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Abstract The subducted old and cold Pacific Plate beneath the young Philippine Sea Plate at the
Izu-Bonin trench over the Cenozoic hosts regional deep earthquakes. We investigate slab morphology and
stress regimes under different trench motion histories with mantle convection models. Viscosity,

temperat ure, and deviatoric stress are inherently het erogeneous within the slab, which we link to the
occurrence of isolated earthquakes. Models expand on previous suggestions that observed slabmorphology
variations along the Izu-Bonin subduction zone, exhibited as shallow slab dip angles in the north and
steeper dip angles in the south, are mainly due to variations in the rate of trench retreat from the north
(where it is fast) to the south (where it is slow). Geodynamic models consistent with the regional plate
tectonics, including oceanic plate age, plate convergence rate, and trench motion history, reproduce the
seismologically observed principal stress direction and slab morphology. We suggest that the isolated
-680 km deep, 30 May 2015 Mw 7.9 Bonin Islands earthquake, which lies east of the well-defined Benioff
zone and has its prin cipal compressional stress direction oriented toward the tip of the previouslydefined
Benioff zone, can be explained by Pacific slab buckling in response to the slow trench retreat.

1. Introduction

Subduction of oceanic lithosphere brings cold, high-viscosity material into the higher temperature less
viscous mantle. The old and cold Pacific Plate subducts beneath the younger Philippi ne Sea Plate at the
Izu-Bonin trench and causes the generation of deep earthquakes (Figure 1). The Wadati-Benioff zone shape
varies along the Izu-Bonin subduction zone, IBSZ. The slab dip angle is shallow and the slab flattens at

-500 km deph in the northern IBSZ while the slab dip angle is steep in the southern IBSZ (Figure 1). The
principal compressional stress directio n (P axis of earthquake focal mechanism) in the deep continuous part
of the slab mainly aligns with the Benioff zone shape, although with significant variations (Figures 1b-le).
Consistent with the deep earthquake distribution, tomographic models also indicate that the slab dip angle
is small in northern IBSZ and is large in the south [van der Hilst and Seno, 1993; Miller et al., 2005; Wei et al.,
2012; Zhaoet al, 2017].

On 30 May 2015, a Mw 7.9 earthquake occurred beneah the Bonin Islands at -680 kmdepth and ruptured a
nearly horizontal plane [Ye et al, 2016].This event is unusually deep and isolates from the background seis-
micity forming the Wadati-Benioff zone (Figure | d), presenting an example of an isolated large deep earth-
quake [Lundgren and Giardini,1994; Frohlich, 2006].In contrast to previous deep earthquakes regionally that
aremainly shallower than550km, the 2015 Bonin Island earthquake ismuch deeper andlies east of the main
trend of the Benioff zone (Fgure | d), withits principal compressiona stress direction approximately oriented
toward thetip of the local Benioff zone [Ye et al., 2016]. It is stillunclear whether this event occurred above or
below the 660km discontinuity /Kuge,2016], which mayhave beendepressed by the cold subducted slab to
a depth greater than 680 km [Porritt and Yoshioka, 2016]. Under the implicit assumption that deep earth-
quakes occur in the cold slab core, Ye et al.(2016] proposed two possible scenarios for the event's large depth
and isolation from the Wadati-Benioff zone: (1) a slab tear close to the event separating the gently dipping
slab to the nort h and the steeply dipping slab to the south; (2) significant slab folding within the mantle
transition due to resistance of the higher-viscosity lower mantle. Oka/ and Kirby (2016] suggested that a
previously unknown fragment of fossil slabmaybe responsible forthe surprising eventlocation. On the other
hand, based on modeling of strong high-frequency coda waves, Takemura et al. (2016] arguedthat theMw 7.9
Bonin earthquake could be located near the bottom edge of the subducted slab,instead of near its center.
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Figure 1. Benioff zone shape and deep earthquakes (below 70 km depth) focal mechanisms at the Izu-Bonin subduction
zone. (a) Topography [Amante and Eakins, 2009) aroundthe Izu-Bonin subduction zone.Red curved lines represent plate
boundaries [Bird, 2003)withsmallred triangles at the subduction zones pointin g to the overriding plate.Black curvedlines
represent slab interface depth from Slab 1.0 model [Hayes et al., 2012). (b-e ) Deep earthquake distribution and focal

mechanisms at differentprofiles alongthe Izu-Bonin subduction zone. The profile locations are plotted in Figure 1a. Gray

circles representdeep earthquakes fromtheEHB catalogue [Engdahl et al.,

1998). The global centroid momenttensorfocal

mechanisms areindicative of the 3-Dprincipal stressdirections. Projected compressional axes alongeachprofile(blueline)
are alsoplotted.In Figure 1 d, the 30 May 2015 Boninlslands deep earthquake is labeled.

Obayashi et al.[2017] proposed a similar explanation that the event occurred near the heelof a boot-like slab
[2017] suggested that the Pacific slab splits
slightly north of the 2015 Bonin earthquake hypocenter which is within the subducting Pacific slab that is

structure, before its penetration into the lowe r mantle. Zhao et al.

penetrating into the lower mantle.
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The observed slab {Benioff zone) morphology variations along the IBSZ are qualitatively consistent withslab
subduction n umerical models with different trench motion histories. Numerical experiments suggest that
trenchmotion history has a significant influence on slab deformation and stagnation within the transition
zone [Zhong and Gumis, 1995; Christensen, 1996;Schei/art, 2005; Faccenna et al., 2009; Stegman et al. 2010,
Cfikova and Bina, 2013; Agrusta et al., 2017]. The retreat of the trench facilitates slab stagnation within the
transition zone, lying subhorizontally. On the other hand, when the trench location is fixed or has a minor
retreat with respect to the lower mantle, the slab is more prone to buckle and penetrate into the lower
mantle [Christensen, 1996;Cfikova and Bina, 2013]. Although substantial uncertainty exists in the reconstruc-
tion of thePhilippineSea Plate region, since it ismostly surrounded by subductionzones, several reconstruc-
tions suggest that the northern part of the IBSZ had significant retreat since the Oligocene {~30 Ma) while
southern part of the IBSZ segment had much less retreat during the same period [Ha//, 2002; Miller et al.,
2006; Faccenna et al., 2009; Von Hagke et al. 2016; Wu et al.,2016].

We use geodynamic models to investigate slab morphology, temperature, stress regmes and their evolu-
tion under different trench motion histories We demonstrate that models consistent with regonal plate
tectonics can reproduce the observed slab morphology and deep earthquake P axis directions {assumed
to be the principal compressional stress dir ections) regionally. We suggest that the location of the isolated

2015 Bonin Islands deep earthquake can be explained by the buckling of the Pacific slab beneath the
Bonin Islands.

2. Method

We develop a model of plate subduction within a tw<>-<:limensional Cartesian geometry and investigatethe
influences of trench motion history on slab morphology and stress distribution. The equations governing
mantle flow with prescirbed initial and boundary conditions are solved with the finite element method using
Citcom [Moresi et al., 1996;Zhong, 2006; Lengand Zhong, 2008].The modeldomain is set as 2890km in depth
{from Earth's surface to core-mantle boundary {CMB))and 5780 km in width and is divided int 0 832 equally
spaced elements in the horizontal direction (element size 6.95 km) and into 192 uneven elements in the
vertical direction. The vertical element size is 5 km in the uppermostmantle and gradually increasesto
39.38 km in the lowermost mantle.

The surface is divided intotwoplates with the right old oceanic plate subducts beneath the leftyoung ocea-
nic plate at X = 3800 km {Figure S1 in the supporting information). Theinitial temperature field is based on a
half-spacecooling model (Figures Slb and Sic).The nondimensional temperature boundary conditions at
the top and bottom boundaries are O and 1. In contrast to fully dynamic models [Zhong and Gurnis, 1995;
Yang et al., 2016], the surface plates and trench motions are prescribed [Chr ist ensen,1996] so that we can
control thesefactors and investigate their influence on slab morphology and stress distribution. Thevelocity
of trench retreat is setto the overriding plate velocity.

The viscosity is a composite of dislocation and diffusion creep and depends on depth, temperature,and
strainrate [Zhong and Gurnis, 1995; Yang et al., 2016]:

1df s
TdIf + 'Ids

=

where17,'l dif, and 'ldIs represent a composite effective viscostiy, viscosity via diff usion creep, and viscosity via
dislocation creep, respectively. The diffusion creep viscosity is expressed as

dlf = 11or( x,2z,t) exp [Eo(To- T)+1433+11.753z- 14.23522]

where'lo, £y, and Ty represent no ndimensional viscosity prefactor, activation energy, and referencetempera-
ture in each layer; x, z, t, and T represent nondimensional horizontal and vertical coordinates, time and
temperature, respectively. This viscosity setting leads to a high-viscositylithosphere, low-viscosity astheno-
sphere, viscosity jum p across the 660 km d iscontinuity, viscosity peak at ~2000 km, and gradual viscostiy
reduction to the CMB {Figure Sl) as inferred previously from joint inversion of geophysical observations

[M itrovi ca and Forte, 2004]. r{ x,z,t ) is a weak zone factor [Hebert et al., 2009;Stadler et al., 2010]. The weak
zone sits above the subducted slab (Figure Sl) and decouples the overriding and subducting plates
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[Zhong et al., 1998; van Hunen et al., 2000), mimicki ng the dehyd ration -induced low-viscosity channel and
localized sliding along thrust faults between the overriding and subducti ng plates. The weak zone changes
its location and shape with time in respaseto mantle flow.

For simplicity, the nondimensional activation energy of dislocation creep is set to the same as the value for
diffusion creep. Thus, the dislocation viscosity can be expressed as follows:

1-1/n 1/n
Tdis (o 7dif
Cll

w here i:;1andi:Orepre sent the second invariant of the strainrate and the reference strain rate, respectively;
and n the nonlinear exponent for dislocation creep. The second invariant of the strain rate ei] is defined as

. 1
el = 2(6;)6 + £z+ 2:z) Inthe lowermantle, nis 1 sothe lower mantle flow is within the diffusion creep

regime. Above 660 km depth, nis 35 sothe dislocation creep viscosity is strongly nonli near. To avoid pro-
blems with numerical convergence in response to the imposed surface velocity, n is set to 1 for the top
20 km.

The olivine to spine! phase transition at 410 km and the spine! to perovskite+ magnoustite phase transition
at 660km depth are incorporated. The relative density increase at these boundaries is based on preliminary
reference Earth mode | [Dziewonski and Anderson, 1981). The Clapeyron slope for the 410 km and 660 km
discontinuities are set to 3.0 MPa/K and - 1.5 MPa/K, respectively [Akaogi, 2007; Tauzin and Ricard , 2014).
When the temperatue is low, the Olivine-spine! phase tra nsition may be delayed, forming a "metastable
olivi ne wedge" [Kirby et al, 1996).Metastable olivi ne is incorporated as it may be important for deep earth-
quake generation [Kirby et al., 1996; Frohlich, 2006; Zhan, 2017). The setup of the metastable olivine follows
previous studies [Schmeling et al., 1999;Yang et al., 2016). Constant parametersused in this paper are listed
in Table S1 [Chopelas and Boehler, 1992).

3. Results

In the reference model Case 1 (Table S2 and Figure 2a),the trench retreats rapidly ata velocity of 3 cm/yr. The
reference viscosity for this model is 1 x 10?' Pa s, corres ponding to a Rayleigh number of 1.075 x 10% . The
tempe rature, effective viscosity, and stress within the slab are heterogeneous and evolve with time
(Figure 2a). The slab dip angle varies with time. After 16 Myr, when the slab reaches and interacts with the
660 km discontinuity,t he slab dip angle is shallow and the slab flattens at -500 km and extends westw ard
for several hundred kilometers before it descends again to the bottom of the mantle transition zone.
Befare the slabreachesthe 660 km discontinuity, the principle compressiaal stressdirection at intermediate
depths (- 200 to -400km depth) ismainly perpendicularto the slab surface, while when the slab reaches the
660 km discontinuity and becomes deflected, along'lip compres&n gradually develops at intermediate
depth within the slab (Figure 2a and Video Sl), consistet with previous observations and models [/sacks
and Molnar, 1971; Vassiliou et al. 1984; Gurnis and Hager, 1988; Alpert et al., 2010J. The buckling and folding
of the slabproducelarge stressinside the slab, consistent withprevious deep earthquake distribution obser-
vations [Myhi/1, 2012). Due to the buckling and folding of the slab above the 660km discontinuity,the phase
bou ndary beneath the slab is not flat, consistent with recent seismic observations [Gu et al. 2012), and
suggests that the stagnant part oft he subducted Pacific platemay not be flat but have small-scaleperturba-
tio ns. At 16, 21, and 24 Myrs, the shallow slab dip angle, flattened slab at -500 km, and principal stress
direction are generally consistent with the seismologic observations at the northern section of the IBSZ
(Figures 1b and 1c).

The parametersfor reference model Case 2 (Tabl e S2 and Rgure 2b) are the same as Case 1, except that the
trench retreatsat a small,er 1 cm/yr, velocity. Similar to Case 1, the slab temperature, effective viscosity, and
stressare heterogeneousand evolve withtime (Figure 2b). Before the slabimpinges upon the 660km discon-
tinuity, the slab dip angle, slab morphology, and principal stress direction withinthe slabare similar to that of
Case 1. However , the slab dip angle is generally steep, and the slabcurves towardthe subducting platedirec-
tion after the slabinteracts with the 660 km discontinuity in Case 2, in contrast to that of Case 1. At 19 Myrs,
the slab morphology and principal stress directions, including the large slabdip angle, the slightly westward
extension of the slab at-550 kmdepth,are similar to seismic observations at the southern section of the IBSZ
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Figure 2. Slab morphology and stress evolution for the reference models (a) Case 1 and (b) Case 2, which have 3 cm/yrand 1 cm/yrtre nch retreat velocities, respec-
tively. (c) Case 3 and (d) Case 4 demonstrate the influence of trench advance on slab morphology and stress state at 25 Myr.The background color represents

nondimensionalviscosity.The 0.6 and 0.8te mperature contours are represented by black lines.We assume thatthe 0.6 contourrepresents th e cold and strong slab
core and the 0.8 contour represents the shape of the cold slab that may be observed by high-resolution seismic tomography. Green arrows represent mantle flow
velocity. Purple lines represent principal compressional stress with its lengt h represent stress magnitude. Only a part of the model domain is shown to highlight

structures at the subduction zone.

(Figure 1). The slab curves toward the subducting plate direction with its principal compressional stress
d irectio n orient ed towa rd the slab. We link this slab buckling to the isolated 680 km depth Bonin Islands
earthquake that lies eastward of the regionally well-defined Benioff zone and has a principal
compressimal stress pointing toward the predefined Benioff zone tip. Although the low-temp erature,
high-viscous slab core (represented by the 0.6 temperature contour) has complex buckling within
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the transition zone, the cold slab
(represented by the 0.8 temperature
contour, which is 27<1'C lower than
the surrounding mantle) may only
demonstrate a simple geometry
00 o o i (Figure 2b) in smooth tomography

5000 4500 400 0 3500 3000 2500 models, with the 30 May 2015
Bonin Islands earthquake apparently
striking at the heel of the shoe-like
cold slab [Takemura et al., 2016;
Obayashi et al., 2017].
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Figure 3. Slab morphology and stress at 20 Myr for pure linear viscosity
models. (a) Case 5 and (b) Case6 refer to Case 1 and Case 2, respectively, To investigate the influence of the
but considering only linear viscosity. (c¢) Case 7 and (d) Case 8 refer to Case 5

] Nt " nonlinear viscosity on slab dynamics,
and Case 6, respectively, but the activation energy is greatly reduced.

we conducted two models, Case 5
and Case 6 (Figure 3). These two models have the same physical parameters as Case 1 and Case 2,except that
only the linear viscosity is considered. The slabs in these linear viscosity models have very higheffective visc-
osity and less buckling (Figures 3a and 3b). Neither the observed slab morphology nor stress directions are
reproduced by these pure linear viscosity models, suggesting that nonlinearviscosity is important in repro-
ducing the observed slab heterogeneity and stress directions. Compared to Case 5 and Case 6, we reduced
the activation energy substantially in Case 7 and Case 8 (Figures 3c, 3d,and Table S2). These two weak slab
models reproduce the observed slab morphology and stress directions to first order. However, reducing the
activation energy in Case 7 and Case 8 greatly reduces the slabviscosity and stress in the flattened section of
the slaband mayhinder deep earthquake generations there.

Due to the uncertainty in plate reconstruction, we investigated different subducting plate velocity in Case 9-
Case 12. Increasing the plate subduction velocity from 6 cm/yr in Case 1 and Case 2 to 8 cm/yr in Case 9
and Case 11 increases the amount of the cold slab embedded into the mantle and increases the degree of
slab buckling (Figures4a and 4c).In contrast, reducing the plate subduction velocity to 4 cm/yrin Case 10
and Case 12 reducesthe amount of the coldslabmaterial embedded intothemantle and reduces the degree
of slabbuckling (Figures4b and 4d).However, the slabdip angle at shallow depth and principal stress direc -
tions are not significantly influenced by subducting plate velocity.

The subducting and overriding plate ages evolve withtime,so weinvestigated the influence of plate ages on
slab morphology and stress direction (Case 13-Case 15, Figures 4e-4g). Reducing the overriding plate age
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Figure 4. Slab morphology and stress at 20 Myr for different plate tectonics settings. (a-d) Varying t he subducting plate velocity relative to the reference models
Case | and Case 2. (e-g ) Varying the overriding and subducting plate age relative to the reference model Case 2. The parameters of the reference models are
labeled at bottom right. The varied parameters of each model relative to the reference models are labeled above each subfigure.

from 20 Myrs in Case 2 to 0 Myrs in Case 13 increases the slab dip angle and reduces the slab temperature
with a large metastable olivine wedge developing inside the slab (Figure 4e). In contrast,increasing the
overriding plate age from 20 Myrs in Case 2 to 60 Myrs in Case 14 red uces the slab dip angle moderately
(Figure 4f), consistent with previous studies [Rodrfgu ez-Gonzdlez et al., 2012]. Reducing the subducting
plate age from 120 Myrs in Case 2 to 60 Myrs in Case 15 significantly increases the slab temperature,
reduces the stress within the slab, and hinders the generation of deep earthquakes. Infl uences of other
physical parameters(activation energy, viscosity jump across the 660 km discontinuity, metastable olivine
transitional temperature, and mantle convection Rayleigh num ber) on slab morphology, temperature, and
stress distributions can be found in the supporting information.

4. Discussion and Conclusion

We investigated the influence of trench motion velocity on slab morphology and link it with the observed
slabmorphology variation alongthe Izu-Bonin subduction zone.Investigations confirm previous suggestions
that trench retreat velocity is akeyfactor influencing slab dynamics [Christensen, 1996;Schei/art, 2005;Crikovd
and Bina, 2013]. The slab often lies horizontally within the transition zone when the trench retreats rapidly
while folding and buckling when the trench retreats slowly [Christensen, 1996; Schei/art, 2005; Faccenna
et al.,2009; Crikovd and Bina, 2013; Agrusta et al., 2017]. Comparisons between Case 1 and Case 2 and seismic
observations suggestthat the observed slabmorphology variations along thelzu-Bonin subduction zone can
be explained by a southward reduction in the trench retreat rate [van der Hilst and Sena, 1993]. However,
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self-consistent dynamic models accounting for time-varying trench motion history [Faccennaet al., 2009;
Cfikova and Bina, 2015; Yang et al., 2016) are neededin the future.

Zhao et al. [2017) suggested a simple slab geometry with the Pacific slab penetrating into the lower mantle
without buckling based on thei r P wave to mog raphy. In cont rast, we suggest slab buckling asthe explanation
for the 2015 Bonin Islands deep earthquake location and principal stress direction. The horizontal width of
the continuous buckling section is usually less than - 300km in our slow slab retreat models (Figures 2b,
2d, and 4), not inconsistent with tomography results [Zhao et al., 2017). Althou gh the slightly westward flat-
tening of the Benioff zone (Figure 1d) gives some support for slab buckli ng, more seismic in vestigations in
regions around the 2015 Bonin Islands earthquake is needed to test the slab buckling model.

Deep earthquakes are oft en regarded as occurring within the cold core of the subducted slabs [KirlJy et al .,
1 996; Frohlich, 2006), delineating Benioff zones. However, there are occasionally some isolated deep earth-
quakes that are not obviously connected with any known Benioff zones,although in tomog raphic images,
they may lie within high seismic-velocity regions [Engdahl et al., 1995). The mechanism for t he formation
of these isolated deep events is unclear. We suggest that the slab is essentially heterog eneous, and isolated
deep earthquakesmay lie within some isolated cold,strong, and high-stressblocks that are connected with
Benioff zones withhigh-temperature and low-viscosity (but may be still colder and more viscousthan the sur-
rounding mant le) belts. Althoug h the stress wit h in the isolate d blocks is usually low (e.g., Figure 2a after
10 Myrs), it may also be high in some cases (e.g., Figures 4e and S2d), providi ng a natu ral explanation for
the small number of isolated d eep earthquakes. Alth ough our modelsdemonstrate the inherent heterogene-
ity within the subducted slabs, we suggest that the slab heterogeneity would be more obvious when ultra-
high resolution [Gare/et al., 2014 ) and mo re real istic rh eology are con sidered.

Our investigation suggests that nonlinear viscosity plays key roles in reproducing the slab heterogeneity and
observed stressdirection. When only the linear viscosity is considered,the slab morphology and stressdirec-
tio n can only be reproduced by reducing the slab viscosity (activation energy), pote ntially at least partly
explaining the low activation energy and weak slabs previously inferred [Moresi and Gurnis, 1996; Yang and
Gurnis, 2016).

Due to the inverse relationship between strain rate (velocity gradient) and viscosity, the high effective visc-
osity and stressusually correspond to low strain rate. This appears to be contradicted by the occurrence of
shallow earthquakesin regions withlargestrain rates(e.g., plate margins). We suggestthat the low strainrate
only acts to keepthe slab as low tempe rature and high viscosity in the transition zone, while other processe,s
e.g., transformati onal faulting, dehydration embritt lement, or shear thermal instability /Frohlich,2006), act to
trigger the deep earthquakes at time scales of seconds to minutes.

Our preliminary investigations demonstrate that geodynamic models consistent wit h regional plate recon-
structio nscan reproduce the observed slab stress and mo r phology variatio nsalong the I1zu-Bonin subduction
zone, suggesting that plate tectonics and mantle flow over the pasttens of million years controls slab mor-
phology, stress,temperature distribut ions,and the location and focalmechanism of deep earthquakesin this
region. Subd uctio n is essentially 3D with rapid along-trench variations in the Izu-Bonin-Mariana subduction
zone (Figure 1). P wave tomography suggests that the Pacific Plate splits at - 28°N, slightl y north of the
2015 Bonin Islands earthquake [Zhao et al., 2017) . Th at our 2-D mo d el scan reproduce th e observedslab mor-
phology and stressdistribution to the first order suggest that slab tear has limited influenceson deep earth-
quakes(including the 2015 Boninlslands earthquake) in this region. However, 3-D mant le convection m odels
are needed in the future to bett er understand the infl uence of along-trench variations and possible tear on
slab stressdistribution.
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