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Abstract Deep earthquakes occur down to 700 km depth where pressure is up to two orders of magnitude
greater than in the crust. Rupture characteristics and propagation mechanisms under those extreme conditions
are still poorly constrained. We invert seismic waveforms for the spatial dimensions, duration and stress drop
of deep-focus earthquakes (M, 6.7-7.7) in the Kuril subduction zone. We find stress drops of ~1-10 MPa and
rigidity-corrected spatial dimensions and durations similar to crustal earthquakes. Radiated efficiency >1 is
observed, suggesting that undershooting is prevalent in deep earthquakes, consistent with laboratory derived
weakening mechanisms. Comparisons with subduction models suggest across-slab propagation within regions
with temperatures T < ~ 1,000°C, similar to shallow events. Hence, despite different triggering mechanisms,
the same physics seems to control the rupture propagation of both shallow and deep earthquakes.

Plain Language Summary Deep earthquakes occur where subducting slabs dive into the mantle at
depths of up to 700 km, where high pressures and temperatures should prevent the occurrence of earthquakes.
It is not clear how deep earthquakes start or propagate under these conditions. We consider eight earthquakes

in the Kuril subduction zone and estimate their properties. After correcting for the way material properties

vary with depth, we find that these deep earthquakes have similar durations, spatial extents, and stress drops as
shallow (<70 km) earthquakes. When we compare the earthquake spatial extents to thermal models, we find
these deep earthquakes are confined to the coolest part of the slab. These findings suggest that the same physics
may control the propagation of deep and shallow earthquakes.

1. Introduction

Earth's evolution is ultimately driven by convection in its deep interior. In turn, subduction is the main engine of
convection. As oceanic lithosphere plunges into the Earth, it creates high stresses, transports water and volatiles
into the mantle, and goes through phase transformations. Subduction zones are the locus of some of the larg-
est, destructive earthquakes on Earth, which mainly occur at shallow depths. As depth increases (>70 km) the
confining pressures are so large that they should inhibit frictional sliding. Yet, 25% of all earthquakes in seismic
catalogs are intermediate- (70 < depth <300 km) and deep-focus (depth > 300 km) events (Houston, 2015). For
simplicity, in the remainder of this paper we will refer to intermediate- and deep-focus events as deep earth-
quakes. The main hypotheses proposed for the initiation and propagation mechanisms of deep earthquakes are:
(a) Transformational faulting (or anti-crack faulting), which proposes that metastable olivine is transported
into the transition zone (at ~410-660 km depth) in the high stress, very cold slab core, defining a metastable
olivine wedge (MOW), where its transformation to wadsleyite and ringwoodite leads to faulting and earthquakes
(Kirby et al., 1996; Wang et al., 2017), (b) Thermal runaway, where heterogeneity in the host rock leads to the
formation of a plastic instability, shear heating, the localization of strain and a runaway shear melting process
(Ogawa, 1987) and, (c) Dehydration embrittlement, whereby the decomposition of hydrous phases or partial
melting of carbonates increases locally the pore fluid pressure, which allows brittle failure to occur at greater
depths than would normally be possible (Davies, 1999). Moreover, two or more deep earthquake mechanisms
may operate together (Zhan, 2019). In addition to the mechanism that triggers deep earthquakes, the differences
between the rupture properties of deep and shallow earthquakes are also debated and up to now it has been unclear
whether deep and shallow events are controlled by the same rupture physics (Houston, 2015). Constraining the
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physics of deep earthquakes is important for understanding the stress, thermal state and fate of subducted slabs,
subduction dynamics and mantle convection.

Due to the great depth of the events, seismology is the main way to study deep earthquakes. However, the
detection and unambiguous description of deep earthquake ruptures are challenging because they occur far from
seismic stations. A range of different seismic methods have previously been applied to determine the source of
deep-focus earthquakes; for example, durations can be determined from the stacking of high-frequency P-waves
(Houston et al., 1998; Poli et al., 2016), source time functions (Campus & Das, 2000), or corner frequency
approaches (Liu et al., 2020; Poli & Prieto, 2014). Similarly, detailed studies of the geometry, spatial dimen-
sions and complex slip histories combine multiple methods, often utilizing high-frequency data. Common
methods include directivity and sub-event analyses (Zhan et al., 2014), distributed seismic slip inversions and
back-projection techniques (Ye et al., 2013), and detailed analysis of P-waves (Ruiz et al., 2017). Yet, the different
modeling approaches, assumptions and constraints utilized in different studies of the same event often lead to
large variations in estimates of source properties, sometimes by a factor of two or more (Ruiz et al., 2017; Wei
etal., 2013; Ye etal., 2013; Zhan et al., 2014). These methods have provided a wealth of information of individual
deep earthquakes; however, because of the variation in estimates of source properties, comparative studies remain
a challenge.

Previous studies comparing the rupture properties of deep earthquakes have shown that these events generally have
a shorter duration and are more spatially compact than shallow events with the same magnitude (Houston, 2015).
The picture is less clear for other source properties. For instance, static stress drop—the difference between the
shear stress on the fault before and after the earthquake—is a source parameter that holds important information
about the physics of the rupture. It is given by

Ac = cuu/S'?, (H

where yu is the rigidity, u is the average slip, S is the source area, and c is a constant ~1 determined mainly by the
fault's geometry (Eshelby, 1957). While Liu et al. (2020) report mean stress drops of deep earthquakes to be an
order of magnitude larger than shallow earthquakes, Poli et al. (2016) found stress drops of 95% earthquakes with
depths of 400-700 km to 3.6-49.2 MPa, similar to shallow crustal events.

In addition, whilst some studies report a depth dependence in source properties which may be linked to a change
in mechanism between intermediate- and deep-focus earthquakes (Liu et al., 2020; Vidale & Houston, 1993),
others have shown no such dependency (Campus & Das, 2000) or found that the apparent increase of stress
drop with depth can be explained by the increase of rigidity (Vallée, 2013). To further explore the behavior of
deep earthquakes, in this study, we use a second-degree moments technique (Backus, 1977a, 1977b; Clévédé
et al., 2004; McGuire et al., 2001) to find robust characteristic values of source parameters of deep events in the
Kuril subduction zone. The second-degree method makes few assumptions about the geometry of the rupture,
and none about the rupture velocity. Although only providing a “low-resolution” image of bulk seismic source,
lacking the spatial-temporal complexity highlighted by higher frequency methods, the second-degree moments
method provides a simple, robust, and easily interpretable description of deep earthquakes.

The Kuril subduction zone is relatively simple, with a fairly planar slab (Fukao & Obayashi, 2013), which reduces
the effect of slab complexities on the rupture properties (Fan et al., 2019; Ye et al., 2016). In this region, the
Pacific plate subducts beneath the Sea of Okhotsk at a rate of around 7 cm/yr. The Kuril slab is old, with an
estimated age of ~106-109 Ma and a ~45 km thick Wadati-Benioff zone (Syracuse & Abers, 2006). Throughout
most of the subduction zone, the slab dip is between 46° and 50° (Syracuse et al., 2010). In the northern part
of the subduction zone, the slab penetrates to the lower mantle, while in the south, the slab flattens above the
660 km seismic discontinuity (Fukao & Obayashi, 2013), creating a gentle hinge that influences the earthquake
focal mechanisms (Myhill, 2012). Seismicity occurs throughout the slab, with the deepest events occurring in
the north down to >600 km. Previous seismological studies reported that intermediate depth earthquakes in the
region tend to rupture on a sub-horizontal fault plane (Warren et al., 2015), following trends observed in other
subduction zones (Antolik et al., 1999; Kiser et al., 2011; Warren et al., 2007, 2008).

Moreover, the Kuril subduction zone produced the largest magnitude deep focus earthquake on record—the
24 May 2013 M, 8.3 Okhotsk earthquake at 611 km depth (Steblov et al., 2014). Several studies analyzed this
significant event (Chen et al., 2014; Meng et al., 2014; Park & Ishii, 2015; Wei et al., 2013; Ye et al., 2013, 2016),
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Figure 1. Map view of the eight deep earthquakes investigated in this study (events A—H, see the corresponding source
parameters in Table S1 in the Supporting Information S1) in the Kuril subduction zone. The events are indicated by their
associated focal mechanism, scaled to the magnitude of the event and colored by focal depth. The ellipses represent the range
of 20 best-fitting maximum (A, ) and minimum (A . ) characteristic source dimensions and @ values for each event found

max: min:

in this study (orange and red ellipses were obtained assuming sub-vertical and sub-horizontal fault planes, respectively). The
blue arrows show the centroid velocity vectors (v,) obtained in this study. Plate boundaries are marked in brown. Background
seismicity from EHB data (Engdahl et al., 1998) with an upper bound of 60 km are shown, colored by focal depth.

leading to estimates of the maximum spatial extent ranging from 64 km (Chen et al., 2014) to 180 km (Ye
et al., 2013), with stress drops varying from 8 MPa (Wei et al., 2013) to 15 MPa (Ye et al., 2013) and fast rupture
speeds of 4-4.5 km/s (Wei et al., 2013; Ye et al., 2013). The large variability in these seismic solutions despite the
data's good signal-to-noise ratio highlights the non-uniqueness of the approaches typically used in source inver-
sions, particularly when applied to deep earthquakes.

2. Seismic Modeling

In this study we investigate eight M, 6.7-7.7 deep earthquakes with ~100-600 km depth in the Kuril subduc-
tion zone that occurred between 2002 and 2018 (Figure 1, Table S1 in the Supporting Information S1). We
use a second-degree moments inversion technique (Clévédé et al., 2004; McGuire et al., 2001), which involves
calculations of second-degree central moments of moment tensor density (stress glut) to directly invert seismic
body waveforms for the events' spatial dimensions (characteristic fault length and width, A, and A ), rupture
duration and speed, along with their uncertainties (Figure S1 in the Supporting Information S1). We use full
waveform modeling combining the 3-D global crust model CRUST2.0 (Bassin, 2000) with the 3-D mantle model
SGLOBE-rani (Chang et al., 2015), and perform inversions with a Monte Carlo algorithm (Sambridge, 1999).
For each earthquake we perform inversions successively varying the A , /A = ratio between 0.1 and 1.0 with
steps of 0.1. We fix the moment magnitude and two possible fault planes to the Global Centroid Moment-Tensor
(GCMT) solution, and impose A, ;. > 5 km to stabilize the inversions (see full method details in the Supporting

Information S1). Hence, we perform 20 different source inversions for each earthquake.
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Figure 2. Left: Best-fitting source durations determined in this study from the 20 different source inversions performed for each earthquake and corrected by the
rigidity at the source's depth (see Figure S43 in Supporting Information S1 for the unscaled durations obtained in this study). The corrected durations follow the

o MOI/ ? relation valid for shallow earthquakes (Ekstrom et al., 2012). Each event is represented by a different symbol (A: plus; B: circle; C: diamond; D: star; E:
triangle; F: cross; G: octagon; H: square; see the corresponding source parameters in Table S1 in the Supporting Information S1). Orange and red symbols correspond
to solutions obtained assuming sub-vertical and sub-horizontal fault planes, respectively. Right: Scaled source duration as a function of depth, showing no depth
dependency. Gray lines in both panels show model uncertainty, determined from all models within 5% of the minimum misfit.

From the earthquake's spatial dimensions and using the seismic moment reported in the GCMT catalog we esti-
mate the static stress drop Ao using Equation 1. We can gain additional information about the physics of rupture
from earthquake source time functions. These source time functions describe the variation of the moment rate
with time, which is not recovered by spatially and temporally averaged properties of the overall rupture process
determined by using second degree moments. As such, we use published source time functions from the SCAR-
DEC catalog (Vallée & Douet, 2016; Vallée et al., 2011), which provide complementary information to this study.
Using high-frequency non-smoothed source time functions of the events from the SCARDEC catalog we estimate
the radiated energy (E) by integrating the source time function (e.g., Bilek et al., 2004; Chounet & Vallée, 2018;
Denolle, 2019; Vassiliou & Kanamori, 1982). The radiated energy is then used together with the stress drop and
seismic moment to estimate the apparent radiation efficiency (Venkataraman & Kanamori, 2004):

Napp = 2UER/ (Ao M) . 2

Although the stress drop may be determined from the duration of the source time function using an assumed
rupture velocity (Courboulex et al., 2016; Vallée, 2013), we choose to use the stress drops we determine directly
from the spatial extents. The radiated energy and efficiency are key properties of earthquakes, which give addi-
tional information about deep earthquake physics, the similarities between shallow and deep earthquakes, and
their mechanisms.

Opverall the source durations determined in this study are well constrained, having good data coverage (Figures
S6,S12, S16, S20, S24, S28, S32, and S36 in Supporting Information S1) and showing excellent data fits (Figures
S7, 88,813,814, S17, S18, S21, S22, S25, S26, S29, S30, S33, S34, S37, and S38 in Supporting Information S1)
and a sharp convergence (Figures S9, S15, S19, S23, S27, S31, S35, and S39 in the Supporting Information S1),
and agree well with those estimated from source-time functions from the SCARDEC catalog (Figure S43 in
Supporting Information S1, Vallée et al., 2011; Vallée & Douet, 2016). In some cases our estimates of duration
are shorter than those obtained from the source time functions by ~1-7 s, which is likely due to complexity in the
later part of the source process that is not captured by our analysis or to minor artefacts in the source time func-
tions resulting from the deconvolution (e.g., Earth structure effects). The estimated source durations At deter-
mined in this study are ~45% shorter than those obtained using the duration-magnitude scaling law employed by
the GCMT catalog (Ekstrom et al., 2012), which is valid for shallow earthquakes (Figure 2). This is equivalent

1
to a change in the exponent of the magnitude-duration scaling from At M to At < M(*', similar to findings
from previous studies (Campus & Das, 2000; Houston et al., 1998; Poli & Prieto, 2014). The scaled durations
calculated using Equation 6 in the Supporting Information S1 do not show a depth dependency (Figure 2), in
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agreement with some previous studies (Poli & Prieto, 2014; Vallée, 2013). When scaling our durations by the

1
rigidity at the source depth, we find that our duration estimates agree well with the At o« M’ scaling law for
shallow events (Figure 2). This shows that the differences in duration between the deep earthquakes investigated
in this study and shallow events can be explained by the change of rigidity with depth.

The two reported GCMT fault planes lead to very similar data misfits and thus we are unable to identify a
preferred fault plane based on data fit. Figure 1 shows the source spatial dimensions obtained for the events
studied assuming both sub-horizontal and sub-vertical fault planes. Despite some scattering in the results, as
expected, the events are more compact than shallow earthquakes with the same magnitude (see the comparison
with estimates assuming the scaling law of Wells and Coppersmith (1994) for shallow events in Figure S39 of
Supporting Information S1). When accounting for the increase of rigidity with depth the source dimensions get
close to the values expected for shallow events (Figure S41 in Supporting Information S1, bottom). Thus, simi-
lar to our findings for source duration, the increase of rigidity with depth can explain the differences in source
dimensions between shallow and deep events. Moreover, we did not find again any clear dependency of the
source spatial dimensions on depth.

In this study, we focus on the duration and spatial dimensions (A, ,, and A_; ), which are generally well deter-
mined (Figures S9, S15, S19, S23, S27, S31, S35, and S39 in Supporting Information S1), but we also invert for
the instantaneous spatial centroid velocity (v,). v, is less well constrained in all inversions, but does not influence
the recovery of other parameters (e.g., Figure S10 in Supporting Information S1). The error on v, limits our
ability to interpret the rupture velocity, or determine the directivity of these events using the directivity ratio

(Section 1.3, Figure S40 in Supporting Information S1), but this is not the focus of this study.

The stress drops for all events are broadly in the range of ~1-10 MPa (Figure 3), similar to the ranges reported
by Poli et al. (2016), and the same order of magnitude as for shallow events (Allmann & Shearer, 2009). Simi-
lar to the results for source duration and spatial dimensions, they do not show any depth dependency. For well
constrained events, such as event G or H, the stress drop estimates for all source models within 5% of the lowest
misfit value are within an order of magnitude. Further, other events also have examples of source models with a
fixed aspect ratio with stress drop error >5 MPa (e.g., Event B, sub-horizontal fault plane).

A notable event in our study region is the 2013 M|, 8.3 Okhotsk deep earthquake (~611 km depth), which is
the largest magnitude deep earthquake on record and has been investigated in detail by several previous studies
(Chen et al., 2014; Park & Ishii, 2015; Steblov et al., 2014; Wei et al., 2013; Ye et al., 2013). We use the spatial
extents reported by these studies to estimate the stress drop Ac. Estimates range from ~1 MPa (using the spatial
extent of Ye et al. (2013)) to ~12 MPa (using the spatial extent of Chen et al., 2014), which is in the same order
of magnitude as the stress drops determined in this study. Therefore, we suggest that the rupture behavior of the
2013 M, 8.3 Okhotsk earthquake is similar to that of the events in this study.

We obtain estimates of radiated energy in the range of E, ~ 10'*—10'J and moment-scaled energy E,/M,, in the
range 7.9 X 107°—5.4 x 1073 (Figure 3), which are in the same order as in other studies of deep earthquakes (Poli
& Prieto, 2016; Ye et al., 2013). These estimates are a lower bound on the true radiated energy; some radiated
energy may be missed if it is above the 0.5 Hz cut-off used for the SCARDEC source time functions, or lost due
to unmodeled attenuation (Chounet & Vallée, 2018; Denolle & Shearer, 2016). For the shortest duration event
in this study this could be up to 30% (Chounet & Vallée, 2018). On the other hand, we find many solutions for
which the apparent radiation efficiency (Equation 2) is greater than one, which are not consistent with classical
crack models. Such large estimates of efficiency are however not physically unrealistic: they imply stress under-
shooting, whereby the final stress on the fault is larger than the dynamic strength during slip.

The large efficiency values obtained are a result of the relatively low stress drops found in this study, and would
remain even with the larger true radiated energy. These low stress drops are due to larger fault areas than in some
previous studies. For example, Liu et al. (2020) observed moderate magnitude deep earthquakes with maximum
spatial extents as small as ~10 km. To confirm whether the larger spatial extents determined in this study are not
aresult of constraints of A, > 5 km, we performed additional source inversions with the constraintA_, > 10 km
and A ; > 2.5 km. The constraint A, > 10km led to A, values consistent with those found with the constraint
A_., > 5 km or to unstable inversion results (see Figure S40 in the Supporting Information S1). Similar behavior
was observed with the constraint A ; > 2.5 km.

min
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Figure 3. Top: Range of stress drops for each event versus depth (left) and seismic moment (right). Each event is represented by a different symbol (A: plus; B: circle;
C: diamond; D: star; E: triangle; F: cross; G: octagon; H: square; see the corresponding source parameters in Table S1 in the Supporting Information S1). Dark and light
blue circles are stress drop estimates from Poli and Prieto (2016) and Liu et al. (2020), respectively. Orange and red symbols correspond to solutions obtained assuming
sub-vertical and sub-horizontal fault planes, respectively. Bottom: Range of apparent radiation efficiency (left) and radiated energy (right) versus seismic moment
obtained in this study. Gray lines show model uncertainty, determined from all models within 5% of the minimum misfit.

Additionally, we test that our modeling approach does not systematically overestimate the spatial extent. To
do so, we compare our A, results to estimates of spatial extent using a fixed rupture speed (0.75 V,; Poli &
Prieto, 2016). We find that we do not systematically overestimate the rupture extent compared to this commonly
used method. Since Liu et al. (2020) used a corner frequency approach based on higher frequency data than in this
study, we suggest that they may have only observed a small patch of the rupture and determined high local stress
drops. On the other hand, the lower frequency data used in this study provides constraints on the overall source

process and a spatially averaged stress drop.

While Ye et al. (2013) also obtained many solutions with radiation efficiency larger than one for the Mw 8.3
Okhotsk event (~611 km depth), Tibi et al. (2003) and Poli et al. (2016) reported much lower efficiency values.
Despite using distinct modeling approaches, both these studies were based on data with frequency higher than
in this study, and hence may have only captured a small part of the whole rupture process, leading to high stress
drops and low efficiencies.
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Figure 4. Left: Projection of the fault dimensions obtained from the higher moments source inversions on the slab background temperature obtained from a typical
2-D thermo-kinematics subduction model (see full details in Section 2.1 of Supporting Information S1; this example was computed using a plate velocity of 7 cm/year,
dip angle of 40° and plate age of 75 Ma). The solutions corresponding to sub-horizontal fault planes are shown in dark red while sub-vertical fault plane solutions are
shown in light red. Events E, F and G are not shown because they have a depth shallower than 200 km, for which the corner flow used in the modeling is limited (see
full details in the Supporting Information S1). Right: Histograms showing the minimum and maximum temperatures crossed by the fault solutions at various depths for
a range of subduction zone parameters, with subduction velocity ranging from 7.0 to 8.5 cm/year, plate dip angle from 40 to 50° and incoming lithosphere age from 75

to 85 Ma.

3. Thermal Modeling

In order to obtain a first-order estimate of the background temperature in the source region, we project the source
dimensions obtained from the 20 inversions performed for each event into the temperature fields of a series of
2-D kinematic subduction thermal models. The models were obtained using two complementary approaches: (a)
a computationally fast technique based on a simple slab geometry with added corner flow, which allows us to
explore systematically the effect of slab dip angle, plate age and speed of subduction on the models (Davis, 2017);
and, (b) a computationally more expensive mixed Eulerian-Lagrangian finite difference scheme enabling a more
detailed representation of the slab geometry (Gerya & Yuen, 2003, see the Supporting Information S1 for further
details about the subduction models used). Figure 4 and Figure S5 in Supporting Information S1 both show that
while all earthquakes have relatively compact spatial dimensions, they propagate across the slab and beyond
the slab's cold core. Previous studies suggested that if it exists, the MOW in cold, old slabs such as in the Kuril
subduction zone should be around ~5-15 km and not exceed ~40 km (Kirby et al., 1996), which is smaller
than the typical fault dimensions found in this study. Hence, our results are not compatible with a pure trans-
formational faulting mechanism being responsible for both the triggering and propagation of deep earthquakes.
Moreover, the majority of possible thermal fields, such as the one illustrated in Figure 4, suggest that a possible
MOW (defined by ~600°C) would not reach the depth of the deepest events, ruling out transformational faulting
as being responsible for them. As discussed previously, we do not find a depth trend in our results and while some
events occur below the MOW, they appear to behave in the same way as their shallower counterparts. Similar to
shallow earthquakes, the events are mostly confined in regions with temperature lower than ~1, 000°C (Figure 4,
right; Figure S5 in Supporting Information S1), except for a few solutions for events C and H, which reach ~1,
300°C. Hence, the ruptures are mostly confined in regions with relatively low temperature where stress is poten-
tially highest, suggesting that, similar to shallow earthquakes, background stress exerts a first order control on the
propagation of deep earthquakes regardless of their nucleation mechanisms.
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4. Mechanism and Propagation of Deep Earthquakes

Our estimates of stress drop and radiated energy result in high apparent radiation efficiency, which is the signa-
ture of the combination of large dynamic strength drops and small static stress drops (Noda et al., 2013). This
situation typically arises if the rupture propagates as a self-healing slip pulse rather than as a crack (Heaton, 1990;
Lambert et al., 2021). Earthquake propagation as self-healing pulses is characteristic of low ambient stress condi-
tions and strong rate weakening friction (Gabriel et al., 2012; Zheng & Rice, 1998), and involves some degree
of re-strengthening as slip arrests: dynamic fault strength is thus lower than the final static stress, which is also
termed undershooting. To maintain the true radiation efficiency (ratio of radiated energy over available strain
energy) below the theoretical upper limit of 1, stress undershoot must be greater than Ao(7,,, — 1)/2, which can be
as high as 10 times the stress drop itself for our upper bounds of #,,, (Figure 3). However, considering the rather
low stress drops observed, such stress undershoots are not necessarily physically unrealistic. Laboratory high
velocity friction experiments have indeed shown that dynamic fault strength is extremely low at high deformation
rate, and exhibits significant strengthening as slip stops (Violay et al., 2019). Such a behavior is typically due
to the strong rate-dependence of the viscous flow mechanisms at play, possibly grain-size sensitive creep (Pozzi
etal., 2021) or viscous deformation of the melt layer when melting occurs (Hirose & Shimamoto, 2005), and tran-
sient relative cooling of the shear zone as slip decelerates (Proctor et al., 2014). Under the extreme ambient pres-
sure at the source of deep earthquakes, sudden textural changes and mineral transformations have been evidenced
experimentally (Green et al., 2015). They are expected to produce high strain rheology consistent with that
observed at lower pressure (in the laboratory) and required by our estimates of radiated energy and stress drop.

In addition to the intrinsic rheology of the fault the ambient stress distribution along the fault plane likely contrib-
utes to the low stress drop and high radiation efficiency. Our thermomechanical models reveal that ambient
temperature is likely high at the edges of the fault, so that the local stress state is also probably low due to
long-term creep in those regions. We therefore expect that earthquakes initiate in the cold core of the slab, where
significant elastic stress can be maintained, and then propagate outwards into warmer regions where stress is
low: the stress drop might be locally large near the nucleation patch, but could become gradually zero or locally
negative as rupture propagates, leading to a small spatially averaged stress drop (Noda et al., 2013).

Taken together, our observations and model results indicate that deep earthquakes may initiate in the cold, MOW
of the downgoing slab, but most certainly propagate beyond that region into warmer, low stress environment,
which could be responsible for their arrest (Billen, 2020). Regardless of the nucleation mechanism, which could
well be transformational faulting, propagation is therefore most certainly driven by viscous weakening mecha-
nisms, such as grain-size sensitive creep or flow of a melt layer, which could be similar to those driving shallow
ruptures (Hirose & Shimamoto, 2005; Pozzi et al., 2021). Such mechanisms are consistent with the low stress
drops and large radiated energy inferred from the seismological data. Overall, the source properties of the deep
earthquakes analyzed here do not appear to be significantly different from those of regular earthquakes of similar
magnitudes.

Data Availability Statement

All source models are available in the Supporting Information S1 or in csv format at https://doi.org/10.5281/
zenodo.6279848.
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