than 5%, a threshold above which better
waveform fitting can be visually noticeable at stations around the
nodal planes. The synthetics (blue traces) of the best planar mod-
els are presented in Figs. S1-S25, along with the synthetics (red
traces) predicted by the best-fitting sub-event models.

The inversion results of the 26 earthquakes can be divided into
three categories based on the focal mechanisms and spatial dis-
tributions of the inferred sub-events: 1) category one, with non-
planar spatial distribution and variable focal mechanisms of the
sub-events, represented by the Bolivia earthquake (E2, green beach
ball in Fig. 1) and the 2013 Mw 8.3 Okhotsk deep earthquake
(Chen et al., 2014), 2) category two, with planar distribution but
focal mechanisms of the sub-events inconsistent with the best-
fitting plane, including eighteen earthquakes (blue beach balls in
Fig. 1), and 3) category three, with planar distribution and focal
mechanisms of the sub-events consistent with the plane, includ-
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Fig. 3. (a) Comparison of observed P (black traces) and pP (red traces) displacement seismograms as a function of azimuth. The black and red lines indicate the peak times
of the sub-events for P and pP, respectively. (b) Overlays of P and pP displacements observed at five example stations: COR, RAR, SPA, SUR and PAB. The black and red lines
mark the maximal of the first, second, fourth and fifth sub-events labeled in (a). For the display purpose, the polarities of some records have been flipped.

ing six earthquakes (red beach balls in Fig. 1). Earthquakes in
categories one and two have greater moment magnitudes, longer
source durations and larger source regions. We discuss the main
features of the source process in each of the three categories, using
an earthquake in each category as example. The detailed results of
all the earthquakes are presented in the supplementary informa-
tion with descriptions, tables of the best-fitting sub-event models
(Tables S1-S25) and the waveform fitting comparisons between
the synthetics predicted by the best-fitting sub-event models (red
traces) and the best planar models (blue traces) (Figs. S1-S25). So
are the results of our previous study of the 2013 Mw 8.3 Okhotsk
earthquake (Chen et al., 2014), in Table S26 and Fig. S26.

4.1. Category 1: non-planar spatial distribution of sub-events (Bolivia
and Okhotsk)

The two largest ever recorded 2013 Okhotsk earthquake (Chen
et al., 2014) and 1994 Bolivia earthquake exhibit large depth ex-
tensions of the sub-events. The sub-events of these two earth-
quakes are not distributed in a plane and exhibit variable focal
mechanisms. We have reported the results related to the Okhotsk
earthquake in our previous study (Chen et al., 2014). The Okhotsk
earthquake consists of six sub-events with a horizontal extension
of 64 km and a vertical extension of 35 km (Fig. S26b). The ge-
ographic distribution and focal mechanisms of the inferred sub-
events and fore/aftershocks locations do not fit into plane rupture
(Chen et al., 2014). We focus on discussing the results of the Bo-
livia earthquake here.

The Bolivia earthquake has been well studied (Antolik et al.,
1996; Goes and Ritsema, 1995; Silver et al., 1995; Zhan et al,,
2014a). All the previous studies have suggested that the Bolivia
earthquake ruptured on the GCMT sub-horizontal plane (Silver et
al,, 1995; Zhan et al., 2014a). Seismic data used in those studies
included mostly P waves, with exceptions of Goes and Ritsema
(1995) where both P and pP waves were used at the stations
around the azimuth of 310°, and Antolik et al. (1996) where three

pP observations were used. In this study, we revisit the issue by
joint inversion of the P and pP waves recorded globally. We find
that the seismic P and pP waves of the Bolivia earthquake exhibit
a vertical extension during the earthquake, inconsistent with rup-
ture on the GCMT sub-horizontal plane (Fig. 3).

The earthquake begins with an ~10 s weak initiation phase,
followed by strong moment release lasting ~35 s. As the present
study deals with major source process of deep-focus earthquake,
the initiation phase is ignored and ignorance of such phase does
not affect the seismic results presented here (supplementary infor-
mation). The observed P waveforms exhibit strong azimuthal vari-
ations with five major seismic pulses during the strong moment
release, discernible with different move-outs (peak times labeled 1
to 5 in black, Fig. 3a). The pP waveforms exhibit similar azimuthal
variations as the P waveforms (peak times label with 1 to 5 in
red, Fig. 3a). However, pulses of sub-events 4 and 5 are delayed in
pP waveforms than in P waveforms, and the duration of pP wave-
forms is about 7-8 s longer (Fig. 3a). We show five example pairs
of P and pP seismograms observed at stations TAM, SUR, SPA, RAR
and COR, to further illustrate this feature (Fig. 3b). The first two
pulses present almost the same arrival times in P and pP wave-
forms, corresponding to the same source depths. The fourth and
fifth pulses exhibit 3-4 s and 7-8 s delays in pP waveforms than
in P waveforms, corresponding to event sources that are 15-20 km
and 35-40 km deeper than the earthquake initiation point.

In the inversion, we adopt two sub-events 3a and 3b to bet-
ter fit the observed waveform features in the time window labeled
between 3 and 4 in Fig. 3. The Bolivia earthquake can be mod-
eled by 6 sub-events (Fig. 4, Table S2), with a total duration of
44 s. The source has a horizontal extension of 44 km and a ver-
tical extension of 38 km. The inverted fault plane orientations of
the sub-events are less than 10° different from the GCMT solution
(Table S2). In comparison, the source of the Okhotsk earthquake
has a duration of 28.5 s, a horizontal extension of 64 km and a
vertical extension of 35 km (Chen et al., 2014). The sub-event du-
rations of both earthquakes are about 10 s. We perform the planar
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Fig. 4. (a) Locations of the best-fitting sub-events (red points), the best planar model (blue points, the inferred sub-events compelled to the sub-horizontal plane), and
the initiated location (black star) of the 1994 Bolivia earthquake (E2), along with slab depth contours (black traces, labeled with slab depths). Black beach ball describes
GCMT solution of the event. Red and blue beach balls represent inferred focal mechanisms of the sub-events of the best-fitting sub-event model and the best planar model,
labeled with the sub-event peak times/moment magnitudes/depths. (b) Three-dimensional spatial distribution and focal mechanisms of inferred sub-events of the best-fitting
sub-event model (red beach balls) and the best planar model (blue beach balls) labeled with their occurring sequence. (c) Selected observed seismograms in Fig. S2 (black
traces) comparing with synthetics (red traces) predicted by the best-fitting sub-event model and synthetics (blue traces) predicted by the best planar model. The red and
blue lines label the peak times of the sub-events predicted by the best-fitting sub-event model and the best planar model.

tests for the Bolivia earthquake by compelling the sub-events on
three planar rupture models. The sub-horizontal plane is deter-
mined to be the best planar model. However, the sub-horizontal
plane model predicts synthetics arrival times that match the data
in the early part of the seismograms (associated with sub-events
1, 2, 3a and 3b), but not in the later portion of the seismograms
(associated with the last two sub-events) (Fig. 4c). For example, in
comparison with the observations (black traces), the last sub-event
in the best planar model (synthetics in blue traces) predicts later
P waves at stations TAM and HRV, but earlier pP waves at stations
PAB, RAR and COR (Fig. 4c). Synthetics waveform amplitudes of the
model also misfit the early portion of the seismograms associated
with the first sub-event (e.g., the P wave at station RAR, Fig. 4c).
The GCMT sub-vertical plane model generates late P and pP arrival
times around the azimuth of 0° and early arrival times around the
azimuth of 180°. And, while the plane that best connects the spa-
tial distribution of the inferred sub-events (with a strike of 281°
and a dip of 45°) can predict correct arrival times for most of
the sub-events except at the time window that is associated with
sub-events 3a and 3b, it generates synthetics that do not fit the
azimuthal variation of seismic amplitudes in the data. These mod-
eling results suggest that the Bolivia earthquake, like the Okhotsk

earthquake, is a combination of sub-events that are distributed at
different depths and out of a plane, and have variable focal mech-
anisms.

Although the horizontal distribution of the sub-events in our
study is similar to those previous studies using P waves (e.g., Sil-
ver et al., 1995, Zhan et al., 2014a), our results indicate that the
sub-events 4 and 5 are 18 and 38 km deeper, and the spatial distri-
bution of the sub-events is inconsistent with rupture on the GCMT
sub-horizontal plane. This difference in the seismic results lies on
that only the P waves were used in those studies (Silver et al.,
1995; Zhan et al., 2014a), and P waves alone do not have source
depth resolution (Fig. 2). We discuss the discrepancies between our
results and those of the two previous studies using P and pP wave
observations below. In the study of Antolik et al. (1996), they used
three pP wave observations and only tested two plane models from
the GCMT solution. Their best-fitting plane model (the GCMT sub-
horizontal plane) predicted earlier pP wave than the data recorded
at station ALE (Fig. 4 in Antolik et al., 1996), which implies inac-
curacy in the inferred source depths. In the study of Goes and Rit-
sema (1995), they concluded that similar durations were observed
between the stacked P and pP waveforms around the azimuth of
310°. However, we should note that the first sub-event is weak in
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the azimuth range between 310° and 70° (Fig. 3a), which would
mislead the comparison of the durations of P and pP waves. At
other azimuths, the observed pP waveforms clearly exhibit longer
durations than P waveforms (Fig. 3).

4.2. Category 2: planar spatial distribution of sub-events, but with focal
mechanisms inconsistent with the plane (18 events)

The geographic distribution of the inferred sub-events of cate-
gory two earthquakes (E1, E3, E5, E8, E9, E11, E12, E13, E15, E16,
E17, E19, E20, E21, E22, E23, E24 and E25) can fit into a plane,
but the focal mechanisms of the sub-events are inconsistent with
the plane orientations. Most of the fault plane orientations of the
sub-events deviate less than 20° from the fault plane orientations
of the GCMT solutions, but some up to 50° (e.g., E1, Table S1).
Synthetics of the best planar model exhibit large amplitude misfits
to the seismic data (and even different polarities) at some stations
(Fig. 5¢). The hypocenter depths of this group of earthquakes range
from 425 to 675 km, their moment magnitudes between 7.0 and
7.9, total source durations from 8 to 26 s, and the maximum dis-
tances among the sub-events between 15 and 70 km. The typical
sub-event durations of these earthquakes are between 2 and 8 s.

We present the results of event E19 beneath Tonga region as
example. This event consists of three sub-events, with inverted
focal mechanisms (strike/dip/rake) of 46/71/262, 51/79/258 and
78/60/200 (Fig. 5a, Table S19). The best-fitting sub-events of the
earthquake are distributed around the GCMT sub-vertical fault
plane (Fig. 5, Table S19). The first two sub-events are roughly con-
sistent with 49/76/252 of the GCMT solution, but the third one is
~30° different from the GCMT sub-vertical fault plane. We com-
pare the best-fitting sub-event model (red traces) and the best
planar model (blue traces) that compels the sub-events distributed
on the GCMT sub-vertical plane (Figs. 5, S19). The blue traces can
fit the early part of the data (corresponding to the prediction of
the first two sub-events) at most of the stations, but significantly
misfit the later portion of the data that corresponds to the pulse
associated with the third inferred sub-event. The azimuthal dis-
tribution of the later portion of the seismograms would require a
source that has a quite different radiation pattern from the early
sub-events and from the GCMT solution (Fig. 5¢).

4.3. Category 3: planar spatial distribution and focal mechanisms of
sub-events consistent with the plane (6 events)

The spatial distribution of the inferred sub-events of the cat-
egory three earthquakes (E4, E6, E7, E10, E14, and E18) fits into
one plane and the focal mechanisms of the inferred sub-events are
consistent with the best-fitting plane. Naturally, synthetics of the
best planar model can fit the data as well as that of the best-
fitting sub-event model. The hypocenter depths of this group of
earthquakes range from 495 km to 610 km, and their moment
magnitudes between 7.0 and 7.4. The extent of the lateral distribu-
tion of these events varies from 7 to 25 km, and the total durations
of the earthquakes in this category from 4 to 14 s. The typical sub-
event durations of these earthquakes are between 2 and 4 s.

We present the results of event E6 beneath Tonga region as ex-
ample. The earthquake can be modeled by four sub-events with a
horizontal extension of 25 km (Table S6, Fig. 6a). The first three
sub-events are distributed on both the GCMT fault planes (along
the interface of the two planes) with focal mechanisms consis-
tent with the GCMT solution (Fig. 6b). The fourth sub-event is
weak and its location is not well constrained. In the test of planar
models, both GCMT fault planes could model the data reasonably
well, with the sub-vertical plane slightly better (Figs. 6¢c, S6). Pre-
vious studies also reached different conclusions on the best-fitting

plane, between the sub-vertical plane (Warren et al., 2007) and
sub-horizontal plane (Antolik et al., 1999).

5. Physical mechanism of deep-focus earthquakes
5.1. Possible physical mechanisms for earthquakes in each category

The 2013 Okhotsk earthquake and the 1994 Bolivia earthquake
in category one consist of sub-events with non-planar distribu-
tion. Our previous study indicated that the geographic distribution
and focal mechanisms of the inferred sub-events of the Okhotsk
earthquake and its fore/aftershocks locations do not fit into plane
rupture (Chen et al, 2014). The source geometry of the event
does not prefer phase transformational faulting, since it is not
consistent with the meta-stable olivine wedge (Chen et al., 2014;
Meng et al, 2014). Previous studies suggested that the Bolivia
earthquake ruptured on the GCMT sub-horizontal plane and the
inferred lateral dimension of the Bolivia event was larger than the
hypothesized meta-stable olivine wedge, making the phase trans-
formation faulting unlikely for the event (Silver et al., 1995). Our
seismic results are inconsistent with a plane rupture, either on the
GCMT sub-horizontal plane or on the plane that best connects the
sub-event locations. The spatial distribution of the sub-events of
the Bolivia earthquake is inconsistent with the likely slab geom-
etry in the region (Fig. 4a) and the lateral extent of the source
distribution of the event is estimated to be 50 km (maximum sep-
aration distance between the sub-events plus the rupture length
of sub-events with 10 s duration and half of local shear wave ve-
locity), exceeding the 10-20 km thick meta-stable olivine wedge
estimated based on theoretical estimation of the temperature con-
dition within the South American slab (Silver et al., 1995). The
best-fitting sub-event model can be best explained by a cascad-
ing failure of shear instabilities with focal mechanisms similar as
the GCMT solution.

Eighteen earthquakes in category two consist of sub-events
with planar (the GCMT fault planes) distribution, but with fo-
cal mechanisms inconsistent with the plane. Those earthquakes
cannot be interpreted as rupture in a fault plane. Spatial dis-
tributions of the sub-events of some of these earthquakes are
also inconsistent with the geometry of the assumed meta-stable
olivine wedge. For example, the spatial distribution of the inferred
sub-events of E8 has a horizontal extension of ~50 km with an
~10° dip to the east, while the slab geometry is ~70° dip to
the west (Fig. S8); and the spatial distribution of the inferred
sub-events of E15 possess a horizontal dimension of ~70 km
along ~N340° W and a vertical extension of ~40 km with ~80°
dipping to the east, while the slab geometry ~60° dips to the
west along approximately the north direction. We suggest that
the source processes of the earthquakes in this category cannot
be explained by transformational faulting, similar to the inference
based on the aftershock distribution of the 1994 Tonga earthquake
(E1), which suggested the aftershock distribution totally cut out
of the possible meta-stable olivine wedge (McGuire et al., 1997,
Wiens et al., 1994). We suggest that the source processes of this
category of earthquakes can also be best explained by a cascading
failure of shear instability, same as category one. It is just that the
shear thermal instabilities during this category of the earthquakes
are aligned approximately along a plane, while those of the 2013
Okhotsk and 1994 Bolivia earthquakes are not.

Six earthquakes in category three (Tables SO, S4, S6, S7, S10,
S14 and S18) consist of sub-events with planar distribution and
focal mechanisms consistent with the plane. These events have rel-
atively smaller magnitudes, source geometry and fewer sub-events.
The inferred source processes of these earthquakes can be inter-
preted in many ways: rupture in a fault plane, transformational
faulting or cascading failure in close space and time (as for the
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Fig. 5. Similar as Fig. 4, except for event E19, with the best planar model being the GCMT sub-vertical plane. (c) Selected comparisons between data (black traces) and
synthetics based on the best-fitting sub-event model (red traces) and the best planar model (blue traces) in Fig. S19.

earthquakes in the first and second categories). It is interesting
to note that the source processes still exhibit complex spatial and
temporal relationship: two earthquakes (E4, E7) exhibit unilateral
propagations (Tables S4, S7), two earthquakes (E10, E18) bilat-
eral propagation (Tables S10, S18), one earthquake (E14) backward
propagation (Table S14), and one earthquake (E6) a backward-and-
forward propagation (Fig. 6a, Table S6).

5.2. Cascading failure of shear thermal instabilities as a unified physical
mechanism for large deep-focus earthquakes

While multiple mechanisms exist to explain the inferred source
processes of some groups of deep-focus earthquakes, the seismic
results of all large deep-focus earthquakes can be explained by
a unified physical mechanism of cascading failure of shear ther-
mal instabilities occurring within pre-existing weak zones. Shear
thermal instability is a failure due to positive feedback between
viscous heating and temperature dependent rheology (Kelemen
and Hirth, 2007). Such feedback system is naturally influenced
by perturbation of stress. An earthquake would generate static
or dynamic stress change in the region, may trigger a cascading
failure of shear instability in close space and time (Hill, 2008;
Tibi et al., 2003). Shear thermal instability can occur in a viscous
medium with a uniform rheological property (Ogawa, 1987) or a
pre-existing zone of different rheological properties (Kelemen and
Hirth, 2007) which is known to exist within the subducted slab,
due to either past faulting before subduction (Silver et al., 1995)
or existence of preexisting fine-grained shear zones (Kelemen and
Hirth, 2007). The focal mechanism of a shear instability that occurs
in a uniform viscous medium would be controlled by the state of

the medium before failure and the triggering force, while the fo-
cal mechanism of a shear instability that occurs in a medium with
pre-existing weak zones would be controlled by the orientations of
the pre-existing weak zones, as the pre-existing weak zones would
prescribe the instability to occur in the weak zones. We suggest
that the inferred source processes of these earthquakes are con-
sistent with shear thermal instabilities in the pre-existing weak
zones for the following reasons: 1) focal mechanism changes dur-
ing many large deep-focus earthquakes (the 2013 Okhotsk earth-
quake in category one and the earthquakes in category two). We
argue that the triggering force for a single large earthquake un-
likely trigger instabilities with various principle stress axes in a
homogeneous viscous medium, but may do so in the pre-existing
weak zones with various orientations; 2) it appears that the focal
mechanisms of the sub-events are related to the locations of the
sub-events, regardless of their hosting large-events. For example,
the inferred sub-events of E9 beneath the Kuril-Izu-Bonin sub-
ducted slab exhibit two types of focal mechanisms, with one type
(the second sub-event) similar to the focal mechanisms of the in-
ferred sub-events of E11 (Fig. 7e). The second sub-event of E9 is
10 km south of E11 and 5 km to the north of the first sub-event
of E9. There appears existent of location control of focal mecha-
nism between south and north regions of the source region of E9.
Location control of focal mechanism of the sub-events regardless
of the hosting large earthquakes favors shear thermal instabilities
in the medium with pre-existing weak zones over those in a ho-
mogeneous medium. In short, the inferred results of our studied
events can be best explained by a cascading failure of shear ther-
mal instabilities in pre-existing weak zones, with the perturbation
of stress generated by a shear instability triggering another and
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the orientations of the pre-existing weak zones controlling the fo-
cal mechanisms of these instabilities.

In the context of shear instability in pre-existing weak zones
as the physical mechanism of deep-focus earthquakes, we suggest
that caution is needed to relate the focal mechanism of deep-
focus earthquakes to the stress state in the subducted slabs. The
observed great variability of focal mechanisms of small and large
deep-focus earthquakes may just reflect existence of pre-existing
weak zones with various orientations and may not necessarily
be related to the ambient stress in the region of the earthquake
sources.

6. Discussion

Evaluating the uniqueness of our multiple-CMT solutions is dif-
ficult, given the non-linear nature of our inversion approach, and
we cannot exclude the possibility that other solutions exist that
may fit that data equally well. In addition, we have chosen point
sources to explain various energy packets, which could have been
resulted from finite rupture. However, it is nonetheless useful to
provide a set of solutions computed in a uniform way that fit the
main features seen in the direct and depth phases for a large num-
ber of deep earthquakes. Base on the seismic result, we suggest
that our results can be explained by a unified mechanism of cas-
cading failure of shear thermal instabilities in pre-existing weak
zones.

The mechanism of cascading failure of shear thermal instabili-
ties can also explain previously noted features of some deep earth-
quakes: including great variability of focal mechanism in small
distances, large CLVD (Compensated Linear Vector Dipole) compo-
nent of the inferred moment tensor, and super-shear rupture. It
also provides new insights as well.

Previous studies suggested that focal mechanisms of deep-focus
earthquakes exhibit great variability between different slabs or in
one slab (e.g. Frohlich, 2006; Myhill, 2013). Yu and Wen (2012)
also reported that the focal mechanism of the deep-focus earth-
quakes can vary significantly within a small distance. It is further
noted in this study that focal mechanism also varies significantly
during the occurrence of most large earthquakes, as manifested in
the source processes of the events in categories one and two. In
addition, focal mechanism also varies significantly between large
earthquakes occurring in a small distance. We illustrate this fea-
ture with the results of earthquake pairs that occurred in a close
distance but with complex sub-event focal mechanisms (Fig. 7).
We determine the relative location of the initiation points of these
earthquake pairs based on differential onset times and a master
relocation program (Wen, 2006). E25 is 20 km west to and 20 km
deeper than E12 in the Tonga-Kermadec subducted slab (Fig. 7f).
E12 occurred within normal faults, while E25 is dominated by
strike-slip faulting (Tables S12, S25). E23 is 15 km west to and
20 km shallow than E22 in the Sumatra-Java-Philippine subducted
slab (Fig. 7b). The two earthquakes occurred with slightly different
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focal mechanisms (Tables S23, S22). Cascading failure of shear ther-
mal instabilities in pre-existing weak zones would explain these
observed features well. In the context of this mechanism, the
strong variability of the observed focal mechanism reflects com-
plex orientations of the pre-existing weak zones.

The great variability of focal mechanisms during large deep
earthquakes can also be the reason of the existence of CLVD com-
ponent in the GCMT moment tensor solutions of these earth-
quakes. Kuge and Kawakatsu (1990) reported that the CLVD com-
ponent of a deep earthquake can be interpreted by the summa-

tion of two different double couple sub-events. Later studies fur-
ther suggested that the CLVD components of shallow and deep
earthquakes can be explained by source irregularities (Kuge and
Kawakatsu, 1992, 1993; Kuge and Lay, 1994). We compare the
GCMT CLVDs and the CLVDs in the summed solution over the
inferred focal mechanisms of the sub-events (Fig. 8a). CLVDs are
similarly present in the summed solution for the events with large
GCMT CLVDS, although CLVDs from the summed solutions are gen-
eral smaller. The differences probably lie on the different ways to
represent the earthquake source and different frequency contents
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the analyzed earthquakes (E1-E25) and the Okhotsk earthquake (Table SO).

of the data used between the studies. Such comparison suggests
that GCMT CLVDs may just reflect the variability of focal mecha-
nisms during a large deep-focus earthquake.

Previous studies also suggested that source behavior and phys-
ical mechanisms may depend on slab temperature (Wiens, 2001;
Wiens and Gilbert, 1996; Wiens and McGuire, 1995; Zhan et al.,
2014a). Earthquakes within a warmer slab may be related to a
lower rupture propagating velocity and some earthquakes may ex-
perience super-shear rupture. However, we find that the source
propagating velocities are not correlative with slab temperature
with super-shear rupture pervasive during many large earthquakes
(Tables S1-S26). For each inferred sub-event, we define its source
propagating velocity as the ratio between distance separation of
the sub-event from the earthquake initiation point, and the time
difference between the peak time of the inferred sub-event and
the earthquake initiation time. The source propagating velocities
are mostly from 0.2 to 1.2 times of the S wave velocity in the
source region, consistent with the previous studies (e.g., Frohlich,
2006). The inferred propagating velocity higher than S wave veloc-
ity corroborates well with the finding of super-shear rupture in a
deep earthquake (Zhan et al., 2014b). Our results further indicate
that high propagating velocity is widespread during the occurrence
of large deep-focus earthquakes and occurs in various subduction
zones. Propagation velocity is also heterogeneous during an earth-
quake and between the earthquakes in a particular region (Fig. 7).
For example, beneath the South American subduction where slabs
are warm, the 1994 Bolivia earthquake has propagating velocities
of 0.9-1.6 km/s (Fig. 7a, Table S2), while event E15 occurring in
the similar region in 2003 has propagating velocities from 1.8 to
5.6 km/s (Fig. 7a, Table S15). Beneath the Tonga-Kermadec sub-
duction where slabs are cold, event E6 has propagating velocities
between 1.1 and 3.0 km/s (Fig. 7c, Table S6), but event E19 has
propagating velocities varying from 3.1 to 5.4 km/s (Fig. 7c, Ta-
ble S19). We argue that this observed variability of propagating
velocity of the sub-events and super-shear rupture do not require
additional physical mechanisms for deep earthquakes, as the static
or dynamic stress generated by the preceding sub-event(s) could
trigger sub-events with various time delays (starting from 0 s by
static stress triggering). In fact, some of the high source propa-
gating velocity is not consistent with super-shear rupture when

focal mechanism variation is considered. For example, the third
sub-event of E19 has a source propagating velocity of 5.4 km/s,
higher than S wave velocity (Table S19). However, its fault plane
orientation is ~30° different from those of the first and second
sub-events (Fig. 5, Table S19), making it unlikely a super-shear rup-
ture on a fault plane.

We investigate the relationships of seismic moment with
source duration and source dimension for these deep earthquakes
(Figs. 8b and 8c). We define seismic moment (M) as the summed
moments of the sub-events, source duration as peak time of the
last sub-event from the initiation time plus its half duration,
and source dimension as maximum distance separation among
the sub-events. Source durations increase with seismic moments,
roughly described by a relationship of M ~ duration® (Fig. 8b). The
relationship is consistent with that of the previous studies (Fig. 6.3
in Frohlich, 2006). Source dimensions and seismic moments can
also be roughly described by a relationship of M ~ dimension?
(Fig. 8c).

7. Conclusion

We apply a multiple source inversion method to study the
source processes of 25 deep-focus earthquakes from 1994 to 2012,
with Mw > 7.0 and depth > 400 km, based on waveform modeling
of P, SH, pP and sSH waves. The multiple source inversion method
treats a large earthquake as a combination of smaller sub-events
in space and time, and resolves the spatio-temporal separation and
focal mechanism of each sub-event, based on waveform modeling
of seismic data. We show two aspects of the scientific approach
are of particular importance in resolving the source process of a
large deep earthquake: 1) combining the direct and near-surface
reflected phases as seismic constraints, which is needed to resolve
the depth distribution of the sub-events during a large earthquake,
and 2) adopting the multiple source inversion, which makes no
a prior assumption on the focal mechanism of the sub-events in
waveform modeling and is capable of resolving the focal mecha-
nism change during the earthquake.

All the studied deep-focus earthquakes can be modeled us-
ing one to eight sub-events. We classify these earthquakes into
three categories based on the focal mechanisms and spatial dis-
tributions of the inferred sub-events: 1) category one, with non-
planar spatial distribution and variable focal mechanisms of sub-
events, represented by the Bolivia earthquake and the 2013 Mw
8.3 Okhotsk deep earthquake, 2) category two, with planar distri-
bution but fault mechanisms of the sub-events inconsistent with
the best-fitting plane, including eighteen earthquakes, and 3) cate-
gory three, with planar distribution and focal mechanisms of sub-
events consistent with the plane, including six earthquakes.

We discuss possible physical mechanisms for earthquakes in
each category, including transformational faulting, shear instabil-
ity in a homogeneous medium and shear instability in pre-existing
weak zone. We suggest that the inferred results of all the stud-
ied events can be best explained by a cascading failure of shear
thermal instabilities in pre-existing weak zones, with the pertur-
bation of stress generated by a shear instability triggering another
and the orientations of the pre-existing weak zones controlling the
focal mechanisms of these instabilities. The proposed mechanism
can also explain the observed great variability of focal mecha-
nisms, large values of CLVD component and super-shear rupture of
deep-focus earthquakes in the previous studies. We further suggest
that caution is needed to relate the focal mechanism of deep-focus
earthquakes to the stress state in the subducted slabs, as the ob-
served great variability of focal mechanisms of small and large
deep-focus earthquakes may just reflect existence of pre-existing
weak zones with various orientations and may not necessarily
be related to the ambient stress in the region of the earthquake
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sources. The relationships between seismic moment and source
duration and dimension in large deep earthquakes can be roughly
described as seismic moment ~ (source duration)® and moment ~
(source dimension)?.
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