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Abstract Seismic observations suggest (1) significant accumulation of subducted slabs above the
670‐km discontinuity in many subduction zones, (2) possible structure change at ~1,000‐km depth, and
(3) the large low shear wave velocity provinces above the core‐mantle boundary in the African and
Pacific lower mantle be associated with chemical heterogeneity. Global mantle convection models with
realistic plate motion history reproduce most of these structures. However, it remains unclear how the
convection models compare with seismic models at different spatial wavelengths and depths. By
conducting quantitative analysis between mantle convection and seismic models, we found that mantle
convective structures show significant correlations with seismic structures in the upper mantle and
mantle transition zone for wavelengths up to spherical harmonic degree 20. However, the global
correlation is weak at intermediate to short wavelengths (for degrees 4 and higher) in the lower mantle
below ~1,000‐km depth. A weak layer beneath the spinel‐to‐postspinel phase change help consistently
reproduce stagnant slabs in the western Pacific, while having insignificant effects elsewhere, that is, the
large low shear wave velocity province structures. The cold slab structures and their correlations
with the seismically fast anomalies are nearly identical for our convection models with and without the
plumes, indicating that seismically fast anomalies in the mantle mainly result from the subducted slabs.
Models with viscosity increase at 1,000‐km depth and the 670‐km depth phase change may reproduce
seismic slab structures including the stagnant slabs in the mantle transition zone equally well as
models with a thin weak layer below the 670‐km phase boundary.

1. Introduction

Studies of mantle seismic structure have significantly improved our understanding of the structure and
dynamics of the Earth's mantle since the landmark paper published about 40 years ago (Dziewonski et al.,
1977). Global seismic models consistently show that the circum‐Pacific seismically fast velocity anomalies
separate the African and Pacific seismically slow velocity anomalies (i.e., large low shear wave velocity
provinces (LLSVPs)) from 1,000‐km depth to the core‐mantle boundary (CMB), giving rise to the so‐called
degree‐2 mantle structure (Dziewonski et al., 1977; French & Romanowicz, 2014, 2015; Houser et al.,
2008; Masters et al., 2000; Panning & Romanowicz, 2006; Ritsema et al., 2011, 1999; Su et al., 1994;
Tanimoto, 1990). Regional and global seismic tomographic models of subduction zones show that some
subducted slabs extend continuously from the upper mantle to the CMB (e.g., Grand et al., 1997; van der
Hilst et al., 1997). These seismic studies demonstrate that significant mass flux occurs across the 670‐km
discontinuity (i.e., the upper and lower mantle boundary), thus supporting the whole mantle convection
model (e.g., Grand et al., 1997) over the layered mantle model that had been favored by some geochemical
arguments at the time (e.g., Hofmann, 1997). The whole mantle model is further supported by the success of
mantle flow models of the long‐wavelength geoid that use the seismic structure as a proxy of mantle
buoyancy (Hager et al., 1985; Ricard et al., 1993).

However, two important features in seismic structures that have emerged from recent seismic studies
may not be in agreement with simple whole mantle convection model. The first is the African and
Pacific LLSVPs that may display different chemical composition from the rest of the mantle (e.g., He
& Wen, 2012; Ishii & Tromp, 1999; Masters et al., 2000; Ni et al., 2002; Su & Dziewonski, 1997; Wen
et al., 2001). The second is that subducted slabs show distinctly different morphologies around the
670‐km discontinuity (e.g., Goes et al., 2017). While at some subduction zones (for example, North
America and the Central America), slabs penetrate into the lower mantle and reach the CMB (e.g.,
Grand et al., 1997; van der Hilst et al., 1997), at other subduction zones, slabs appear to be deflected,
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flattened, and stagnant above the 670‐km depth (e.g., in Honshu, Bonin, and Chile (French &
Romanowicz, 2014; Fukao et al., 2001; Fukao et al., 2009; Fukao & Obayashi, 2013; Ritsema et al.,
2011)) or around the 1,000‐km depth (e.g., in Tonga, Kermadec, and Java subduction zones (Fukao &
Obayashi, 2013)). However, slab stagnation at ~1,000‐km depth is not a consistent feature among seismic
tomographic models, as pointed out in Goes et al. (2017) and Mao and Zhong (2018). At ~1,000‐km
depth apparent change in mantle upwelling structure was also proposed (e.g., French & Romanowicz,
2015). Rudolph et al. (2015) suggested that an increase of mantle viscosity at ~1,000‐km depth, which
they inferred from inverting the geoid, may be responsible for these seismic structures around 670–
1,000‐km depths.

A large number of geodynamic studies have been done to understand the origin and dynamics of the
African and Pacific LLSVPs and slab structures. McNamara and Zhong (2005) showed that the morphology
and structure of the African and Pacific LLSVPs are well explained in global mantle convection models that
treat the anomalies as thermochemical (hot and intrinsically dense) features and include plate motion his-
tory for the last 120 Myr (million years), consistent with other studies (e.g., Bower et al., 2013; Davaille,
1999; Steinberger et al., 2012; Zhang et al., 2010; Zhong & Rudolph, 2015). However, it is still debatable
whether chemical anomalies are required in mantle convection models to explain the LLSVP (Davies
et al., 2012; Zhong & Liu, 2016). Regional and global convection models with plate motion and subduction
history for the last 100–120 Myr have been formulated to interpret the long linear seismic structure of the
Farallon and Tethys slabs in the lower mantle (e.g., Bunge & Grand, 2000; Lithgow‐Bertelloni & Richards,
1998; Liu et al., 2008; Ricard et al., 1993). Slab structures in the upper mantle may depend on trench
motion and slab rheology as suggested in generic mantle dynamic models (e.g., Agrusta et al., 2017;
Billen & Hirth, 2007; Christensen, 1996; Garel et al., 2014; Goes et al., 2017; Holt et al., 2015; Lee &
King, 2011; Stegman et al., 2006; Yang et al., 2018; Zhong & Gurnis, 1995). Recently, Mao and Zhong
(2018) (referred to as MZ18 hereafter) showed that the primary characteristics of slab structures including
the stagnant slabs in the western Pacific mantle transition zone and linear slab structures in the lower
mantle beneath Americas and Asia can be explained in a global convection model that incorporates
thermally insulating CMB condition, the spinel‐to‐postspinel phase change at the 670‐km depth and a
weak layer below the phase boundary and is otherwise similar to that in studies of the LLSVP (e.g.,
McNamara & Zhong, 2005).

In spite of the apparent success of these global convection models in explaining the seismic structures
including the LLSVP and slabs (e.g., Mao & Zhong, 2018; McNamara & Zhong, 2005), three important points
need to be addressed. First, no attempt has been made to compare quantitatively these new convection mod-
els with seismic models and with mantle dynamic models previously constructed under different model
assumptions (e.g., Ricard et al., 1993; Lithgow‐Bertelloni & Richards, 1998; Steinberger, 2000, Steinberger
et al., 2012). Second, because the convection model for slabs by MZ18 used a thermally insulating boundary
condition at the CMB to restrict formation of large‐scale upwelling plume structures at the CMB including
the LLSVP, it is important to test to what extent a more realistic isothermal CMBwould affect slab structures
or a weak layer below the spinel‐to‐postspinel phase boundary in MZ18 would affect the LLSVP structures.
Third, how the proposed increase of mantle viscosity at ~1,000‐km depth (Rudolph et al., 2015) affects man-
tle convective structures (e.g., the slabs) and how well the resulting mantle convective structures correlate
with seismic models are not fully examined. The main objective of this study is to answer these three ques-
tions. It should be noted that a number of previous studies have quantitatively compared lower mantle con-
vective structures with that in seismic models (e.g., Bull et al., 2009; Schuberth et al., 2009; Shephard et al.,
2012). In particular, Becker and Boschi (2002) compared different seismic tomographicmodels (e.g., Ritsema
et al., 1999) with mantle dynamic models (Lithgow‐Bertelloni & Richards, 1998; Steinberger, 2000) by quan-
tifying the correlation among different models for the whole mantle. Our correlation analyses largely follow
Becker and Boschi (2002).

This paper is organized as follows. In the next section, we will describe the mantle convection models
including the imposed surface plate motion history, spinel‐to‐postspinel phase change, mantle viscosity,
and compositional heterogeneities. We will then present different mantle convection model results and
compare them with seismic tomographic and previous convection models by quantifying correlations at
different depths and horizontal length scales. The discussions and conclusions will be presented in the final
two sections.
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2. Methods and Model Setup

Our global convection models may consider depth‐ and temperature‐dependent viscosity, depth‐dependent
thermal expansivity and thermal diffusivity, spinel‐to‐postspinel phase change, plate motion history as sur-
face boundary conditions, and chemically dense materials above the CMB. The models are similar to that in
McNamara and Zhong (2005) and MZ18.

2.1. Governing Equations for Thermal Convection With Phase Changes

Our models of mantle convection are formulated in the three‐dimensional spherical shell geometry with the
Boussinesq approximation and infinitely large Prandtl number. The models may include mantle phase
changes and depth‐ and temperature‐dependent viscosity. The governing equations are the conservation
equations of the mass, momentum, and energy, and the nondimensional equations are the following
(Christensen & Yuen, 1985; McNamara & Zhong, 2004; Zhong et al., 2000, 2008):

∇· u!¼ 0; (1)

−∇P þ ∇· η ε˙ð Þ þ Ra T−BCð Þ−∑jRb
jΓ j

h iber ¼ 0; (2)

∂T
∂t

þ u!·∇
� �

T ¼ ∇2T þH; (3)

∂C
∂t

þ u!·∇
� �

C ¼ 0; (4)

where u! is the velocity vector; P is the dynamic pressure; η is the viscosity; _ε is the strain rate tensor; T is the
temperature; C is the composition field, which can be either 0 or 1 that represents the mantle and the che-
mically distinct and dense materials (i.e., that would form the thermochemical piles), respectively; Γj is a
phase change function for the jth phase change if multiple change changes exist in the model; Ra and Rbj

are the thermal Rayleigh number and phase change Rayleigh number, respectively; B is the buoyancy ratio;ber is the unit vector in radial direction; t is the time; and H is the internal heating generation rate.

Ra and Rb j are defined as

Ra ¼ ρgαΔTR3

κη0
; (5)

Rbj ¼ ΔρjgR
3

κη0
; (6)

where ρ is the mantle reference density, g is the gravitational acceleration, α is the thermal expansivity,ΔT is
the temperature difference between the surface and CMB, κ is the thermal diffusivity, η0 is the reference visc-
osity, Δρj is the density jump for the jth phase change, and R is the radius of the Earth.

The heat production rate H is defined as

H ¼ QR2

CpκΔT
; (7)

where Q is the internal heat generation rate and Cp is the specific heat. In this study, we fix H to be 100 that
leads to about 70–80% internal heating ratio in our models with isothermal CMB boundary condition. Such
ratios are consistent with previous estimates based on plume excess temperature and heat flux observations
(Leng & Zhong, 2008; Zhong, 2006).

B is the buoyancy ratio, which is the ratio of chemical to thermal density contrast and defined as

B ¼ Δρc
αρΔT

; (8)

where Δρc is the density contrast between the two chemical components (i.e., chemical pile versus the nor-
mal mantle). In this study, B is 0.2 or 0.25 and the corresponding density differences are 49.5 and 61.9 kg/m3,

10.1029/2019JB017918Journal of Geophysical Research: Solid Earth

MAO AND ZHONG 9347



respectively. Composition C and buoyancy ratio B are only relevant for
thermochemical convection cases. The initial thickness of the chemical
layer that is flat everywhere above CMB is 250 km, which leads to the
volume of the intrinsically dense material to be comparable with seismic
observations (e.g., He & Wen, 2012; Houser et al., 2008).

2.2. Mantle Phase Change and Viscosity Formulations

A phase change function formulation is used here to represent phase
changes, and the formulation is the same as in Christensen and Yuen
(1985) and Zhong and Gurnis (1994). The phase change function Γj is
defined in dimensionless form as

Γj ¼ 1
2

1þ tanh
πj

δ

� �h i
; (9)

where δ is the phase change width that measures the depth segment of
phase change and πj is the dimensionless “excess pressure” as

πj ¼ d−dj−γj T−Tj
� �

; (10)

where d is the depth, dj and Tj are the reference depth and temperature of
phase change j, and γj is the Clapeyron slope. The Clapeyron slope is nor-
malized by ρgR/ΔT.

In this study, we only consider the phase change at 670‐km depth from
spinel to postspinel phases for which phase change parameters are well
known (Table 1). When Γ is smaller than 0.5, the spinel phase viscosity
is applied even if it is below 670‐km depth. When Γ is larger than 0.5,
the postspinel phase viscosity is applied. We will consider different
Clapeyron slope from 0 to −3.5 MPa/K in our models to test its effect.
Previous studies have demonstrated that the phase change dynamics is
mainly controlled by the Clapeyron slope and density change of the phase
change, while other phase change parameters are less important (e.g.,
Christensen & Yuen, 1985; Zhong & Gurnis, 1994).

Mantle viscosity in our models is both depth‐ and temperature‐dependent
and the nondimensional form is

η T; rð Þ ¼ ηr rð Þexp E 0:5−Tð Þ½ �; (11)

where ηr(r) is the depth‐dependent prefactor and E is the nondimensional
activation energy. In our models, ηr(r) is chosen such that a viscosity
increase with depth by a factor of β occurs at either 670‐ or 1,000‐km depth
with β equal to 100 (Figure S1), which is broadly consistent with the geoid
studies (e.g., Hager & Richards, 1989; King, 1995; Mitrovica & Forte, 2004;
Rudolph et al., 2015). The lower mantle ηr(r) is 2. Note that the dimen-
sional viscosity depends on reference viscosity η0 and hence Ra. The Ra
in most cases of this study are 5 × 107, and the corresponding lower man-
tle viscosity is ~2.5 × 1022 Pa·s by using parameters in Table 2. The nondi-
mensional activation energy E is 9.21 (i.e., corresponding to dimensional
value of 191 KJ/mol if parameters in Table 1 are used) in most cases that
could result in a total viscosity contrast of 104.

Some cases in this study include a weak layer below the phase change
boundary, which plays an important role in producing horizontally
deflected slabs in the transition zone as demonstrated in MZ18. This weak
layer is motivated by mineral physics and geoid modeling studies that sug-
gest significant viscosity reduction associated with the phase change

Table 1
Model Parameters

Parameters Value

Earth's radius, R 6370 km
Mantle thickness, h 2870 km
Mantle density, ρ 3300 kg/m3

Gravitational acceleration, g 9.8 m/s2

Thermal expansivity, αa 3 × 10−5/K
Reference temperature difference, ΔT 2500 K
Thermal diffusivity, κa 10−6 m2/s
Gas constant, Rgas 8.314 J/(K mol)
Specific heat, Cp 1250 J/(kg K)
Spinel to postspinel density change, Δρ1/ρ 8%
Spinel to postspinel phase change width, δ1 40 km
Spinel to postspinel phase change reference depth, d1 670 km
Spinel to postspinel phase change
reference temperature, T1

1573 K

aThermal expansivity decreases by a factor of 2.5 from surface to the
CMB, while thermal diffusivity increases by a factor of 2.18 from surface
to the CMB.

Table 2
Input Parameters for Different Modelsa

Case
Time
(Myr)

Depth
(km) β

γ
(MPa/
K) Ra SP Botm B

1 130 670 100 −2.0 5e7 1000 0 no
2 130 670 100 0 5e7 1 0 no
3 130 670 100 −2.0 5e7 1 0 no
4 130 670 100 −3.5 5e7 1 0 no
5 130 670 100 0 5e7 1000 0 no
6 65 670 100 −2.0 5e7 1000 0 no
7 200 670 100 −2.0 5e7 1000 0 no
8 130 670 100 −2.0 5e7 1000 1 0.2
9 200 670 100 −2.0 5e7 1000 1 0.2
10 458 670 100 −2.0 5e7 1000 1 0.25
11 130 670 100 −2.0 5e7 1000 1 no
12 200 670 100 −2.0 5e7 1000 1 no
13 458 670 100 −2.0 5e7 1000 1 no
14 200 670 100 −2.0 2e7 1000 1 no
15 200 670 100 −2.0 1e8 1000 1 no
16 458 670 100 −2.0 2e7 1000 1 no
17 130 1000 100 0 5e7 1 0 no
18 130 1000 100 −2.0 5e7 1 0 no
19 200 1000 100 −2.0 5e7 1 1 0.2
20 130 1000 100 −2.0 5e7 1 1 no
21b 130 670 100 −2.0 5e7 1000 0 no
22b 200 670 100 −2.0 5e7 1000 0 no

aTime, Depth, β, γ, Ra, SP, Botm, and B represent model total running
time (in Myr), viscosity jump boundary at 670‐ or 1,000‐km depth, viscos-
ity increase at 670‐ or 1,000‐km depth, Clapeyron slope (in MPa/K),
Rayleigh number, and properties of the weak layer below the phase
boundary, bottom thermal boundary condition (0 for insulating and 1
for isothermal boundary condition), and buoyancy number, respectively.
The value for SP reduction represents the factor of viscosity reduction for
the weak layer. When it is 1, no weak layer is present. bCases 21 and 22
use plate motion model by Müller et al. (2016) instead of Seton et al.
(2012).
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(Karato, 2008;Mitrovica & Forte, 2004 ; Panasyuk & Hager, 1998). This weak layer is defined using phase
function Γ. When Γ < 0.5, the mantle viscosity is the same as that in the transition zone. However, for 0.5
< Γ < 0.99, the mantle is considered in superplastic postspinel phase, and its viscosity prefactor is reduced.
The effective thickness of viscosity reduction due to this weak layer is ~60 km. For Γ > 0.99, the normal post-
spinel phase viscosity is applied. The resulting viscosity structure is similar to that in some geoid modeling
studies (Mitrovica & Forte, 2004; Panasyuk & Hager, 1998).

2.3. Boundary and Initial Conditions and Numerical Models

We use time‐dependent plate motions as surface velocity boundary conditions, while the CMB is free‐slip,
similar to previous studies (e.g., Bunge et al., 1998; McNamara & Zhong, 2005). The surface temperature
is prescribed as a constant 0, while the CMB has either a thermally insulating boundary condition or isother-
mal boundary condition with constant 1 (Figure S1). Contrary to the isothermal CMB, the insulating CMB
prevents thermal upwelling plumes from being generated so that ourmodels can concentrate on evolution of
subducted slabs, as used in MZ18. The insulating CMB boundary condition may be justified given that our
models only cover relatively short geological time periods (65–200 Myr). However, we also use isothermal
boundary conditions in this study to examine the possible dynamical interplay between upwelling plumes
and the downwelling slabs.

The initial mantle temperature below the lithosphere is 0.52 (or 1,300 °C) everywhere except for near the
CMB in cases with isothermal boundary condition. For the thermochemical cases, the initial
nondimensional averaged temperature in the lowermost lower mantle is from previous long‐duration case
(Zhang et al., 2010; Li & Zhong, 2017; Figure S1). For most cases, the initial temperature in oceanic litho-
sphere is calculated from a plate model (Turcotte & Schubert, 2014) based on lithospheric ages (Müller
et al., 2013) at the beginning of model calculations. The initial nondimensional temperature for continental
lithosphere increases linearly from 0 at the surface to 0.52 at 150‐km depth. Most of our model calculations
are initiated at 65, 130, or 200 Ma using plate motion history from Seton et al. (2012), and the initial ages of
oceanic lithosphere at 65, 130, or 200 Ma are from Müller et al. (2013). To test the effects of different plate
motion history, we also use plate motion and oceanic lithosphere age models from Müller et al. (2016).
We also perform calculations that initiated at 458 Ma in which the plate motions from 458 to 220 Ma are
from Zhang et al. (2010), from 220 to 200 Ma are from the Seton et al. (2012) at 200 Ma, and from 200 Ma
to present day are from Seton et al. (2012). For these longer time duration models, because the oceanic
age and plate boundary models are not well constrained, the initial lithosphere temperature is simply taken
from the horizontal averaged temperature from the case initiated at 200 Ma.

Governing equations (1)–(4) with the initial and boundary conditions are solved using CitcomS (Zhong et al.,
2000, 2008) on a parallel computer Yellowstone and Cheyenne operated by National Center for Atmospheric
Research. For most cases, we use a mesh with 12 × 128 × 128 × 80 grids and employ grid refinements near
the surface, the phase transition, and CMB in the radial direction. With this grid, the models have a horizon-
tal resolution of 50 km at the surface and 30 km near the CMB. Our numerical resolution tests show that the
main results from this study are well resolved.

2.4. Quantifications of Models

The quantitative comparisons between different models are performed in a spherical harmonic domain, by
following the method by Becker and Boschi (2002). For a field (e.g., convective temperature field at a given
depth) with spherical harmonic expansion of coefficients {alm, blm} at degree l and orderm, its spectral power
at degree l is

σ2l ¼
1

2lþ 1
∑l

m¼0 a2lm þ b2lm
� �

: (12)

The root‐mean‐square (RMS) power of the field is

δvRMS ¼ 1ffiffiffiffiffiffi
4π

p σRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4π

∑lmax
l¼1 2lþ 1ð Þσ2l

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4π

∑lmax
l¼1∑

l
m¼0 a2lm þ b2lm

� �r
: (13)

For most models, we only include degrees l = 1–20 in the RMS power δvrms calculations.
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We define the RMS power for a single degree l as

δvlRMS ¼
1ffiffiffiffiffiffi
4π

p σRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4π

∑l 2lþ 1ð Þσ2l
r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4π

∑l∑
l
m¼0 a2lm þ b2lm

� �r
: (14)

The correlation between two different fields with spherical harmonic expansions {alm, blm} and {clm, dlm} at
certain degree l is

rl ¼ ∑l
m¼0 almclm þ blmdlmð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑l
m¼0 a2lm þ b2lm

� �q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑l

m¼0 c2lm þ d2lm
� �q : (15)

It should be noted that statistical significance of degree correlation rl depends on degree l (Eckhardt, 1984).
For example, for two degree‐1 structures to correlate at the 95% confidence level, r1, is required to be 0.95,
while for degree‐20 structures, r20 = 0.31, would achieve the same level of correlations.

The total correlation from degree lmin to degree lmax is

rtotlmin−lmax
¼ ∑lmax

l¼lmin
∑l

m¼0 almclm þ blmdlmð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑lmax

l¼lmin
∑l

m¼0 a2lm þ b2lm
� �q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑lmax
l¼lmin

∑l
m¼0 c2lm þ d2lm

� �q : (16)

For simplicity, when lmin=1, we write it as rtotlmax
.

The total weighted model correlation for all the depth zj with a total number of layers M is

rlmax
lmin

D E
¼ ∑M

j¼1wjrtotlmin−lmax
zj
� �

∑M
j¼1wj

; (17)

wherewj= (R− zj)
2 is the weighting factor that considers the effect of volume and R is the Earth's radius. For

lmin = 1, we write the total weighted correlation as rlmaxh i. The nonweighted model correlation is the same as
weighted model correlation except that wj equals 1. For seismic tomographic models, we use 28 layers in
total with a uniform spacing of 100 km starting from 100‐ to 2,800‐km depths. We may also compare only
a subset of the 28 layers. When comparing our convection models with seismic tomographic models, for
structure in each of the 28 layers in seismic models, we use convective structure in the nearest layer from
the 80 layers in our convection models to compute correlations.

When comparing tomographic and convection models, we scale the temperature anomalies in convection
models into S wave anomalies. Temperature anomalies are defined as

δT ¼ T−Tave rð Þ; (18)

where Tave(r) is the horizontally averaged temperature at radius r.

We first convert the temperature anomalies at different depth into density perturbation δρ/ρ in
percentage (%)

δρ=ρ ¼ −αδT×100%; (19)

Then we scale δρ/ρ into S wave anomalies δvs/vs by the conversion factor ∧:

∧ ¼ dlnvs
dlnρ

¼ δvs=vs
δρ=ρ

: (20)

Here we use a conversion factor of 3.6 (Karato, 1993), as in Becker and Boschi (2002). Although using a dif-
ferent conversion factor would result in different RMS power δvrms and the conversion factor might be more
complex and depth‐dependent (e.g., Karato & Karki, 2001; Simmons et al., 2009; Simmons et al., 2010), the
calculations of correlations would not be affected.
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3. Results

In this section, we present results of mantle convection models with plate motion history imposed as surface
boundary condition and their comparisons with seismic tomographic models. In total, 22 convection cases
are computed (Table 2) to explore the effects of different model parameters including the Clapeyron slope
of the spinel‐to‐postspinel phase change, model time duration, CMB boundary conditions (i.e., insulating
versus isothermal condition), chemical heterogeneities, mantle viscosity structure (i.e., viscosity layering
at 1,000‐km depth), and Rayleigh number. The first four out of these 22 cases were originally presented in
MZ18, and correlations analyses for these four cases are also included in this study.

3.1. Comparisons Between Different Seismic Tomographic Models

Before comparing our mantle convection models with seismic models, we first quantify correlations among
different global seismic models including S wave tomography models SEMUCB‐WM1 (French &
Romanowicz, 2014) and S40RTS (Ritsema et al., 2011), P wave tomography model GAP_P4 (Fukao &
Obayashi, 2013), and both the P (GyPSuMP) and S (GyPSuMS) wave models from GyPSuM (Simmons
et al., 2010), using the same measures defined in the last section and in Becker and Boschi (2002). Note that
these seismic models use different inversion techniques and data sets. S40RTS (Ritsema et al., 2011), an
updated model of S20RTS (Ritsema et al., 1999), uses data of Rayleigh wave phase velocity, teleseismic body
wave travel time, and normal‐mode observations. SEMUCB‐WM1 (French & Romanowicz, 2014) inverts the
waveforms of long‐period seismograms instead of travel time alone, which could provide better constraints
on mantle structures, especially in the mantle transition zone and the lower mantle. GAP_P4 (Fukao &
Obayashi, 2013) is a P wave travel time tomographic model and takes the finite‐frequency effect into
account. GyPSuM (Simmons et al., 2010) is a joint inversion model of P wave, S wave, and geodynamic
observations that include gravity, divergence of the plate motion, surface dynamic topography, and excess
ellipticity of the CMB.

We now present the comparisons between SEMUCB‐WM1 and S40RTS. We first briefly summarize the com-
mon features presented in both models, and these features are also the most robust features that exist in
nearly all the previous seismic models (e.g., Masters et al., 2000). The large‐scale slab and LLSVP structures
are similar for these two models. In the transition zone, stagnant slabs prevail in the western Pacific regions
(Figures 1a, 1d, S2a, and S2b). At the middle mantle depth (e.g., 1,500 km), the circum‐Pacific and Tethys
slabs are evident, while seismically slow anomalies exist above the African and Pacific LLSVPs
(Figures 1b and 1e). Near the CMB, the LLSVPs that are divided by circum‐Pacific slabs are the dominant
structures (Figures 1c and 1f). In the spherical harmonic domain, these two models correlate well at rela-
tively low degrees (l < 20) or long wavelengths, and the total weighted correlations from degrees 1 to 8,
<r8>, and from degrees 1 to 20 <r20> are 0.80 and 0.69 (Figures 2 and 3), respectively. For higher degrees
(l > 20), the correlations between these two models are generally much worse (Figure 2a). Thus, the
short‐wavelength structures in the tomographic models should be treated with caution.

Figure 1. Map view of shear wave velocity anomalies frommodels (a–c) SEMUCB‐WM1 and (d–f) S40RTS at 600‐, 1,500‐,
and 2,700‐km depths.
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The correlation between these two models is also depth dependent and is generally better near the surface
and CMB (Figures 2a and 2b). The worst correlation is at ~800–1,100‐km depths (Figures 2a and 2b) where
the existence of stagnant lower mantle slab structures is debated (e.g., Goes et al., 2017; MZ18). Noticeably,
the correlation is significantly worse at degrees 7 and 11 in the upper mantle and mantle transition zone,
possibly reflecting the difference in stagnant slab structure in the transition zone between the models. For
800–1,100‐km depth range, the correlation is relatively poor even at degrees 1 and 5 (Figures 2a and 2b).
While this leads to significantly reduced total correlation at long wavelengths (from degrees 1 to 3 or to 8)
over this depth range (Figure 2b), the total correlation at intermediate wavelengths (from degrees 4 to 20)
does not show significant change compared with other depths (Figure 2b). The RMS powers δvrms are nearly
the same for both models in the middle mantle range but are larger in model SEMUCB‐WM1 near the
surface and CMB (Figure 2c). As in previous models, degree‐2 power is the strongest at nearly all
depths (Figure S3).

Similar to the comparison between SEMUCB‐WM1 and S40RTS, the total correlations are relatively high for
long‐wavelength structures for all the seismic tomographic models considered in this study. The total
weighted correlation <r8> ranges from 0.80 (S40RTS versus SEMUCB‐WM1; Figure 3a) to 0.62 (GAP_P4
versus GyPSuMP), and <r20> ranges from 0.69 (S40RTS versus SEMUCB‐WM1; Figure 3a) to 0.56
(SEMUCB‐WM1 versus GyPSuMP; Figure 3a). In general, S wave anomaly models correlate better with
SEMUCB‐WM1 (also a S wave model) than P wave anomaly models with SEMUCB‐WM1, as expected.
Only considering the fast anomalies (i.e., slab structures) does not change the correlation results much
(Figures 3a and 4a). The power spectra are similar for all the tomographic models, in which degree 2 power
dominates (Figure S3). All the S wave models have similar RMS powers δvrms in the middle mantle, while
the largest differences appear near the boundary layers. This is also true for the P wave models, but P wave
models have much smaller δvrms than S wave models across the mantle (Figure S3).

The high correlations for long‐ and intermediate‐wavelength structures (e.g., for l up to ~16 in Figure 2a)
among different seismic models suggest the robustness of these structures with possible exceptions at
~1,000‐km depth. Therefore, interpretation of these robust structures is an important goal for studies of glo-
bal mantle dynamics such as ours presented here. In our study we compare convection model results mostly
with SEMUCB‐WM1, but our general conclusions are insensitive to seismic models given that we are con-
cerned mostly with robust structures.

3.2. Slab Structures From Convection Models With Insulating CMB
3.2.1. Effects of the Weak Layer and the Phase Change
We first present our standard model Case 1, which is Case 4 in MZ18. We only briefly introduce the case
here. This case starts from 130 Ma, the CMB is thermally insulated, the Clapeyron slope for the spinel‐to‐

Figure 2. Comparisons between seismicmodels SEMUCB‐WM1 and S40RTS. (a) The degree correlation between these twomodels at different depths. (b) The total
correlations rtot3 (solid line), rtot8 (dashed line), rtot20 (dotted line), and rtot4–20 (dash‐dotted line) at different depths. (c) The RMS power δvrms (%) at different
depths. The solid line is for SEMUCB‐WM1 and the dashed line is for S40RTS.
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postspinel phase transition is −2.0 MPa/K, and there is a reduced viscosity layer beneath the phase
boundary. As discussed in MZ18, not only the lower mantle seismic slabs but also the stagnant slab
structures in the transition zone are well reproduced in this model (Figures 1, 5, and S2). Specifically, in
the lower mantle, this case successfully reproduces the Farallon and Tethys slabs, and slabs in the eastern
Asia, the Central and Southern Americas (Figures 5b and 5c). As to be demonstrated later, although these
model lower mantle slab structures are similar to those in previous convection models, they also represent
a significant improvement (e.g., Bunge & Grand, 2000; Lithgow‐Bertelloni & Richards, 1998; Liu et al.,
2008; Ricard et al., 1993). In the mantle transition zone of the Northern Honshu, Calabria, Bonin‐

Figure 3. The total weighted correlations between different models and seismic model SEMUCB‐WM1 for structures at
(a) all depths and (b) between 600‐ and 800‐km depths. Cases 1 to 22 are listed in Table 2. Also included are the
correlations with SEMUCB‐WM1 for the slab models stb00d (Steinberger, 2000) and lrr98d (Lithgow‐Bertelloni &
Richards, 1998; Ricard et al., 1993), seismic models S40RTS (Ritsema et al., 2011), GAP_P4 (Fukao & Obayashi, 2013),
GyPSuMS, and GyPSuMP (Simmons et al., 2010). The circles, diamonds, pentagons, and triangles represent the
correlations for l from 1 to 3, from 1 to 8, from 1 to 20, and from 4 to 20, respectively. Different colors represent different
groups of models: the black ones are for Cases 1 to 5 which are mainly about the effects of Clapeyron slope and the weak
layer beneath the mantle transition zone, the green ones are for Cases 6 and 7 which are mainly about the effects of
duration of imposed plate motion history, the red ones are for Cases 8 to 10 which are mainly about the effects of
thermochemical piles, the blue ones are for Cases 11 to 13 which are mainly about the effects of isothermal CMB boundary
condition for purely thermal models, the orange ones are for Cases 14 to 16 which are mainly about the effects of Ra,
the cyan ones are for Cases 17 to 20 which are mainly about the effects of the 1,000‐km discontinuity, the brown ones are
for Cases 21 and 22 which mainly about the effects of using different plate motion models, the purple ones are for previous
slab‐only models stb00d and lrr98d, and the pink ones are for different seismic models.
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Mariana, Tonga, and Western Java subduction zones, Case 1 successfully
explains the long, horizontally deflected stagnant slabs (Figures 5a, S2,
and MZ18's Figures 1, 2, and S4) that previous convection models fail
to explain.

At long wavelengths (l≤ 3) the correlations between Case 1 and SEMUCB‐
WM1 are high across the mantle (Figures 6a and 6b). At intermediate to
short wavelengths (l = 4–20), high correlations between Case 1 and
SEMUCB‐WM1 occur in the upper mantle and the uppermost lower man-
tle, but the correlations decrease significantly to either negative or zero at
depths below 1,000 km in the lower mantle (Figures 6a and 6b). This sug-
gests that it remains a significant challenge for this type of mantle convec-
tion models to consistently simulate mantle seismic structures below
1,000‐km depth at these wavelengths (i.e., <~10,000 km). Although the
correlations for l from 1 to 8 or 20 are significant in the lower mantle, they
mostly result from the good correlations from degrees 1 to 3. The total
weighted correlations <r8> and <r20> between Case 1 and SEMUCB‐
WM1 are 0.43 and 0.30, respectively. If we compare only seismically fast
anomalies (i.e., slabs) in SEMUCB‐WM1 with Case 1, <r8> and <r20>
are improved to 0.48 and 0.31, respectively (Figures S4a and S4b).

Better correlations are exhibited at four different depth ranges (Figures 6a
and 6b). The first depth range is near the surface at ~100‐km depth where
the mid‐ocean ridge structures are well reproduced in our convection
model (e.g., Li et al., 2016; Zhang et al., 2012). The second and third depth
ranges with better correlations are around the mantle transition zone to
800‐km depths and in the middle mantle at 1,400–1500‐km depths,
respectively, reflecting the fact that the stagnant and penetrated slab
structures are well reproduced. The fourth depth range is in the lower-
most lower mantle at 2,600–2,800‐km depths where the slabs pile up
above the CMB (Figure 5c). The smallest correlation in rtot8 is at ~200–

300‐km depths (Figure 6b). At this depth range, the seismic velocity anomalies may be significantly affected
by composition (e.g., seismically fast continental roots) and seismic anisotropy (e.g., Deschamps et al., 2001;
Jordan, 1975; Ritzwoller et al., 2004), while in our isochemical convection models (e.g., Case 1), it is the
negative temperature that dominates the slab (i.e., fast seismic velocity) structure. We found that the corre-
lations at these depths improve significantly if we replace mantle structure in continental cratonic regions
with seismic structure (Figures S5d and S5e versus Figures 6a and 6b). In re‐computing the correlations here,
we define the continental cratonic regions as those in the top 300 kmwith δvs/vs> 2% in SEMUCB‐WM1 and
convert the seismic anomalies into temperature anomalies using the conversion method in equations (19)
and (20) (Figures S5a–S5c). The improved correlations suggest nonthermal contribution to the seismic struc-
ture in continental cratonic regions.

The overall distribution and amplitude of δvrms (Figure 6c) in Case 1 are very similar to that in SEMUCB‐
WM1. Themain difference is at the lowermost lower mantle where due to the insulating boundary condition
at the CMB in Case 1 that excludes thermal plumes or thermochemical piles, δvrms in Case 1 is significantly
reduced. The effects of plumes or thermochemical piles will be discussed in section 3.3. Another difference is
at ~670‐km depth where δvrms in Case 1 has a local maximum due to stagnant slabs. It should be noted that
in the δvrms calculations, we only consider the temperature‐related density anomalies and do not take the
phase change density into account. Also, if we only consider fast velocity anomalies in SEMUCB‐WM1,
the δvrms would be reduced nearly by a half (Figure S4c).

Case 2 differs from Case 1 only by excluding the phase transition and the weak layer. This case is the Case 1
in MZ18. Although Case 2 also reproduces the lower mantle seismic slab structures (Figures 5e and 5f), it
fails to reproduce the stagnant slab structures in the transition zone (Figures 5d and S2). The correlations
of Case 2 with SEMUCB‐WM1 at different depths at different wavelength bands are similar to those for
Case 1 (Figures 3a, 6a, 6b, 6d, and 6e). The main difference is at around 600–800‐km depths for

Figure 4. Same as Figure 3 except that all the seismic models (SEMUCB‐
WM1, S40RTS, GAP_P4, GyPSuMS, and GyPSuMP) include only fast
anomalies and all the convection models include only negative temperature
anomalies.
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intermediate to short wavelengths (i.e., l = 4–20 and 1–20). The correlations of Case 1 with SEMUCB‐WM1
at these two wavelength bands at 600–800‐km depths are better than that of Case 2 that fails to reproduce the
stagnant slabs (Figures 3b, 6b, and 6e), although the difference in correlations does not appear as large as the
transition zone slab structures would suggest (Figures 5a, 5d, and S2). Also, if we only consider the fast

Figure 5. Present‐day dimensionless temperature anomalies of eight different convection models at 600‐, 1,500‐, and 2,700‐km depths. (a–c, d–f, g–i, j–l, m–o, p–r,
s–u, and v–x) Cases 1, 2, 8, 9, 10, 11, 12, and 13, respectively. The left, middle, and right columns are for 600‐, 1,500‐, and 2,700‐km depths, respectively. Note that the
different color bars are used for different depths.
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anomalies in SEMUCB‐WM1, the correlations of Cases 1 and 2 with SEMUCB‐WM1 are all improved, but
the main conclusions remain unchanged (Figures S4 and 4).

We may also compare Cases 1 and 2 by quantifying their correlations. The total weighted correlations
between these two cases are high (Figures S6a and S6b), and <r8> and <r20> are 0.94 and 0.90, respectively,
indicating that Cases 1 and 2 are largely similar. The correlations are nearly perfect for degrees up to 50–60
above 400‐km depth. However, the correlations decrease with increasing degrees (or decreasing wave-
lengths) and increasing depth (Figure S6a). In particular, the first local minimum in correlation between
these two models is at ~600‐km depth, and the weakest correlation occurs at ~1,500‐km depth
(Figure S6b). This is due to the fact that in Case 1 some slabs have been temporarily stopped (for 20–30
Myr) and horizontally deflected (i.e., stagnant) at 670‐km depth due to the phase change and have reached
to different depths in the lower mantle than that from Case 2 (Figures 5b and 5e; seeMZ18). The correlations
are improved at >1,800‐km depths, because the slabs in Case 1 eventually sink into the lower mantle and
pile up above the CMB, like that in Case 2. The RMS power δvrms for Case 1 is noticeably higher at ~670‐
km depth but lower at ~1,500 km than that for Case 2, reflecting the difference in slab structures at these
depths between these two cases. However, δvrms is nearly identical for these two cases at other
depths (Figure S6c).

We now compare these two cases at ~600‐km depths in detail. The RMS powers δvrms
l for structures at this

depth (Figure S7b) show that the power contrast between relatively low degrees (l≲20) and high degrees
(l≳20) is much larger in Case 1 than Case 2. This is because the stagnant slabs in Case 1 represent longer‐
wavelength structures (~1,000 km) compared with directly sinking slabs (~200 km in width) in Case 2
(Figures 5a, 5d, and S2). For example, in Case 1 stagnant slabs appear in the transition zone in most

Figure 6. (a) The degree correlation between SEMUCB‐WM1 and Case 1 at different depths. (b) The total correlations
between SEMUCB‐WM1 and Case 1 at different depths for different wavelength bands: rtot3 (l = 1–3, solid lines), rtot8
(l = 1–8, dashed lines), rtot20 (l = 1–20, dotted lines), and rtot4–20 (l = 4–20, dash‐dotted lines). (c) The RMS power δvrms
(%) for SEMUCB‐WM1 (solid line) and Case 1 (dashed line) at different depths. (d–f) Counterparts of Figures 6a–6c,
respectively, for Case 2.
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regions across the north‐western Pacific, contributing to the power increase of long and intermediate wave-
lengths of l≲20. It is interesting to note that model SEMUCB‐WM1 also shows a large power contrast
between relatively long wavelengths and short wavelengths at this depth, similar to that in Case 1
(Figure S7b). However, at 400‐ and 1,000‐km depths (i.e., above and below the transition zone), Cases 1
and 2 appear to have similar power distribution (Figures S7a and S7c) with much smaller power contrast
between long wavelengths and short wavelengths.

Cases 3 and 4 differ from Case 2 only in that they have the phase transition with Clapeyron slope of−2.0 and
−3.5 MPa/K, respectively (Table 2). Case 3 differs from Case 1 only in excluding the weak layer and differs
fromCase 2 only in including the phase boundary. The slab structures of Case 3 are nearly identical to Case 2
and the stagnant slabs are not well reproduced in neither of Cases 2 and 3 (Figure S2). The total weighted
correlations between Case 3 and SEMUCB‐WM1 are similar to those between Case 1 and SEMUCB‐WM1
for different wavelength bands (l = 1–3, 1–8, 1–20, and 4–20; Figure 3a). For structures between 600‐ and
800‐km depths, although the correlation for long wavelengths (l = 1–3) in Case 3 is noticeably larger than
that of Case 1, at larger degrees of l = 1–8, 1–20, and 4–20 where intermediate and short wavelengths are
included, the correlations of Case 3 are all smaller than those of Case 1 (Figure 3b), confirming that Case
3 does not fully capture the stagnant slab structures (l = 4–20) as well as Case 1. For Case 4, with unrealis-
tically large Clapeyron slope of −3.5 MPa/K, there are widespread stagnant slabs in the mantle transition
zone that are inconsistent with seismic models (see MZ18). Both the total weighted correlations and those
near the transition zone depths for all the wavelength bands between Case 4 and SEMUCB‐WM1 are much
worse than those of Case 1 (Figure 3).

In order to evaluate how the weak layer beneath the transition zone affects slab morphology, we computed
Case 5 which is identical to Case 1 except without the phase change and differs from Case 2 only in having a
weak layer. Without the phase change, the low‐viscosity weak layer fails to produce the stagnant slab struc-
tures (Figures S8a, S8d, and S8e) as Case 1 does. Slabs tend to penetrate into the lower mantle (Figures S8a–
S8g) more easily compared with Case 2 in which no weak layer is employed. Thus, both the phase change
and the weak layer are crucial in reproducing the stagnant slab structures in the transition zone. The overall
correlations of Case 5 with SEMUCB‐WM1 are comparable with those of Case 2 and are slightly worse than
those of Case 1, particularly when short‐wavelength structures are considered (Figure 3).
3.2.2. Effects of Time Duration of Imposed Plate Motion on Slab Structures
We now present Cases 6 and 7 that are identical to Case 1 except that these two models are computed for the
last 65 and 200 Myr, respectively, differing from 130 Myr in Case 1. With only 65‐Ma plate motion history,
most of the slabs have not traveled significantly beyond ~1,500‐km depth into the lower mantle in Case 6
(Figures S9g, S9h, S9j, S9k, S9m, and S9n). Consequently, the correlations of Case 6 with SEMUCB‐WM1
below ~1,500 km are insignificant for all the wavelength bands (Figures S10a and S10b), leading to signifi-
cantly reduced total correlations compared with other cases (Figure 3a). However, the correlations above
~1,500 depth are generally similar to that of Case 1 (Figures 3b, 6a, and 6b). Also, the RMS power δvrms of
Case 6 is much smaller below ~1,500‐km depth compared with Case 1 (Figure S10c versus Figure 6c), again
suggesting that 65‐Myr time duration is not long enough for the slab structures to fully develop in the lower
mantle (e.g., Bunge et al., 1998).

Case 7 with 200‐Ma plate motion history reproduces more slab structures that are not captured in Case 1
with 130 Ma. Especially above the CMB, significantly more slabs which are originated from more ancient
subduction zones are shown in Case 7 (Figures S9k, S9l, S9n, and S9o). Therefore, the longer plate motion
history in Case 7 leads to improved correlations with SEMUCB‐WM1 compared to that of Case 1
(Figure 3), and <r8> and <r20> are 0.49 and 0.33, respectively. The main improvements, as seen in rtot8,
occur at around 800–1,300‐ and 2,200–2,500‐km depths, while at other depths the correlations are similar
to Case 1 (Figures S10e and 6b). The RMS power δvrms of Case 7 is only slightly larger than Case 1 in the
lower mantle (Figure S10f). The improved correlations of Case 7 relative to Case 1 suggest that despite uncer-
tainties with relatively old plate motion history (>130 Ma), the longer plate motion history (200 Ma) is still
helpful in reproducing seismic slab structures in the lower mantle.

3.3. Convection Models With Isothermal CMB Condition

This section explores how isothermal CMB condition may lead to plume and thermochemical piles struc-
tures that may affect the slab structure and the correlations between convection models and seismic models.
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3.3.1. Thermochemical Convection Models
The African and Pacific LLSVPs in the lowermost lower mantle may have a distinct composition compared
with the ambient mantle (e.g., Garnero et al., 2016). To investigate the effect of chemical composition on the
LLSVP and slab structures, we computed three different thermochemical convection models (i.e., Cases 8–
10) with compositional buoyancy, similar to previous studies (e.g., McNamara & Zhong, 2005). These three
cases include an isothermal CMB and a layer of intrinsically dense material above the CMB (Table 2), but
otherwise are similar to Case 1. Cases 8 and 9, both with buoyancy number B of 0.2, differ only in the total
model times that are 130 and 200 Myr, respectively. Case 10 has an even longer total model time of 458 Ma
and a larger buoyancy number B of 0.25 to prevent the chemical piles from fully entrained (e.g., Li & Zhong,
2017; McNamara & Zhong, 2004; Zhong & Rudolph, 2015). Although thermochemical piles are generated
above the CMB below the Africa and Pacific in Case 8, no plumes appear at 1,500‐km depth, suggesting that
more time is required for plumes to form and to ascend when thermochemical piles are presented with the
lower mantle viscosity used in this case (Zhong & Rudolph, 2015). The slab structures for the present‐day
mantle in Case 8 are identical to Case 1 across the mantle (Figures 5a–5c and 5g–5i). The total weighted cor-
relations <r8> and <r20> between Cases 8 and 1 are 0.97 and 0.96, respectively. The main difference com-
pared with Case 1 is the two large thermochemical piles above the CMB (Figure 5i). The overall
correlations of Case 8 with SEMUCB‐WM1 are nearly identical to that of Case 1 at all the wavelength bands
throughout the mantle perhaps except near the CMB where Case 8's correlations with the seismic model is
generally better due to the presence of the thermochemical piles (Figures 3, 4, 6a, 6b, 7a, and 7b). The ther-
mochemical piles in Case 8 also lead to increased RMS power δvrms in the lowermost lower mantle, com-
pared with Case 1 (Figures 6c, 7c, and 8a).

Case 9 with 200‐Ma plate motion history has the best correlations with model SEMUCB‐WM1 among all the
cases in this study, and the main characteristics of both the stagnant slabs and LLSVPs structures in the seis-
micmodel are well reproduced in this case (Figures 5j–5l and S8h–S8k). At 2,700‐km depth, the shapes of the
African and Pacific thermochemical piles in Case 9 (Figure 5l) are nearly identical to the LLSVPs in seismic
tomographic models (Figures 1c and 1f) and represent an improved match to seismic models over Case 8.
The African and Pacific thermochemical piles in Case 9 (Figure 9) are also consistent with previous mantle
convection models without the weak layer beneath the mantle transition zone (e.g., Bower et al., 2013;
McNamara & Zhong, 2005; Steinberger et al., 2012; Zhang et al., 2010; Zhong & Rudolph, 2015). A signifi-
cant portion of the Pacific and African thermochemical piles reaches ~500 km above the CMB, and their
edges rise even higher height (Figure S11). Plumes are now present throughout the mantle in Case 9, and
they show no simple relationship to the edges of the thermochemical piles, as demonstrated in Li and
Zhong (2017). Importantly, the presence of mantle plumes and thermochemical piles does not appear to
affect the slab structures in Case 9 that are similar to that in Cases 1 and 8 including stagnant slabs in the
mantle transition zone and slabs in the lower mantle (Figures 5j, 5k, and 9). Compared with Case 1, the cor-
relations between Case 9 and SEMUCB‐WM1 are improved significantly at all the wavelength bands, and
the <r3>, <r8>, and <r20> with SEMUCB‐WM1 are 0.71, 0.50, and 0.34, respectively (Figure 3a). The
improvements (e.g., rtot3 and rtot8) mainly occur at 400–800‐km depth and below 2,300‐km depth
(Figures 7d and 7e) with the maximum rtot3 and rtot8 at 2,700‐km depth that are 0.91 and 0.66, respectively.
The RMS power δvrms increases at all depths below 300‐km depth compared with Case 1 (Figures 7f and 8a),
reflecting the contributions of mantle plumes to the power (Figure 9).

With longer plate motion history of 458 Ma, Case 10 shows more plumes in the mantle: not only above the
edges of the LLSVPs but also above the middle and outside of the LLSVPs (Figures 5m and 5n). The correla-
tions of Case 10 with SEMUCB‐WM1 are significantly lower than other cases (Figure 3a), particularly from
700‐ to 1,400‐km depths and at degree 1 (Figures 7g and 7h). The reduction in correlations at degree‐1 may
be due to that the Pacific thermochemical pile is significantly larger in size than the African thermochemical
pile near the CMB in Case 10 which causes uneven distributions of mantle plumes originated from the piles
(Figure 5o). As shown in Zhang et al. (2010), the degree‐1 structure is the predominant mantle structure at
~330 Ma caused by assembly of supercontinent Pangea, and has subsequently evolved into predominantly
degree‐2 structure with the Pacific and African thermochemical piles at the present as a result of Pangea
breakup. However, the structure transition depends on model parameters including mantle viscosity, plate
motion history, and chemical buoyancy number (Zhang et al., 2010; Zhong & Rudolph, 2015). With the
model parameters in Case 10, the degree‐1 structure remains relatively strong at the present day.
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However, the slab structures in the mantle, especially the stagnant slabs structures in the transition zone are
still nearly identical to that in Case 1 (Figures 3b, 4b, 5a, and 5m). Because the plumes locations are mainly
controlled by the thermal boundary layer instability and are difficult to predict (Li & Zhong, 2017), the
reduced correlations with tomographic models in models with more plumes are not so surprising. The
RMS power δvrms of Case 10 is nearly the same as Case 9 (Figure 8a), demonstrating that 200 Myr is a
sufficiently long time for thermochemical models to fully develop mantle structures in terms of power.
3.3.2. Purely Thermal Convection Models
It is still in debate whether the LLSVPs are purely thermal or thermochemical origins (Davies et al., 2012;
Zhong & Liu, 2016). We computed Cases 11–13 that are identical to Cases 8–10 except that they are isoche-
mical models excluding chemical buoyancy (Table 2). For Case 11, at 2,700‐km depth, clusters of thermal
plumes are evident in the African and Pacific seismically slow anomalies regions (Figure 5r). And the

Figure 7. Same as Figure 6 but for Cases (a–c) 8, (d–f) 9, and (g–i) 10.
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Figure 8. The depth dependence of RMS power δvrms (%) for different cases, (a) for thermochemical models: Cases 8‐10; (b) for purely thermal models: Cases 11‐13,
and Cases 11‐13 with only negative temperature anomalies (i.e., slab structures); and (c) for different Ra models: Cases 14, 12, 15, and 16. Note that in each figure,
Case 1 is also shown as a reference.

Figure 9. The 3‐D perspective views of Case 9 at present day as viewed from (a) the western Pacific, (b) Americas, (c) Africa, and (d) Pacific. Blue and red surfaces
are isosurfaces of dimensionless temperature anomalies of −0.05 and 0.05, respectively. The yellow transparent surface is at 670‐km depth. The white lines at
surface are plate boundaries at present day, the black arrows at surface are plate motion velocities, and the green lines are the four cross sections shown in Figure S8
at surface and 670‐km depth.
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correlations between Case 11 and SEMUCB‐WM1 at long to intermediate wavelengths (l = 1–3 and 1–8) are
significantly improved in the lowermost lower mantle compared with those between Case 1 and SEMUCB‐
WM1 (Figures 6a, 6b, 10a, and 10b). The rtot3 and r

tot
8 between Case 11 and SEMUCB‐WM1 are 0.93 and 0.62

at 2,800‐km depth, which are nearly identical to the best fit thermochemical model Case 9. Therefore, it is
difficult to distinguish between the purely thermal and thermochemical origins of the LLSVPs solely on
the basis of correlations of mantle convection models with tomographic models in the lowermost lower
mantle. This is consistent with Lassak et al. (2010) that came to a similar conclusion on the basis of long‐

Figure 10. Same as Figure 6 but for Cases (a–c) 11, (d–f) 12, and (g–i) 13.
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wavelength core‐mantle boundary tomography from purely thermal and thermochemical models of
the LLSVPs.

Broadmantle plumes in Case 11 are evident at ~300‐km depth at the present day, as they ascend to the upper
mantle and spread below the lithosphere (Figure S12h), and these plume structures cause significant reduc-
tion in correlation with seismic models in the upper mantle. Unlike in thermochemical model Case 8 that
few plumes appear at 1,500‐km depth (Figure 5h), it takes less time for plumes to develop and ascend
through the mantle in purely thermal model Case 11, as expected. However, the spatial distribution of
plumes at ~300‐km depth is different from that of the slow anomalies in SEMUCB‐WM1, S40RTS, and
GAP_P4 (Figures S12a–S12c). This leads to significantly reduced correlations between Case 11 and
SEMUCB‐WM1 at 200–300‐km depths, compared with Cases 1 and 8 that do not contain such plume struc-
tures (Figures 10a and 10b). However, the plume's effects on correlation appear only significant at depths
less than ~700 km, because the correlations of Case 11 with SEMUCB‐WM1 are similar to that of Case 1
at larger depths (Figures 10a and 10b versus Figures 6a and 6b). The slab structures in Case 11
(Figures 5p–5r) remain similar to that in Case 1 (Figures 5a–5c). This is demonstrated by the nearly identical
correlations of the relatively cold structures (i.e., the slabs) in Cases 11 and 1 with the seismically fast struc-
tures in SEMUCB‐WM1 (Figure 4), although the correlations between Case 11 and SEMUCB‐WM1 are
noticeably worse than those between Case 1 and SEMUCB‐WM1 when their full structures are considered
(Figure 3), indicating that it is not slab structures but plume structures that reduce the correlations in
Case 11. Similar to the thermochemical cases, δvrms of Case 11 in the lowermost lower mantle are larger than
that of Case 1 (Figures 8b and 10c). The δvrms of Case 11 with only the relatively cold structures are only
slightly smaller than that of Case 1 (Figure 8b), suggesting that the temperature anomaly power is domi-
nated by the slabs instead of plumes.

Cases 12 and 13 with longer model time (i.e., 200 and 458 Ma) display similar characteristics to Case 11,
although they showmore plumes than Case 11 (Figures 5p–5x). The plumes significantly reduce the correla-
tions with seismic model mainly in the upper mantle for Case 12 (Figures 3, 10d, and 10e) and at ~700–1,500‐
km depths for Case 13 (Figures 3, 10g, and 10h), but the slab structures and their correlations with the seis-
mically fast anomalies remain nearly the same as in Case 11 and other models (Figure 4). Also, both Cases 12
and 13 show noticeably smaller correlations with the seismic model near the CMB than Case 11
(Figures 10a, 10b, 10d, 10e, and 10g, and 10h). This is because the overall distribution of the plumes in
Cases 12 and 13 differ more from that of the LLSVPs in seismic models (Figures 5u and 5x). The overall
RMS power δvrms for Cases 11–13 are similar at all the depths (Figure 8b), and compared with Case 1, the
main difference is below 2,400‐km depth near the bottom thermal boundary layer. Still, δvrms of Cases 12
and 13 with only the relatively cold structures are similar to that of Case 11.

3.4. Effects of Different Viscosity Structures
3.4.1. Effects of Average Viscosity or Rayleigh Number
The absolute value of mantle viscosity determines effective Rayleigh number Ra and could affect mantle
flow velocity and mantle convective structures. To examine such effects, we compute two isochemical,
purely thermal convection models with 200‐Ma plate motion history with different Ra. Cases 14 and 15
are identical to Case 12 except that Ra are 2 × 107 and 1 × 108, respectively (Ra is 5 × 107 in Case 12 as in
all the other cases presented so far in Table 2). With a smaller Ra at 2 × 107, the plumes and slabs in Case
14 are thicker than those in Case 12 (Figures 5s–5u and 11a–11c), while with a larger Ra, Case 15 shows thin-
ner and more plumes and slabs (Figures 11d–11f). Therefore, the RMS power δvrms is generally smaller for
larger Ra and the vice versa (Figure 8c). Both Cases 14 and 15 have much worse correlations with SEMUCB‐
WM1 than Case 12 with Ra = 5 × 107, not only for the full structures but also for the slab structures
(Figures 3 and 4). Notice that Ra = 5 × 107 is the preferred, because it leads to averaged lower mantle visc-
osity of ~2.5 × 1022 Pa·s that is consistent with postglacial rebound studies as discussed in the model setup
section, and also because with this Ra, Case 12 has better correlations with seismic models. Although 200
Myr appears to be sufficient for plume and slab structures to fully develop with Ra = 5 × 107 or higher
(Figure 8b), it seems too short for Ra = 2 × 107 in Case 14 to fully develop structures in the lowermost lower
mantle. Therefore, we computed Case 16 that includes 458‐Myr plate motion history (e.g., Zhang et al., 2010)
but is otherwise identical to Case 14. However, this does not improve the correlations to the seismic model,
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compared with Case 14 (Figures 3 and 4). The RMS power δvrms of Case 16 is significantly larger than that of
Case 14 (Figure 8c), as more structures are developed in Case 16.
3.4.2. Effects of the 1,000‐km Depth Viscosity Discontinuity
To account for proposed seismic structural change at ~1,000‐km depth (e.g., French & Romanowicz, 2015),
Rudolph et al. (2015) suggested a viscosity increase at that depth. In order to evaluate the effects of a viscosity
increase at the 1,000‐km depth on mantle convective structures and their comparison with seismic tomo-
graphic models, we have computed four additional cases (Cases 17–20 in Table 2). We first present Case
17 that is identical to Case 2 except that the viscosity jump is at 1,000‐km depth instead of 670‐km depth
(i.e., no phase change). Cases 17 and 2 have similar slab structures throughout the mantle except at depths
above 1,000 km (Figures 5d–5f and 11j–11l). More slabs appear at 1,000‐km depth in Case 17 than Case 2
(Figures 12e and 12h), especially in the western Pacific, while less slabs are generated at 600‐km depth in

Figure 11. Same as Figure 5 but for Cases 14–20 that focus on the effects of different viscosity structures.
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Case 17 than Case 2 (Figures 5d and 11j). The correlations of Case 17 with SEMUCB‐WM1 are generally
consistent with but slightly worse than those of Case 2 (Figures 3, 4, 6d, 6e, and 13a, and 13b). However,
as pointed out earlier, the agreement between seismic tomographic models appears to be the worst at
~1,000‐km depth (Figures 2a, 2b, and 12a–12c). It should also be pointed out that neither of Cases 17 and
2 reproduces stagnant structures in the mantle transition zone which are more robust seismic structures.
The RMS power of mantle structure has a minor increase at ~1,000‐km depth in Case 17, while the power
increase occurs at ~700‐km depth in Case 2 (Figures 6f and 13c), showing the effect of viscosity increase.
The RMS powers are otherwise quite similar between these two cases.

Case 18 is identical to Case 17 except for including the phase transition with Clapeyron slope of−2.0 MPa/K
at 670‐km depth. Compared with Case 1, Case 18 does not have the weak layer beneath 670‐km depth and
the viscosity jump is at 1,000‐km depth instead of 670‐km depth. Interestingly, Case 18 shows similar slab
structures to Case 1 throughout the mantle including the stagnant slabs in the mantle transition zone
(Figures 11m–11o), and Case 18 produces even slightly better correlations with SEMUCB‐WM1 than Case
1 at intermediate‐ and short‐wavelength bands (degrees 4–20; Figures 3 and 4). At the 600‐km depth and
in the mantle transition zone, Case 18 shows similar stagnant slab structures to Case 1, especially in the
Northern Honshu (Figures 11m and S8l–S8o). Case 18 correlates with the seismic model much better than
Case 17 (Figures 3 and 4), showing the important effect of the 670‐km depth phase change. Apart from the
localized peak of the RMS power δvrms at ~670‐km depth due to the phase transition, Case 18 also has

Figure 12. (a–c) Seismic velocity anomalies at 1,000‐km depth for seismic models SEMUCB‐WM1, S40RTS, and GAP_P4. (d–k) Present‐day dimensionless tem-
perature anomalies at 1,000‐km depth for convection models Cases 1, 2, 9, 11, and 17–20, respectively.

10.1029/2019JB017918Journal of Geophysical Research: Solid Earth

MAO AND ZHONG 9364



another localized peak at ~1,000‐km depth due to the increase of viscosity (Figure 13f). That Case 18
reproduces the stagnant slabs in the mantle transition zone similar to Case 1 can be understood in terms
of the same lubricating process from the weak layer in Case 1 (MZ18). In Case 18, with the 100 times of
viscosity increase at 1,000‐km depth, the mantle below the 670‐km phase change is similarly weak as in
Case 1, leading to reduced viscous resistance to horizontal spreading of slabs above the phase
change (MZ18).

In order to evaluate potential effects of the viscosity jump at 1,000‐km depth on plumes and LLSVPs, we also
compute Cases 19 and 20 that employ an isothermal CMB condition that permits generation of mantle
plumes. Cases 19 and 20 are modified from Cases 9 and 11 which correlate the best with SEMUCB‐WM1
in the lowermost lower mantle, as discussed in section 3.3. Case 19 with chemically dense layer near the
CMB is identical to Case 9, except that Case 19 excludes the weak layer and the 100 times viscosity increase
is at 1,000 km instead of 670‐km depth. Case 20 differs from Case 19 in excluding the chemically dense layer
and the different total model time. Both the slab and LLSVP‐like structures in Cases 9 and 11 are preserved
in Cases 19 and 20 with the new viscosity (Figures 11p–11u). The total weighted correlations between Case
19 and SEMUCB‐WM1 (<r3> = 0.70, <r8> = 0.49, and <r20> = 0.33) are slightly reduced compared with
Case 9 (<r3>= 0.71, <r8>= 0.50, and <r20>= 0.34), and similar conclusion can bemade for Case 20 relative
to Case 11 (Figures S13a, S13b, S13d, S13e, 7d, 7e, 10a, and 10b). Therefore, to move the viscosity jump from
670‐ to 1,000‐km depth does not change correlations of convection models with SEMUCB‐WM1 when
plumes and thermochemical piles are taken into account.

Figure 13. Same as Figure 6 but for Cases (a–c) 17 and (d–f) 18.
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3.5. The Effect of Different Plate Motion History

The plate motion history (e.g., Seton et al., 2012) used in our models may have different uncertainties at
different times and could affect the overall convection structures. We also test another plate motion his-
tory by Müller et al. (2016). Cases 21 and 22 are identical to Cases 1 and 7, respectively, except using
the new plate motion model. The overall correlations between Case 21 and SEMUCB‐WM1 are nearly
identical to those between Case 1 and SEMUCB‐WM1 at all wavelength bands. The same conclusion
can be made for Cases 22 and 7 (Figures 3 and 4). Therefore, we suggest that our overall results are
not sensitive to the difference between plate motion history models in Seton et al. (2012) and Müller
et al. (2016).

4. Discussions

As global seismic tomography models continuously improve, a number of robust features have emerged: the
predominance of degree‐2 structure throughout the mantle, the African and Pacific LLSVPs, and seismically
fast anomalies of slabs including the stagnant slabs in themantle transition zone and slabs in the lower man-
tle (e.g., French & Romanowicz, 2015; Fukao & Obayashi, 2013; Grand et al., 1997; Houser et al., 2008;
Masters et al., 2000; Ritsema et al., 2011). Significant advance has also been made in global mantle convec-
tion modeling to explain these seismic structures from the lower mantle slabs (Bunge & Grand, 2000; Bunge
et al., 1998; Ricard et al., 1993; Lithgow‐Bertelloni & Richards, 1998; MZ18), to the LLSVPs above the CMB
(Bower et al., 2013; McNamara & Zhong, 2005; Zhong & Rudolph, 2015), and to the stagnant slabs in the
transition zone (MZ18). Our study systematically quantifies how well the global mantle convection models
may reproduce the seismic structures and examines the effects of boundary conditions, plate motion history,
chemical buoyancy, and viscosity (i.e., Rayleigh number) and its different layering (e.g., viscosity increase at
670‐ and 1,000‐km depths).

4.1. How Well Mantle Convection Models Reproduce Seismic Structures?

In general, our convection models (e.g., Cases 1 and 9) reproduce well the main features in seismic tomo-
graphic models including stagnant slabs in the mantle transition zone in the western Pacific, deep slabs in
the lower mantle of North America, Asia, and Tethys, and the African and Pacific LLSVPs in the lowermost
lower mantle. Quantitative comparison between our convection models and seismic models in a spherical
harmonic domain demonstrates that in the upper mantle and the uppermost lower mantle (<1,000‐km
depth), our convection models correlate well with seismic models at long to short wavelengths (e.g., l =
1–3, 1–8, 1–20, and 4–20; Figures 3, 4, 6a, 6b, 7d, and 7e). However, in the deeper part of the lower mantle
(>1,000‐km depth), our convection models have significantly good correlations with seismic models only at
relatively long wavelengths (i.e., from l = 1 to 3, or >13,000‐km wavelengths) and moderately good correla-
tions at relatively shorter wavelengths (i.e., l= 4–5, or 10,000–8,000‐kmwavelengths), but the correlations at
even shorter wavelengths (i.e., l > 5, or <8,000‐km wavelengths) are highly variable from positive to nega-
tive. Since correlations among seismic models at large depths (>1,000 km) are generally high for l < 16
(or >2,500‐km wavelengths; Figure 2a), this suggests that our convection models are still significantly chal-
lenged and limited in modeling the lower mantle structure consistently. The challenges and limitations may
be primarily due to the larger uncertainties in plate motion history for themore distant past and/or the lower
mantle viscosity structure.

Our new slab‐only mantle convection models (i.e., using an insulating CMB condition) by solving the
conservation equations have better correlations with seismic tomographic models compared with previous
slab‐only models lrr98d (Lithgow‐Bertelloni & Richards, 1998; Ricard et al., 1993) and stb00d
(Steinberger, 2000) at different wavelength bands (e.g., l = 1–3, 1–8, 1–20, and 4–20; Figures 3a and
4a). Especially in the mantle transition zone (Figures 3b and 4b), our convection models reproduce the
stagnant slab structures that those previous slab models did not consider. And at 600‐km depth rtot20 with
SEMUCB‐WM1 in our slab‐only models Cases 1 (130 Myr; Figure 6b) and 7 (200 Myr; Figure S10e) are
0.37 and 0.43, respectively, which are much better than models stb00d with rtot20 = 0.26 and lrr98d with
rtot20 = 0.24. Several improvements in our convection models result in the better correlations with seismic
models. First, we use the new and better constrained plate motion history models by Seton et al. (2012)
and Müller et al. (2016). Second, lrr98d used empirical rules for slab advection without solving the con-
vection governing equations, but our mantle convection models solve these equations. Third, stb00d
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and the updated models in Steinberger et al. (2012) did not consider temperature‐dependent viscosity,
which may have significant effects on cold slab structures. Fourth, our models include the spinel‐to‐
postspinel phase transition and a weak layer beneath the phase change that successfully reproduce the
stagnant slab structures observed in seismic models.

Taking the plume or thermochemical pile structures into account, the correlations between our convection
models and seismic tomographic models improve significantly in the lowermost lower mantle. Our best fit
model is Case 9 with 200‐Myr plate motion history in a thermochemical convection model, and its total
weighted correlations with SEMUCB‐WM1 are <r8> = 0.50 and <r20> = 0.34. At 2,700‐km depth, the total
correlations rtot3 and rtot8 are 0.91 and 0.66, respectively. Our best fit purely thermal convection model in the
lowermost lower mantle, Case 11, also has similar correlations with SEMUCB‐WM1 at 2,800‐km depth, and
rtot3 and rtot8 are 0.93 and 0.62, respectively.

Changing the reference seismic model does not affect our conclusions. If we take SMEAN (Becker & Boschi,
2002) as the reference model as previous studies did (Becker & Boschi, 2002; Steinberger et al., 2012), our
slab‐only models also have significantly larger correlations with SMEAN than previous models
(Figure S14). stb00d has <r8> = 0.30 and <r20> = 0.21, lrr98d has <r8> = 0.33 and <r20> = 0.18, and the
best fit slab‐only model in Steinberger et al. (2012) has <r8> = 0.42 and <r20> = 0.34. However, Case 1
(130‐Ma plate motion) has <r8> = 0.48 and <r20> = 0.36, and Case 7 (200‐Ma plate motion) has <r8> =
0.52, and <r20> = 0.38. Taking the plumes and thermochemical piles into account, the model in
Steinberger et al. (2012) has <r8> = 0.53, and <r20> = 0.37, while our thermochemical convection model
Case 9 has <r8> = 0.53, and <r20> = 0.39. If S20RTS is taken as the reference model, the total correlation
rtot20 of our models are also significantly higher those in Shephard et al. (2012) whose models ignored the
temperature‐dependent viscosity and the phase change but considered plate motion models under different
absolute reference frames. For example, at 600–1,500‐km depths, rtot20 of Case 1 is uniformly larger than 0.17
and is 0.44 at 600‐km depth (Figures S15a and S15b), but in Shephard et al. (2012) rtot20 is only half of those of
Case 1 (see Shephard et al., 2012, Figure 7).

The RMS power distribution of our convectionmodels are generally consistent with Swave velocity anomaly
power distribution. Although we mostly present comparisons between our convection models with
SEMUCB‐WM1, our general results are the same when other seismic tomographic models considered in this
study are taken as reference (Figures S3 and S16). If converted into density anomalies, they generally have
similar amplitude. Except above the CMB, the amplitude in mantle convection model is larger than that in
seismic model, which can be explained by irregular sampling and limited resolution in seismic models
(Schuberth et al., 2009). It should be noted that the conversion factor we use in this study is constant
throughout the mantle, while this factor may vary with depth (Karato & Karki, 2001; Simmons et al.,
2009; Simmons et al., 2010).

4.2. Robustness of the Slab and LLSVP Structures

While the locations of slabs are dictated by the plate motion history, the locations of plumes that are formed
from the CMB as a result of boundary layer instabilities are often not predictable (e.g., Li & Zhong, 2017).
Additionally, as plumes ascend through the mantle, their trajectories would be affected by global mantle
flow (e.g., Steinberger & O'Connell, 1998), as well as mantle rheology (Zhong et al., 2000). We found that
the plume structures tend to reduce correlations significantly with seismic models in both purely thermal
convection models (e.g., Figure 10 for Cases 11–13) and long‐time run thermochemical models (e.g.,
Figures 7g and 7h for Case 10). However, in short‐time run thermochemical convection models, the plume
structures do not affect the correlations with seismic models in the upper mantle (e.g., Figures 7d and 7e for
Case 9), because the plumes originated from thermochemical piles tend to be weaker with smaller tempera-
ture anomalies than the plumes originated from the CMB in purely thermal convection models (Li & Zhong,
2017; Tan et al., 2011).

The slab structures do not seem to be affected by the presence of plumes in both purely thermal and
thermochemical convection models (Figures 5a–5c and 5j–5x) because plumes mostly occur far away
from slab regions (e.g., Li & Zhong, 2017). This is supported by our calculations that show nearly the
same correlations between the cold slab structures in our convection models and fast anomalies in seis-
mic models (Figure 4), although the plumes may significantly reduce the correlations (Figure 3). This
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suggests that both the fast velocity anomalies in seismic models and slab structures that are derived
from plate motion history are robust features. Therefore, the use of the thermally insulating CMB
boundary condition is suitable for studying slab structures in the relatively short geological time periods
(65–200 Myr).

The weak layer beneath the mantle transition zone does not appear to affect other mantle structures (e.g.,
LLSVP), although it helps produce stagnant slabs in the mantle transition zone (Figures 5g–5x). The slab
stagnation is only a temporary phenomenon that may last for 20–30 Myr and would not affect the long‐time
evolution of slab penetration into the lower mantle (MZ18). Therefore, the shapes of the thermochemical
plies and plumes in the lowermost lower mantle, which are mainly affected by the subducted slabs above
the CMB, are not affected.

Our purely thermal convection and thermochemical convection model calculations show that correlations
with seismic tomographic models in the lowermost lower mantle alone cannot distinguish thermal and ther-
mochemical origins of the LLSVP structures. This is consistent with previous studies (Bull et al., 2009;
Lassak et al., 2010; Schuberth et al., 2009). Bull et al. (2009) applied the tomographic filter to convection
models by considering the resolution of seismic model S20RTS and found that thermochemical or purely
thermal models show equally good spectral characteristics as S20RTS in the lower mantle. Schuberth
et al. (2009) also applied the tomographic filter and demonstrated that purely thermal model could reconcile
the amplitude of S wave anomalies in the lower mantle. The joint inversion of seismic and geodynamic data
by Simmons et al. (2009) suggests that purely thermal model could explain the observed Swave travel times,
but the low correlation of S wave and P wave in the deep mantle requires some compositional contribution
(Simmons et al., 2010). Instead, Davies et al. (2012) found that purely thermal mantle convection models
with 300‐Myr imposed surface plate motion could explain the S wave anomalies and gradients, and the pre-
sence of postperovskite could reconcile the high S wave to P wave anomaly ratios and anticorrelation
between shear‐ and bulk‐sound velocity anomalies.

4.3. The 1,000‐km Viscosity Discontinuity

Fukao and Obayashi (2013) suggested that some of the slabs appear stalled at ~1,000‐km depth based on
their seismic model GAP_P4. French and Romanowicz (2015) proposed that the seismically slow anomalies
(i.e., plumes) also have a structural change at ~1,000‐km depth. A viscosity increase at 1,000‐km depth was
proposed based on geoid inversion studies and such a viscosity increase may offer an explanation of the seis-
mic structure (Rudolph et al., 2015). However, seismic tomographic models do not seem to agree with the
slab structures at ~1,000‐km depth (MZ18; Goes et al., 2017). As pointed out in previous studies (French
& Romanowicz, 2014; Meschede & Romanowicz, 2014), we also notice that SEMUCB‐WM1 and S40RTS dif-
fer substantially at ~1,000‐km depth at l = 1, so do other seismic models at this depth (Figures 2a, 2b, and
S17). Our convection models show better correlation with SEMUCB‐WM1 at l = 1 at ~1,000‐km depth than
with other seismic models included in this study (Figures 6a, S16a, S16d, and S16g). In addition, the geoid
inversion for mantle viscosity is nonunique (e.g., King, 1995) and viscosity increase at 670‐km depth could
also successfully explain observed geoid (e.g., Hager & Richards, 1989; Liu & Zhong, 2016). The advantage
of Rudolph et al. (2015) is its avoidance of a priori assumptions on viscosity variations with depth, but visc-
osity increase at 670‐km depth may fit the geoid better than that at 1,000‐km depth (Yang & Gurnis, 2016).
Therefore, the dynamics of the mantle around ~1,000‐km depth is still a highly debatable topic that requires
more observational and geodynamic studies.

However, it is interesting to note that our slab‐only convection model (Case 18) with the 670‐km phase
change and viscosity increase at 1,000‐km depth produces extremely similar slab structures throughout
the mantle to Case 1 with the 670‐km phase change, a thin weak layer below the phase boundary,
including the stagnant slab structures in the mantle transition zone and slabs in the lower mantle
(Figures S2e–S2h and S8l–S8o). However, a viscosity increase at 1,000‐km depth by itself without the
phase change (Case 17) fails to produce the stagnant slabs in the mantle transition zone nor at ~1,000‐
km depth, suggesting an important role of the 670‐km phase change. A significant difference between
Cases 1 and 18 is with the northern Mariana slabs: although the slabs are deflected horizontally in the
transition zone in both models, in Case 18 some segments of the slabs also descend into the lower mantle
to ~1,000‐km depth. Therefore, future high‐resolution regional seismic tomographic models may help dis-
tinguish these two viscosity models. It should be noted that in Case 18, viscosity is increased by a factor of
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100 at 1,000‐km depth, while Rudolph et al. (2015) proposed a factor of ~20–30 viscosity increase. Finally,
we suggest that Cases 1 and 18 produce horizontally deflected slabs in the mantle transition zone for the
same reason; that is, the viscosity below the 670 km phase boundary is relatively small, being the thin
weak layer in Case 1 or the uniformly weak layer above the 1,000‐km depth in Case 18, which allows
the slabs to spread horizontally.

Admittedly, our layered viscosity models with viscosity jumps at 670‐ and 1,000‐km depths as in many
previous studies are simplified, and viscosity variations may not necessarily occur at these depths or as
a step function. Furthermore, there is a trade‐off between the thickness and the viscosity of weak layer
(either the asthenosphere or the weak layer beneath the mantle transition zone as we proposed here;
e.g., Richards & Lenardic, 2018), such that the thinner the layer (e.g., the asthenosphere) is, the lower
viscosity is required to achieve the same dynamic effect. However, most observations unfortunately do
not have adequate depth resolution to place constraints on finer scale viscosity structures (e.g.,
Mitrovica, 1996; Paulson et al., 2007). Consequently, we have employed our simplified layer
viscosity models.

5. Conclusions

In this study, we have computed 22 global mantle convection models with different mantle viscosity struc-
ture, CMB condition, plate motion history, and compositional structure. We compare different seismic
tomographic models to identify robust and uncertain features. We compute correlations of convection mod-
els with seismic models to determine how well current generation of convection models may reproduce seis-
mic structures, that is, the success and limitations of convection models. Our main conclusions are as
follows:

1. Our convection models with a weak layer beneath the spinel‐to‐postspinel phase transition reproduce
robust seismic structures in the mantle including stagnant slabs in the mantle transition zone in the wes-
tern Pacific, deep slabs in the lower mantle of North America, Asia, and Tethys, and the African and
Pacific LLSVPs in the lowermost lower mantle. The overall correlations between our convection and seis-
mic models are high at long to short wavelengths (for spherical harmonic degree l from 1 to 20) in the
upper mantle and mantle transition zone, but our convection models can only consistently reproduce
relatively long‐wavelength seismic structures (l from 1 to 3) below 1,000‐km depth in the lower mantle.

2. Mantle plumes in global convection models may reduce the correlations with the seismic models in the
upper mantle, but the plumes and thermochemical piles help improve the correlations in the lowermost
lower mantle. However, the cold slab structures and their correlations with the seismically fast anomalies
are nearly identical for our convection models with and without the plumes. This suggests that the
plumes have a minor effect on slab structures in convection models and that the seismically fast anoma-
lies mainly result from the subducted slabs.

3. When the 670‐km phase change is included, our convection models with a viscosity increase at 1,000‐km
depth have similar correlations with seismic models compared with convection models with a thin weak
layer below the 670‐km phase boundary. Specifically, both models reproduce the stagnant slab structures
in the mantle transition zone.

4. The correlations among different seismic models are high throughout the mantle except for at ~1,000‐km
depth, suggesting that more seismic studies are needed to resolve these differences at ~1,000‐km depth.

5. Our convection modeling studies show that 130 Myr of plate motion history is sufficiently long to repro-
duce most of the seismically fast anomalies throughout the mantle in the seismic models (e.g., Bunge
et al., 1998), but 65 Myr of plate motion history could only reproduce structures in the top 1,500 km of
the mantle.

6. When the isothermal CMB condition is applied to cause mantle plume and LLSVP structures to form,
purely thermal and thermochemical convection models have similarly good correlations with seismic
models in the lowermost lower mantle and have better correlations with seismic models than slab‐only
(i.e., with insulating CMB condition) convection models. The thin weak layer beneath the mantle transi-
tion zone and the 670‐km phase transition have minor effect on the LLSVP structures.

7. The temperature anomaly power is mainly controlled by slabs in most part of the mantle except in
the lowermost lower mantle where plumes or thermochemical piles contribute significantly to the
power.
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