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Abstract: The 2013 MS8.3 Okhotsk earthquake involves two primary mechanisms of
deep-focus earthquake rupture, mineral phase transformation of olivine to spinel and thermal
shear instability. Back-projection imaging of broadband seismograms recorded by the North
American and European networks indicates bilateral rupture towards NE and SSE. The rupture
paths of the NE segment and other regional M7 earthquakes are confined in narrow regions
along the slab contours, consistent with the phase transformation mechanism. However, the
SSE rupture propagates a long distance across the slab and aftershocks are distributed across a
~60-km-wide zone, beyond the plausible thickness of the metastable olivine wedge, favoring
thermal shear weakening. While the NE rupture is only visible at high frequencies, the SSE
rupture is consistently observed across a broad frequency range. This frequency-dependent
rupture mode can be explained by lateral variations of rise time controlled by thermal thinning

of the slab near its northern end.
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1. Introduction:

A remarkable 610-km-deep earthquake occurred on May 24th 2013, beneath the Sea
of Okhotsk, west of the Kamchatka peninsula. The M 8.3 (USGS W-phase solution)
quake surpassed in magnitude the M 8.2 1994 Bolivia earthquake, rendering it the
largest deep-focus earthquake (focal depth > 300 km) ever recorded by modern
seismology. The earthquake occurred near the NW corner of the seismogenic portion
of the subducting Pacific slab, which is underthrusting the Okhotsk plate along the
Kurile-Kamchatka subduction zone. The physical mechanism that triggers and
sustains earthquake ruptures at this depth remains controversial [Frohlich, 1989;
Green and Houston, 1995]. Discrimination between the two main proposed
mechanisms, phase transformation of olivine to spinel (confined within a metastable
olivine wedge) and thermal shear instability, has eluded previous seismological
observations [Chen, 1995; Silver and Beck, 1995; Kanamori et al., 1998; Tibi et al.,
1999]. Most seismological studies of the Bolivia earthquake have favored rupture on a
sub-horizontal plane [Kikuchi and Kanamori, 1994; Goes and Ritsema, 1995; Antolik et
al., 1996] and inferred a large rupture size beyond the meta-stable phase
transformation zone [Silver and Beck, 1995; Antolik et al., 1996] unless slab thickening
is invoked [Kirby et al., 1996]. An alternative rupture model that fits within a thin
meta-stable olivine wedge involves en echelon rupture spanning multiple

sub-horizontal fault planes at different depths. However, these two rupture geometries
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cannot be distinguished by low frequency source studies [Chen, 1995]. The Okhotsk
event offers an exceptional opportunity to investigate the contribution of the two
proposed physical mechanisms of deep-focus earthquakes and their connections to

the thermal state of the subducting slab.

2. High Resolution Back-Projection of the Deep Focus Earthquake

Taking advantage of the recently developed large regional seismic arrays and of the
integration of seismic data across Europe, we are able to image the rupture process by
back-projecting the teleseismic broadband seismograms (16 s to 4 Hz) recorded by
the North American (NA) and European (EU) networks (Fig. S1). Back-projection (BP)
aims at imaging the spatio-temporal distribution of seismic energy release of an
earthquake rupture. We applied the Multitaper-MUSIC array processing technique
[Meng et al., 2011] with the “reference window” strategy [Meng et al., 2013], which
enable higher resolution and weaker “swimming” artifacts than with standard
beamforming methods. The relative simplicity and high coherency of the wave-field
produced by very deep sources enables source imaging at higher frequencies than
previously achieved in BP studies of shallow megathrust earthquakes [Ishii et al.,

2005; Meng et al., 2011; Koper et al., 2012].

2.1 Discrimination of the Candidate Fault Planes

The focal mechanism of the Okhotsk event (Global CMT, Fig.1) is typical for deep
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earthquakes and consistent with down-dip compression in a slab dipping about 50° W
[Gorbatov and Kostoglodov, 1997]. The possible single-plane geometry of the fault is
either sub-horizontal or sub-vertical. The latter is often ruled out in intermediate to
deep-focus earthquakes by a lack of vertical P-wave directivity [Warren et al., 2008].
Recent advances in back-projection (BP) source imaging also allow us to constrain the
fault plane of the Okhotsk earthquake more conclusively than in previous studies [Ye
et al., 2013; Zhan et al., 2014]. Fine depth variations of the rupture process and thus
the fault geometry of deep earthquakes may be obtained by joint BP of the direct
phase P and the depth phase pP [Kiser et al., 2011], but this remains challenging for
large earthquakes due to the variation of radiation pattern, directivity effects,
incidence-dependent bias and the along-ray path tradeoff. The result of our joint
back-projection of P and pP phases on a 3D volume (i.e. without assuming a fault
plane) shows that the southern rupture front has a component of downward
propagation, spanning a depth extent of 30 km suggestive of a plane dipping 18
degrees in the SE direction (opposite to the slab dip direction) (Fig. S7). However,
large uncertainties in this joint 3D BP remain due to a dominant contribution of the
more coherent P phase introducing a trade-off along its ray path. We therefore
consider four candidate rupture geometries: a single sub-horizontal plane, a
sub-vertical conjugate plane, en echelon rupture on multiple sub-horizontal planes
within the slab, and a plane dipping 18 degrees in the SE direction (Fig. 1-inset). The
BP results on a single sub-vertical plane shows an excessively large vertical rupture

dimension of 300 km (Fig. S5), which is not favored by the depth range of the



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

aftershocks (Fig.1). However, the aftershock distribution cannot reliably discriminate
rupture on a single horizontal plane [Ye et al., 2013] and en echelon rupture on multiple
horizontal planes distributed within the slab. We can nevertheless compare the
separate BPs of P and pP, on a horizontal plane (Fig. 1 inset-a) a SE dipping plane
(Fig. 1 inset-b) and on a dipping plane along the slab interface (Fig.1 inset-c), as a
proxy for multiple horizontal planes distributed within the slab (BP is not sensitive to the
fine scale geometry of the en echelon faulting). The horizontal BP is in general
consistent across different phases and different arrays (Fig.1). This geometry is also
supported by the wide horizontal distribution of aftershocks (Fig. 1, Fig. S4). The
southern rupture shown by the BPs on a SE dipping plane, based on P and pP phases
of the NA array and P phase of the EU array, are inconsistent (Fig. S2). The
slab-parallel BP is not amenable for this consistency check because it has sufficient
resolution only for the P phase of the NA array (see supplements). However, aided by
synthetic tests, we find that the source obtained by the slab-parallel BP of the P phase
is inconsistent with the horizontal BP of the pP phase (see supplements, Figs. S2 and
S3 and Table S1). We therefore conclude that only the single horizontal plane
hypothesis is consistent with the observed source images obtained from both P and pP

phases.

2.2 Rupture Beyond the Meta-Stable Olivine Wedge
The BP source imaging shows that the event involved bilateral rupture on NE and SSE

trending segments (Fig. 1) and allows estimation of the rupture dimensions on each
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segment. Previous studies proposed that the bilateral rupture is confined within the
cold core of the slab [Ye et al., 2013] or more specifically within the metastable olivine
wedge [Zhan et al., 2014]. Here, we find that the NE rupture follows the slab contours.
Although the absolute depth of the Slab 1.0 model in the source region has a large
uncertainty due to the sparse local seismicity on which it is based, the curvature of the
slab model is interpolated under smoothing constraints and includes information from
the shallower slab geometry which is well constrained by more abundant seismicity
[Hayes et al, 2012]. The remarkable alignment of the NE rupture with the strike of the
local Slab 1.0 contours is unlikely to be fortuitous, and supports a smooth
depth-dependence of slab curvature. Further support is provided by our results of BPs
of the 2008 M7.7 and M7.3 earthquakes based on 0.5-2 Hz P-waves recorded by the
NA array, which also show a remarkable alignment of the rupture path with the Slab
1.0 contours (Fig.1 and Fig. S6). These observations provide evidence that the NE
rupture was confined within the metastable olivine wedge. In contrast, the SSE rupture
obliquely crosses the slab with a horizontal rupture length larger than 90 km (projecting
to 60 km in the direction normal to the slab). The aftershocks are primarily distributed
between the hypocentral depth contour of the slab and the SSE branch imaged by BP,
suggesting a wide rupture area south of the hypocenter. This large dimension requires
rupture propagation beyond the plausible thickness of a metastable olivine wedge;
about 15 km at the relevant pressure-temperature conditions [Marone and Liu, 1997],

or a more general estimate of 5 to 15 km [Kirby et al., 1996].
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An alternative hypothesis, based on low frequency observations only, favors the phase
transformation mechanism by proposing that the SSE rupture is aligned with the slab
contours, provided a large error in the current model of the slab geometry [Zhan et al.,
2014]. Considering the rupture paths of the M7 class earthquakes and the NE rupture
of the M8.3 earthquake revealed by our high frequency analysis are indicative of the
local slab strike direction (Fig. 1), this hypothesis requires two sharp bends or tears in
the slab, near the hypocenter and at the southern end of the rupture. While such
complex geometry is not impossible, especially near the edge of a slab [Levin et al.,
2002], a narrow rupture zone confined within the metastable olivine core of the slab is

incompatible with the wide aftershock distribution south of the hypocenter (Fig. 1).

2.3 The Frequency-dependency of the Kinematic Rupture Process
The BP imaging also constrains the kinematics of the Okhotsk event. The rupture
process was bilateral and characterized by different frequency contents in each
rupture direction (Fig. 2). In source images of the NA array, the northern rupture
segment extends about 50 km towards NE following the slab contours and is only
visible in the high frequency band (f > 0.25 Hz). The visible frequency range of the NE
rupture extends down to 0.125 Hz in the EU images possibly due to the difference in
azimuth and directivity. The southern rupture extends towards SSE over 90 km and is
consistently observed across all frequency bands, although it appears intermittently as
two individual subevents in the high frequency imaging. In the lowest frequency band

(4 - 16 s), a backward propagation appears in the middle of the SSE rupture (Figure
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2-left), consistent with other low frequency studies [Zhan et al., 2014]. The rupture
speeds in the northern and southern segments are on average about 3.4 km/s and 4.0
km/s (Fig. S8), between 60% to 70% of the shear-wave speed, which are compatible
with the distribution of rupture speeds of other deep earthquakes [Suzuki and Yagi,
2011] and , in particular, significantly faster than the deeper 1994 Bolivian earthquake

[Kanamori et al., 1998].

3. Discussion and Conclusions

The large rupture dimension beyond the metastable olivine wedge implies that
physical mechanisms other than, or in addition to, phase transformation are active
during deep earthquake ruptures; e.g., thermal shear instability [Karato et al., 2001;
Kelemen and Hirth, 2007; Prieto et al., 2013]. The wide aftershock distribution further
suggests that the thermal shear weakening mechanism may have created a transient
weak plane that facilitates aftershock nucleation outside the metastable olivine wedge
until the coseismic temperature perturbation diffuses out, or that spatially
heterogeneous coseismic slip left residual stresses distributed over a wide area.
Although both the Bolivian and Okhotsk earthquakes exhibit a wide rupture in support
of a thermal shear weakening, the significantly faster rupture speed of the Okhotsk
earthquake indicate that low rupture speed is not a necessary result of large
dissipation during melting and thermal runaway [Kanamori et al., 1998; Zhan et al.,

2014].
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The elongated rupture pattern of the M7 events and the Northern segment of the M8.2
earthquake suggest that their rupture width is limited by the thickness of the
metastable olivine wedge, and hence is similar. The absence of extended off-slab
rupture in the M7 earthquakes suggests the existence of a critical rupture length for
thermal runaway, between the 40 km length of the deepest M7 rupture and the 60 km
length of the Northern M8.2 rupture segment. The heat induced by sliding is H ~ 74D,
where D is slip and t,; the absolute shear stress on the fault during sliding. Static
elasticity dictates D ~ WAt/u, where W is the width of the metastable wedge, At is
the stress drop and u is the shear modulus. We assume that thermal instability starts
when a critical heat H. is exceeded. If At is constant the resulting condition for
thermal runaway does not involve rupture length L. However, a larger stress drop
provides larger elastic energy and favors a longer rupture, introducing a statistically
correlation between At and L. This leads to a critical rupture length for thermal

runaway.

The difference in frequency content between the northern and southern rupture
segments can be interpreted as a lateral variation of rise time, defined as the duration
of slip at a given point of the fault. The rise time controls the frequency above which the
spectrum of the slip velocity time function decays (Fig.3-inset) [Huang et al., 2013].
While the southern rupture dominates the low frequency radiation, implying larger
long-period slip in the south, the northern rupture is strong in high frequency, possibly

due to a shorter rise time (Fig.3-inset). We propose that this lateral variation of the rise
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time is controlled by the variable thermal thickness of the slab (Fig. 3). The earthquake
occurred near the lateral boundary of the Pacific slab. Northeast of the hypocenter, a
boundary of fast to slow velocity is visible in various tomography models [Gorbatov et
al., 1999; Grand, 2002; Jiang et al., 2009]. This transition from cold to warm thermal
state is also confirmed by a dramatic reduction of the deep seismicity rate to the north
[Jiang et al., 2009] (Fig. S4). As the slab transits into the ambient mantle towards the
north, the width between given isotherms at a given depth decreases. The slab in the
north is also warmer and thinner because of the effect of the mantle flow around its

edge [Levin et al., 2002].

In dynamic rupture models, the rise time is ultimately limited by the width of the
seismogenic zone [Day, 1982]. If temperature controls the seismogenic width of the
subducting slab, this results in shorter rise time and thus more energetic high
frequency radiation in the North. However, this requires a rather extreme thinning of
the critical isotherm along the rupture. Alternatively, the difference of seismogenic
width in the north and south might be controlled by a difference of the physical
mechanisms of rupture. While the SSE rupture clearly propagates beyond the
metastable olivine wedge, possibly as a thermal shear instability, the NE rupture could
be confined within the wedge and involve only a phase transformation instability. A
temperature control of the difference in mechanisms is not required but might again be
plausible, since the thermal shear instability is favored by a lower temperature

environment in the south [Karato et al., 2001]. The thermal shear instability needs to be
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initiated by the phase transformation mechanism, as required by the termination of
deep seismicity at the bottom of the mantle transition zone [Gleason and Green, 2009].
The M8.3 rupture is long enough to initiate thermal runaway in the south, but its
northern transformational rupture fails to reach the thermal effect possibly due to the
thermal thinning of the slab near its northern end. Our observations hence suggest that
while the thermal shear instability mechanism may account for a wider rupture beyond
the metastable olivine wedge, the maximum rupture width is still affected by the

thermal state of the subducting slab.
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Figure Captions

Figure 1. Comparison of BP results on a single sub-horizontal plane. A) The
blue star indicates the mainshock hypocenter. The GCMT moment tensor is shown as
the cyan beach ball. The gray contours denote the Slab 1.0 model[Hayes et al., 2012].
The purple band represents a ~15-km-wide metastable olivine wedge centered on the
hypocenter. The gray dots are the aftershocks in the ISC catalog with horizontal
location uncertainty smaller than 30 km. The top left sketch shows three candidate
fault hypotheses: (a) a single sub-horizontal plane extending beyond the meta-stable
olivine wedge, (b) a plane dipping 18 degrees SE extending beyond the wedge and (c)
en echelon faults with multiple sub-horizontal planes confined within the slab. Colored
circles indicate the locations of high-frequency radiation obtained by BP on a
sub-horizontal plane based on the P phase (0.5 - 2 Hz) (red) and pP phase (0.25 - 1
Hz) (green) recorded by the NA array and the P phase (0.5-2 Hz) recorded by the EU
array (orange). The pP phase BP, done at a lower frequency than the direct P phase
due to its lower coherency, misses the NE rupture due to the contamination by the P
coda. Nevertheless, the three BP images on the sub-horizontal plane (red, green,
orange) are in general consistent. The pink and purple circles are results from the BP
of the P phase recorded by the NA array for the 07/05/2008 M7.7 earthquake (depth:
646 km) and the 11/24/2008 M7.3 earthquake (depth: 505 km) respectively. B)
Historical seismicity (blue) and aftershocks (red) on a 200-km-wide, along-dip

cross-section profile across the source region (zero distance at the hypocenter). C)
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The slab geometry and tectonic setting of the Kamchatka subduction zone.

Figure 2. Spatiotemporal distribution of broadband (0.25 - 16 s) seismic
radiation sources, imaged by the (top) European (EU) and (bottom) North America
(NA) networks. The red star indicates the hypocenter location. Colored circles and
squares indicate the positions of primary (filled) and secondary (empty) radiation
sources. Their size is scaled by beamforming amplitude, and their color indicates
timing relative to hypocentral time (color scale on top-right). The gray contours denote

the Slab 1.0 model with the two thick contours at depths of 600 km and 700 km.

Figure 3. Schematic depiction of subducting Pacific slab (blue) with
seismogenic width decreasing from south to north. The purple and orange
ellipses mark the areas of low-frequency (LF) and high-frequency (HF) ruptures,
respectively. The green arrow indicates the mantle flow around the edge of the slab.
The bottom left inset shows an interpretative sketch of the spectra of slip rate along the
northern (dashed) and southern (solid) rupture, with corner frequency inversely
proportional to rise time. The northern rupture is weaker in LF radiation than the
southern rupture but has stronger HF radiation possibly due to a shorter rise time

controlled by a thinner seismogenic zone.
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