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Abstract The viscosity structure of Earth's mantle, even the 1-D radial viscosity profile, remains
not well constrained. The dynamics of the subducting slabs is strongly affected by, and can be used to
constrain, the viscosity structure of the mantle. Here, we perform fully dynamic, self-consistent mantle
convection models to study the dynamics of subducted slabs in the deep mantle. We use a statistical
analysis approach to quantify how the depth distribution of flat-lying slabs is affected by the depth-
dependence of mantle viscosity. We find that, for cases in which the viscosity increases at 660 km depth,
whether sharply or gradually, flat-lying slabs preferentially occur above this depth, and importantly,

up to ~30% of the subducted slabs previously flatted at this depth later sink to the deep lower mantle
and maintain a flat-lying morphology. The frequency of (or the probability to have) flat-lying slabs at
~1,000 km depth in these cases is similar to cases in which the viscosity jump occurs at 1,000 km depth.
Therefore, to explain the presence of flat-lying slabs at ~1,000 km depth for the Earth does not require
a viscosity jump at this depth. In contrast, a viscosity jump merely occurring at ~1,000 km depth causes
a lack of flat-lying slabs in the uppermost lower mantle at ~700-900 km depth and is inconsistent with
seismic observations. The presence of flat-lying slab materials in the Earth's uppermost lower mantle
requires a viscosity increase at 660 km depth.

Plain Language Summary Conventionally, a stepwise mantle viscosity jump is often modeled
at 660 km depth where the endothermic phase transition occurs. However, some recent studies argued
that the viscosity may increase at deeper depths of ~1,000 km. Here, dynamically self-consistent mantle
convection models are performed to investigate the effect of the depth-dependent mantle viscosity
structure on slab morphologies. We quantify the statistics for the depth distribution of flat-lying slabs with
subducted slabs freely generated as a form of thermal boundary layer instabilities in mantle convection
models. The models show that a stepwise viscosity increase at ~1,000 km depth results in the absence

of flat-lying slabs at intermediate depths of 700-900 km below the transition zone. This is inconsistent
with seismic tomography observations which indicate significant flat-lying slab materials at ~700-900
km depths. The viscosity increase at 660 km depth is therefore essential to cause flat-lying slabs in the
uppermost lower mantle.

1. Introduction

The mantle viscosity is a key factor controlling the dynamics of the Earth's interior, but even the Earth's
1-D radial viscosity profile remains under debate. It has been suggested that mantle viscosity generally
increases by ~10-100 times from the upper mantle to the lower mantle, in order to explain the Earth's
long-wavelength geoid anomaly (Hager & Richards, 1989; Panasyuk & Hager, 2000). Traditionally, the vis-
cosity structure is modeled as a stepwise increase at 660 km depth where the ringwoodite to bridgmanite
+ ferropericlase phase transition happens (e.g., Hager & Richards, 1989; Liu & Zhong, 2016; Mitrovica &
Forte, 2004). However, some geoid inversion models with many-layered viscosity structure reported an in-
crease in viscosity around 1,000-1,200 km depth accompanied either with or without a viscosity increase at
660 km depth (e.g., Forte et al., 1991; Kido et al., 1998; King & Masters, 1992). More recent long-wavelength
geoid analysis reported a viscosity increase at depths of 800-1,200 km (Rudolph et al., 2015), while studies
of plume structures from seismology argued for increased mantle viscosity below ~1,000 km (French &
Romanowicz, 2015). Experimental studies suggested that the viscosity in the uppermost part of the lower
mantle may gradually increase down to ~1,000 km depth to reach its maximum due to potential pressure
effects (Marquardt & Miyagi, 2015). The possible compositional variations of lower-mantle enrichment in
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intrinsically dense basaltic lithologies may also contribute to viscosity increase at greater depths (Ballmer et al.,
2015). However, results from geoid inversions on mantle viscosity structure are rather nonunique (e.g., King,
2016; Liu & Zhong, 2016; Mitrovica & Forte, 1997, 2004), and the depth for the viscosity increase in the lower
mantle remains unclear with large uncertainties in geoid modeling (Richards & Lenardic, 2018).

The dynamics of the subducted slabs are greatly controlled by the viscosity of the slab and the surrounding
mantle, and thus provide a pathway to constrain the mantle viscosity structure. Seismic tomography studies
have revealed that while some subducting slabs directly penetrate into the lower mantle, others appear to be
laterally deflected and stagnant around the base of the transition zone at a depth of ~660 km or be trapped in
the uppermost lower mantle at greater depths of ~1,000 km (e.g., C. Li et al., 2008; Fukao & Obayashi, 2013;
Fukao et al., 2009; Ritsema et al., 2011). According to previous geodynamic modeling experiments (e.g., Billen,
2008; Goes et al., 2017; Tackley, 1995 and references therein), the major factors that are responsible for slab
stagnation include an endothermic phase transition at 660 km depth (e.g., Christensen & Yuen, 1984, 1985;
Tackley et al., 1993; Torii & Yoshioka, 2007), rapid trench migration (e.g., Agrusta et al., 2017; Christensen,
1996; Torii & Yoshioka, 2007; Yoshioka & Naganoda, 2010; Zhong & Gurnis, 1995), a viscosity increase from
the upper to lower mantle (e.g., Cizkova & Bina, 2019; Marquardt & Miyagi, 2015; Torii & Yoshioka, 2007),
slab rheology (e.g., Cizkové & Bina, 2013; Cizkova et al., 2002; Billen, 2008; Billen & Hirth, 2007; Garel et al.,
2014), and slab buoyancy (e.g., Agrusta et al., 2014; Bina & Kawakatsu, 2010; King et al., 2015; Tetzlaff &
Schmeling, 2000). The occurrence of stagnant slabs at ~1,000 km depth is interesting, which has served as a
piece of evidence for viscosity jump at this depth (e.g., Fukao & Obayashi, 2013; Marquardt & Miyagi, 2015;
Rudolph et al., 2015). However, Mao and Zhong (2018, 2019) recently made quantitative comparisons between
3-D global mantle convection models that used realistic plate motion history with seismic tomography models,
and they found that the geodynamic models with a viscosity increase at 660 km depth plus a thin weak layer
beneath the 660-km phase change boundary produce slab structures in the mantle transition zone that match
tomography results equally well as models with viscosity increase at 1,000 km depth. In addition, geodynamic
modeling studies by Yoshioka and Naganoda (2010) and Cizkova and Bina (2019) showed that a stagnant slab
at 660 km depth can eventually sink to, and maintain a flat-laying morphology in, the lower mantle, imply-
ing that a viscosity jump at 1,000 km depth may not be required to cause slab stagnation at this depth. The
remaining questions are (1) what is the probability for a flatted slab at 660 km depth to maintain a flat-lying
morphology after sinking into the lower mantle and (2) does a viscosity jump at 660 km depth lead to as many
flat-lying slabs at ~1,000 km depth as when the viscosity jump occurs at 1,000 km?

It is worthy to note that most previous studies used either a kinematic approach in which the trench ve-
locity and subduction velocity are imposed to the model (e.g., Cizkova et al., 2002; Torii & Yoshioka, 2007;
Yoshioka & Naganoda, 2010), or a partially self-consistent dynamic model in which a slab with given age,
dip angle, and strength is prescribed at the subduction zone as the initial condition and the trench and
subduction velocity are allowed to evolve freely with time (e.g., Agrusta et al., 2017; Cizkova & Bina, 2019).
These model setups are important to isolate the effects of each parameter on the dynamics of the slabs and
facilitate the examination of the sensitivity of modeling results to model parameters, but it is unclear to
what extent the dynamics of the prescribed subducting slab is consistent with the model's intrinsic dynamic
system. In addition, previous models with imposed surface velocity mainly focused on the dynamics of a
single subducting slab, which does not help answering the two questions raised at the end of the previous
paragraph due to sample limit.

Here, we take a different approach to investigate how mantle viscosity structure affects the depth distribu-
tion of slab morphologies. We perform fully dynamic, self-consistent 2-D numerical simulations in which
subducting slabs are naturally and continuously generated as a result of thermal boundary layer instabil-
ities. Instead of focusing on the behavior of a single subducting slab, we introduce a statistical method to
analysis the long-term stagnation events of all slabs for each model and our results place constraints on the
mantle viscosity structure for the Earth.

2. Method

Numerical simulations of the slab dynamics are performed in a 2-D Cartesian geometry using the finite-el-
ement code CITCOM (Moresi & Solomatov, 1995) with modifications. The conservation equations of the
mass, momentum, and energy are solved for an incompressible fluid under the Boussinesq approximation:
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Table 1 V.i=0 1
Model Parameters
Parameters Values . .
VP +V-(né) = (RaT - Ra”F)z )
Model depth, D, 2,800 km
Model width, L, 8,400 km
a—T+(12~V)T=V2T+H (3)
Reference mantle density, Py 3,300 kg/m’* o
Gravitational acceleration, g 9.8 m/s’ where i, P, 0, ¢, Ra, T, 2, t, and H are velocity, dynamic pressure, viscosity,
Reference thermal expansivity, 3x107°/K strain rate, thermal Rayleigh number, temperature, unit vector in vertical
. . . . . . P
Temperature difference, AT 2500 K direction, time, and internal heating rate, respectively. Ra" and I are Ray-
6 leigh number and phase function for the phase change, respectively. The
Reference thermal diffusivity, Ko 10" m"/s

Gas constant, Rg,s

Specific heat, C,

Phase change density change, Ap
Phase change width, &

Phase change reference temperature, T,

Phase change reference depth, d,

equations are nondimensionalized by introducing the following charac-
8.31 J/(K mol) teristic scales (primed variables are dimensional):

1,250 J/(kg K)

300 kg/m* % = xi / Do
35 km )
SR u; = u;Dy 1 x
660 km T =T' /AT
t =1, / D}
PrDZ
p=--0 4
No¥o @

where Dy, Ko, AT, and Ny are model thickness, reference diffusivity, temperature difference between bottom
and surface, and reference viscosity, respectively. The thermal and phase-change Rayleigh number are de-
fined as:

Ra = (XOPOgATDg (5)
KoNo
3
Ra? = P800 (6)
KoNo

where & and Py in Equation 5 are reference thermal expansivity and reference mantle density, respectively.
Ap in Equation 6 is the density contrast of the phase change. g is the gravitational acceleration. Reference
values of physical parameters used for nondimensionalization are provided in Table 1. In most of our mod-
els we use a Rayleigh number of Ra = 5 X 107, but we also explored the effects of other values of Ra from 2
X 10" to 2 x 10%

A phase-change function formulation is used to simulate the phase transition (Christensen & Yuen, 1985;
M. M. Li et al., 2018; Zhong & Gurnis, 1994). I is defined in dimensionless form as:

r- %{1 ¥ tanh[%ﬂ (7)

where § is the phase change width and = is the dimensionless “excess pressure” as:
w=d-dy (T~ T,) ®

where d is the depth, dy and T, are the reference depth and temperature of the phase change, and vy is the
Clapeyron slope. Recent high P-T mineral physics experiments have reported that the Clapeyron slope for
the endothermic phase transition is about —0.4 to —2.5 MPa/K (e.g., Fei et al., 2004; Katsura et al., 2003;
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0 Litasov et al., 2005), which is much smaller than previous measurement

400 of —3.0 MPa/K (e.g., Ito & Takahashi, 1989). Mao and Zhong (2018) also

£ 800 found that a too large Clapeyron slope (~3.0 MPa/K) would produce

i’ 1200 unrealistic slab stagnation in the southern Pacific that is not observed

3 1600 seismically. Therefore, most of our models use a moderate y = —2.0

Q 2000 ﬁZZZ; MPa/K which is within the recent reported range, but we also explored

2400 i:ﬁ:é the effects of other values of y from 0 to —3.0 MPa/K. The physical pa-

280(1)0-1 100 101 102 rameters related to the phase transition are listed in Table 1. We will

Viscosity (n,) show in the next section that the exothermic phase transition at 410 km

depth and the latent heating due to phase transition have little effects on

Figure 1. Depth-dependent viscosity profiles used in this study. Case 1 our results, and for simplicity, they are not considered in our models if
(red) has a sharp viscosity increase at 660 km depth. Case 2 (blue) has not specifically pointed out.

a sharp viscosity increase at 1,000 km depth. Case 3 (green) has a sharp
viscosity increase at 1,200 km depth. Case 4 (purple) has a smooth viscosity We use a depth- and temperature-dependent viscosity, with

increase from 660 to 1,000 km depth, and case 5 (suntan) has a smooth
viscosity increase from 660 to 1,200 km depth.

n(T,z) =1, exp[E(O.S - T)J, where E = 6.91 (~144 kJ/mol), normal-
ized by Ry AT with Ry, being the gas constant (Table 1), is the dimen-

sionless activation energy which results in a viscosity varying by 3 or-
ders of magnitude for a temperature ranging from 0 to 1. We use this relatively small activation energy to
allow for sufficient deformation of the boundary layer in generating subducting slabs since we do not con-
sider dislocation creep and other deformation mechanisms (i.e., yield stress) in our models. M. is a viscosity
pre-factor which is 1.0 in the upper mantle and is varied case by case in the deep mantle. We tested different
structures of N including (1) a stepwise viscosity increase at 660 km, (2) a stepwise viscosity increase at
1,000 or 1,200 km, and (3) a smooth viscosity increase from 660 to 1,000 km or 1,200 km (Figure 1). In most
of our models, the viscosity increases by a factor of 50, but we also tested other values of 10, 30, or 100 in
some models for comparison.

The model domain extends from the surface to 2,800 km depth and the horizontal extent is 8,400 km. It is
divided uniformly into 768 and 256 elements in the horizontal and vertical direction, respectively, leading
to a grid resolution of ~10 km in both directions.

The surface temperature is prescribed as a constant of nondimensional T = 0 (0°C), whereas the bottom is
thermally insulating to prohibit the formation of upwelling plumes as the size and effect of plumes in our
2-D Cartesian models would be overestimated. The models are internally heated with a nondimensional
heating rate of H = 20 to avoid fast cooling of the numerical models. The velocity boundary conditions for
top and bottom boundaries are free-slip. The side walls are periodic for both the temperature and velocity
boundary conditions. The initial temperature is T = 0.6 throughout the model domain imposed by small
perturbations with a magnitude of 102, All models have been run for a long enough time (at least 4 Ga) and
we focus on examining the results when the convection models are in a statistical-steady state, that is the
effect of initial condition has been taken over by the intrinsic dynamics of the system.

In our models, the surface cools with time following a half-space cooling law that leads to thickening of the
top boundary layer and subducting slabs are generated as a form of boundary layer instabilities. We focus on
understanding how and how frequent the subducting slabs become flat-lying at different depths. We adopt
the following approach to identify flat-lying slabs in numerical models. For a given time step, at each depth,
we determine the minimum temperature Ty,;,, the horizontally averaged temperature T, and the back-
ground temperature Ty, which is the average temperature for regions with T < T,.. The cold downwelling
materials are then defined as regions where the temperature satisfies T < Ty —f (Tvg — Tmin), Where f=0.01
sets the threshold for subducted slabs. Note that this approach of defining slabs is similar to previous studies
to define mantle plumes (e.g., Leng & Zhong, 2008; Zhong, 2006). If the horizontal length scale of a contin-
uous slab segment is larger than 500 km, we define it as a flat-lying slab at this depth, that is, a stagnation
event is determined. The stagnation time for a stagnation event of the flat-lying slab is determined as the
time interval between the current and next time step.

While the increased viscosity in the lower mantle is supposed to thicken the subducting slabs by approx-
imately twice (Gaherty & Hager, 1994; Gurnis & Hager, 1988), slab buckling is able to cause even larger
thickening to 400-800 km (e.g., Behounkova & Cizkova, 2008; Lee & King, 2011; Ribe et al., 2007) to be
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consistent with that from seismic observations (e.g., Kdrason & Van Der Hilst, 2000). In addition, the length
scale of the horizontally deflected slab is generally 500-1,500 km from seismic observations (Goes et al.,
2017 and references therein). Therefore, we choose a criterion of 500 km in our numerical models to quan-
tify a flat-lying slab by which we are able to account for both the horizontal deflection and buckling of the
slabs, and to exclude slab thickening solely due to the thermal diffusion. We also examined the effects of
other criteria of 750 and 1,000 km on our model results as will be shown later.

We quantify the total time of the stagnation events in the depth range of 300-1,500 km with a bin size of 10
km and within a time window from 200 Ma to 4,000 Ma. We choose this time window to (1) avoid the effect
of initial condition and (2) allow a large enough time window for statistical analysis. We measure the total
amount of stagnation time at each depth bin within the time window and normalize it with the size of the
time window (i.e., 3,800 Myr). We also considered the situation when multiple flat-lying slabs occur at the
same depth for a given time snapshot and we summed up the amount of stagnation time for all flat-lying
slabs. It is therefore expected that the total stagnation time at each depth measured by the above approach
maybe sometimes even larger than the size of the time window. For convenience, we define the normalized
time as the flat-slab frequency. We also tried a different approach in which we measured the flat-slab fre-
quency for each depth by summing up the time when at least one flat-lying slab is identified at this depth
(e.g., without adding up the stagnation time for multiple slabs), but the result remains nearly the same as
we will show later.

3. Results

In this section, we first examine how different types of depth-dependent mantle viscosity as shown in Fig-
ure 1 affect the behaviors of subducting slabs in the deep mantle. We then examine the influences of other
parameters on the results, including the Clapeyron slope, the magnitude of the viscosity increase, and the
Rayleigh number which represents the vigor of convection (see Table 2 for all models).

3.1. The Effects of Viscosity Structure

We first show the results of case 1 which uses a 50-times stepwise viscosity jump at 660-km depth, a Clapey-
ron slope of y = —2.0 MPa/K for the 660-km phase transition and a Rayleigh number of Ra = 5 x 10”. Figure
2 shows several snapshots of the temperature field for this case, illustrating three types of subducted slab
behaviors. The first type of slabs directly penetrate to the lower mantle without being horizontally deflected
or buckled (e.g., Figure 2a). The second type of slabs are horizontally deflected when they approach the 660-
km phase change boundary, causing slab lying laterally at the base of the transition zone (e.g., Figure 2b).
The third type of slabs accumulate and spread out laterally when they reach the 660-km boundary, leading
to slab buckling and flat-lying slabs around this boundary (e.g., Figure 2c). Eventually, the third type of slabs
pass through the 660-km boundary and sink into the lower mantle which is similar to a “slab avalanche”
event (e.g., Movie S1), with many of them still maintaining a flat-lying shape (e.g., Figure 2d).

The variable slab behaviors shown in Figure 2 are largely controlled by trench migration. For the slab shown
in Figure 2b which is horizontally deflected at the base of the transition zone, the slab root at the surface has
traveled ~700 km within 60 Myr, corresponding to an average trench migration rate of ~1.15 cm/yr (Figures
3a-3d). This is consistent with previous studies which suggested that a trench velocity of 1.0 cm/yr is able to
cause slab stagnation (e.g., Stegman et al., 2010; Torii & Yoshioka, 2007). This trench velocity is also compara-
ble to that observed from the Earth, which shows a mean trench retreat rate of 0.6-1.1 + 3.0 cm/yr (Lallemand
& Heuret, 2017; Lallemand et al., 2008). While for the slab shown in Figure 2c with accumulative buckling,
the slab root moves ~100 km within 100 Myr, corresponding to an average trench migration rate of only ~0.1
cm/yr (Figures 3e-3h). These results indicate that in the presence of rapid trench migration, subducting slabs
are typically deflected horizontally above the transition zone; however, without rapid trench migration, sub-
ducting slabs either directly penetrate the 660-km boundary (Figure 2a) or are accumulatively buckled above
the boundary (Figure 2c). A similar relationship between trench velocities and slab behaviors has also been
documented in previous studies, which suggested that horizontally deflected slabs exhibit moderate trench re-
treat (e.g., 0.5-1.5 cm/yr) while vertical sinking slabs always accompanied with a quasistationary trench (e.g.,
Agrusta et al., 2017; Garel et al., 2014; Stegman et al., 2010). We also find that, without rapid trench migration,
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Table 2
Model Input Parameters®

Model Naepin(km) N v (MPa/K) Ra Tiype
Case 1 660 50 -2 5% 107 Sharp
Case 2 1,000 50 -2 5% 107 Sharp
Case 3 1,200 50 -2 5% 10’ Sharp
Case 4 1,000 50 -2 5% 107 Smooth
Case 5 1,200 50 -2 5% 107 Smooth
Case 1-1 660 50 0 5% 10’ Sharp
Case 1-2 660 50 =il 5% 107 Sharp
Case 1-3 660 50 —3 5% 107 Sharp
Case 1-4 660 10 -2 5% 10 Sharp
Case 1-5 660 30 -2 5% 10’ Sharp
Case 1-6 660 100 2 5% 107 Sharp
Case 1-7 660 50 -2 2x 107 Sharp
Case 1-8 660 50 -2 1x10° Sharp
Case 1-9 660 50 -2 2x10° Sharp
Case 2-1 1,000 50 0 5% 107 Sharp
Case 2-2 1,000 50 -1 5% 107 Sharp
Case 2-3 1,000 50 -3 5% 107 Sharp
Case 2-4 1,000 10 -2 5% 10’ Sharp
Case 2-5 1,000 30 —2 5% 107 Sharp
Case 2-6 1,000 100 -2 5% 107 Sharp
Case 2-7 1,000 50 -2 2% 10 Sharp
Case 2-8 1,000 50 2 1x10° Sharp
Case 2-9 1,000 50 —2 2x10° Sharp
Case 3-1 1,200 50 0 5% 10 Sharp
Case 3-2 1,200 50 -1 5% 10’ Sharp
Case 3-3 1,200 50 -3 5% 107 Sharp
Case 3-4 1,200 10 -2 5% 107 Sharp
Case 3-5 1,200 30 -2 5% 107 Sharp
Case 3-6 1,200 100 -2 5% 10’ Sharp
Case 3-7 1,200 50 2 2x107 Sharp
Case 3-8 1,200 50 -2 1x10° Sharp
Case 3-9 1,200 50 -2 2x10° Sharp
Case 4-1 1,000 50 0 5% 10’ Smooth
Case 4-2 1,000 50 -1 5% 107 Smooth
Case 4-3 1,000 50 -3 5% 10 Smooth
Case 4-4 1,000 10 -2 5% 10’ Smooth
Case 4-5 1,000 30 -2 5% 107 Smooth
Case 4-6 1,000 100 -2 5% 107 Smooth
Case 4-7 1,000 50 -2 2% 10’ Smooth
Case 4-8 1,000 50 -2 1x10° Smooth
Case 4-9 1,000 50 -2 2x10° Smooth
Case 5-1 1,200 50 0 5% 107 Smooth
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Table 2

Continued

Model Naepin(km) N v (MPa/K) Ra Tiype
Case 5-2 1,200 50 =i 5%10" Smooth
Case 5-3 1,200 50 =3 5% 10’ Smooth
Case 5-4 1,200 10 —2 5% 10’ Smooth
Case 5-5 1,200 30 =2 5% 10’ Smooth
Case 5-6 1,200 100 =2 5%10" Smooth
Case 5-7 1,200 50 —2 2x10" Smooth
Case 5-8 1,200 50 =2 1% 10° Smooth
Case 5-9 1,200 50 =2 2% 108 Smooth
Case 1-0° 660 50 2 5% 107 Sharp
Case 2-0° 1,000 50 —2 5% 10 Sharp
Case 3-0° 1,200 50 -2 5% 10’ Sharp
Case 4-0° 1,000 50 =2 5%10" Smooth
Case 5-0° 1,200 50 =2 5% 107 Smooth

N Ngepn 18 the viscosity increase depth in the lower mantle, n, is the magnitude of the increased viscosity in the lower mantle, y is the Clapeyron slope at 660-
km phase transition, Ra is the input Rayleigh number, n,, indicates whether the viscosity increases sharply at n,,;, (sharp) or linearly increases from 660 km

depth to Ndepth (smooth).

"These are additional cases with respect to cases 1-5 by considering the 410-km phase transition and the latent heating due to phase change (both 410 and 670
km) under the extended Boussinesq approximation.

the slab that directly penetrates to the lower mantle (Figure 2a) is colder and thicker than the slab that first
accumulates at 660-km depth before sinking to the lower mantle (Figures 2c and 2d).

The morphology of the subducting slabs changes with time and the flat-lying of the slabs is a temporary
phenomenon (e.g., Movie S1). We therefore quantify the frequency of stagnation events for all flat-lying
slabs at each depth in the deep mantle. We define all slabs whose lateral extent is larger than 500 km as
flat-lying slabs (Section 2), no matter what mechanism causes this large extent. As shown in Figure 4a,
flat-lying slabs for case 1 preferentially occur above the 660-km discontinuity, for example, the flat-slab
frequency at ~600 km depth is up to ~70% (Figure 4a), meaning that for most (near ~70%) of the model
run time, there is at least one flat-lying slab at this depth. This is mainly due to the coexistence of the phase
transition and the viscosity jump at the 660-km discontinuity, both of which facilitate the lateral deflection
of the subducted slabs. Note that the highest occurrence of flat-lying slabs does not occur exactly at 660 km
depth but slightly above it because of the thickness of the slabs. The sinking of the slabs from the base of
the transition zone to the lower mantle leads to some slabs with wide lateral extension in the lower mantle
(e.g., Figures 2c and 2d). The flat-slab frequency is ~20%-30% at depths deeper than 660 km (Figure 4a),
meaning about one third of the previous flat-lying slabs above the 660-km depth eventually sink to the deep
lower mantle and also maintain a flat-lying morphology.

Case 2 has similar parameters as case 1, except that the viscosity jump now occurs at 1,000 km depth (Figure
1). Like case 1, we also observe three types of slab behaviors as shown in Figure 5. Some slabs directly pene-
trate the phase transition zone and sink into the lower mantle accompanied by slab thickening (e.g., Figure
5a), some slabs are laterally deflected at the base of the transition zone (Figure 5b), and some slabs buckle
and spread laterally above the 1,000-km depth where the viscosity jump is present (Figure 5c) and they later
sink to deeper depths while still maintaining a wide lateral-extent morphology (Figure 5d). Interestingly,
we do not observe slab buckling at 660 km depth for case 2, which indicates that the endothermic phase
transition alone is not able to cause slab accumulation at this depth. We find that the average trench velocity
for the horizontally deflected slab in Figure 5b is ~1.25 cm/yr (Figures S3a-S3d, slab root moves ~900 km
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Figure 2. Snapshots of the temperature field showing different morphologies of subducted slabs for case 1, which
has a Clapeyron slope of y = —2.0 MPa/K, a Rayleigh number of Ra = 5 x 10" and a stepwise viscosity increase of

n. = 50 at 660 km depth. (a) A slab vertically penetrates to the lower mantle. (b) A slab is horizontally deflected at 660
km depth. (c) A slab first accumulates at 660 km depth (d) and then sinks to the lower mantle while maintaining a
flat-lying morphology. The two dashed lines in each panel correspond to the depths of 660 and 1,000 km, respectively.
The green lines in each panel are the contours of temperature T = 0.5 which show the main body of the subducting
slabs. The red lines in (b-d) denote the identified flat-lying slabs at different depths. Note that the ends of the red
lines showing regions of flat-lying slabs, which are used for further statistical analysis, may not necessarily match the
boundaries of the green contours due to different definition of the two. Only a part of the model domain is shown in
each panel and the full temperature field for each panel is provided in Figure S1. A full-time evolution for case 1 is
provided in Movie S1.
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Figure 3. Snapshots of the temperature field showing the time evolution for different types of slab behaviors for case 1, which has a Clapeyron slope of

¥ = —2.0 MPa/K, a Rayleigh number of Ra = 5 x 10" and a stepwise viscosity increase of n, = 50 at 660 km depth. (a-d) The evolution of the same slab as
shown in Figure 2b, for which the slab is horizontally deflected due to rapid trench migration. (e-h) The evolution of the same slab as shown in Figures 2c and
2d, for which substantial slab buckling occurs with minor trench migration.
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Figure 4. The frequency of flat-lying slabs as a function of depth for case 1 (a), case 2 (b), case 3 (c), and case 4 (d).
Case 1 has a stepwise viscosity increase at 660 km depth. Case 2 has a stepwise viscosity increase at 1,000 km depth.
Case 3 has a stepwise viscosity increase at 1,200 km depth. Case 4 has a smooth viscosity increase from 660 to 1,000
km depth. All cases have endothermic phase transition at 660-km depth with a Clapeyron slope of y = —2.0 MPa/K, a
Rayleigh number of Ra = 5 x 107 and a viscosity pre-factor of n, = 50 for the lower mantle. The vertical dashed lines
show the depths of 660, 1,000 and 1,200 km, respectively.

over 40 Myr). While for the buckled slab in Figures 5c and 5d, the average trench migration rate is about 0.44
cm/yr (Figures S3e-S3h, slab root migrates ~150 km over 34 Myr). This is consistent with our previous dis-
cussion for case 1 that the horizontal deflection of the subducting slabs is caused by rapid trench migration,
while the accumulative buckling of the slabs occurs without rapid trench migration.

The statistics of the depth distribution of flat-slab frequency for case 2 is shown in Figure 4b. Similar to case
1 (Figure 4a), there is a peak of flat-slab frequency (up to ~65%) at depths just above the 660-km discontinu-
ity (Figure 4b). Interestingly, there is a lack of flat-lying slabs at a depth range of ~660-850 km (Figure 4b).
This is because a subducted slab is either horizontally deflected and trapped at the 660-km boundary in the
case of rapid trench migration (e.g., Figure 5b), or sinks nearly vertically to the lower mantle when there is
no rapid trench migration (e.g., Figures 5a and 5c). Many slabs become flat-lying above the 1,000-km depth
due to the viscosity jump at this depth, which are characterized by accumulation and laterally spread out of
slab materials (e.g., Figures 5c and 5d). The flat-lying slabs above 660 km depth are typically driven by rapid
trench migration without much accumulation or buckling, which easily warm up and are difficult to sink
into the lower mantle, while flat-lying slabs at 1,000 km depth due to accumulative buckling could continue
sinking to greater depths by maintaining a buckling morphology. The flat-slab frequency at ~660 km depth
for case 2 is ~30%, which is much smaller than case 1 with ~45% (Figure 4) due to the lack of slab accumu-
lation at 660 km depth for case 2. The flat-slab frequency at ~1,000 km depth for case 2 is ~30%, which is
comparable to case 1 of ~25% at the same depth, suggesting that a viscosity jump at either 660 km depth or
1,000 km depth leads to a similar amount of flat-lying slabs at ~1,000 km depth.

Case 3 uses the same parameters as case 2, except that the viscosity jump now is present at 1,200 km depth
(Figure 1). The slab behaviors in case 3 are quite similar to case 2, which are characterized by vertical pen-
etration, horizontal deflection, and accumulative buckling, except that the accumulation of the subducting
slabs now occurs from 1,200 km depth (e.g., Figure S4). As shown in Figure 4c, two peaks of flat-slab fre-
quency occur at depths just above 660 km where there is endothermic phase transition and around 1,200
km where the viscosity jump is present. There is also a gap in the uppermost lower mantle that lacks flat-
lying slabs and this gap is much wider than that in case 2 due to the deeper viscosity jump depth.
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Figure 5. Snapshots of the temperature field showing different morphologies of subducted slabs for case 2, which has

a Clapeyron slope of y = —2.0 MPa/K, a Rayleigh number of Ra = 5 X 107, and a stepwise viscosity increase of N, = 50 at
1,000 km depth. (a) A slab vertically penetrates to the lower mantle. (b) A slab is horizontally deflected at 660 km depth.
(c) A slab first accumulates at 1,000 km depth (d) and then sinks to the lower mantle while maintaining a flat-lying
morphology. The two dashed lines in each panel correspond to the depths of 660 and 1,000 km, respectively. The green
lines in each panel are the contours of temperature 7' = 0.5 which show the main body of the subducting slabs. The red
lines in (b-d) denote the identified flat-lying slabs at different depths. Note that the ends of the red lines showing regions
of stagnant slabs, which are used for further statistical analysis, may not necessarily match the boundaries of the green
contours due to different definition of the two. Only a part of the model domain is shown in each panel and the full
temperature field for each panel is provided in Figure S2. A full time evolution for case 2 is provided in Movie S2.

In cases 4 and 5, the viscosity pre-factor N, increases smoothly from n, = 1 at 660 km depth to n, = 50 at
1,000 and 1,200 km depth, respectively (Figure 1). In both cases, the flat-lying slabs are characterized by ei-
ther horizontal deflection or accumulative buckling near the 660-km depth, and some of the flat-lying slabs
retain their buckling morphology when they sink to greater depths. The depth distribution of the flat-slab
frequency for cases 4 and 5 (Figures 4d and S6) are nearly the same as that for case 1 (Figure 4a). It has to
be pointed out that the overall pattern of the flat-slab frequency that is calculated by excluding the effects of
multiple flat-lying slabs (Section 2) shows no significant difference for each reference case when compared
to Figure 4, although the amplitude of the frequency at some depths is reduced (Figure S7). In addition, we
examine the effect of using different criteria in defining the flat-lying slabs, that is, the threshold of flat-lying
slab width is 750 or 1,000 km instead of 500 km. As shown in Figure S8a, the pattern of the depth distribu-
tion of the flat-slab frequency for a slab width of 750 km is similar to that for a slab width of 500 km, except
that the magnitude of the frequency has reduced. When the threshold of the flat-lying slab width is 1,000
km, flat-lying slabs are rare in the deep mantle below the 660-km depth (Figure S8b). It has to be pointed
out that the relatively long flat-lying slabs of >1,000 km are also only seismically observed above the 660-
km depth (Fukao & Obayashi, 2013; Goes et al., 2017). Therefore, a threshold width of 500 or 750 km in
our models is more reasonable to account for flat-lying slabs at all depths than a width of 1,000 km. We also
perform cases in which the exothermic phase transition at 410 km depth and the latent heating due to phase
changes (both at 410 and 660 km depth) are both considered under the extended Boussinesq approximation.
We find their effects on the depth-distribution of flat-lying slabs are rather minor (Figure S9).

3.2. The Effects of Clapeyron Slope

In the above reference cases 1-5, we use a regular Clapeyron slope of y = —2.0 MPa/K for the 660-km phase
transition. We now examine the effects of Clapeyron slope by varying y to 0 MPa/K (cases 1-1, 2-1, 3-1, 4-1,
and 5-1), —1.0 MPa/K (cases 1-2, 2-2, 3-2, 4-2, and 5-2), and —3.0 MPa/K (cases 1-3, 2-3, 3-3, 4-3, and 5-3).
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Figure 6. The frequency of flat-lying slabs as a function of depth for cases with different Clapeyron slopes, based on the reference cases of case 1 (a), case 2 (b),

case 3 (c), and case 4 (d).

The statistics of the flat-slab frequency for these new cases are shown in Figures 6 and S10. Generally, with
a given viscosity structure, a larger magnitude of Clapeyron slope for the 660-km phase transition leads to
more flat-lying slabs around this depth and at greater depths below the transition zone (Figures 4, 6, and
S10). Interestingly, when there is a viscosity increase at 660 km depth (no matter whether it is a sharp or
smooth increase), flat-lying slabs can still occur around the 660-km discontinuity even though the Clapey-
ron slope is reduced to 0 MPa/K (Figures 6a, 6d, and S10). In such cases, the increased viscosity alone can
provide sufficient resistances in hindering the subducted slabs, and the stagnation events are caused by both
horizontal deflection and accumulative buckling of the slabs (e.g., Figure 2). However, when the depth of
the sharp viscosity increase is moved to 1,000-1,200 km, slabs can only become flat-lying above the 660-km
depth when the negative Clapeyron slope for the phase transition at this depth is larger than —1.0 MPa/K
(Figures 6b and 6¢), and just above ~1,000-1,200 km depth, and there remains a depth range of ~700-900
km that lacks flat-lying slabs unless the magnitude of the Clapeyron slope reaches —3.0 MPa/K (Figures
6b and 6c). With a Clapeyron slope of —3.0 MPa/K, many slab accumulation events occur at 660-km depth
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even though there is no viscosity jump at this depth, and the accumulated slabs later sink to the lower man-
tle and many of them maintain a flat-lying morphology.

3.3. The Effects of the Magnitude of Viscosity Increase

In the reference cases 1-5, the magnitude of the increased viscosity from the upper to lower mantle, i.e.,
the viscosity pre-factor N, is set to 50X. In this section, we show the effects of different N; of 10X (cases 1-4,
2-4, 3-4, 4-4, and 5-4), 30X (cases 1-5, 2-5, 3-5, 4-5, and 5-5), and 100X (cases 1-6, 2-6, 3-6, 4-6, and 5-6). For
a given viscosity structure as shown in Figure 1, a larger 1, leads to more flat-lying slabs around the depth
with viscosity increase, that is, for cases 1-(4, 5, 6), cases 4-(4, 5, 6), and cases 5-(4, 5, 6) at 660 km depth, for
cases 2-(4, 5, 6) at 1,000 km depth, and for cases 3-(4, 5, 6) at 1,200 km depth, respectively (Figures 4, 7, and
S11). This is because with a larger magnitude of the increased viscosity in the lower mantle, the subducted
slabs are more easily accumulated above the viscosity increase boundary, since it is more difficult for slabs
to directly penetrate the boundary. The enhanced accumulation of subducted slabs therefore results in more
flat-lying slabs at the viscosity increase depth and also depths below due to the subsequent sinking of the
slabs (Figures 4 and 7). However, the variation of the viscosity pre-factor does not significantly affect the
absence of flat-lying slabs (i.e., the gap) in the uppermost lower mantle for cases in which the viscosity jump
occurs at 1,000-1,200 km depth (Figures 7b and 7c). With a relatively small viscosity jump of N, = 10X, the
flat-lying slabs mostly occur around the 660-km discontinuity, and flat-lying slabs rarely occur at depths be-
low 660 km, even when the viscosity increase occurs at 660 km depth (Figures 7a, 7d, and S11). In contrast,
even when there is no viscosity increase at 660 km depth, a higher viscosity at greater depths of 1,000-1,200
km promotes slabs to be flatted at 660 km depth (Figures 7b and 7c). This is consistent with previous studies
which suggested that a high-viscosity zone below 1,200 km depth could act as a resistive force to facilitate
slab stagnation around a depth of 660 km (Yoshioka & Naganoda, 2010).

3.4. The Effects of Rayleigh Number

In the reference cases 1-5, the Rayleigh number is 5 x 10’. In this section, we show the results of models
with a different Rayleigh number of 2 x 107 (cases 1-7, 2-7, 3-7, 4-7, and 5-7), 1 x 10° (cases 1-8, 2-8, 3-8,
4-8, and 5-8) and 2 x 10° (cases 1-9, 2-9, 3-9, 4-9, and 5-9). For a given viscosity structure, a larger Rayleigh
number leads to a less stable convection pattern and often a larger trench migration rate which leads to a
higher probability of the subducted slabs to be horizontally deflected. In addition, a larger Rayleigh number
also leads to a relatively thinner thermal boundary layer or a thinner slab which promotes flat-lying slabs as
well. Therefore, a larger Rayleigh number results in more flat-lying slabs around 660 km depth (Figures 4, 8,
and S12). However, the variation of the Rayleigh number does not significantly affect the depth distribution
of flat-lying slabs below the 660 km depth (Figures 4, 8, and S12). In particular, for cases with viscosity jump
at 1,000-1,200 km depth, the gap in the uppermost lower mantle with a lack of flat-lying slabs still exists,
even when the flat-lying slabs have been significantly enhanced around the 660-km depth (Figures 8b and
8c). This further demonstrates what we have discussed in Section 3.1, that is, the flat-lying slabs character-
ized by horizontal deflection caused by rapid trench migration do not substantially sink to greater depths
in the lower mantle, and the flat-lying slabs at greater depths below the transition zone are dominated by
accumulative buckling of the subducted slabs.

4. Discussion

In this study, we perform fully dynamic and self-consistent numerical modeling experiments to study the
dynamics of subducting slabs in the deep mantle. Our models have a free-slip surface boundary condition,
and subducting slabs form naturally as a result of thermal boundary layer instability. We examine the be-
haviors of all subducting slabs in the deep mantle during a ~4,000 Myr time-window of the model run. Due
to the intrinsic unstable nature of the convection system, we observe a large variation of slab morphologies
from time to time (Movies S1 and S2). We therefore argue that, for our models, a statistical analysis of the
behaviors of all subducting slabs is more robust than focusing on the dynamics of a single slab. Our models
also include the endothermic phase transition at 660 km depth, and we test the effects of different structures
of the increased viscosity from the upper to lower mantle. The rheology employed in our models did not
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Figure 7. The frequency of flat-lying slabs as a function of depth for cases with different magnitudes of viscosity increase, based on the reference cases of case
1 (a), case 2 (b), case 3 (c), and case 4 (d).

consider the dislocation creep or other deformation mechanisms (e.g., yielding process) which may affect
the slab strength and trench velocity as suggested by previous studies. However, the large population of
slabs that we examined already cover a wide range of slab strengths, and our models already have a wide
range of trench migration rates because the convection pattern often varies from time to time and model to
model. In addition, we here focus on the influence of the depth-dependence of viscosity structure. It is not
our goal here to examine the influence of other factors (e.g., water and other deformation mechanisms),
some of which are not well constrained such as the amount of water in the mantle and its influences on
mantle viscosity.

Importantly but not surprisingly, our numerical modeling experiments that employ fully dynamic models
and use statistical analysis confirm some of the previous geodynamic modeling results. We confirm that
the trench migration rate significantly affects whether the subducting slabs can penetrate the discontinu-
ities with phase transition and/or viscosity jump, which is relatively well known (e.g., Christensen, 1996;
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Figure 8. The frequency of flat-lying slabs as a function of depth for cases with different Rayleigh numbers, based on the reference cases of case 1 (a), case 2

(b), case 3 (¢), and case 4 (d).

Cizkova et al., 2002; Torii & Yoshioka, 2007). With rapid trench migration, subducting slabs are always
horizontally deflected and lay above the discontinuities. In such a situation, the flat-lying slabs often be-
come warm and weak due to thermal diffusion and are difficult to penetrate the discontinuities. Without a
rapid trench migration, the subducting slabs tend to directly penetrate the discontinuities. We also find that
when a subducting slab is relatively warm and weak, it is more likely to first accumulate into large volume
and wide lateral extent above the discontinuities before sinking through the discontinuities, therefore, this
accumulative buckling of the subducting slabs can also result in significant flat-lying slabs (e.g., >500 km)
that are temporally stagnant (e.g., Figures 2 and 5).

We show that the viscosity structure of the deep mantle plays an important role in controlling the occur-
rence of flat-lying slabs in the uppermost lower mantle. We find that if there is a sharp viscosity jump at 660
km depth, flat-lying slabs mostly occur above this depth, but significant flat-lying slabs also occur at greater
depths below the transition zone in the deep mantle. However, if the sharp increase of viscosity occurs at
1,000-1,200 km depth, then flat-lying slabs mostly occur at 660 km depth and 1,000-1,200 km depth. These
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results are expected and consistent with previous studies (e.g., Ballmer et al., 2015; Cizkova & Bina, 2019;
Yoshioka & Naganoda, 2010). We find that a smooth increase of viscosity from 660 to 1,000-1,200 km depth
has similar effects to a sharp viscosity increase on the depth distribution of flat-lying slabs, as also shown re-
cently by Cizkové4 and Bina (2019). We also find that a viscosity increase at 1,000-1,200 km depth promotes
slab lying at 660 km depth as well, similar to that found by Yoshioka and Naganoda (2010).

One important new finding from using our statistical analysis is that there is a lack of flat-lying slabs in
the uppermost lower mantle when the viscosity increase occurs at 1,000-1,200 km depth. This is because
in such case, the subducting slabs either become flat-lying and are trapped above the 660-km depth in the
presence of rapid trench migration, or directly sink to the lower mantle and some become flat-lying near
1,000-1,200 km depth. The resistance due to phase transition at 660 km depth alone, with a regular Clap-
eyron slope of —2.0 MPa/K, is not sufficient to cause subducting slabs to first accumulate into large volume
and lateral extent before sinking to the lower mantle. In addition, we find that when the viscosity increases
at 660 km depth, a significant amount (up to about one third) of the flat-lying slabs above 660 km depth later
sinks to the lower mantle and maintains a flat-lying morphology. Importantly, the frequency of flat-lying
slabs at ~1,000 km depth is similar between cases with a viscosity jump at either 660 or 1,000 km depth. A
viscosity jump at ~1,000 km depth is not required to cause flat-lying slabs at this depth.

Finally, we discuss how our results can help understand the mantle viscosity structure. Seismic tomography
observations have shown that although most of the stagnant slabs are found at depths of ~660 km, there are
also many subducting slabs being deflected and trapped in the uppermost lower mantle (e.g., Fukao & Obayas-
hi, 2013; van der Meer et al., 2018). Figures 9a-9c show three vertical cross-sections of the tomography model
(GAP_P4, Fukao and Obayashi [2013]) with clearly flat-lying slabs that occur at a range of depths from the
base of the transition zone to ~1,000 km. Another piece of evidence implying that significant slab materials
have been trapped at all depths from the transition zone to depths ~1,000 km is shown in Figures 9d-9f, in
which we quantify how much percentage of the global area at each depth in the mantle is occupied by sub-
ducted slabs with higher-than-average seismic velocities from both P-wave and S-wave tomography models.
We find that in all three P-wave models and the S-wave model of SP12RTS, there is a local peak of the areal
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Figure 9. (a-c) Vertical cross-sections of slab images at Western Java, Tonga, and Kermadec from seismic tomography model GAP_P4 (Fukao & Obayashi,
2013). The detailed locations of the cross-sections can be found in Fukao and Obayashi (2013). In (a-c), the dashed lines denote the 660 and 1,000 km depth,
respectively, and the green lines are contours of positive velocity anomaly of 0.5%. (d-f) The percentages of global area that is occupied by subducted slabs

with positive seismic velocity anomalies as a function of depth. The seismic tomography models include three P-wave models GAP_P4 (Fukao & Obayashi,
2013), LLNL-G3Dv3 (Simmons et al., 2012), HMSL-P06 (Houser et al., 2008), and three S-wave models SEMUCB-WM1 (French & Romanowicz, 2014), S40RTS
(Ritsema et al., 2011), and SP12RTS (Koelemeijer et al., 2015). We tested three different thresholds of the seismic velocities to identify subducted slabs, including
0.5%, 0.7%, and 1.0% for both Vp and Vs anomalies.
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percentage at ~600 km depth, and for model HMSL-P06 (green curve), a local peak is also observed at ~800
km depth which has a similar value to that at 600 km depth. The areal percentage in models of EMUCB-WM1
and S40RTS decreases monotonically with the increase of depth to ~800-900 km. There is no significant depth
variation of areal percentage below 1,000 km depth for all model regardless of the velocity threshold chosen
to define slab materials. Nevertheless, the areal percentage of slab materials at ~660-900 km depths is always
higher than that for depths > 1000 km, which is consistent with Figures 9a-9c, showing that flat-lying slabs
exist in the uppermost lower mantle. We emphasize that here we do not intend to make a one-to-one com-
parison between our models and seismic observations, but to make the point that seismic observations show
significant flat-lying slabs in the uppermost lower mantle, which (based on our modeling results) requires a
viscosity increase at 660 km depth and cannot be caused by a viscosity jump merely at ~1,000-1,200 km depth.

5. Conclusions

In this study, using a series of 2-D self-consistent, fully dynamic mantle convection models, we investigate
what is the mechanism that causes, and the statistic depth-distribution of, flat-lying slabs in the deep man-
tle. The systematic study shows that the flat-lying slab is caused by two end-member mechanisms: One is
characterized by horizontal deflection of the subducting slabs in the presence of rapid trench migration,
and the other by accumulative buckling of slab materials in the case of no rapid trench migration. Both the
phase change buoyancy due to a negative Clapeyron slope and the viscosity increase can trigger horizontally
deflected type of flat-lying slabs if rapid trench migration exists. However, the viscosity increase is crucial
for flat-lying slabs caused by accumulative buckling of the subducted slabs.

We find that, if the viscosity increases at 660 km depth, no matter whether it is sharp or smooth, significant
flat-lying slabs occur above this depth. In such a case, many of the flat-lying slabs with sufficient accumu-
lation eventually sink to the lower mantle and maintain their flat-lying morphology from 660 km depth to
greater depths of ~1,000 km. A viscosity jump at 660 km depth causes a similar frequency of flat-lying slabs
at ~1,000 km depth when the same viscosity jump occurs at ~1,000 km. Therefore, a viscosity increase at
~1,000-1,200 km depth is not required to explain the observed flat-lying slabs at ~1,000-1,200 km depth.
In contrast, although a viscosity increase at ~1,000-1,200 km depth alone helps subducted slabs to become
flat-lying at 660 km depth, it leads to a lack of flat-lying slabs at ~700-900 km depths which is inconsistent
with the presence of flat-lying slabs in the uppermost lower mantle observed for the real Earth.

Data Availability Statement

The numerical code and other data that support the findings of this study are available from the corre-
sponding author upon reasonable request.
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