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Two-stage rupture during the Mw 8.3
Okhotsk 2013 deep-focus earthquake
constrains slab geometry

M| Check for updates

Ruohan Zhang', Pierre Boué?, Michel Campillo ®2 & Jianwei Ma® '*

The Mw 8.3 deep-focus earthquake beneath the Okhotsk Sea in 2013 provides an opportunity to study
the source mechanism with regard to the specific geometry of the slab in the hypocentral region.

It is also an opportunity to observe the impact of such a major event on the mechanical functioning
of the subduction. Here we investigated the intricate rupture processes of the earthquake through
back-projection using global stations. The earthquake can be divided into two stages, each consisting
of multiple sub-events. Our teleseismic back-projection results suggest that the first stage of rupture
occurred on multiple sub-horizontal planes and propagated to greater depths during the second
stage. The main part of the rupture is consistent with transformational faulting within the metastable
olivine wedge. The complex rupture process during the great earthquake can be put into perspective
with the variations in the rate of plunge observed before and after the earthquake. While the earthquake
was facilitated by a transient plunge a month before, it allowed a form of asperity to disappear through
thermal runaway on a dipping plane and consequently led to an acceleration in the rate of subduction

over the last 10 years.

Subduction zones are highly seismically active regions, with the majority of
earthquakes occurring at depths shallower than 70km; as the depth
increases, the number of earthquakes gradually decreases'. On 24 May 2013,
at approximately 600 km beneath the Okhotsk Sea, a Mw 8.3 earthquake
occurred at 05:44:48 UTC’. This earthquake was the largest deep-focus
earthquake recorded to date. This is therefore a major event that it is
important to consider in terms of its role in subduction mechanics. It
occurred at the northwestern end of the Pacific Plate, where the Pacific Plate
subducts beneath the Okhotsk Plate along the Kuril-Kamchatka subduction
zone. Deep-focus earthquakes and shallow earthquakes exhibit distinct
source mechanisms. Three widely accepted mechanisms have been pro-
posed to explain deep-focus earthquakes”: transformational faulting,
dehydration embrittlement, and thermal runaway. At the temperature and
pressure conditions of the mantle transition zone, polymorphic olivine
undergoes a phase change to spinel, and the shear instability resulting from
this phase change is referred to as transformational faulting’. This
mechanism can effectively explain the concentration of deep-focus earth-
quakes in the mantle transition zone. Dehydration embrittlement is more
commonly invoked to explain the origins of intermediate-depth earth-
quakes; as the slab descends into the mantle, water gradually exudes from
minerals in a high-temperature and high-pressure environment'. Thermal

runaway results from the positive feedback between shear strain heating and
rock softening’. Shear strain within the subducting slab leads to an increase
in temperature, which reduces the rock viscosity; this decreased viscosity
promotes deformation, and deformation continues to generate heat, thus
forming a positive feedback loop”. Studies on the source mechanisms of the
Okhotsk earthquake have involved techniques such as back-projection,
source inversion, and directivity analysis. However, no consensus has been
reached regarding the process(es) underlying the rupture among the three
mechanisms mentioned above”’. Previous back-projection imaging sug-
gests that the earthquake ruptured on multiple sub-horizontal planes™*",
whereas multiphase and multiple-point source inversion has suggested a
nearly vertical cascading rupture’.

The precise location of earthquakes is a crucial constraint on the slab
geometry"”. Deep-focus earthquakes also provide opportunities for investi-
gating deep slab deformation and velocity structures. For instance, the 2018
Fiji doublet earthquake showed that the relic Fiji slab overlies the Tonga
slab”. The Bonin earthquake of 2015, which reached depths of 680 km,
suggests that the slab is folded at the 660 km discontinuity or has penetrated
the lower mantle””"’. Through waveform inversion of earthquakes on both
sides of the trench, Zhan et al.” inferred that the P-wave velocity of the
Okhotsk subducting slab was 5% higher than the background velocity. More
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recently, Chen et al."® used a waveform modeling approach to analyze the
high-frequency (up to 0.8 Hz) teleseismic records of the Okhotsk Mw 8.3
earthquake. They discovered a small-scale ultra-low P-wave velocity anomaly
beneath the Pacific plate at the 660 km discontinuity. The buoyancy gen-
erated by the highly meltable volatiles of the abnormal body squeezes the
plate, and the huge pressure triggers thermal runaway.

Back-projection is an array-based source imaging method that typi-
cally requires only teleseismic P-waveforms. It was first developed and used
to study the Mw 9.2 Sumatra-Andaman earthquake'**’. Back-projection
relies on limited assumptions and allows for a detailed examination of
complex ruptures, such as the rupture velocity and fault dimensions™.
Various modifications have been made to improve the accuracy of back-
projection images” ™. In this study, we extended the multi-array
method”*™ using globally distributed stations.

By re-examining teleseismic data recorded during the Mw 8.3 Okhotsk
2013 deep-focus earthquake, we analyzed the kinematics of the rupture. For

this purpose, global stations were employed to perform three-dimensional
back-projection, and the temporal evolution was analyzed to present a 4D
perspective. Back-projection imaging reveals a widespread distribution of
sub-events during the rupture process. Furthermore, by integrating rheo-
logical and thermodynamic models, we inferred that the slab folded once at
a depth of approximately 600 km. The earthquake occurred mainly within
the metastable olivine wedge (MOW) of the bending slab, with faults
induced by phase transformation initially propagating nearly horizontally,
then transitioning to a near-vertical downward propagation, potentially
triggering shear melting.

Results

Depth versus time amplitude matrix

Our methodology utilized global seismic stations (Fig. 1a) to enhance azi-
muthal coverage, and spatial resolution was improved through deconvo-
lution. We consider two frequency bands, HF1 (0.5-2 Hz) and HF2
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Fig. 1 | Global seismic stations and array response function. a Seismic stations
used for the mainshock back-projection. Red and blue stations correspond to
positive and negative polarities, respectively. Their size corresponds to correlation
coefficients from 0.7 to 1. b The light blue cube is the back-projection target. The grey
contours denote the Slab model 2.0"*. The red point indicates the mainshock
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hypocentre. ¢ Triangulation of the stations; one colour is one group. The array
response function at 0.5 Hz for global stations in the Okhotsk back-projection target
region. d Depth slice with longitude at 153°E; e horizontal slice at a depth of 600 km;
f depth slice with latitude at 55°N.
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Fig. 2 | Back-projection results of the mainshock. a Normalized energy curve of
HF1; b Normalised energy curve of HF2; ¢ DTA of HF1; d DTA of HF2. Isosurfaces
at a threshold of 0.25 at each moment of the back-projection energy at HF1 (e) and
HEF2 (f). S1 and S2 denote stages 1 and 2. The value of the contour line is 0.25. The
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gray contours are the isosurfaces of the plate model 2.0", the light pink surfaces are
the isosurfaces of the tomography model™ with dVp/Vp = 1%, and the red circles are
the Okhotsk earthquake catalog™.

(0.33-1 Hz). Initially, we present the Depth-only versus Time Amplitude
matrices from the back-projection (hereinafter referred to as the DTA
matrix). From the DTA plots (Fig. 2), the mainshock can be decomposed
into several well-separated sub-events, that form the entire earthquake
process. To test the ability of global array 4D back-projection to resolve
multiple sub-events at short intervals, we conducted bootstrap tests and a
back-projection test with regional/local arrays only.

We conducted two types of bootstrap tests to evaluate the stability of
global array back-projection. Test 1 examined the impact of station coverage
or the number of stations. For this test, we randomly selected 70%, 80%, and
90% of the subarrays to perform back-projection calculations™. Test 2
assessed the effect of subarray weights by randomly assigning weights
ranging from 0.1 to 1 to the subarrays™’'. Both tests were conducted using a
grid spacing of 0.1°N x 0.1°E x 10 km. For each test, we performed 10
iterations and averaged the results. Comparing the DT A matrices obtained
from these tests with the complete initial DT A matrix, we observed minimal
differences (Supplementary Fig. 1). Whether subarrays were randomly
excluded or subarray weights were varied, the back-projection results
remained highly stable. These tests underscore the importance of global
seismic array coverage. As long as the seismic data coverage is sufficiently
comprehensive, randomly excluding a certain proportion of subarrays or
altering the weights of some subarrays does not significantly affect the final
back-projection results.

The results of the back-projection of the North American and Eur-
opean arrays are shown in Supplementary Fig. 2. At HF1, four sub-events
can be distinguished as local maxima in the DTA plots of both the American

and European arrays; however, the energy of each sub-event is significantly
different. In HF2, the American array is capable of discerning only three
sub-events because the first two sub-events observed in HF1 coalesce into
one event. The European array can distinguish four sub-events. In addition,
good depth resolution cannot be obtained with a single regional array, which
also makes it impossible for them to distinguish simultaneous sub-events at
different depths, which emphasizes the importance of global array coverage.

Both tests demonstrate that global array 4D back-projection can
resolve multiple earthquake sub-events and depth variations during the
mainshock sequence.

The 3D distribution of multiple sub-events in back-projection
imaging

Isosurfaces are drawn at a threshold of 0.25 at each moment after nor-
malization as a proxy for the energy distribution of the earthquake at that
moment, as shown in Fig. 2e, f. Compared to back-projection maps, iso-
surfaces provide a clearer representation of the earthquake energy dis-
tribution in 3D space (see Supplementary Movies 1, 2). We divide the
mainshock into two stages based on the energy distribution in DTA and the
location and propagation direction determined by back-projection. Each
stage contains multiple sub-events and sub-events with similar depths often
occur simultaneously. Therefore, sub-event classification cannot rely solely
on energy clusters in the DTA but also requires consideration of the imaging
in the 3D back-projection. In fact, it is possible to further divide into 4 stages
according to the energy changes (Supplementary Fig. 3). The fixed threshold
misses weak events in the early time of the earthquake. However, the
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Fig. 3 | Background seismicity and back-
projection images. a Seismicity in Okhotsk. Red
line AA’ and BB’ represent the position of the cross-
section in (¢) and (d). The colored contours are
projections of the back-projected normalized energy
at a threshold of 0.25. The grey and white dots

(50 km away from line AA’ or line BB’) are from
Kamchatka catalog”. The light blue contours are
slab model 2.0". The thick blue line is the plate
boundary”. b Zoom of (a). Blue arrows indicate the
direction of rupture propagation, and ® denotes
vertical downward propagation. ¢, d Cross-section
view of Okhotsk along line AA” and line BB’ in (a).
The white dots are earthquakes 50 km from line AA’
or line BB’. The colored contours are projections of
the back-projected normalized energy stage 1 and
stage 2 on the cross-section AA’ and BB’, respec-
tively. The basemap is the tomography model™. The
dark red line is the contour of dVp/Vp =1%. The A
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location of the earthquake did not change significantly in the first few
seconds (Supplementary Fig. 4), which had no impact on subsequent
analysis.

Here, we provide an overview of back-projection kinematics and
demonstrate the distance some of the sub-events extend from the slab model.
Given the large number of sub-events identified in the two frequency bands
(Supplementary Fig. 3), we focus on the earthquake kinematics across dif-
ferent stages. During the first stage, the earthquake first propagated along the
slab strike in a north-easterly direction, stopping at the edge of the slab
(Fig. 3b). Based on the DTA energy distribution and back-projection maps,
HF1 revealed five sub-events in NE propagation, while HF2 identified three
sub-events. Notably, HF1 showed two simultaneous sub-events at approxi-
mately 586 km depth between 3 and 9 s (Supplementary Fig. 6). For the NE
propagation, HF2 exhibited limited radiation with a rupture propagation
speed of about 1.8 km/s, whereas HF1 almost reached the slab edge with a
rupture velocity of approximately 3.5 km/s (Supplementary Fig. 5a). Subse-
quently, the earthquake rupture occurred to the south. HF1 recorded two
sub-events, while HF2 observed four sub-events, including three simulta-
neous sub-events at approximately 580 km depth between 13 and 165
(Supplementary Fig. 7). HF1 propagated southward at a speed of

approximately 2.7 km/s, while HF2 reached as high as 5.3 km/s (Supple-
mentary Fig. 5b). Stages 1 was primarily confined to the 580-600 km depth
range, with a few deeper sub-events detected in HF1. In general, it shows the
propagation along the strike of the slab in the sub-horizontal plane, and the
high frequency is more north-east (Supplementary Fig. 4), which Meng etal.”
also reported.

During the second stage, the earthquake began to propagate nearly
vertically into deeper regions. HF1 and HF2 were observed to contain 8 and
6 sub-events, respectively, with two simultaneous sub-events at ~610 km
observed in both bands at 23-27 s (Supplementary Fig. 8). From ~610 km,
HF1 sub-events extended down to ~670 km, while HE2 sub-events reached
~680 km. Spatially, two nearly parallel vertical propagation paths were
observed. In the last 5s, HF2 included two simultaneous sub-events at
different depths, with one extending as deep as 680 km and propagating in a
direction almost opposite to the initial rupture propagation. A number of
simultaneous sub-events during this stage resulted in two nearly parallel
downward propagation ruptures (Figs. 2e, f, and 3d). The estimated
apparent rupture velocity between events during the second stage exceeded
10 km/s for both HF1 and HF2 (Supplementary Fig. 5a, b). These very high
values could indicate that the rupture actually started with a low amplitude
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Fig. 4 | Interpretation of the Okhotsk earthquake
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that is not represented in our event detection, but compatible with the
energy release (Fig. 2a, b). Overall all events occur within a velocity of about
3.3 km/s when measured from the hypocenter (Supplementary Fig. 5¢, d).
The division into two stages here is primarily based on the propagation
direction of the earthquake.

Using slab model 2.0" (here, the depth value is used as the upper bound
of the slab) and the P-wave tomography model™ (here, dVp/Vp = 1% is used
as the slab boundary) as reference slab models, back-projection imaging
indicates that the first 10 s occurred outside the slab model boundaries, with
a maximum distance of ~40 km from slab model 2.0"*. The other periods
were located within the slab models. In terms of depth, stage 1 occurred near
600 km, and stage 2 propagated from ~610 km to ~670 km. The mainshock
locations determined by back-projection and the earthquakes around a
depth of 600km in the Kamchatka catalog” resemble an en-echelon
arrangement (Fig. 3¢, d). Overall, the Mw 8.3 Okhotsk earthquake occurred
across multiple parallel sub-horizontal planes, with the main rupture con-
centrated at a depth of ~600 km and propagating deeper in the latest stage.
The total extent of the earthquake rupture was 145 km in the north-south
direction and 71 km in the east-west direction, with a depth range of 80 km.
The spatial distribution range exceeded the predictions of existing slab
models"**.

Discussion

The 4D back-projection from the global array reveals a sequence with
multiple stages and the complex geometry of the Okhotsk earthquake. The
spatial extension of the different stages shows that the rupture rises at the
front (nearly 40 km ahead) of the known slab surface'?, indicating the need
for appropriate modifications to the current model.

We show that the mainshock of the Okhotsk earthquake can be divided
into two stages, multiple sub-events can be identified in both HF1 and HF2.
Chen et al® identified six sub-events based on multiple-point source
inversion. The sub-event and finite-fault inversion methods® also deter-
mined four sub-events. For our back-projection results, it is also feasible to
divide into 4 stages (Supplementary Fig. 3). In these studies, the first two
sub-events exhibited higher amplitudes than the latter two parts of the
rupture, contrary to our results (Fig. 2). We attributed this discrepancy to the
narrower frequency range in our case. In other words, we missed the high-
frequency components, which are not sufficiently coherent at the global

scale. The source positions at different times in this study are generally
consistent with those of previous back-projection studies™'*"". However,
because we performed the back-projection in three-dimensional space, we
can provide precise information on the depth at different times. The first
20 s of slip revealed by the back-projection is consistent with a series of sub-
horizontal ruptures, which can still be considered sub-horizontal rupture in
20-30's, but we consider it to be the beginning of subsequent vertical pro-
pagation. Finally, 30-36s is a near-vertical propagation, in which a sub-
event is also observed in HF2 to propagate downward along the previously
modeled subduction plane (Figs. 2e, f and 4c, d). However, it is still unclear
whether the deep expansion spanned a series of sub-horizontal planes or
followed a vertical plane. Overall, our slipping surface geometry is close to
the one evaluated by Chen et al.’ through multipoint source inversion.

The back-projection imaging results combined with background
earthquake information can facilitate the analysis of processes responsible
for the mainshock’s. Among the three classical proposed deep-focus
earthquake source mechanisms, we consider the dehydration embrittlement
can be excluded, at least in the version commonly referred to in the litera-
ture. As the slab subducts into the high-temperature, high-pressure mantle,
hydrous minerals are gradually consumed with increasing depth, ultimately
depleting at a depth of approximately 300 km™. Below the Kamchatka
Peninsula, the intermediate-depth earthquake activity is consistent with the
pattern of dehydration (Supplementary Fig. 9). Although some researchers
have wused dehydration embrittlement to explain deep-focus
earthquakes'®”, in Okhotsk (Supplementary Fig. 9), dehydration cannot
explain how the seismicity below 400 km does not decrease with increasing
depth™.

Subsequently, we analyzed the possibility of source processes asso-
ciated with olivine phase transitions and thermal runaway. The key to the
transformational faulting is the metastable olivine wedge (MOW)’ within
the mantle transition zone. The MOW is expected to gradually narrow from
shallower to deeper regions to accommodate increasing temperature and
pressure”. The existence of the MOW beneath Japan has been confirmed
through seismological measurements™*’. The slab thermal model proposed
by Jia et al.*’ indicates that below the Okhotsk Sea, the MOW extends to
depths below 600 km, reaching the depth of the Mw 8.3 earthquake. Based
on the mainshock rupture imaging in our study, background seismic
activity”’, and the tomography model™, we delineate the possible slab
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geometries and corresponding MOW configurations (Fig. 3a, ¢, d). Based on
these observations, the slab morphology in the lowermost transition zone
likely exhibits at least one folding or a more complex deformation structure
around 600 km depth, with the internal MOW deforming in response to the
slab’s shape. Strong slab deformation has also been observed seismically in
other subduction zones", and numerical simulations have also demon-
strated the possibility of bending and folding">*’. For the mainshock, we
focus on the MOW morphology along the profile AA’ and BB’. Apart from
the sub-event observed outside the MOW by HF2 (Fig. 3d, an event outside
the shadow area), all other sub-events can occur within the highly deformed
MOW, indicating that the earthquakes are primarily faults triggered by
transformations. The exceptionally high apparent rupture velocity and clear
separation between sub-events in the second stage suggest that this is not a
continuous supershear rupture*. Note that the apparent velocity is of the
order of the P-wave velocity at this depth. We interpret the rupture in the
second stage to be related to dynamic triggering”. Ata depth of 600 km, the
folded and deformed slab is rich in stress concentrations that are easily
triggered, allowing stress perturbations from one sub-event to rapidly
trigger the next’. Additionally, thermal runaway is insufficiently sensitive to
dynamic stress perturbations and cannot adequately explain the dynamic
triggering of deep-focus earthquakes®. However, the downward propaga-
tion of sub-events during stage 2 suggests that the physical processes may
differ from the sub-horizontal sub-events in stage 1. In fact, the exothermic
nature of transformational faults also incorporates thermal weakening
effects’. The high energy release during stage 2 also suggests the possibility of
thermal runaway. At the very least, the sub-event observed outside the
MOW by HF2 might involve a thermal runaway.

In addition, it is not impossible that all sub-events are caused by
thermal runaway. As discussed by Chen and Wen®, shear thermal
instability occurs in pre-existing weak regions. Previous studies have
rejected thermal runaway based on the inferred higher rupture velocity'*'".
Similarly, our imaging results show an abnormally high rupture speed in the
vertical stage. Notably, when referenced to the hypocenter, the rupture
velocity is not high (Supplementary Fig. 5). However, the difficulty of
thermal runaway as a mechanism of deep-focus earthquakes lies in the fact
that its trigger conditions are not spontaneously reached"”. Meng et al.’
highlighted the critical rupture length required to trigger thermal runaway.
Therefore, we preliminarily infer that the earthquakes primarily occur
within the deformed MOW and are caused by transformational faults. In the
second stage, there may be a mutual reinforcement between transforma-
tional faults and thermal instability. This interpretation is consistent with
those of Meng et al.” which discussed the impossibility of initiating thermal
runaway near the northern end of the slab. The slice AA” is located at the
corner in contact with the high-temperature mantle*’, and from the per-
spective of heat conduction®, the MOW would vanish when approaching
the northern boundary of the slab. Due to the influence of mantle flow, the
northern edge of the slab would be warmer and thinner*. Consequently, the
lateral extent of stage 1 is limited. In regions farther from the edge, favorable
deformation conditions persist, and the cooler slab allows the MOW to
extend downward, enabling stage 2 to deepen through dynamic triggering.

Based on the above analysis, we propose a subduction slab model
beneath the Okhotsk Sea (Fig. 4). In a simple first-order model, the slab
exhibits one folding at a depth of approximately 600 km near the main-
shock, with the curvature diminishing progressively toward the south. The
folding can account for the observed earthquake distribution and is con-
sistent with the results of tomographic imaging. Numerical simulations also
indicate the possibility of deep slab folding: as the slab crosses the 660 km
discontinuity and enters the lower mantle, it experiences an increased
resistance and is bent to form folds***’. Moreover, warmer and thinner slabs
are more prone to this type of deformation*’. Rheological simulations*’ and
studies of earthquake locations and source mechanisms* support high
seismic productivity associated with high strain rates. An increase in strain
rate can lead to an increase in temperature® and the destabilization of
olivine®. The high strain rate in the folded region promotes both trans-
formation faulting and thermal shear instability"**"*, which also explains

the higher seismicity at a depth of 600 km in the Okhotsk region and the
rapid triggering observed in the second stage of the mainshock.

The GNSS time series from the Kamchatka Peninsula showed
approximately 18 days of landward movement one month prior to the
mainshock, indicating an acceleration of the slab sinking™. Plunge is the
sinking motion of the subducting slab, and this temporary acceleration
caused by changes in external forces is called transient plunge. The deep
folds are then further compressed and sheared, preparing for the occurrence
of the mainshock. Additionally, a low-density, ultra-low P-wave velocity
anomaly is present near the 660 km discontinuity beneath the subducting
slab™®. The buoyancy from the low-density anomaly and the resistance from
the lower mantle provide a squeezing force from below, which, in con-
junction with the pressure generated by the slab’s own subduction, acts on
the fold and promotes the occurrence of large deep earthquakes. The strain
accumulation at a depth of 600km facilitated phase transformational
faulting within the MOW, and the subsequent high-temperature generated
by the rupture triggered thermal runaway, causing the rupture to propagate
beyond the MOW.

Our study provides supplementary information regarding the detailed
structure of the slab. The results of tomography imaging suggest that the
Pacific Plate beneath the Okhotsk Sea subducts into the lower mantle’>** ™.
We confirm this supposition, with the additional element that a folded slab
should exist at 600 km to further explain the distribution range of earth-
quakes, based on the constraints from the mainshock imaging and back-
ground seismic activity. The shape of the Kuril-Kamchatka subduction
zone changes noticeably from south to north™*. The southern segment (for
latitude <50°N) of the subduction zone does not penetrate the mantle
transition zone, with the plate’s limit extending horizontally at the 660 km
discontinuity. The central segment (for 50°N <latitude <54°N) penetrates
the 660 km discontinuity and enters the lower mantle. The northern seg-
ment (for latitude >54°N), however, bends and forms folds prior to entering
the lower mantle. The Okhotsk earthquake was located at the deep northern
edge of the slab, and even when examining the intermediate depths of the
slab, the seismic activity at the slab’s north edge is less than that within the
slab (Fig. 3a). At the northern edge of the slab, the presence of a lateral
discontinuity implies different temperature and pressure conditions com-
pared to ones in the continuous slab and could have promoted the folding
above the 660 km phase transition.

The geodetic changes before and after the great deep event illustrate the
non-stationary nature of the subduction movement. At shallower depths, it
is widely observed that the slab’s motion is influenced primarily by slow-slip
events, which release accumulated strain over a prolonged period, causing
incremental subduction”. Before and after the Mw 8.3 Okhotsk Sea
earthquake we observe a deeper counterpart. The transient acceleration of
the slab resulting from a viscous drag reduction at intermediate depths
described in Rousset et al.”’ can be linked to the triggering of the great
earthquake in the largely deformed deep zone, which was affected by the
increase in stress that was caused by the transient. At depths where deep-
focus earthquakes occur, increased stress and deformation within the slab
induce phase changes or thermal anomalies, which may also promote fur-
ther movement of the slab sinking. Chronologically, these mechanisms
interact to govern the slab’s plunge dynamics from surface to mantle
transition zones. The great earthquake was initiated in the folded MOW and
also activated slip by thermal runaway on a dipping plane parallel to the
subduction. This weakened plane facilitates the penetration of the slab in the
mantle, this is what is suggested by the increase of the subduction rate at
depth for atleast a decade after the Mw 8.3 event as evidenced by the increase
in GNSS velocities at the regional scale observed by Shestakov et al.”*.

Method

Using the hypocentre location provided by the USGS as an a priori location
(54.892°N, 153.221°E, depth 598 km), a 3D target grid was constructed with
arange of 52°N-57°N, 150°E-155°E, and a depth of 400-800 km (the depth
difference given by different institutions>”*" was approximately 30 km).
The grid cells had a resolution of 0.1°N x 0.1°E x 10 km. To ensure optimal
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P-wave illumination of the target area, we selected all global stations at
epicentral distances of 30°-95° from the hypocentre. Seismic data were
downloaded, and instrumental responses were removed. We then obtained
displacement waveforms in the frequency range of 0.02-5 Hz. The ak135
radial velocity model for the Earth® was used to estimate the arrival time of
the first P-wave. The waveforms were truncated 10 s before and 40 s after the
theoretical P-wave arrival at each station. Recordings from both the
Southern California Seismic Network (CI) and the Transportable Array
(USArray, TA) were stacked to generate a reference waveform. The corre-
lation coefficient between all waveforms and this reference was calculated,
and only waveforms with absolute correlation coefficients greater than 0.7
were retained. Ultimately, 2992 stations were retained (3380 in total;
388 stations were discarded), as shown in Fig. 1. The red stations in Fig. 1
refer to the observed positive polarity of the direct P-wave.

The first 10 s P-waves of all stations were cross-correlated to align the
waveforms and correct for travel time anomalies due to the complex
structure of the earth along the path between the source and the station”.
The time-correction terms for the stations were less than 3 s (Supplementary
Fig. 10a). We did not use aftershock correction because the only high-quality
aftershock was far from the mainshock (approximately 320km
southwest*").

Owing to the uneven distribution of stations, weighting by the group of
stations™ was applied. We used equal-area triangulation on the Earth’s
surface™, and the stations within each triangle were regarded as one group.
The stations were finally divided into 317 groups (Fig. 1a, where one color is
one group; the equivalent stations are shown in Supplementary Fig. 10b).
The image of the equivalent array response function at 0.5 Hz after group
weighting is shown in Fig. 1d-f. The vertical resolution is relatively poor
owing to the steep take-off angle of the teleseismic P-wave. However, rea-
sonable depth determination can still be achieved (The 95% main lobe width
of the array response function at 0.5 Hz in the depth direction is approxi-
mately 20 km). Considering the signal-to-noise ratio and resolution, we
used fourth root stacking”*””. Two frequency bands, HF1 (0.5-2 Hz) and
HF2 (0.33-1 Hz), were considered, and the corresponding waveforms are
shown in Supplementary Fig. 11. It shows aligned waveforms of all stations
we use based on USGS, and polarity correction on the initial impulse. The
good coherence supports our back-projection approach.

Back-projection was applied every second for each point of our grid
(Fig. 1b, blue cube), and we used a smoothing time window of 4 s. Then, to
explore the 4D volume and identify a sequence of sub-events, we first
calculated the depth-only versus time amplitude matrix (hereinafter refer-
red to as the DTA matrix) of the back-projection. It was defined as the
maximum value of the back-projection energy at each time step and at a
specified depth, i.e.

DTA(z,t) = max E(x, y,z, t),
xy

where E(x, y, z, t) is the stacked energy at grid point (x, y, z) and time ¢ (x is
the longitude, x € [150, 155], y is the latitude, y € [52,57], z is the depth,
and ¢ is the time), which is a 4D matrix representing the energy distribution
of the back-projected earthquake in 3D space and time. Supplementary
Fig. 12 shows the DTA results for HF1 and HF2. Based on this preliminary
imaging result, we refined the target volume for back-projection, narrowing
the range to 53.5°N-55.5°N, 151.5°E~154.5°E, and 550-700 km, with a grid
spacing of 0.02°N x 0.03°E x 2km. Deconvolution was then used to
improve the back-projection resolution. Two-dimensional deconvolution
was used to improve the resolution of the back-projections™**. We applied a
three-dimensional Richardson-Lucy deconvolution at each time step of
E(x, y,z,t) to remove the array response. The deconvolution of E(x;, y, z, t)
resulted in a higher resolution (Supplementary Fig. 13), and correspond-
ingly, the resolution of the DTAs was also improved.

The back-projection beam energy in the DTA results exhibits a slanted
distribution (Supplementary Fig. 12), and this smearing in the depth-time
domain is similar to that in the spatial domain, which is related to the array

configuration””. In such cases, using the maximum value of DTA at each
time step to determine earthquake depth would be erroneous, leading to
inaccurate rupture velocities (Supplementary Fig. 14, examples of synthetic
data). Recognizing the slanted distribution of back-projection energy, we
take the maximum energy point (or center point) of a sub-event as its time
and position (Supplementary Fig. 3). Then, the rupture propagation velocity
is calculated (Supplementary Fig. 5).

We further analyzed the depth resolution of global station back-
projection by conducting comprehensive synthetic data tests and back-
projection imaging of a major aftershock (Mw 6.7). The results (see sup-
plementary information, Figs. 15-18, Tables 1-3) indicate that global sta-
tion direct P-wave back-projection can constrain earthquake depth, with
depth resolution depending on magnitude and frequency. The back-
projection of the Mw 6.7 aftershock demonstrated that in HF1 could achieve
a depth resolution of 5-10 km. In our method, depth constraints rely on
wide azimuthal coverage and a broad range of epicentral distances, which
correspond to a wide range of take-off angles.

Data availability

The global seismic data were downloaded through the International Fed-
eration of Digital Seismograph Networks (FDSN) web services. The P-wave
tomography model is available at: https://ds.iris.edu/ds/products/emc-
tx2019slab/. The Okhotsk seismicity catalog is available from the website of
the Kamchatkan Branch of the Geophysical Survey of the Russian Academy
of Sciences: http://sdis.emsd.ru/info/earthquakes/catalogue.php.L.

Code availability
All calculations made in this article are either described in the “Methods”
section or based on the codes or software cited in the reference list.
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