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Formation of Horizontally Deflected Slabs in the Mantle
Transition Zone Caused by Spinel-to-Post-Spinel Phase
Transition, Its Associated Grainsize Reduction Effects,
and Trench Retreat

Wei Mao' © and Shijie Zhong'

1Department of Physics, University of Colorado, Boulder, CO, USA

Abstract Seismic observations indicate accumulation of subducted slabs in the mantle transition
zone in many subduction zones. By systematically conducting 2-D numerical experiments, we
demonstrate that a weak layer or zone beneath the spinel-to-post-spinel phase transition leads to
horizontally deflected (stagnant) slab structures in the mantle transition zone, which is consistent with
recent studies of 3-D global mantle convection models. Trench retreat velocity, Clapeyron slope and the
viscosity contrast between the lower mantle and mantle transition zone also affect horizontally deflected
slab formation. By considering grain size dependent viscosity and grainsize evolution for slabs going
through the phase change in the lower mantle, our models with a dynamically generated weak zone
beneath the phase boundary indicate that the geometry and viscosity reduction of the weak zone is
strongly affected by grain growth rate. A smaller grain growth rate results in a thicker and wider weak
zone that promotes deflected slab formation.

Plain Language Summary When oceanic plates subduct into the deep mantle, some of
them penetrate from the upper mantle to the lower mantle directly, others are horizontally deflected

over a long distance in the mantle transition zone above 670-km depth as indicated by recent seismic
observations. In this study, by conducting numerical experiments, we demonstrate that this phenomenon
could be explained by presence of a weak layer or zone in the lower mantle immediately beneath the
mantle transition zone. The weak zone is generated due to grainsize reduction after phase change of
mantle minerals. By considering grain size dependent viscosity and grainsize evolution for subducted
slabs going through the phase change in the lower mantle, our models with a dynamically generated weak
zone beneath the phase boundary indicate that the geometry and viscosity reduction of the weak zone is
strongly affected by the grain growth rate. Our results also show that trench retreat velocity, phase change
properties and the viscosity contrast between the lower mantle and mantle transition zone also affect the
horizontally deflected slab formation.

1. Introduction

Seismic observations reveal distinctly different morphologies of subducted slabs in the mantle transition
zone (Goes et al., 2017). At some subduction zones (e.g., the North America and the Central America), slabs
penetrate into the lower mantle and could reach the core-mantle-boundary (e.g., Grand et al., 1997; van der
Hilst et al., 1997); while at other subduction zones (e.g., in the Honshu, Bonin, and Chile), slabs appear to be
deflected and extend horizontally over a long distance in the mantle transition zone above the 670 km depth
(French & Romanowicz, 2014, 2015; Fukao & Obayashi, 2013; Ritsema et al., 2011) (note that the horizon-
tally deflected slabs are sometimes referred to as “stagnant” slabs in literature, although the slabs are not
stationary in the mantle transition zone). Various factors affect subduction zone dynamics and contribute
to the formation of deflected slabs in the mantle transition zone including trench retreat, viscosity jump
from the mantle transition zone to the lower mantle, the endothermic phase change of spinel-to-post-spinel
at ~670 km depth, slab age and rheology, and nonequilibrium pyroxene garnet transition (e.g., Agrusta
et al., 2017; Christensen, 1996; Garel et al., 2014; Goes et al., 2017; Holt et al., 2015; King et al., 2015; Lee &
King, 2011; Stegman et al., 2006; Wang & Li, 2020; Yang et al., 2018; Zhong & Gurnis, 1995). However, the
relative importance of each factor is still in debate (Goes et al., 2017).
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Previous 2-D modeling studies suggest the requirement of a large Clapeyron slope of the spinel-to-post-spi-
nel phase transition (3.0 MPa/K) to explain deflected slab (e.g., Yang et al., 2018; Zhong & Gurnis, 1995),
which is inconsistent with a relatively low value of ~1.3-2.5 MPa/K inferred from mineral physics (Fei
et al., 2004; Katsura et al., 2003; Litasov et al., 2005) and seismic models (Fukao & Obayashi, 2013). Recent-
ly, Mao and Zhong (2018, 2019) resolved this dilemma by introducing a weak layer beneath the spinel-to-
post-spinel phase transition into their 3-D global mantle convection models with imposed surface plate mo-
tion history that would lead to diverse slab structures in the mantle transition zone, including the deflected
slabs structures in the western Pacific and penetrated slabs in the North and Central Americas. Mao and
Zhong (2018) attributed this weak layer to the effect of grainsize reduction and super-plasticity associated
with the phase change as the slabs go into the lower mantle, as previously suggested in different contexts
(Karato, 2008; Mitrovica & Forte, 2004; Panasyuk & Hager, 1988; Solomatov & Reese, 2008). Recently, Mao
and Zhong (2021) found that the weak layer only needs to exist in subduction zones (i.e., no need to be a
global layer) to reproduce the seismically observed deflected slabs. In addition, the convection models show
significant correlations with seismic tomographic models up to spherical harmonic degree 20 in the upper
mantle and mantle transition zone (Mao & Zhong, 2019; Rudolph et al., 2020).

Grain size dependent viscosity may strongly influence the dynamics of plate tectonics, mantle convection
and thermal evolution of the Earth (e.g., Behn et al., 2009; Bellas et al., 2018; Bercovici et al., 2019; Cizk-
ové et al., 2002; Dannberg et al., 2017; Hall & Parmentier, 2003; Korenaga, 2005; Panasyuk & Hager, 1998;
Rozel, 2012; Solomatov, 2001; Solomatov & Reese, 2008; Thielmann & Schmalholz, 2020). The spinel-to-
post-spinel phase transition could lead to significant grainsize reduction (i.e., from a few centimeters to
micrometers [e.g., Solomatov & Reese, 2008; Yamazaki et al., 1996, 2009]), thus resulting a weak layer be-
neath the mantle transition zone (e.g., Fei et al., 2021; Panasyuk & Hager, 1998). However, the grainsize, its
evolution in the mantle and its effect on mantle viscosity remain poorly understood largely because of the
lack of observational constraints (GliSovi¢ et al., 2015; Solomatov & Reese, 2008). Therefore, the proposal
by Mao and Zhong (2018) that seismically observed deflected slabs may result from grainsize reduction
following phase change may provide a potentially important observational constraint on grainsize effect on
mantle viscosity.

However, there are a number of shortcomings and issues on the studies of the effects of the weak layer on
the deflected slabs. With their 3-D global convection models with realistic plate motion history, Mao and
Zhong (2018, 2021) were unable to explore systematically a large enough parameter space on the effects of
the weak layer. Grain size dependent viscosity and grainsize evolution were not implemented in models of
Mao and Zhong (2018, 2021) where the weak layer was defined either as a global layer or by temperature
of slabs. Additionally, although both 2-D regional models (Grima et al., 2020) and 3-D global models with
imposed plate motion history show consistent results on the effects of the weak layer on deflected slabs
(Lourengo & Rudolph, 2020; Mao & Zhong, 2018), the effects may appear to be different in some 2-D models
(Lietal., 2019). To address these issues, here we formulate 2-D model calculation with grain size dependent
viscosity and grainsize evolution to examine the formation of the weak layer beneath the spinel-to-post-spi-
nel phase change and their effects on the dynamics of the slabs.

2. Methods and Model Setup

We use the 2-D Cartesian mantle convection code Citcom (Moresi & Gurnis, 1996; Moresi et al., 1996) to
solve the governing equations of the conservation of mass, momentum and energy (see Supporting Infor-
mation S1 for details). Our models with prescribed kinematic surface boundary conditions to control trench
retreat are similar to Christensen (1996) that also investigated the dynamics of deflected slabs above the
670 km depth. We use a mesh with 401 horizontal and 161 vertical grid points and refined mesh near the sur-
face, subduction zone and phase transition zone so that in these regions the resolution reaches 10 x 10 km.
For most cases, the total model time is over 50 Myr, allowing sufficient slab evolution. Mantle viscosity in
our models is generally depth, and temperature, and grain size dependent and the nondimensional form is

rl(T, r, c) = n,(r)c"exp[E(O.S - T)J (1)
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where 7, (r) is the depth-dependent prefactor, E is the nondimensional activation energy, c is the grain size,
and p is the grainsize exponent which is set to be 3 (e.g., Solomatov & Reese, 2008), except for cases with no
grainsize effect for which p = 0.

Most models in this study include a weak layer below the phase change boundary, as in Mao and
Zhong (2018, 2019). For models with a global weak layer as in Mao and Zhong (2018), this weak layer is
defined using phase function I'" (see Supporting Information S1). For I" < 0.5, the mantle viscosity is the
same as that in the transition zone. However, for 0.5 < I" < 0.99, the mantle is considered in superplastic
post-spinel phase, and its viscosity pre-factor is reduced to be 1/10 of the transition zone value. The effective
thickness of the weak layer is ~60 km. For I" > 0.99 (i.e., the lower mantle), the normal post-spinel phase
viscosity is applied.

The weak layer might only exist beneath subducted slabs as a result of the spinel-to-post-spinel phase
change (e.g., Panasyuk & Hager, 1998; Solomatov & Reese, 2008). Therefore, we also consider a regional
weak layer model in which the weak layer is confined beneath slabs using the temperature criteria as in
Mao and Zhong (2021)

oT =T —T,

ave

<-0.01 @)

where 6T and T, are the nondimensional temperature anomaly and horizontally averaged temperature,
respectively.

We also further test models with a dynamically generated weak layer by considering grain size dependent
viscosity and grainsize evolution. For simplicity, using a similar formulation to that in Solomatov and Re-
ese (2008), we only consider grainsize reduction following the spinel-to-post-spinel phase transition and its
subsequent grainsize evolution in the lower mantle. The initial dimensionless grain size c is set to be 1.0
(dimensional value of 200 wm) for the whole mantle and 16 tracers in each element are used to track the
grainsize evolution. Tracer movement is implemented as in thermochemical convection models (McNa-
mara & Zhong, 2004). For each tracer, we calculate both the phase function I" and grain size c at each time
step. Once the phase function I" of a tracer changes to >0.5 at a new step, which suggests the occurrence of
spinel-to-post-spinel phase transition, the grainsize is reduced to c,,. For tracers which have experienced
grainsize reduction following the phase change into the lower mantle, the nondimensional grainsize starts
to grow at a rate (e.g., Solomatov & Reese, 2008):

D m 1 1 - el
G =25 - g exp{—gg[Té T - T(; " 1]} =~ K¢ exp[—eg(l - T):| 3)

o T
where T, = ﬁ, m, K, and 6, are the normalized surface temperature with 7j as the surface temperature of

273 K, grain growth exponent, grain growth pre-exponent factor and the Frank-Kamenetskii parameter for

Q,AT
Ostwald ripening, respectively (Table S1). m is set to be 3 or 5.2. 0, = . >— is set to 9.21, in which Qg is

Tems
the activation enthalpy for Ostwald ripening. We vary K to control grain growth rate. Given that the grain

growth rate is proportional to P grainsize c grows significantly slower for larger c (Figures S1 and S2). The
grainsize of the ambient lower mantle is significantly larger than that of the cold slab that just experiences
the phase change, it should be relatively stable over the modeling time duration of ~50 Myr (Fei et al., 2021;
Figures S1 and S2). Therefore, we ignore grain growth of the ambient lower mantle by setting the upper
limit for the grainsize c to be 1 so that we can focus on the grainsize evolution related to subducted slab.

3. Results
3.1. Effects of Weak Layer Beneath the Spinel-to-Post-Spinel Phase Transition

We first present our reference model Case 1 with Clapeyron slope (¥s70) of —2.0 MPa/K, trench retreat
velocity (V) of 3 cm/year, and a global weak layer beneath the phase transition (Table S2). Note that
V670 = —2.0 MPa/K is consistent with the experimental studies and is the same as that used in Mao and
Zhong (2018). The model shows that once the slab subducts to the bottom of the mantle transition zone, it
buckles above the bottom of the mantle transition zone. Then the slab spreads horizontally in the mantle
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Figure 1. Snapshots of dimensionless temperature and viscosity fields for Case 1 with a global weak layer (a—f), Case 2 without weak layer (g-j), and Case 3
with a regional weak layer (k-n), respectively.

transition zone at a rate that is similar to the convergence velocity at the surface. And the horizontal dis-
tance of the deflected slab increases from ~700 km at 17.6 Myr (Figures 1c and 1d and Figure S3b) to
~2,200 km at 45.7 Myr (Figures 1e and 1f and Figure S3b).

We then present Case 2 that is identical to Case 1 except without the weak layer. Although the subducted
slab also buckles in the mantle transition zone, it does not spread horizontally but penetrates into the lower
mantle at 21.5 Myr (Figures 1g and 1h and Figure S3a). The slab keeps sinking into the lower mantle and
become thicker due to larger viscosity in the lower mantle (Figures 1i-1j).
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Cases 1 and 2 show the dramatic effect of the weak layer on the formation of deflected slabs in the mantle
transition zone, confirming the 3-D global convection models by Mao and Zhong (2018, 2019). Panasyuk
and Hager (1998) and Solomatov and Reese (2008) suggested that the viscosity reduction due to grainsize
reduction and superplasticity occur mainly within slabs where the radial flow velocity is large. Therefore,
we formulated Case 3 to test the effects of a regional weak layer in the slab. Case 3 is identical to Case 1
except for that the weak layer is confined beneath the slab based on temperature (i.e., Equation 2). The
evolution of slab morphology in Case 3 is similar to that in Case 1 (Figures 1k-11) except the horizontal
distance of deflected slab in the mantle transition zone is ~600 km shorter than that in Case 1 at ~46 Myr
(Figures 1m-1n, le-1f and Figure S3b).

3.2. Effects of Trench Retreat and Clapeyron Slope

Both trench retreat velocity and the Clapeyron slope of the spinel-to-post-spinel phase transition have been
well recognized as two most dominant parameters which contribute to deflected slab in the mantle tran-
sition zone (Christensen, 1996; Zhong & Gurnis, 1995). Case 4 is identical to Case 2 except that the trench
retreat velocity is increased to 5.0 cm/year from 3.0 cm/year in Case 2.Contrary to Case 2 in which the slab
descends into the lower mantle at a velocity that is similar to convergence velocity (Figures 1g-1j), Case 4
with faster trench retreat velocity results in significantly smaller sinking velocity for the slab in the mantle
transition zone (Figures 2a and 2b) and the slab is deflected in the mantle transition zone over 1,500 km
distance. Case 5 is identical to Case 2 except that the Clapeyron slope of the spinel-to-post-spinel phase tran-
sition is —3.5 MPa/K instead of —2.0 MPa/K. Case 5 with larger Clapeyron slope also shows a larger hori-
zontal length of deflected slab as expected (Figures 2c-2d), compared with Case 2. The horizontal length of
the deflected slab in Case 5 is slightly shorter than that in Case 1 at the similar time (~46 Myr) with a global
weak layer and smaller Clapeyron slope of —2 MPa/K (Figures 1e-1f).

More experiments for the three different kinds of models: with a global (Figure S4a), with a regional (Fig-
ure S4b) and without the weak layer (Figure S4c), are further explored by varying the trench retreat velocity
and Clapeyron slope. For models without weak layer (Figure S4c), deflected slab can only be produced
when both V7, and Yg70 are large, for example, V7, should reach 5 cm/year when Y670 is —2.0 MPa/K, which
is consistent with previous 2-D studies (e.g., Christensen, 1996; Yang et al., 2018; Zhong & Gurnis, 1995).
As a reference, in northern Honshu subduction where ~1,500 km long deflected slab is imaged seismically,
the trench retreat rate is less than ~2 cm/year for the last 20 Myr (e.g., Seton et al., 2012) during which the
deflected slab may have been formed (Mao & Zhong, 2018). For models with either a global or regional
weak layer (Figures S4a and S4b), a large length deflected slab can be generated at a trench retreat velocity
of 2.0 cm/year or larger when 7670 is —2.0 MPa/K. Interestingly, for models with a global weak layer, large
length deflected slab can form even without trench retreat when 7670 is —2.0 MPa/K (Figure S4a).

3.3. Effects of Viscosity Jump From the Upper Mantle to the Lower Mantle

The viscosity in the lower mantle is higher than that in the mantle transition zone, which provides resist-
ance for the slab penetration into the lower mantle. To explore its effects with the existence of a weak layer,
we performed another series of model calculations with different viscosity ratios 4 between the lower man-
tle and the upper mantle. Cases 6-8 are identical to Case 1 (i.e., with a global weak layer), except that their
p are 10, 30, and 60, respectively, instead of 100 (Table S2). For Cases 6 and 7 with g are 10 and 30, although
initially the slab is deflected and stays horizontally above the lower mantle over a length of ~1,000 km, the
tip of the slab still penetrates into the lower mantle (e.g., Figures 2e-2f for Case 7 with g = 30 at 31.0 Myr)
because of small resistance. As the trench retreats, the horizontal length of the slab in the mantle transition
zone decreases, and the leading part of the slab keeps sinking into the lower mantle (e.g., Figures 2g-2h
for Case 7 with g = 30 at 45.2 Myr). Case 8 with 8 = 60 is nearly identical to Case 1 and produces a long
deflected slab in the transition zone.

3.4. Effects of Slab Strength

Slab strength strongly affects slab dynamics, but it is still poorly constrained (Billen et al., 2003; Billen &
Hirth, 2007; Moresi & Gurnis, 1996; Zhong & Davies, 1999). Here we vary slab viscosity by varying the
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Figure 2. Snapshots of dimensionless temperature and viscosity fields for Case 4 without weak layer and V7, = 5 cm/year (a-b), Case 5 without weak layer
and 770 = —3.5 MPa/K (c-d), Case 7 with a global weak layer and g = 30 (e-h), Cases 9 and 11 with a global weak layer and E = 4.61 and 18.42 (i-j and k-1),

respectively.

activation energy E, while fixing the ambient mantle viscosity. Cases 9, 10, and 11 (Table S2) are identical
to Case 1 except their E are 4.61, 13.82, and 18.42 instead of 9.21, resulting in a total viscosity contrast of
107, 10°% and 10°% respectively. Case 9 with E = 4.61 results in significantly faster slab sinking velocity and
thinner slab in the upper mantle (Figures 2i-2j) compared with Case 1 (Figures 1c-1f). Additionally, the
horizontal length of the deflected slab in the mantle transition zone is significantly larger as the slab moves
faster (Figure S3b). Cases 10 and 11 with higher slab viscosity show similar long deflected slab in the mantle
transition (e.g., Figures 2k-21 for Case 11 with E = 18.42 at 44.3 Myr) to that in Case 1.
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3.5. Grain Size Dependent Viscosity

We now present models with the grain size dependent viscosity as described in Section 2. Cases 12 and 13
are identical to Case 1 except that the grain size dependent viscosity is included and the global weak layer is
removed. Dimensionless grain growth pre-exponent K for Cases 12 and 13 are 10° and 10°, respectively, while
the grainsize reduction factor is 30 and the grain growth exponent m is 3 for both cases. Case 12 with smaller
grain growth rate shows similar slab evolution, including long deflected slab in the mantle transition zone.
This occurs because grainsize evolution following spinel-to-post-spinel phase change and grain size dependent
viscosity in Case 12 lead to dynamic formation of a weak layer beneath the phase boundary (Figures 3i and 3j).
As the slab approaches the bottom of the mantle transition zone, some of the slab and its surrounding mantle
materials undergo spinel-to-post-spinel phase change and sink into the lower mantle (Figures 3a and 3i). With
the grainsize reduction for the post-spinel phase (i.e., by a factor of 30 as assumed in our models; Solomatov &
Reese, 2008) (Figure 3e) and the grain size dependent viscosity, a weak zone is formed immediately below the
phase boundary and slab (Figure 3i). As more upper mantle materials go into the lower mantle, the weak zone
with reduced grainsize becomes broader and thicker (Figures 3j and 3f). The weak zone keeps the bulking
slab in the mantle transition zone and moving horizontally, causing long deflected slab (Figure 3b), similar
to how the prescribed weak layer in Cases 1 and 3 helps produce deflected slabs. At 42.8 Myr for Case 12, the
horizontal length of the deflected slab in the mantle transition zone is slightly smaller than that in Case 1.

The size of the weak zone depends on two factors: mass flux from the upper mantle to the lower mantle and
grain growth rate. In Case 12, the grainsize increases with time in the lower mantle (Equation 3) following the
initial grainsize reduction after the phase change. Because the grain growth rate depends on both the tempera-
ture and grainsize, the grain growth rate is relatively small in the region with cold slab or at larger depth where
the grainsize is larger after regrowth (Figures 3m and 3n). The larger the grain growth rate (e.g., the pre-factor
K), the thinner the weak zone. Note that for Case 12 the weak zone forms preferentially below the subducting
lithosphere (Figures 3i and 3j). This is determined by mantle downwelling which occurs below the subducting
lithosphere (see flow velocities in Figures 3i and 3j). For Case 12 with relatively a small grain growth rate, the
weak zone is sufficiently large to generate a significant deflected slab in the mantle transition zone.

Case 13 with a larger grain growth rate shows significantly shorter deflected slab in the mantle transition
zone (Figure 3c) than that in Case 12 (Figures 3a-3b, Figures S3b and S5b). The larger grain growth rate in
Case 13 (Figure 30) causes the grainsize to increase more rapidly in the lower mantle, leading to significant-
ly thinner and narrower weak zone (Figure 3k), compared with that of Case 12 (Figures 3i-3j). However, in
the region where slab penetrates into the lower mantle, the weak layer is still thick due to the low tempera-
ture and small grain growth rate (Figures 3k, 3g and 30). Without sufficiently large weak zone, Case 13 does
not develop a significant deflected slab in the mantle transition zone.

While the grainsize reduction factor is fixed as 30 for Cases 12 and 13, this factor is not well constrained
(e.g., Solomatov & Reese, 2008). We also performed calculations of Cases 14 and 15 that are identical to
Cases 12 and 13 except the grainsize reduction factor is increased to 100 from 30. Larger grainsize reduction
factor does not affect the results significantly as the grainsize could grow from 1/100 to 1/30 in a rather short
time of less than 1 Myr (blue and red dashed lines in Figure S1b), because the grain growth rate is very large
when the grainsize is small. While Case 14 shows long deflected slab as in Case 12 (Figure S5b), Case 15
with larger grainsize growth rate still does not develop significant deflected slab (Figures 3d, 31, 3h and 3p
and Figure S5b) as in Case 13.

The grain growth exponent m is strongly affected by the atomic diffusion mechanisms and could be greater
than 3 (Fei et al., 2021; Solomatov et al., 2002; Yamazaki et al., 1996, 2009). We further computed Cases 16
to 23 with larger grain growth exponent m of 5.2 (Fei et al., 2021). Cases 16-19 are identical except their
grain growth pre-exponent K are 10% 10°, 10, and 10°, respectively. Their grain size reduction factors are 3
(i.e., con = 1/30; Table S2). Cases 16 with small grain growth rate also leads to long deflected slab at ~30-40
Myr. But the middle part of the slab in the mantle transition zone is not stable and sinks into the lower
mantle at 42.4 Myr (Figure S6a) because of less reduction of viscosity in the weak zone compared with Case
12 (Figure 3j, Figure S6i, Equation 1). Cases 17, 18 and 19 with larger grain growth rates produce progres-
sively less significant deflected slab, compared with that in Case 16, as expected (Figures S6b-S6d for Cases
17-19). Cases 20-23 are identical to Cases 16-19 except that the grainsize reduction factor is increased to
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Figure 3. Snapshots of dimensionless temperature, viscosity, grain size and grain growth rate fields for Cases 12, 13 and 15. Cases 12 and 13 are identical except
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instead of 30 in Case 13 (i.e., Cph decreases from 1/30 to 1/100).

MAO AND ZHONG

8of 11



. Yeldd
ra\* 1 V)
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL093679

100 from 30. Case 20 shows similarly long deflected slab to that in Cases 12 and 16, while Cases 21-23 show
similar results to Cases 17-19, respectively.

4. Discussions and Conclusions

While a number of mechanisms have been proposed to explain the seismically observed deflected slabs in
the mantle transition zone, it has been a challenge to explain the long deflected slab in the western Pacific
subduction zones for convection models using realistic Clapeyron slope of —2.0 MPa/K for the spinel-to-
post-spinel phase change as suggested in laboratory experiments (Fei et al., 2004; Katsura et al., 2003; Litasov
et al., 2005). Our 2-D models with a weak layer beneath the spinel-to-post-spinel phase transition and realis-
tic Clapeyron slope successfully reproduce the long deflected slabs as observed in seismic models in the west-
ern Pacific, conforming previous 3-D global model results (Lourengo & Rudolph, 2020; Mao & Zhong, 2018).
By implementing grain size dependent viscosity and grainsize evolution for slabs going through spinel-to-
post-spinel phase transition into the lower mantle, our models show that a dynamically generated weak
layer could form below the phase boundary due to grainsize effects and that the weak layer results in a long
deflected slab in the transition zone. Our models also indicate that the geometry and viscosity reduction of
the weak layer and the formation of deflected slab are strongly affected by the grain growth rate.

Our models show that a weak layer or zone beneath the spinel-to-post-spinel phase transition could cause
a long deflected slab in the mantle transition zone (Figures 1a-1f and 1k-1n). The lubrication due to the
weak layer beneath the slab is key in promoting the horizontal movement of the slab in the mantle transi-
tion zone and the formation of the long deflected slab. For the weak layer to be effective in producing long
deflected slabs, it is important for the weak layer to occur beneath the slab as in previous 2-D regional (Gri-
ma et al., 2020) and 3-D global models (Lourenco & Rudolph, 2020; Mao & Zhong, 2018) and 2-D models
here. Li et al. (2019) did not find the same effect of a weak layer as in our models, perhaps because the weak
layer in their model was not placed directly beneath subducted slabs in the mantle transition zone. Our
models also show that other factors, such as the trench retreat velocity and viscosity contrast between the
upper and lower mantle, could also affect slab morphology significantly, which is consistent with previous
studies (e.g., Zhong & Gurnis, 1995). While a large trench retreat velocity (e.g., Case 4 with Vy, = 5 cm/year;
Figures 2a-2b) could also explain the deflected slab, which may be relevant to the Mariana subduction zone
with its fast trench retreat and deflected slabs (e.g., Mao & Zhong, 2018), models without the weak layer
could not explain the deflected slabs in subduction zones with a moderate trench retreat velocity (1-4 cm/
year; Figure S4c) as in Japan subduction zones (Jolivet et al., 1994). Therefore, to understand the seismic
observations of deflected slabs, it is crucial to consider realistic trench motion history as in 3D global man-
tle convection models with imposed plate motion history (Liu et al., 2021; Mao & Zhong, 2018, 2019). The
viscosity contrast between the lower mantle and the upper mantle also plays an important role in the forma-
tion of deflected slab (Figures 2e-2h) and a viscosity contrast ratio larger than 30 is preferred for deflected
slab formation. Slab strength does not appear to affect our model results significantly (Figures 2i-21).

Our models with dynamically generated weak layer by considering grainsize evolution indicates that the ge-
ometry and viscosity reduction of the weak layer due to spinel-to-post-spinel phase transition is strongly af-
fected by the grain growth rate (Figure 3 and Figure S6). Due to low temperature of the subducted slab, the
grain growth rate is significantly smaller within the slab than that in hot ambient mantle (Figures 3e-3h and
Figures S6e-S6h). In general, the smaller the grain growth rate, the wider and thicker the weak layer and the
stronger tendency to produce a long deflected slab in the mantle transition zone (Figure 3 and Figure S6). Nei-
ther the grainsize reduction ratio nor the grain growth exponent in the lower mantle is well constrained (e.g.,
Solomatov & Reese, 2008). Recently, by conducting multi-anvil experiments for bridgmanite that coexists with
ferropericlase, Fei et al. (2021) found a moderate grain growth exponent of 5.2 + 0.3, which is smaller than
that of 10.6 & 1.1 as reported by Yamazaki et al. (1996) but larger than that of 3-4 as suggested by Solomatov
et al. (2002). If we scale the grain growth in Fei et al. (2021) using our normalization scheme, the correspond-
ing dimensionless K is ~1 x 10* (Figure S7), which is within the range of 10°~10° as used in Cases 17-19 and
21-23. Note that Cases 17-18 and 21-22 produce deflected slab in the transition zone (Figures S6b-S6c for
Cases 17-18). Therefore, our study provides a framework to quantitatively determine grainsize evolution due
to the phase change in the mantle that is poorly constrained. Future models with more detailed grain-size
evolution and dynamic trench evolution could further improve our understanding.
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