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ABSTRACT

We study the spectral amplitudes of the first two Earth radial modes, (S, and 1S, excited by the Sea of Okhotsk
earthquake of 24 May 2013, the largest deep event ever recorded, in the search for an isotropic component to its
source. In contrast to the case of the 1994 Bolivian earthquake, we detect an implosive component
M; = —1.1 x 10?7 dyn*cm, equivalent to 3% of the full scalar moment, but 14% of the lone deviatoric component
exciting the Earth’s radial modes. An independent moment tensor inversion, using the standard GlobalCMT
algorithm but after relaxing its zero-trace constraint, similarly yields an implosive isotropic component, albeit
with a larger amplitude, while it fails to document one in the case of the 1994 Bolivian deep earthquake. An
implosive component to the source is expected in the model of transformational faulting in which deep earth-
quake rupture nucleates and grows upon transformation of metastable olivine to ringwoodite in the cold sub-
ducting slab. This interpretation is supported by quantitative estimates (0.9-4m) of the thickness of the
transformed shear zone, which scale favorably, relative to earthquake fault length, with the upper end of the
range of laboratory results reported for ices, germanates and silicates. The resulting extent of the transformation
in the metastable wedge is consistent with the local geometry of the deep slab, as recently determined by rupture
modeling and aftershock distribution. Our results are in contrast to those for the two runner-up largest deep
earthquakes, the 1994 Bolivian and 1970 Colombian shocks, for which a similar isotropic component could not
be detected. We attribute this difference to variability in the ratio of isotropic to deviatoric components, which
combined with the smaller size of the 1970 and 1994 events, would make any putative implosive component fall
below detection levels, especially in the case of the 1970 Colombian earthquake for which only analog narrow-
band records were available.

1. Introduction and historical perspective

The existence of deep earthquakes was definitely proven by Wadati
(1927, 1928, 1929), who noticed that for such events, it was impossible
to reach their focus at distance zero, using observables at the surface of
the Earth, such as S-P travel times or the increase of felt intensities in
the epicentral area. This remarkable observation reopened the question
of the origin of seismogenesis at great depths, where high temperatures
and pressures would a priori exclude the possibility of brittle rupture, an
argument forcibly used by Jeffreys (1924) to counter earlier and less
robust suggestions of deep seismicity (Pilgrim, 1913; Mainka, 1915;
Turner, 1922).

In this context, Bridgman (1945) first proposed that phase transi-
tions could play a role in the mechanism of deep earthquakes, even
though studies such as Stechschulte (1932) or Leith and Sharpe (1936)
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had argued for a largely common mechanism of rupture (a “con-
sanguinity” in the latter’s terms) between deep and shallow earth-
quakes. Indeed, a most remarkable result of modern seismology has
been that focal mechanisms of deep earthquakes could be modeled, at
least to an excellent approximation, by double couples, i.e., by the same
representation as their shallow counterparts (e.g., Isacks and Molnar,
1971). In this context, the role of a phase transition might be only that
of a component to the focal mechanism, possibly a small one (Vaisnys
and Pilbeam, 1976), meaning that it might be detected only during very
large deep events, the latter being of course comparatively rare.

A phase transformation at the source should involve a change in
volume, and hence an isotropic component to its moment tensor. Using
a systematic inversion of hand-digitized analog seismograms from the
1963 Peru-Bolivia and 1970 Colombia deep shocks, Gilbert and
Dziewonski (1975) first proposed that they did indeed feature an
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implosive component (as large as 40% of the deviatoric one), but Okal
and Geller (1979) later suggested, and Russakoff et al. (1997) proved,
that their result was an artifact of various simplifications in both the
Earth model used and the inversion algorithm. With the advent of di-
gital data, it became possible to explore the source of smaller events,
and a review of 19 deep shocks by Kawakatsu (1991a) failed to identify
any isotropic component to their moment, with a threshold of detection
of 10% of the full moment.

The occurrence of the 1994 Bolivian deep earthquake whose mo-
ment, 2.8 X 10%® dyn*cm, was twice that of the 1970 Colombian shock,
motivated a number of systematic searches for an isotropic component
to the moment tensor, which however, returned either no such evidence
(Hara et al., 1995; Okal, 1996), or a suggestion marred by systematic
trade-offs (Kikuchi and Kanamori, 1994). The conclusion of these stu-
dies was that any isotropic component had to be small enough to evade
detection, and thus had to represent at most a nucleation of the prin-
cipal element of stress release, the latter taking place through a process
essentially equivalent to the source of shallow earthquakes, represented
by a pure double-couple.

This concept is in general agreement with the model of “transfor-
mational faulting”, in which rupture nucleation and growth accompany
the phase transformation of olivine that persists in a metastable state,
due to unfavorable kinetics in the cold subducting slab (Kirby, 1987;
Kirby et al., 1991; Kirby et al., 1996). The emission of acoustic energy
upon transformation of metastable materials has been observed in the
laboratory on samples of ices (Kirby et al., 1991), germanates (Green
and Burnley, 1989; Burnley et al., 1991) and forsterite (Green et al.,
1990; Wang et al., 2017). The rupture nucleation process has been re-
ferred to as “anti-cracking” by Green and Burnley (1989) and Green
et al. (1990). The olivine wedge inside the subducted Western Pacific
slab has recently been imaged in the Southwest Japan and Mariana
slabs using receiver function techniques (Kaneshima et al., 2007;
Kawakatsu and Yoshioka, 2011), and below the Sea of Japan and
Northeastern China using seismic tomography (Jiang et al., 2015).

In this context, the occurrence of the Sea of Okhotsk deep earth-
quake of 24 May 2013 provides a new opportunity to conduct an in-
depth search for an isotropic component to its moment tensor. At
M, = 3.95 X 10 dyn*cm, this event is the largest deep earthquake ever
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recorded, its moment being 1.4 times that of the 1994 Bolivian earth-
quake (Fig. 1), and incidentally, the eighth-largest regardless of depth
in the GlobalCMT catalog. In the present paper, we apply the analysis of
Okal (1996) to the 2013 event and, this time, document the presence of
a resolvable implosive component M; amounting to 3% of the deviatoric
moment. We confirm this result, albeit with a larger value for M,
through unconstrained moment tensor inversions using a variation of
the GlobalCMT algorithm.

2. Methodology

A significant problem in the detection of an isotropic component M;
to the moment tensor M is that it can trade off with other, deviatoric,
ones during the inversion of observable seismic waveforms. While
Kawakatsu (1996) showed that M; can in principle be resolved from the
spectra of classical spheroidal modes at frequencies less than 2 mHz,
Okal (1996) elected to focus on the spectral amplitudes of the two ra-
dial modes (S, and ;S,. The advantage of this approach stems from the
fact that in radial modes the non-diagonal elements of the eigenstrain
are identically zero, and additionally eg = €49 = %, leaving only two
independent non-zero components of the strain tensor. Since the ex-
citation of any mode by a moment tensor M is proportional to its scalar
product with the eigenstrain at the source (Gilbert, 1971), it follows
that radial modes are excited by only two independent components of a
general 6-dimensional symmetric moment tensor, which can be taken
as M; = % M;;, and [M,,—(Mgg + Myy)/2], in principle resolvable from the
inversion of just two radial mode amplitudes.

The combination [M,,—(Mgs + Myg)/2] is equivalent to —3/2 times
the vertical CLVD component of Kawakatsu’s (1996) decomposition of
the most general moment tensor M. If we then assume the deviatoric
part of the source to be a pure double-couple, this combination also
takes the form Mp-sz, where Mj is the moment of the double-couple,
and sz = sindsindcosd in the notation of Kanamori and Cipar (1974), is
a trigonometric coefficient expressing the component of thrusting
(sg > 0) or normal faulting (sg < 0) in the deviatoric source. The ex-
citation of the radial mode is then proportional to [Ny-M; + Ko-Mp sg],
where N, and K, are two excitation coefficients depending only on
source depth. As discussed by Okal (1996), and for the deepest

Fig. 1. Sketch of the only eight deep events (h > 400 km) known since 1900 with measured moments M, > 5 x 10*” dyn*cm. The bars are scaled to moment.
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earthquake sources, the modes (S, and 1S, are particularly suited to this
inversion, since the two excitation coefficients are comparable for S,
(1Ko = —0.094;;N, = —0.115) and of comparable amplitude but opposite
signs for (S, (oKo = 0.280; (Np = —0.313; all values in units of 10731,
using the PREM model (Dziewonski and Anderson, 1981) and the
GlobalCMT centroid depth of 611 km). This makes the inversion matrix
very well-behaved, with complex conjugate eigenvalues and hence a
condition number of 1. This property (which was essentially unchanged
at the 1994 Bolivian shock’s depth of 640 km) allowed Okal (1996) to
solve for M; independently of the deviatoric component Mp-sg, and to
conclude that no resolvable M; could be identified in the source of the
1994 Bolivian earthquake.

3. Results: evidence for an implosive component
3.1. Preliminary investigation: the spheroidal modes

Following our earlier investigations of the 2004 Sumatra, 2005
Nias, 2010 Maule and 2011 Tohoku events (Okal and Stein, 2009; Okal
et al., 2012; Okal, 2013), we first conducted a systematic study of the
excitation of spheroidal modes by the 2013 deep Sea of Okhotsk
earthquake, in the range 0.63-2.70 mHz, with the aim of documenting
any possible source slowness. The great depth of the 2013 event allows
the systematic use of many spheroidal overtones.

We recall that, given a focal mechanism geometry, this procedure
consists of computing the excitation of each split singlet ,S/" within a
multiplet ,S; at each station (Stein and Geller, 1977), producing a
synthetic record and scaling its spectrum to the observed one to derive a
value of the seismic moment at the relevant frequency; all details can be
found in Okal et al. (2012). Fig. 2 shows that no trend is present in the
spectrum of the 2013 Sea of Okhotsk earthquake, with the gravest mode
resolvable, (S; (T = 15655), yielding a moment not significantly dif-
ferent from that of the GlobalCMT solution obtained at 200s. This re-
sult, in contrast to the case of the 2004 Sumatra earthquake (Stein and
Okal, 2005; Okal and Stein, 2009), means that in the range of fre-
quencies considered, the stress release can be regarded as a step func-
tion in time. Its importance is that it precludes interpreting any
anomalous spectral amplitudes of the radial modes (S, and 1S, as simply
due to source slowness, and any such behavior must then be explained
by an ancillary component to the moment tensor.

OKHOTSK 2013
JKHOTSK 2015 PERIOD (seconds)

1585 1259 1000 794 631 501 398 316 251
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3.2. The radial modes

For the present study, we recover the spectra of the radial modes (S,
and S, from time series of VHZ channels at stations of the GEOSCOPE
and Global Seismological networks. As discussed by Dahlen (1982), the
proper resolution of a spectral line of period T and quality factor Q
requires a time series lasting on the order of (T-Q/2), or 40 days for (S,
and 7 days for 1Sy, using Q = 5579 and 2017, respectively (Okal and
Stein, 2009). We note that a somewhat deep earthquake (h = 386 km)
with a moment of 1.1 X 10%” dyn*cm occurred in the Solomon Islands on
07 July 2013, 44.5 days after the Okhotsk event, with a normal faulting
mechanism favorable for the excitation of radial modes. For this reason,
we use only 40-day time windows. We retain only records unperturbed
by gaps or spikes over the relevant windows, leaving us with a dataset
of seven stations: ADK, CAN, IVI, KMB, MAKZ, NNA, and PAYG.

Since the particle displacements of the radial modes are the same at
all points on the surface of the Earth, it is possible to stack their com-
plex spectra at the various stations to improve signal-to-noise ratios.
Fig. 3 presents the final stacked spectra (using simple, unweighted
stacking) for the fundamental S, and first overtone ;Sy;. The moment
values reported on the figures represent the best fits obtained under the
assumption of a purely deviatoric source in the geometry of the Glo-
balCMT best double-couple (6 =11°, A = —93°). It is immediately
evident that, with respect to the GlobalCMT solution
(M, = 3.95 x 10?® dyn*cm), the moment obtained for (S, is significantly
deficient (by 15% at only 3.42 x 10%® dyn*cm), while that for ,S, is si-
milarly excessive (by 21% at 4.77 X 10%® dyn*cm). We will refer to these
values of the moment as (m and ;m, respectively.

On the other hand, if we assume that the source is composed of a
double-couple with the GlobalCMT geometry (and moment Mp), plus an
isotropic component of moment M;, then M; and Mp can be resolved
from the system of equations

[oNo OKO][ M; ] _ [Om'OKOSR]
1No 1Ko || Mpsr 1m-1KoSg 1)
whose solution is M; = —1.08 x 10¥” dyn*cm and

Mp = 4.06 X 10?2 dyn*cm. Thus, the excitation of the radial modes is
explained by the superposition of a deviatoric moment essentially
identical to the GlobalCMT solution, and a negative isotropic (i.e., im-
plosive) component M; amounting to 3% of the deviatoric one (but as
much as 14% of the deviatoric component relevant to the excitation of
normal modes, Mpsg = —7.60 X 10*” dyn*cm).

Following Okal’s (1996) approach, we obtain estimates of error bars

Fig. 2. Seismic moment of the 2013 Sea of Okhotsk
deep earthquake computed from the spectra of the
Earth’s spheroidal modes. For each mode, the mo-
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Fig. 3. Best fits to the stacked spectra of (S, (Top) and S, (Bottom), under the
assumption of a purely deviatoric source in the geometry of the GlobalCMT
solution. In both frames, the black trace is the observed stacked spectrum, and
the colored one its theoretical fit for the computed moment. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

on M; and My through a jackknifing procedure consisting of running
N = 7 inversions from stacks of N—1 stations (eliminating one common
station at a time), and fitting an ellipse to the resulting dataset in the
[M;, Mp] space. Results are shown on Fig. 4, together with those for the
1994 Bolivian earthquake, replotted on a common scale from Fig. 2 of
Okal (1996). They suggest an uncertainty of 11% on M; and 2% on Mp,
which emphasizes the robust character of the isotropic component. By
contrast, and as recalled on Fig. 4, in the case of the 1994 Bolivian
earthquake, the isotropic component was not robust, with the ellipse
intersecting the neutral line M; = 0, meaning that the dataset was in-
conclusive as to even the sign of any putative isotropic component
(implosion or explosion). We thus conclude that the 2013 Okhotsk Sea
earthquake does possess an implosive isotropic component, on the
order of 3% of the deviatoric moment Mp.
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Fig. 4. Isotropic and deviatoric components of the source of the 2013 Okhotsk
(red) and 1994 Bolivia (green) events, inverted from the spectra of the radial
modes (S, and ;S,. The error ellipses are obtained from the jackknifing proce-
dure. The 1994 data was simply replotted from Fig. 2 of Okal (1996), using a
common scale. Note the robust character of the 2013 solution, contrary to the
1994 case, where even the polarity of the isotropic component could not be
asserted. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Finally, we note that the inclusion of a relatively small isotropic
component to the moment tensor cannot affect significantly the inver-
sion for the best-fitting double-couple, since the isotropic term excites
only the m = 0 singlet of each mode. In the particular geometry of the
deep Sea of Okhotsk earthquake (a décollement on a plane dipping only
11°), the m = 0 singlet is only marginally excited by the deviatoric
tensor, and thus the geometry and scalar moment of the best-fitting
double-couple is essentially unaltered by the addition of M. In other
words, the small isotropic component excites only marginally the main
seismological observables (i.e., the mantle Rayleigh waves or the non-
radial modes) which are essentially unaffected by its presence, a result
already described by Okal and Geller (1979).

3.3. The case of the 2015 Bonin earthquake

A surprising, large deep earthquake took place at the bottom of the
Bonin Islands Wadati-Benioff Zone on 30 May 2015 (27.94°N; 140.56°E;
Fig. 1). With a seismic moment of 7.7 X 10*” dyn*cm, this earthquake is
the third largest deep event in the GlobalCMT catalog (after the 2013
Okhotsk and 1994 Bolivian shocks). Several properties make it parti-
cularly intriguing (Okal and Kirby, 2016; Ye et al., 2016): First, esti-
mates of its source depth place it at 664 km (hypocentral, NEIC),
682 km (hypocentral, JMA), 667 km (hypocentral, Zhao et al. (2017)),
and 681 km (centroid, GCMT), in rough numbers 100 km deeper than
all seismicity previously known in that segment of the subduction
system; next, it did not take place in the linear prolongation of the
seismic zone, but rather 200 km East of it, i.e., oceanwards of the
downgoing slab; finally, its focal mechanism features tensional stress in
the direction of sinking of the slab, rather than the usual down-dip
compression characteristic of stress release at the bottom of slabs
(Isacks and Molnar, 1971). All these properties fuel speculation (Okal
and Kirby, 2016) as to whether the event took place in a mechanically
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detached section of slab recumbent on the bottom of the transition zone
(Okal and Kirby, 1998; Okal, 2001) or in a highly contorted one. De-
tailed tomography of the Bonin slab system by Zhao et al. (2017, Figs. 4
and 6) would suggest a tear in the slab around 29°N, with the Southern
segment curling back oceanwards, perhaps in conjunction with the
further Eastward regression of the subduction in the Marianas to the
South, in the general geometry suggested by Cizkova and Bina’s (2015)
geodynamic models. In Zhao et al.’s (2017) model, and at the latitude of
the 2015 event, the slab squeezes through a narrow neck at the level of
the 410-km discontinuity, followed by an effusive outpouring down to
~ 850 km, which would contain the 2015 hypocenter (their Fig. 4); the
wide expansion of the slab below the 410-km neck, as opposed to its
abutting against the 660-km discontinuity, may also help explain the
unusual down-dip tensional mechanism. On the other hand, the isolated
character of the 2015 earthquake would argue in favor of its occurrence
in a mechanically detached portion of slab, recumbent on the 660-km
discontinuity (Okal and Kirby, 2016), and where the orientation of
stresses released seismically could be essentially random, as observed in
the deep seismic cluster under the Fiji Basin (Okal and Kirby, 1998).

Given its large moment, and regardless of the exact environment of
the 2015 Bonin earthquake, it would then become a natural suggestion
to investigate its radial modes, to explore the possible presence of an
isotropic component in its source. Unfortunately, the 2015 earthquake
was just too small to sufficiently excite the radial modes, and we simply
failed to extract either (S, or 1Sy above noise level.

4. Verifying the robustness of M;

Given the historical controversy attached to the question of the
isotropic component of deep earthquakes, it is important to examine the
robustness of our results in view of some of the simplifying assumptions
underlying our methodology, which for example ignores lateral het-
erogeneity in the Earth’s structure.

4.1. Possible artifacts for radial mode measurements

We first address the robustness of our results with respect to the
Earth model used, by using a different laterally homogeneous Earth
model, namely 1066A (Gilbert and Dziewonski, 1975). We find negli-
gible changes in the result of the inversion (1) (less than 0.1% in Mp and
1.5% in M;).

Next, we recall that Okal and Geller (1979) studied the effect of
ignoring lateral heterogeneity in Earth structure on moment tensor
inversion, showing that the introduction of a simple degree-two per-
turbation in the phase velocity of synthetic surface waves, followed by
inversion using a laterally homogeneous model, was enough to add an
artificial isotropic component to an otherwise deviatoric source. They
suggested that the large isotropic component to the source of the 1970
Colombian event proposed by Gilbert and Dziewonski (1975) resulted
from such an artifact. In simple terms, by using a slightly inappropriate
phase velocity, this effect amounts to introducing an improper time
shift between the various records used in the inversion. In the present
case, and since the radial modes involve no propagation (their “phase
velocity” being infinite), this effect is not expected to take place.

As discussed by Russakoff et al. (1997), a more complex situation
may arise from mode-to-mode coupling, due to the combined effects of
the Earth’s rotation, ellipticity and lateral heterogeneity. In particular,
those authors showed that the former was most probably responsible
for the isotropic component proposed by Gilbert and Dziewonski (1975)
for the 1970 event, which disappeared below detection level once this
“Coriolis coupling” effect was properly taken into account. Briefly
stated, coupling can deform the eigenfunction of a mode (e.g., a toroidal
mode may acquire a small radial component to its displacement), which
in turn affects its excitation coefficients by various moment tensor
components, and hence perturbs the result of the inversion. As detailed
theoretically by Woodhouse (1980), Coriolis and ellipticity coupling
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will be significant between (i) spheroidal modes of identical angular
degree [; and (ii) modes of different type (one spheroidal, one toroidal)
whose degrees [ differ by 1. In addition (iii), ellipticity may couple
modes of the same kind (S or T) with degrees differing by 2. In all cases,
efficient coupling between two modes requires that the difference in
their unperturbed multiplet frequencies be comparable to the range of
splitting induced by the perturbation; we stress that this identity of
frequency between two modes required for efficient coupling must
occur in the complex domain, ie. taking into account the imaginary
part of the eigenfrequency induced by anelastic attenuation. The ex-
ceptionally high values of Q for the radial modes (5579 and 2017 re-
spectively for (S, and S,) act to further minimize the possibility of
coupling to non-radial modes. Incidentally, type (i) coupling requires
that two branches of physically different S modes cross each other
(Okal, 1978).

Millot-Langet (2004) has introduced a Frobenius normalization of
the coupling between two modes indexed k and k' through the quan-
tifier
<Vk|5H|uk’>

Wi —w}

Fkk’ = —logw

(2)

where <vi| and |u;> are “bra” and “ket” descriptions of orthonorma-
lized eigenfunctions for modes k and k', and H the perturbation in-
duced by rotation and ellipticity on the Hamiltonian operator. In gen-
eral, coupling with F values on the order of 2 or greater is deemed
negligible.

Here, we consider the radial modes ,S, (p = 0 and 1), whose fre-
quencies closely follow pwo = (p + 1) oo ; they will clearly be immune
to (i). Type (ii) coupling would require a toroidal mode ,T; with a
period approaching either 1227 or 613 s, which we can exclude given
the periods of (T; (solid rotation, infinite period), 17, (807 s) and ,T;
(456s); at any rate, a detailed examination of the structure of the
coupling kernels (e.g, Millot-Langet (2004)) shows that they vanish at
first order for all coupling of the form ,S,—,T;. As for (iii), the closest
candidate for coupling with 1S, would be 4S, (T = 5805s). Using the
parameters listed by Dahlen and Sailor (1979), we find that the width of
its split multiplet is 0.006 mHz, 15 times smaller than its difference in
frequency with ,Sp; the resulting coefficient F, s, is 1.92. For (S, the
closest contenders would be S, (T = 1470 s) and ,S, (T = 1057 s). For
the former, its split width is similarly 0.011 mHz, or 12 times its dis-
tance to (S, in the frequency domain, and F, s, = 2.14. The latter is an
inner core mode (K, in Okal’s (1978) classification), hardly excited by
any earthquake at any depth, and whose singlets are mixed with those
of 351 and ;Ss; the Frobenius coefficient Fyg s, is 3.22. We conclude that
the effect of coupling induced by rotation and ellipticity on the first two
radial modes is negligible.

Another possible effect leading to the observation of an artificial
isotropic component could be structural anisotropy at the source, as
discussed e.g., by Kawasaki and Tanimoto (1981) and later Vavrycuk
(2005). However, in an investigation of events at ridge-transform in-
tersections showing significant minor double-couples, Kawakatsu
(1991b) has shown that the latter could not be explained by structural
anisotropy at the source, even though such environments are known to
feature strong and coherent anisotropy. In addition, Vavrycuk (2004)
has suggested that the level of anisotropy necessary to account for
observed CLVD components at the bottom of the Tonga slab would
translate into an artificial isotropic component of about 1%. We con-
clude that it is unlikely that our observation of an implosive component
of 3% of M, is an artifact of anisotropy.

4.2. Unconstrained CMT inversions: an independent approach

In an independent approach, we proceed to verify our detection of
an implosive component to the 2013 Okhotsk earthquake through 6-
dimensional centroid-moment tensor inversions unconstrained to a
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Table 1
Results of Moment Tensor Inversion Experiments: 2013 Sea of Okhotsk.
No. Centroid Inverted Moment Tensor Best Double-Couple M € £p
Lat. Lon. Depth Offset M, Mgg Mgy Mg My Mgy  Residual Mp ¢ ) A
CN) CE)  (km) () ©) © © (%)’
2013 OKHOTSK: Standard Inversion
lc 54.61 153.77 611 19.35 -1.67 0.382 1.28 -0.784 -3.57 0.155 0.0891 3.94 188.6 11.1 -935 0 —0.087
2u 54.61 153.82 607 19.34 -1.89 0.026 0.960 -0.783 -—3.54 0.158 0.0888 3.90 188.2 10.8 —-940 -0.301 (-7.7) -0.0007 -0.075
Improved Station Dataset
3c  54.61 153.79 611 19.38 -—1.69 0.372 1.31 -0.789 -3.57 0.128 0.0971 3.96 186.2 11.3 -—95.8 0 —0.087
4u 5461 153.84 606 19.37 -1.94 -0.0271 0946 -0.787 -3.54 0.134 0.0967 391 1858 11.0 -96.2 -0.340 (-8.7) +0.087 -0.117
Remove Cross-Branch Stations
5c 5459 153.78 610 19.40 -1.69 0.415 1.27 -0.807 -3.57 0.206 0.0791 3.95 1929 11.2 -89.9 0 —0.089
6u 5459 153.83 606 1940 -1.94 0.0153 0.902 -0.806 -3.54 0.210 0.0782 3.90 1926 10.9 -90.2 -0.341 (-8.7) +0.007 -0.267
Short-Period Window 135-250's
7c  54.68 153.73 611 20.61 —1.47 0.334 1.14 -1.00 -3.54 0.142 0.1205 391 1880 99 -97.3 0 —0.078
8u 5468 153.76 611 2061 -1.74 0.0228 0.837 -1.00 -3.54 0.146 0.1200 3.90 1879 9.8 -974 -0.293 (-7.5 —0.001 -0.102
Long-Period Window 300-500 s
9¢ 54.64 153.80 611 1857 -1.76 0.352 1.40 -0.503 -3.51 0.147 0.0968 3.89 187.7 121 -90.4 0 —0.082
10u 54.64 153.90 604 1857 -—1.92 0.106 1.20 -0.507 -3.48 0.149 0.0966 3.85 187.3 12.0 -90.9 -0.205 (-5.3) -0.021 -0.073
Ultra-Long-Period Window 600-1200 s
11lc 54.44 152.63 597 19.75 -1.55 0.450 1.10 -0.811 -3.39 0.131 0.2580 3.74 190.8 10.5 -924 0 —0.108
12u 54.39 153.00 576 19.60 —2.02 0.224 0914 -0.826 -3.39 0.145 0.2573 3.79 191.3 11.5 -922 -0.294 (-7.6) —0.045 -0.121
Ultra-Long-Period with Longer Records
13c 54.40 152.23 602 2210 -1.61 0.502 1.11 -0.850 -3.31 0.148 0.2677 3.68 1929 11.0 -91.3 0 —-0.120
14u 54.34 152,57 580 21.90 -2.06 0.285 0.926 -0.862 -—3.31 0.162 0.2670 3.74 193.4 119 -91.1 -0.283 (-7.6) -—0.058 —0.132

All moment values in units of 102 dyn*cm.
T value of M;/Mp expressed in percent.

zero-trace condition. The procedure consists of running the inversion
algorithm applied to the routine computation of GlobalCMT solutions
(Dziewonski et al., 1981; Ekstrom et al., 2012), but after relaxing the
zero-trace constraint imposed in its standard version. This yields a six-
dimensional symmetric moment tensor M, rather than a five-dimen-
sional one. Table 1 compares the results of both inversions. The first
solution, 1c (for constrained), reproduces the entry of the 2013 Okhotsk
event in the standard GlobalCMT catalog. The second solution, 2u (for
unconstrained), features a trace M,, + Mgy +
Mgy = —9.04 x 10?7 dyn*cm, corresponding to M = -
3.01 X 10¥” dyn*cm. The best double-couple is then computed in the
standard way, after obtaining the new deviatoric five-dimensional
tensor by subtracting from the six-dimensional M the isotropic com-
ponent M;-I where I is the identity matrix. The last two columns of
Table 1 express the so-called “Compensated Linear Vector Dipole”
characterizing the relative importance of the moment tensor compo-
nents remaining after subtraction of the best-fitting double-couple,
through the parameter

Aint

f= ——M8M——————
max[/lmax, _Amin]

3

which is the ratio of the intermediate eigenvalue of the moment tensor
(zero for a pure double-couple) to the one of largest absolute value. In
Table 1, € refers to the full six-dimensional tensor and ¢ to its devia-
toric part; they are obviously equal in the constrained inversion.

The most important result in Solution 2u is that
M; = —0.30 x 10% dyn*cm, is negative, corresponding to an implosion
and supporting our radial mode results. However, its amplitude is found
to be about 2.8 times larger. Other important results concern the ro-
bustness of the centroid location (which moves less than 5km in 3 di-
mensions), and of the centroid time offset (which changes by an in-
significant 0.01 s, less than the time sampling of the data used, and
hence than the precision of the algorithm); however, the quality of the
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solution achieved improves only marginally, by less than 1%. The
geometry of the best double-couple is also changed less than 1° in all
angles, and its moment is reduced by only 1%.

The robustness of the inversion results is further examined by al-
tering details of either the dataset or the parameters of the algorithm. In
Solutions 3c (constrained) and 4u (unconstrained), we exclude stations
whose response characteristics may be questionable, but on the other
hand include data from other networks, such as GEOSCOPE, MEDNET
or GEOFON; in Solutions 5c and 6u, we exclude components involving
cross-branch coupling visible in the time domain. In the next experi-
ments, we alter the period band over which the inversion is carried
(originally 200-400 s in Solutions 1-6). First, we reproduce the shorter-
period band (135-250s) used in the CMT algorithm prior to 2004
(Solutions 7c (constrained) and 8u (unconstrained)). On the opposite,
we consider a long-period band (300-500 s; Solutions 9¢ and 10u), and
even an ultra-long-period one (600-1200s; Solutions 11c and 12u).
Finally, for Solutions 13c and 14u, we consider the ultra-long-period
band, but with extended time windows.

Table 1 lists all details of the various solutions. We note that, with
the exception of the long-period experiment (300-500 s), all inverted
moment components remain remarkably stable, featuring a standard
deviation of less than 0.12 X 10% dyn*cm. Consequently, the isotropic
component also remains robust, at (—0.308 + 0.023) X 10?® dyn*cm. The
best-fitting double-couples are also rotated at most 3° from each other
in the formalism of Kagan (1991). However, in the long-period ex-
periment (Solution 10u), most components, and in particular Mgy and
M,q, feature large deviations of up to 30%, that in turn impact the
isotropic component, which falls by about one third, to
—0.21 x 108 dyn*cm, or only —5.3% of Mp; the best fitting double-
couple rotates by a Kagan angle of 7°. The deviatoric moment My, also
varies slightly (by about 2%), but, as shown on Fig. 2, remains within
the standard deviation of the values inverted from ultra-long-period
spheroidal modes (see 3.1 above).
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Table 2
Results of Moment Tensor Inversion Experiments: 2015 Bonin Islands event.
No. Centroid Inverted Moment Tensor Best Double-Couple M € £p
Lat. Lon. Depth Offset M, Mags Mgy Mg My Mgy  Residual Mp ¢ ) A
N) (E) (km) ) ©) ©) ©) (%) '
2015 BONIN ISLANDS: Standard Inversion
15¢ 27.94 140.56 681 894 -0.386 —0.0657 0.452 -0.287 0.561 0.110 0.1918 0.765 35.6 24.8 -—38.8 0 —-0.077
16u 27.93 140.55 680 895 -—-0.414 -0.101 0.417 -0.287 0.558 0.109 0.1917 0.761 35.7 248 -385 -0.033 (-5.1) -0.033 -0.075
Short-Period Window 135-250s
17c¢ 27.90 140.56 679 9.21 —0.383 —0.0740 0.457 -0.260 0.541 0.102 0.1691 0.742 35.0 25.2 -—-404 0 —0.050
18u 27.90 140.55 679 9.22 -0.424 -0.113 0.419 -0.260 0.540 0.101 0.1688 0.741 349 252 -40.5 -0.039 (-54) +0.002 -0.050

All moment values in units of 102 dyn*cm.
T Value of M;/Mp, expressed in percent.

We similarly examined the 2015 Bonin Islands event (Table 2) and
the 1994 Bolivian earthquake (Table 3). In the former case, our results
are comparable to those of the 2013 Okhotsk source: unconstrained
inversions result in a small implosive component, amounting to ~ 5% of
Mp (in absolute value); furthermore, the inversion results are robust,
i.e., they do not depend on the frequency window used in the inversion,
and the value of My is unaffected by the nature of the inversion (con-
strained or unconstrained). However, the situation is different in the
case of the 1994 Bolivian event. As shown in Table 3, inversions per-
formed at short periods (135-250s; Solution 20u) yield a negligible
isotropic component, but at longer periods (200-400 s; Solution 22u),
an implosive M; = —0.265 x 10? dyn*cm is obtained, equivalent to
—7.7% of Mp, a ratio similar to that obtained for Okhotsk; in addition,
while the best-fitting double-couple rotates only by a Kagan angle of 7°,
its scalar value M) increases significantly (by about 30%). At much
longer periods (Inversion 24u), the value of Mp decreases back towards
its short-period value, and the isotropic component disappears. Con-
strained inversions (19c, 21c, 23c) feature the same behavior of Mp.
These results are summarized on Fig. 5 which analyzes them in the
context of a quantification of ultra-low-frequency spheroidal modes of
the Bolivian earthquake. Note that, as in the case of the Okhotsk event
(Fig. 2), the mode results do not exhibit a trend with frequency sug-
gestive of source slowness, and are compatible with the published CMT
solution, which was obtained with a filter similar to the 135-250 s filter
used here. However, the moment M for Solution 22u falls outside the
standard deviation band, which does include the values obtained for
Solutions 20u and 24u.

The inversion results for the Bolivian event are similar to those of
Russakoff et al. (1997) for the 1970 Colombian deep shock: as shown
e.g., on their Fig. 7, those authors were unable to document an isotropic
component outside the 2.5-3.5 mHz range, where mode-to-mode cou-
pling (under scenario (ii) above) does takes place, but inversions ig-
noring that effect produced an artificial M;. In this context, we elect to
disregard from the present study all inversion results in the “Coriolis
frequency band” and conclude that, as in the case of the 1970 Co-
lombian earthquake, unconstrained CMT inversions of the 1994 Boli-
vian event do not yield a resolvable isotropic component, thereby
confirming Okal’s (1996) results using radial modes. This is in contrast
to the case of the 2013 Okhotsk earthquake, for which all results ob-
tained outside the Coriolis frequency band show a robust implosive
component.

We conclude that the unconstrained CMT inversions support the
essential difference in the sources of the two events evidenced by our
radial mode studies, namely the presence of an implosive component in
Okhotsk, and its absence in Bolivia. However, we presently have no
explanation for the different amplitudes of M; from CMT inversions and
radial modes, especially given the good agreement between the corre-
sponding values of Mp. Similarly, in the Coriolis frequency band, we
lack a simple explanation for the relative weakness of the perturbations
observed in the Okhotsk solution, as compared to the substantial ones
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for Bolivia.

Finally, we note that our results are confirmed by recent work by
Hara and Kawakatsu (2016), who detected an implosive component
amounting to ~ 3% of the total moment tensor for the 2013 Sea of
Okhotsk earthquake, but none above noise level for both the 1994
Bolivian and 2015 Bonin events. These authors, who used a CMT in-
version technique, further documented the robustness of their results
with respect to lateral heterogeneity in Earth structure.

5. A possible interpretation

In this section, we use the approach of Kirby et al. (1992) in an
attempt to quantify the episode of phase transformation suggested by
the implosive component of the deep 2013 Sea of Okhotsk earthquake,
under the general concept of transformational faulting of metastable
olivine. In this model, the phase transformation of metastable olivine is
assumed to take place in the planar shear zone expressed by the de-
viatoric moment (Kirby, 1987). We use the simple model of a rectan-
gular fault of length L and width W, the thickness of the zone under-
going the phase transformation being H.

If we assume a relative volume change a = —7.3% (Jeanloz and
Thompson, 1983) during a complete phase transformation in the zone,
the total volume change will be 6V = a(L-W)-H, and the implosive
moment release

M; = K-8V = K-a-(L-W)-H 4)

where K is the bulk modulus of the material, taken as
2.49 x 102 dyn/cm? in the PREM model (Dziewonski and Anderson,
1981). Given the deviatoric moment My = u-(L-W)-Au, where u is the
rigidity and Au the seismic slip on the fault, we obtain two expressions
for H:

1Mo
aK L-W

(5)

The first expression allows a direct estimate of H from M; and the di-
mensions of the fault zone. A number of source tomography studies of
the Sea of Okhotsk event suggest average values L = 135km;
W = 50km (Wei et al., 2013; Ye et al., 2013; Zhan et al., 2014). This
yields H =~ 90 cm, using M; = —1.1 x 10¥” dyn*cm as inverted from the
radial modes, but up to 4 m for the source obtained by CMT inversions;
we can retain an order of magnitude of 2m. The second expression
allows the direct scaling of H to the slip on the fault Au through the
dimensionless quantities «, M;/Mp, and K m = i 1112:,
where v is the material’s Poisson ratio. Using the PREM value v = 0.295
(Dziewonski and Anderson, 1981), we obtain u/K = 0.475, and a ratio
R, = H/Au ~ 0.17 from the radial modes inversion, and 0.5 from the
CMT solution. Note that R; does not depend on the exact values of L and
W used to model the fault.

Shear zones of transformational faults produced experimentally in
the laboratory offer some insights into their thicknesses in relation to
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SR R a8 their shear displacements and fault lengths, albeit with some caveats.
& :J:: = = p= 3 = They exhibit the metrics of such faults at the very beginning of trans-
! ! ! formational fault nucleation, and faults that offset sample boundaries
may not feature metrics directly comparable to those that would have
“ § § § developed in source regions tens of kilometers in scale, and then
+ + + sheared and run freely. Experimental results reported in the literature
include Burnley et al. (1991), who observed faulting offsets of
- Q N ) 15-120pum upon transformation of 1-um grains in Mg,GeO,
g E E i (R, = 0.01-0.07), Green et al. (1990) in natural silicate olivine
N (10-30um offsets for 1-um grains; Ry = 0.03-0.1), and Kirby et al.
= 9 e 2 (1992) in ice (H = 20 um; Au = 1 mm; R = 0.02).
o3 o N -3 In addition, a recent study of transformational faulting in Mg,GeO,
< g S also showed micrographic evidence of submicron fault thickness and of
fine-grained spinel (Wang et al., 2017). These authors employed an
N oo N array of ultrasonic transducers to demonstrate that their shear zones
~C HL? EI 0? 3; EI NL? radiate elastic waves and hence propagate dynamically. They provided
. estimates of fault thickness of ~ 100 nm for a slip of ~ 1 um, suggesting
e _ 0 0 oo - R, = 0.1, a value comparable to other laboratory experiments at much
S T = NN 6 & larger scales, as described above. Furthermore, Wang et al. (2017) used
_%; the waveforms recorded from these transducers to invert for the mo-
S ~ 22 ae 3@ ment tensor of individual transformational faulting events, down to
g R = o ISEN =R typical values of M, ~ 100 dyn*cm (M, ~ —9). Although they publish
histograms of the isotropic component of these moment tensors (with a
s TS €2 © @ slight preponderance of positive, ie., explosive events), their transdu-
N« ™ o @ o cers were uncalibrated and their solutions may be less reliable than for
the largest, best-recorded events of their previous study (Schubnel
g . § E % 5 % § et al., 2013), conducted on significantly larger samples, and for which
i 52 S S e little if any isotropic component was reported.
a E 2 In summary, and in very general terms, the values obtained in the
E E o § present study, R, = 0.17-0.5, are somewhat higher than the reported
s g § § i g g \éo § § experimental values, with which however they share a comparable
= § TT S S z TS order of magnitude. In this context, we note that ductile shear zones in
§ 5 T crustal rocks tend to show an increase in fault thickness with total
Sae 3 " o 5 © o cumulative fault displacement and therefore that shear-zone thickness
5| 2 _§ 3 3 5 N8 T&g increases with increasing total displacement. If transformational faults
5 : S S % e E‘g s S in cold subducting lithosphere show similar scaling, one could antici-
£ E g .S pate that reactivation of transformational faults in the mantle transition
g 2 Q § E § o 5 § § zone would widen with increasing cumulative shear displacement and
E § (I ro ro produce larger R, values than those observed in the experimental stu-
{‘é =~ dies cited above.
E . § E 8 5 5 § Thls lends considerable support to our 1nterPretatlon of th.e im-
s 2< 53 22 plosive component of the moment tensor as expressing the nucleation of
[ el [ transformational faulting, even though the earthquake and the labora-
tory experiments took place on geometric scales differing by 6-7 orders
‘é 3 = aAv LR of magnitude, and in the case of ices, in materials of clearly different
2 s ® © @ N .
9] SIS SIS SIS chemistry.
g Another means of comparing our results from the 2013 Sea of
% . § E § [ N § Okhotsk earthquake to experimental ones would be to scale H to the
;"; c|> < cI: n c|> ? fault length L, which amounts to defining the aspect ratio R, of the zone
N undergoing the phase transition. In this case, we find R, ~ 1.5 X 1075,
g . ~ o .o differing significantly from the laboratory experiments: Kirby et al.
5] 23 28 RN nn (1992) suggest L = 2 cm and hence R, = 1073, a figure also proposed by
g © @ o N« @ . Wang et al. (2017), Green et al. (1990) suggest a failure extending over
§ - §) ‘g 3mm, hence R, = 3 X 107*; no information on length of faulting is
“; & E @ % % 3 @ % -S* 5 available from Burnley et al. (1991). Note however that Wang et al.
] 5 [~ & ? (2017) have observed that their fault thicknesses (H ~ 100 nm) may not
g % - o .- %‘ % scale directly with fault lengths L. This diversity in R, might express a
18 £@ el IS 3328 variation in the strains released during transformational faulting, which
2 = i e T8 é are directly related to the ratios Au/L = Ry/R, ~ 10~ in our case, but as
& g % much as 0.05 in Kirby et al.’s (1992) experiments on ices. Clearly, the
E 29 =X ©g g i latter figure would be excessive for an earthquake rupture: estimates of
E 5 % “ o ] o | g E strain release during deep earthquakes, using energy-to-moment ratios
E b bl UL E o have been found to be somewhat higher than for shallow sources, but
o g E =S only by less than one order of magnitude (Choy et al., 2006; Vallée,
=3¢ &3 &8 82| E” 2013; Saloor and Okal, 2018).
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Fig. 5. Same as Fig. 2 for the 1994 Bolivian earthquake. Note again the absence of any trend in the normal mode dataset, but this time the irregular behavior of My
from unconstrained CMT inversions, depending on the frequency band used. See text for details.

6. Discussion and conclusion

We have established by two independent methods that the source of
the deep Sea of Okhotsk earthquake of 24 May 2013 included an im-
plosive component, of an amplitude of between 3 and 8% of the de-
viatoric moment of the earthquake. CMT inversion results tentatively
suggest a similar component of 5% of My for the recent 2015 Bonin
earthquake. This result would be a natural consequence of transfor-
mational faulting as a mechanism of deep seismogenesis in the down-
going slab.

Ever since transformational faulting was suggested as a source of
deep seismicity, its application to very large earthquakes, such as the
1994 Bolivian, and now the 2013 Okhotsk, events, has run into the
argument that the inherently large size of their fault zones may not fit
inside the relatively narrow domain of olivine metastability derived
from thermal models (e.g., Wiens et al., 1994; Silver et al., 1995; Myers
et al., 1995; Tibi et al., 2003; Wei et al., 2013, Ye et al., 2013; Zhan
et al.,, 2014; Zhang et al., 2016). However, a number of observations
can reconcile the spatial extent of large earthquakes with the general
concept of deep seismicity nucleating from transformational faulting:
First, Green et al. (1992) have documented an experimental case in
which the resulting crack extended outside the particular crystal in-
volved in the phase transformation, suggesting that not all the seismic
fault zone has to be contained inside the metastable wedge; in this
context, Meng et al.’s (2014) recent suggestion, for the 2013 Okhotsk
earthquake, of a fault zone extending outside the olivine wedge would
not necessarily preclude transformational faulting. In addition, Chen
(1995) had proposed, for the deep Bolivian earthquake, a model of
discontinuous, en échelon, rupture leading to a transverse dimension
(30km) for the fault significantly narrower than inferred from the
distribution of its aftershocks. Finally, the structure of the slab in the
vicinity of the 660-km discontinuity is expected to be strongly per-
turbed from the simple thermal model used e.g, by Kirby et al. (1996)
to advocate nucleation and growth by transformational faulting. In
several subduction zones, the slab has been mapped, either by tomo-
graphy or precise relocation of seismicity, to be horizontally deflected
and thickened as it reaches the bottom of the transition zone, e.g, in the
Izu-Bonin system (Fukao et al., 1992) or in Tonga (van der Hilst, 1995;
Okal and Kirby, 1998). This thickening is due to down-dip compression
of the slab as it encounters resistance to penetration caused by the
strong viscosity contrast at the discontinuity and by the buoyancy cost
of metastable olivine attempting to penetrate the lower mantle (Kirby

76

et al., 1996; Bina, 1997; Okal and Kirby, 1998), and it would argue for a
metastable wedge of larger dimensions than in simplified models such
as Kirby et al.’s (1996). More generally, slabs are complex, internally
deformed regions, which can feature significant heterogeneity in their
history, and hence in their mineralogical and thermal structures, a
classical example being the plate age discontinuity “memorized” into
the South American slab as a result of a reorganization of plate
boundaries at around 82 Ma (Engebretson and Kirby, 1992).

In the context of the 2013 Sea of Okhotsk earthquake, the geometry
of the slab was poorly mapped prior to the event due to the scarcity of
background seismicity, and in this respect the local details of the
Slab1.0 model (Hayes et al., 2012), and hence the estimated location
and size of the metastable wedge, may have some uncertainty, as sug-
gested by the distribution of 2013 aftershocks (Zhan et al., 2014). Most
source models (Tsuboi et al., 2013; Ye et al., 2013; Zhan et al., 2014)
favor rupture along a very shallow dipping fault plane (6 ~ 10°) which
might be contained inside the olivine wedge if the slab is locally de-
flected to a sub-horizontal geometry (Wei et al., 2013). Note however
that some competing models would favor rupture along the sub-vertical
fault plane, or stacking of en échelon horizontal rupture segments along
a vertical extent reaching 40 km (Chen et al., 2014; Zhang et al., 2016).
One possible re-interpretation of these observations would be that the
slab deviates from the Slabl.0 model by striking essentially North-
South and being deflected sub-horizontally (Wei et al., 2013; Figs. 1A
and 3a). This geometry would be consistent with the GlobalCMT focal
mechanism (¢ = 189°%8 = 11°1 = —93°). A rupture propagating from
the hypocenter southwards, essentially parallel to the strike and across
a sub-horizontal width of ~ 50 km may be contained inside the olivine
wedge of a locally deflected slab, thus vitiating the argument against
transformational faulting as a process nucleating large deep earth-
quakes and controlling their rupture.

It is also noteworthy that the 2013 deep Okhotsk earthquake took
place at the Northeastern end of the Kuril-Kamchatka subduction
system, and thus followed the trend identified by Kirby et al. (1996)
that the largest deep earthquakes occur near the local spatial (including
lateral) limits of Wadati-Benioff zones. These authors attributed this
pattern to internal or “self” stresses generated, upon transformation, by
the effects of heterogeneous volume changes and by significant gra-
dients in the structural and elastic properties of the material composing
the slabs (Goto et al., 1987; Kirby et al., 1991); such gradients would be
enhanced at the lateral limits of a seismogenic metastable wedge.

In conclusion, our study opens a significant new chapter in the 45-
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year old controversy about the observation of implosive components in
deep earthquakes. We now have proof that the largest such event ever
recorded, the 2013 Sea of Okhotsk earthquake, featured a detectable
implosive component. However, the next two runner-ups in terms of
moment, the 1994 Bolivian and 1970 Colombian earthquake, when
subjected to modern, careful studies, failed to exhibit similar evidence
(Hara et al., 1995; Okal, 1996; Russakoff et al., 1997), as did the many
smaller shocks studied by Kawakatsu (1991a). This situation remains
intriguing and deserves further discussion.

We note that under the model of transformational faulting, the
phase transformation expressed as the implosive moment tensor com-
ponent M; serves as a nucleation and growth process for the faulting.
Overwhelming evidence, going back to Isacks and Molnar (1971) and
upheld by countless studies based on the more modern GlobalCMT
solutions, indicates that such faulting releases slab stresses featuring
spatial coherence and successfully interpreted in the framework of plate
tectonics as down-dip compressional stresses resulting from the re-
sistance to penetration of the deep mantle encountered by the slab as it
approaches the 660-km discontinuity (with the exception of chunks of
subducted material mechanically detached from their slab, and re-
cumbent on the bottom of the transition zone, as evidenced by Okal and
Kirby (1998) under the Fiji Basin). In this framework, the phase
transformation and the main episode of faulting draw their energies
from different reservoirs, and there may not necessarily be a direct
scaling between by their relative sizes, which would be expressed as an
invariant ratio between M; and Mp. This would be supported, e.g., by
the scatter in the ratio Ry computed from Burnley et al.’s (1991) ex-
periments.

Fig. 4 shows that the 1994 Bolivian event could not have included
an implosive component of the same size, relative to Mp-sg, as for the
2013 Okhotsk earthquake, which would have amounted to
M; = —3.0 X 10% dyn*cm if referred to our radial mode solution, and
M; = —1.2 X 10”7 dyn*cm using the CMT one; such values would plot
outside the relevant confidence ellipse. On the other hand, the Bolivian
event could have included an isotropic component scaling on the lower
end of the laboratory values, say R, = 0.02, since the corresponding
value of M; would have been only —8 X 10?° dyn*cm, which would fit
inside the ellipse on Fig. 4, meaning that the data analyzed by Okal
(1996) could not exclude it. Thus, the detection of an isotropic com-
ponent in 2013 and its absence in 1994 could be a result of a scatter in
values of Ry, ie., in the ratio of the isotropic to deviatoric moments,
which may itself express a difference in slab environment, perhaps
traceable to plate kinematics, affecting the rupture process of large deep
earthquakes, as suggested e.g., by Wiens and McGuire (1995), Lundgren
and Giardini (1995), and more recently Zhan et al. (2014).

In this general framework, the quantitative examination of the la-
boratory results, including those of Green et al. (1990) which come
closest to reproducing the conditions inside the slab (but for the ab-
sence of externally applied stresses), would suggest that the amplitude
of the isotropic component could in the majority of cases be so small
relative to its deviatoric counterpart as to prevent its detection, in-
cluding by methods such as the spectral ratio of radial modes used in
the present study, which are supposed to optimize such detection. In the
general context of Okal and Geller’s (1979) conclusions, this would
have made it impossible to detect any putative isotropic component to
the source of the 1994 Bolivian earthquake, despite the advent of di-
gital data allowing the resolution of radial mode spectra, a task clearly
impossible using the analog data of the 1970s. It is probably along this
framework that the apparently contradictory results on the 1970 Co-
lombian, 1994 Bolivian and 2013 Sea of Okhotsk sources can be re-
conciled and the isotropic source controversy resolved.
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