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Models With Plate Motion History
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Abstract The Earth's long- and intermediate-wavelength geoid anomalies are surface expressions
of mantle convection and are sensitive to mantle viscosity. While previous studies of the geoid provide
important constraints on the mantle radial viscosity variations, the mantle buoyancy in these studies,

as derived from either seismic tomography or slab density models, may suffer significant uncertainties.
In this study, we formulate 3-D spherical mantle convection models with plate motion history since

the Cretaceous that generate dynamically self-consistent mantle thermal and buoyancy structures,

and for the first time, use the dynamically generated slab structures and the observed geoid to place
important constraints on the mantle viscosity. We found that non-uniform weak plate margins and
strong plate interiors are critical in reproducing the observed geoid and surface plate motion, especially
the net lithosphere rotation (i.e., degree-1 toroidal plate motion). In the best-fit model, which leads to
correlation of 0.61 between the modeled and observed geoid at degrees 4-12, the lower mantle viscosity
is ~1.3-2.5 X 10?* Pa-s and is ~30 and ~600-1,000 times higher than that in the transition zone and
asthenosphere, respectively. Slab structures and the geoid are also strongly affected by slab strength, and
the observations prefer moderately strong slabs that are ~10-100 times stronger than the ambient mantle.
Finally, a thin weak layer below the 670-km phase change on a regional scale only in subduction zones
produces stagnant slabs in the mantle transition zone as effectively as a weak layer on a global scale.

1. Introduction

Mantle viscosity is a key to understanding fundamental Earth science questions including the large-scale
mantle convection and Earth's dynamic evolution and also important societally relevant questions such
as global sea-level change. While significant progresses have been made to determine the mantle viscos-
ity through the studies of laboratory-based deformation experiments (e.g., Karato, 2008), glacial isostatic
adjustment (e.g., Mitrovica & Forte, 2004; Peltier, 1998), geoid (e.g., Hager, 1984; Hager & Richards, 1989;
Ricard et al., 1993), and post-seismic relaxation (e.g., Pollitz et al., 2001), mantle viscosity remains poorly
constrained.

The Earth's long wavelength geoid anomalies are dynamic expressions of mantle convection and are
controlled by mantle buoyancy and viscosity structure (e.g., Hager et al., 1985; Hager & Richards, 1989;
King, 1995; Ricard et al., 1993). Most previous geoid studies have derived mantle density anomalies (i.e.,
the buoyancy) from seismic tomography models (e.g., Ghosh et al., 2010; Spasojevic et al., 2010; Hager
& Richards, 1989; Liu & Zhong, 2016; Rudolph et al., 2015; Yang & Gurnis, 2016). However, it remains a
challenge on how to convert seismic anomalies into mantle buoyancy, due to uncertainties in seismic struc-
ture and mantle thermodynamic parameters (e.g., Karato & Karki, 2001; Simmons et al., 2009; Stixrude &
Lithgow-Bertelloni, 2011, 2005). Another method of deriving mantle buoyancy is to use subduction history
to empirically estimate slab structures and hence density anomalies in the mantle (e.g., Hager, 1984; Lith-
gow-Bertelloni & Richards, 1998; Ricard et al., 1993). However, the mantle flow and buoyancy structures are
strongly affected by the temperature- and depth-dependent viscosity (e.g., Zhong et al., 2000). Therefore, it
is unclear whether the inverted viscosity structures are dynamically consistent with the buoyancy structures
derived as a priori in the geoid modeling.

Most geoid studies have only considered 1-D radial viscosity variations in instantaneous flow models. How-
ever, mantle viscosity is strongly temperature-dependent, which leads to lateral viscosity variations (LVV).
LVV could have strong effect on the geoid, especially at the subduction zones (e.g., Moresi & Gurnis, 1996;
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Tosi, Cadek, & Martinec, 2009; Zhong & Davies, 1999; Cadek & Fleitout, 2003). However, there have been
debates on how strong the LVV is, especially for slabs (Billen & Hirth, 2007; Hines & Billen, 2012). While
laboratory experiments for the deformation of olivine and numerical models of subduction illustrate that
slab viscosity could be 10* to 10° times larger than the ambient mantle (i.e., 10**~10* Pa-s) (e.g., Billen &
Hirth, 2007; Karato, 2008), geoid studies indicate that slab is only moderately strong and has similar viscos-
ity as the ambient mantle (Moresi & Gurnis, 1996; Yang & Gurnis, 2016; Zhong & Davies, 1999). Further-
more, the effects of LVV are also dependent on the buoyancy structure that is used (Zhong & Davies, 1999).
For example, Ghosh et al. (2010) found that LVV could strongly affect geoid calculated from slab density
models but not for those from seismic models (Moucha et al., 2007).

Mantle convection models with plate motion history have successfully reproduced mantle structures
observed in seismic tomography models (e.g., Bunge et al., 1998; McNamara & Zhong, 2005; Steinberg-
er et al., 2012), particularly the degree-2 lower mantle structures or African and Pacific large low shear
velocity provinces (LLSVPs; McNamara & Zhong, 2005; Zhang et al., 2010; Bower et al., 2013) and sub-
ducted slab structures including the horizontally deflected slab structures in the western Pacific (Mao &
Zhong, 2018, 2019; referred to as MZ18, MZ19 hereafter). Recently, by conducting quantitative comparisons
between this type of convection models and seismic models, MZ19 found significant correlations between
these models at long- and intermediate-wavelengths, especially above 1,000 km depth for spherical har-
monic degrees up to 20. Therefore, using the dynamically generated mantle buoyancy structures and by
fitting the observed geoid, these mantle convection models could provide more robust and self-consistent
constraints on mantle viscosity. In this study, we formulate 3-D spherical mantle convection models with
plate motion history (Seton et al., 2012) to constrain the mantle viscosity by comparing results of convection
models with seismic models, observed geoid and surface plate motion. Because our time-dependent convec-
tion models are computationally expensive, our goal here is to seek for the most robust general features in
mantle viscosity, rather than for viscosity inversion. The paper is organized as follows. In the next section we
will describe the mantle convection model setup. We will then present results of our convection models and
comparisons with different observations. Finally, we will present discussions and conclusions.

2. Methods and Model Setup
2.1. Governing Equations

We use the 3-D spherical shell geometry mantle convection code Citcoms to solve conservation equations of
the mass, momentum and energy with the Boussinesq approximation and infinitely large Prandtl number.
The dimensionless conservation equations are (Zhong et al., 2000, 2008):

Vi =0, 1)
-VP +V - (né)+ |:RaT - szfrj}é, =0, 2
J
or . >
—+(@-V)T = VT +H, 3
& +(@-v) 3

where # is the velocity vector, P is the dynamic pressure, 7 is the viscosity, ¢ is the strain rate tensor, T is
temperature, I'; is a phase change function for the j-th phase change if multiple changes exist in the model,
Ra and Rb are the thermal Rayleigh number and phase change Rayleigh number, respectively, , is the unit
vector in radial direction, ¢ is the time, and H is the internal heat generation rate.

Ra and RV are defined as:

3
Ra = P8 ATR , )
KMo
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where p is the mantle reference density, g is the gravitational acceleration, « is the thermal expansivity, AT
is the temperature difference between the surface and CMB, « is the thermal diffusivity, 7y is the reference
viscosity, Ap; is the density jump for the j-th phase change, and R is the radius of the Earth.

The internal heat generation rate H is defined as

R2

He—2 ©)
pC kAT

where Q is the volumetric heat production rate and C, is the specific heat. In this study, we fix H to be 100

and the corresponding Q is 7.7 X 10™'"> W/kg for reference parameters used here.

2.2. Phase Change and Viscosity Structure

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

1 7
[j = |1+ tanh) ==/, ™
J

where 7; is the dimensionless “excess pressure” defined as

7y =d=d;~7,(T-T)) @)
where d is the depth, d;, §;, and T; are the reference depth, phase transition width and temperature of phase
change j, and 7; is the Clapeyron slope. 7; is normalized by pgR/AT, d, d;, and J; are normalized by Earth

Radius R.

In this study, we only consider the spinel to post-spinel phase change at ~670 km depth and we fix the
Clapeyron slope to be —2.0 MPa/K (dimensionless value of —0.024) that is consistent with mineral physics
studies (e.g., Fei et al., 2004; Litasov et al., 2005). Most cases in this study consider the superplasticity effect
due to the phase change (Karato, 2008; Panasyuk & Hager, 1998; Solomatov & Reese, 2008) by including
either a global or regional weak layer below the phase change boundary, as this weak layer plays an im-
portant role in producing horizontally deflected slabs in the transition zone (MZ18 and MZ19). This weak
layer is defined using the phase function I. When I" < 0.5, the mantle viscosity is the same as that in the
transition zone. However, for 0.5 < I" < 0.99, the mantle is considered in superplastic post-spinel phase, and
its viscosity pre-factor is reduced to be 10 times smaller than that in the transition zone. The effective thick-
ness of viscosity reduction due to this weak layer is ~60 km. The weak layer may only occur in regions with
large radial flow velocity (Panasyuk & Hager, 1998; Solomatov & Reese, 2008), that is, downwelling regions.
Therefore, we also consider the weak layer that occurs on a regional scale using the temperature criteria
oT =T -T,

ave

<-0.01, 9

where 6T and T, are the non-dimensional temperature anomaly and horizontally averaged temperature,
respectively.

Mantle viscosity in our models is both depth- and temperature-dependent and the non-dimensional form is

n(T,r) =1, (r)exp[E(O.S - T)J, (10)

where 7, (r) is the depth-dependent pre-factor and E is the non-dimensional activation energy. The man-
tle is divided into four layers with different ryr(r): the lithosphere (0-130 km depth); the asthenosphere
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Table 1

Model Parameters

Parameters Value
Earth's radius, R 6,370 km
Mantle thickness, h 2,870 km
Mantle density, p 3,300 kg/m’
Gravitational acceleration, g 9.8 m/s’
Thermal expansivity, a* 3%x107°/K
Reference temperature difference, AT 2500 K
Thermal diffusivity, x* 10~° m?/s

Gas constant, Ry

Specific heat, C,

8.314 J/(K mol)
1,250 J/(kg K)

Spinel to post-spinel density change, Ap;/p 8%
Spinel to post-spinel phase change width, &, 40 km
Spinel to post-spinel phase change reference depth, d; 670 km
Spinel to post-spinel phase change reference temperature, T; 1,573 K
Spinel to post-spinel Clapeyron slope, 7 —2.0 MPa/K

Heat production rate, Q

7.7 X 107 W/kg

Reference viscosity, 770b 1.3 x 10% Pa-s

*Thermal 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. "The reference viscosity depends on the Rayleigh number Ra, here we only
present the value at Ra = 5 x 10”.

(130-300 km depth); the mantle transition zone (300-670 km depth); and the lower mantle (670-2,870 km
depth). In the models where the asthenosphere and mantle transition zone have the same viscosity pre-fac-
tor, these two layers are treated as a single layer (i.e., the upper mantle; 130-670 km depth). The lithosphere
viscosity pre-factor 7;;, and the lower mantle viscosity pre-factor 7;,, are fixed at 1 and 2, respectively. The
viscosity pre-factor ratio between the lower mantle and the asthenosphere o =7,,, / 17,,,, (or between the
lower mantle and the upper mantle 7;,, / 77;;,) and between the lower mantle and the mantle transition
zone f =mn,,, / Ny, are varied in our models. The non-dimensional activation energy E is mostly 9.21 (i.e.,
corresponding to dimensional value of 191 KJ/mol if parameters in Table 1 are used) that results in a total
viscosity contrast Vg of 10* which corresponds to the total temperature difference of 2500 K in the mantle.
Because the largest temperature contrast in our slab only model is only ~1300 K, the total viscosity contrast
due to temperature is 10? and the lithosphere viscosity varies from 10** to 10** Pa-s. E is also varied in some
models to test the effect of different slab viscosity.

2.3. Initial and Boundary Conditions

We use time-dependent plate motions (Seton et al., 2012) 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 dimensionless temperature is prescribed as a constant 0 (i.e., 0°C), while the CMB has a thermally
insulating boundary condition as in MZ18. The insulating CMB prevents thermal upwelling plumes from
being generated so that our models can concentrate on the contribution of subducted slabs. The insulating
CMB boundary condition may be justified given that our models only cover relatively short geological time
periods (65-200 Myr).

The initial mantle temperature below the lithosphere is 0.52 (or 1300°C) everywhere. For most cases, the in-
itial temperature in oceanic lithosphere is calculated from a plate model (Turcotte & Schubert, 2014) based
on lithospheric ages (Miiller et al., 2013) at the beginning of model calculations. The initial non-dimensional
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temperature for continental lithosphere increases linearly from 0 at the surface to 0.52 at 130 km depth.
Most of our model calculations are initiated at 130 Ma using plate motion history from Seton et al. (2012)
and the initial ages of oceanic lithosphere at 130 Ma are from Miiller et al. (2013).

Our calculations are performed on parallel computers Cheyenne and RMACC Summit which are operated
by the National Center for Atmospheric Research and University of Colorado at Boulder, respectively. We
use a mesh with 12 x 128 x 128 x 80 grid points and employ grid refinements near the surface, the phase
transition, and the CMB in the radial direction. With this grid, the models have a horizontal resolution of
50 km at the surface and 30 km near the CMB.

2.4. Geoid Calculation

We compute the present-day geoid anomalies caused by mantle thermal (i.e., buoyancy) structure for each
model. In computing the geoid, we replace the present-day surface velocity (i.e., plate motion) boundary
condition with a free-slip boundary condition because prescribing plate motions may introduce artifacts in
the computed buoyancy induced dynamic topography (e.g., Davies, 1988). Additionally, we reduce viscosity
for plate margins in the otherwise high viscosity lithosphere such that the surface plate motions can be
predicted and compared with the observed (e.g., Ghosh et al., 2010; Zhong & Davies, 1999) and more details
can be seen in Sections 3.6 and 4.2.

The model geoid anomalies include contributions from dynamic topography at the surface and CMB and
interior density anomalies including those due to phase change topography caused by convective thermal
structures. Calculations of the geoid consider the effect of self-gravitation and are done in a spherical har-
monic domain (Zhong et al., 2008).

To compare the observed and model geoid anomalies, we compute the correlation and variance reduction
using the spherical harmonic coefficients of the observed geoid {aj, by} and model geoid {c;», din} (Becker
& Boschi, 2002; Liu & Zhong, 2016). The degree-correlation at degree [ is

_ Theo (almclm + blmdlm)
[T 0 [Ea(ch )

The total correlation from degrees Ly, to Lyqy is

an

lmax !
2/ zm 0 (almclm + blmdlm)

! :Imm

Clmin_lmax = bnax Inax ! (12)
Z = m=0 alm + blm z"1 1 z"m =0 Clm + dlm)

I=hnin ‘min

The variance reduction from degrees ;, to Ly is

1 1 2 2
—1- Zlm["“” m=0 (a[m - Clm) + (b[m - d[m) :| ' (13)

1, l 2 2
Z[Z(]IX Z:m:O (a[m + blm)

min

bmin=tmax

The geoid power at degree [ is

P =X (@ +10) as

3. Results

In this section, we present results of mantle convection models with prescribed surface plate motion and
compare the model results of the present-day mantle structure, plate motion and geoid with the observed.
In total, 31 time-dependent cases are computed (Table 2) to explore the effects of different model parame-
ters, particularly the mantle viscosity structure.
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IT:;ulf ;arameters and Geoid Correlations and Variance Reductions for Different Models"

Case ) B Ra Time (Myr) E Corz Vo2 Cyrz Viiz
Al 100 100 5e7 130 9.21 0.73 0.34 0.45 0.20
A2 10 10 5e7 130 9.21 0.20 —0.49 —-0.54 —3.53
A3 30 30 5e7 130 9.21 0.35 0.11 —0.32 —-0.79
A4 60 60 5e7 130 Ot 0.55 0.30 0.11 —0.26
A5 200 200 5e7 130 9.21 0.39 0.14 0.33 0.09
A6 300 300 5e7 130 9.21 0.09 —0.07 0.34 0.06
A7° 100 100 5e7 130 9.21 0.32 0.10 0.08 —-0.24
Bl 100 30 5e7 130 9:2i1 0.38 0.14 0.00 -0.17
B2 200 30 5e7 130 9.21 0.55 0.23 0.29 0.09
B3 300 30 5e7 130 9.21 0.58 0.31 0.46 0.21
B4 600 30 5e7 130 9.21 0.56 0.30 0.61 0.37
B5 1,000 30 5e7 130 9.21 0.52 0.24 0.61 0.37
B5e° 1,000 30 5e7 130 9.21 0.51 0.26 0.48 0.21
B5f° 1,000 30 5e7 130 @21 0.60 0.28 0.61 0.30
B6* 2,000 30 5e7 130 9.21 0.40 0.14 0.53 0.28
B7¢ 3,000 30 5e7 130 9.21 0.39 0.15 0.56 0.31
B8 1,000 10 5e7 130 9.21 0.47 0.21 0.51 0.26
B9 1,000 60 5e7 130 9.21 0.27 0.07 0.54 0.29
B10 1,000 100 5e7 130 Ot 0.17 0.02 0.53 0.27
C1 10 100 5e7 130 9.21 0.25 -0.17 —0.56 —2.65
€2 30 100 5e7 130 9.21 0.44 0.19 —-0.37 —0.78
C3 60 100 5e7 130 9.21 0.55 0.24 —0.09 —0.22
C4 10 300 5e7 130 9:2i1 0.16 —0.13 —0.54 —-2.30
C5 30 300 5e7 130 9.21 0.36 0.13 —0.36 —-0.79
Cé6 60 300 5e7 130 9.21 0.55 0.23 —0.10 —0.31
D1 1,000 30 2.5e7 130 9.21 0.31 0.07 0.51 0.25
D2 1,000 30 le8 130 9.21 0.57 0.28 0.62 0.38
D3 1,000 30 2e8 130 9.21 0.50 0.23 0.58 0.34
El 1,000 30 5e7 130 0 0.52 0.27 0.50 0.25
152 1,000 30 5e7 130 4.21 0.56 0.30 0.53 0.28
E3 1,000 30 5e7 130 13.82 0.22 0.05 0.50 0.25
i 1,000 30 5e7 65 9.21 0.36 0.13 0.65 0.42
152 1,000 30 5e7 200 9.21 0.59 0.28 0.51 0.26

“w, B, Ra, Time, E, Cs.15, V212, Cy12, and V., represent viscosity ratio between the lower and upper mantles (or the
asthenosphere), viscosity ratio between the lower mantle and the transition zone, Rayleigh number, model total
running time (in Myr), activation energy, correlations, and variance reductions between the modeled geoid and
observed geoid at degrees 2-12 and 4-12, respectively. "Case A7 has a global weak layer beneath the spinel-to-post-
spinel phase transition, while all the other models have a regional weak layer in which the weak layer only exists at
regions near slabs. “Case B5e and B5f are models modified from Case B5 with a uniformly weak D” layer and with
low viscosity only for the cold slabs in the D” layer, respectively. “In Cases B6 and B7, the viscosity of slabs in the

asthenosphere are increased by 10 times to maintain coherent slab structures.
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Figure 1. Viscosity profiles for different groups of models. (a) Three layer models: Cases A1-A7. Red solid, black solid, and black dotted lines are for Cases
Al, A2-A6, and A7, respectively. (b) Four layer models with a weak asthenosphere. Red solid and black dashed lines are for Cases B5 and B8-B10, respectively.
Black solid lines are for Cases B1-B4 and B6-B7. (c) Four layer models with a weak mantle transition zone. Black solid and dashed lines are for Cases C1-C3
and C4-Cé, respectively. Note that this is not the simple 7, (r) profile but the horizontally averaged viscosity profile.

3.1. Three Layer Models

In this section, we present three layer models (Figure 1a) in which the mantle is divided into three viscosity
layers: the lithosphere (0-130 km), the upper mantle (130-670 km) and the lower mantle (670-2,870 km)
that have different viscosity pre-factors (Equation 10). We first present Case Al in which the viscosity
pre-factor ratio between the lower mantle and upper mantle, w =1,,, / 77, is 100 (Table 2). This case starts
at 130 Ma. This case is nearly identical to the standard case in MZ18 except that the global weak layer be-
neath the spinel-to-post-spinel phase transition in MZ18 is replaced with a regional weak layer that only ex-
ists in regions with subducted slabs based on criterion defined by Equation 9 (Figure S1a). Similar to MZ18,
Case Al reproduces well the slab structures observed in seismic models (e.g., SEMUCB-WM1 [French &
Romanowicz, 2014, 2015; Figure S2]), such as the stagnant slabs in the western Pacific (Figures 2a-2e), the
slabs in the lower mantle in the circum-Pacific and Tethys subduction zones (Figures 2b, 2c, and 2f-2h).
This suggests that a regional weak layer beneath the phase change works equally well to reproduce the
stagnant slab structures in some of the subduction zones as a global weak layer in MZ18.

Figures 3a-3d shows the observed geoid and the modeled geoid of Cases Al. It is well known that the geoid
highs at degrees 4-12 are mostly located at subduction zones (e.g., Hager, 1984), such as circum-Pacific
subduction zones and Tethys subduction zones (Figure 3a). Our modeled geoid shows a similar pattern as
the observed geoid at degrees 4-12 (Figure 3c). The correlation between the observed geoid and the modeled
geoid of Cases Al at degrees 4-12, C,;,, is 0.45, and the variance reduction, V., is 0.20 (Figure 4a). The
correlations are highest at degrees 4 and 5, and decrease with increasing spherical harmonic degree I (Fig-
ure 5a). The modeled geoid power also decreases with increasing [ as the observed (Figure 5a).

If the long-wavelengths (I = 2-3) geoid anomalies are included, the observed geoid highs are mostly cen-
tered in the Pacific and Africa, above the LLSVPs (Figure 3b). However, the amplitude of the model geoid
highs in these two regions and the geoid power at degrees 2-3 for Case A1l are significantly lower than
the observed (Figures 3d and 5a). The total correlations C,.;, and variance reductions V, ;, between Case
A1 and the observed geoid are 0.73 and 0.34 (Figure 4b). We suggest that the relatively small power of the
model geoid at degrees 2-3 from Case Al be partially due to the lack of upwelling thermal structure in the
lower mantle in our models with a thermally insulating CMB. Even with only downwelling structures, the
lower mantle thermal structures in our models correlate well with the seismic structure at degrees 2-3 with
correlation higher than 0.8 (MZ19). However, upwelling thermal structure in the lower mantle contributes
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Figure 2. Present-day dimensionless temperature anomalies (5T) of Case Al. Panels (a)-(b) are map view of
temperature anomalies at 600 and 1,000 km depths, respectively. Panels (c)-(h) are cross-sectional view of temperature
anomalies in the northern Honshu, northern Mariana, northern Tonga, North America, Central America, and
northern Chile subduction zones, respectively. These six cross-sections are marked as red lines in panels (a) and (b)
and annotated as HON, MAR, TON, NAM, CAM, and CHI, respectively. The three thick black lines in panels (c)-(h)
correspond to 410, 670, and 1,000 km depths, respectively.

significantly to the overall power at degrees 2-3 (e.g., MZ19) that could affect the long wavelength geoid
significantly (e.g., Hager & Richards, 1989; Ricard et al., 1993).

To test the contribution of upwelling structures including LLSVPs to the geoid, we replace the buoyancy

structure below 1,500 km in Case A1 by that converted from seismic velocity anomalies of SEMUCB-WM1
ov, 1V,
(French & Romanowicz, 2014, 2015) using the conversion factor A = #
o/ p
While the correlation of the recomputed geoid to the observed remains similar (Figures 4 and 5), the rec-
omputed geoid power at degree 2 improves significantly (Figure 5a), suggesting that upwelling thermal
structures including LLSVP structures in the lower mantle may contribute significantly to the degree 2-3
geoid. However, the geoid at degrees 4-12 is largely controlled by the structure in the top 1,500 km of the
mantle which is dominated by cold slabs (e.g., MZ19).

= 3.4 (Liu & Zhong, 2016).

Cases A2-A6 differ from Case Al only in that the viscosity ratio between the upper and lower mantles, w,
is changed from 100 to 10, 30, 60, 200, and 300, respectively (Table 2). Similar to Case Al, these cases are
computed for 130 Myr. Note here that we change the ratio by varying the upper mantle viscosity while fixing
the lower mantle viscosity. Compared with Case A1, Cases A2-A4 with a larger upper mantle viscosity show
significantly thicker slabs (e.g., Case A2 in Figures S3a-S3d), while Cases A5-A6 with a smaller viscosity
in the upper mantle show thinner slabs in the upper mantle (e.g., Case A6 in Figures S3e-S3h). Note that
for too weak upper mantle, some slabs cannot maintain a continuous structure in the upper mantle (Fig-
ures S3e and S3h for the Northern Honshu and North America slabs). The geoid correlations and variance
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Figure 3. Geoid maps at degrees 4-12 (left figures) and 2-12 (right figures). Panels a-b, c-d, e-f and g-h are the observed
geoid, the modeled geoid of Cases Al (@ = 7, / 7y = 100), BS (@ = 1144 / Nagn = 1000, B = .0y 1 7177 = 30),
and B5 with viscosity reduction due to Pv-pPv phase transition, respectively.

reductions between Cases A2-A6 and the observed are all worse than those of Case Al (Figure 4, black
circles). To evaluate the effect of viscosity and buoyancy structure separately, we also calculate the geoid by
using the present-day buoyancy structure in Case Al but with w as those in Cases A2-A6 (Figure 4, black
squares). On the one hand, for a given viscosity ratio w, the geoid correlations at degrees 4-12 are higher for
models using the buoyancy structure from Case Al than those from Cases A2-A6, suggesting that Case Al
with w = 100 generates buoyancy structure that could fit the geoid better than that from Cases A2-A6. On
the other hand, when fixing the buoyancy structure from Case A1l with varying viscosity ratio w, the best-fit
geoid still occurs at w = 100 for Case Al, suggesting that w = 100 is the optimal viscosity ratio that dynami-
cally produces thermal and buoyancy structures that fit the geoid for the three layer models.

Case A7 is identical to Case Al except the weak layer beneath the spinel-to-post-spinel phase transition is
a global weak layer as in MZ18 and MZ19 (Figure S1) instead of a regional weak layer as in Case Al. Case
A7 shows nearly identical slab structures as in Case Al, indicating that only the weak layer below sub-
duction zones affects slab structures (e.g., leading to stagnant slabs). However, the geoid correlations and
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Figure 4. Correlations (top figures) and variance reductions (bottom figures) between the modeled and observed geoid
at degrees 4-12 (left) and 2-12 (right) for three-layer models with different 77, / 77, (Cases 1-7). For the modeled
geoid, the buoyancy structures used in the black circles, black squares, red triangles, and black stars are from Cases A1-
A6, Case Al, combination of buoyancy from Case Al above 1,500 km depth and that converted from SEMUCB-WM1
below 1,500 km, and Case A7, respectively.
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Figure 5. The square root degree-power of geoid. (a) The squares, circles, and stars are for the observed geoid, the
modeled geoid of Case Al, and combination of buoyancy from Case A1 above 1,500 km depth and that converted from
SEMUCB-WM1 below 1,500 km, respectively. (b) The squares, circles, and stars are for the observed geoid, the modeled
geoid of Case B5, and combination of buoyancy from Case B5 above 1,500 km depth and that converted from SEMUCB-
WM1 below 1,500 km, respectively. (c) The squares, inverted triangles, stars and triangles are for the observed geoid,
and the modeled geoid of Cases E1, E2, and E3, respectively. (d) The squares, circles, stars, and triangles are for the
observed geoid, the modeled geoid of Case B5, Case B5 with a low viscosity D” layer and Case B5 with reduced viscosity
due to Pv-to-pPv phase transition, respectively.
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variance reductions of Case A7 are all significantly reduced (Figure 4, black stars) compared with those
for Case Al (Figure 4, black circles). Note that such a global weak layer below the 670 km phase change
has been used in the geoid modeling (e.g., Mitrovica & Forte, 2004). Comparison of the geoid modeling
for Cases A7 and Al here suggests that the regional weak layer below subducted slabs may lead to a better
geoid fit.

3.2. Four Layer Models
3.2.1. Weak Asthenosphere

The weak asthenosphere underneath the lithosphere has ubiquitous effects on dynamic process of the
mantle (e.g., Becker, 2017; Richards & Lenardic, 2018; Semple & Lenardic, 2020). To investigate its effects
on the geoid, we formulate Cases B1-B7 with four viscosity layers by including an additional layer of
asthenosphere that extends from the base of lithosphere to 300 km depth (Table 2). In Cases B1-B7, =
My ! 1rz 1s fixed at 30, while w = 7, / 7744, are 100, 200, 300, 600, 1,000, 2,000, and 3,000, respectively
(Figure 1b). For Cases B6 and B7 with w of 2,000 and 3,000, to maintain coherent slab structures in the
asthenosphere, we increase the viscosity of cold slabs in the asthenosphere by 10 times in addition to the
temperature-dependent viscosity. Figure 6a shows the geoid correlations and variance reductions to the
observed geoid for these seven models. The correlations for degrees 4-12 of Cases B4-B5 are the highest
with both at 0.61, and the corresponding variance reductions are both 0.37, representing significant im-
provement over Case Al (Figures 4a and 6a). Both Cases B4 and B5 produce slab structures (Figure 7 for
Case B5) that are similar to the seismic slabs and also those in Case A1 (Figure 2) except that the slabs in
Case B5 are thinner in the asthenosphere due to the small viscosity. The overall geoid pattern of Case B5
(Figures 3e and 5b) is also similar to that of Case Al (Figures 3c and 5a), and the main difference appears
to be that the geoid highs in the western Pacific subduction zones are closer to the trenches in Case B5
than in Case Al.

Cases B8-B10 are identical to Case B5 (i.e., ® = 17;,, / 145, = 1000) except that the mantle transition zone
viscosity is different with g = n;,, / 7, that changes from 30 in Case B5 to 10, 60, and 100, respectively
(Table 2). These cases show smaller correlations and variance reductions to the observed geoid than Case
BS, especially at degrees 2-12 (Figure 6b).

The dynamic geoid is always associated with dynamic topography (e.g., Hager & Richards, 1989). The to-
pography for both Cases Al and B5 display clear signals associated with mid-ocean ridges and trenches
(Figures 8a and 8c), and this is expected because our model with realistic plate motions produces realistic
age-dependent lithospheric thermal structure and subducted slabs. Another clear pattern is the negative
(positive) topography in continental (oceanic) regions. This is due to our model setup in that our model
non-subducting continental lithosphere is generally older hence colder than oceanic lithosphere and also
model lithosphere excludes the crust. This result is similar to that in Zhang et al., (2012) who performed
similar calculations of topography from convection models with longer duration plate motions. However,
Zhang et al. (2012) did not compute the geoid and their model resolution was significantly less than in the
current study.

Following Zhang et al. (2012), we did another calculation of the geoid and topography for Cases Al and B5
in which the same present-day viscosity and buoyancy structures are used, except that the top 200 km of the
mantle buoyancy (i.e., the lithosphere buoyancy) is removed. The resulting topography would not include
lithospheric contribution and can be considered as true dynamic topography (e.g., Hager & Richards, 1989;
Molnar et al., 2015; Zhang et al., 2012). Both Cases Al and B5 show relatively small amplitude (0.5-0.8 km)
of surface dynamic topography above the Pacific and African LLSVPs (i.e., mostly degree-2) that is only
about half to two thirds of that in previous models that considered the upwelling buoyancy structures (e.g.,
Flament et al., 2013; Hager & Richards, 1989; Liu & Zhong, 2016; Yang & Gurnis, 2016). The relatively small
amplitude of dynamic topography in the Pacific and African regions in Cases Al and B5 may be related
to relatively small amplitude of long-wavelengths (degrees 2 and 3) geoid (Figure 5), compared with the
observed.

The surface topography for Case B5 with a weak asthenosphere is uniformly smaller than that of Case A1
at degrees 1-12 (Figure 8e), but how the dynamic topography is related between Cases B5 and A1l is more
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Figure 6. Correlations (top figures) and variance reductions (bottom figures) between different series of the modeled
and observed geoid at degrees 2-12 (red) and 4-12 (black). (a) The modeled geoid are from Cases B1-B7 with different
® = 1y | Nagn- This set of models are used to test the effects of the weak asthenosphere. (b) The modeled geoid are for
Cases B5 and B8-B10 with different g = 5,,, / 7, while @ = 1,,, / 115, is fixed at 1,000. (c) The modeled geoid are for
Cases A1, C1-C3 (circles) with # = 100 and different w, and C4-C6 (diamonds) with £ = 300 and different w. This set
of models are used to test the effects of the weak transition zone. (d) The modeled geoid are for Cases B5 and D1-D3
with different Ra. (e) The modeled geoid are for Cases B5 and E1-E3 with different activation energy E (circles). The
squares are for cases with the same buoyancy structure of Case B5 while varying E. (f) The modeled geoid are for Cases
B5, F1, and F2 with different total time duration.

complicated. Compared with Case A1, the dynamic topography for Case B5 is larger at degrees 1, 3, and
4, similar at degrees 2, 5, and 6, but considerably smaller at degrees 7-12 (Figure 8f). Although a weak
asthenosphere may cause dynamic topography to decrease (e.g., Molnar et al., 2015; Morgan, 1965), our
calculations here show that such an effect is only pronounced at intermediate wavelengths. This may
result from different convective thermal buoyancy structures in models with different asthenospheric
viscosity.
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Figure 7. Present-day dimensionless temperature anomalies (5T) of Case B5.

3.2.2. Weak Transition Zone

The mantle transition zone is also suggested to be weak (e.g., Bercovici & Karato, 2003; Nestola &
Smyth, 2015; Williams & Hemley, 2001) due to potentially high water content. Previous geoid studies (Liu
& Zhong, 2016; Steinberger & Calderwood, 2006) showed that with mantle buoyancy derived from seismic
tomography models a weak mantle transition zone would even lead to a marginally better fit to the geoid,
while the existence of a weak transition zone is still debatable (Lee et al., 2011; Wang et al., 2019). It is
therefore interesting to examine whether a weak mantle transition zone would result in dynamically gen-
erated thermal (buoyancy) structure for the present-day mantle that improves the geoid fit. Additionally,
it is also interesting to examine whether a weak transition zone could help channel slabs to form stagnant
slabs there.

We formulate Cases C1-C6 with a weak transition zone (Table 2). Cases C1-C3 have the same transition
zone viscosity as Case Al with f# = n,,, / 7, =100 but the upper mantle has a larger viscosity with w
that are 10, 30 and 60, respectively; while Cases C4-C6 have weaker transition zone with £ of 300 and
® = Ny | Mag that are 10, 30, and 60, respectively. That is, Cases C1-C3 have the same transition zone
viscosity but larger upper mantle viscosity, compared with Case Al, while Cases C4-C6 have an even
weaker transition zone. Also note that no asthenosphere is included in Cases C1-C6. Cases C4-C6 show
that the weak transition zone does not appear to promote additional slab stagnation in the transition
zone strongly (Figure S4). In addition, the geoid fit at degrees 4-12 for Cases C1-C6 are significantly
worse than that for Case Al or Case B5 (Figure 6c, circles for Cases C1-C3 and diamonds for Cases
C4-Ce6).
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Figure 8. Surface topography, dynamic topography (i.e., excluding the contribution from the buoyancy of the top

200 km), and the corresponding power spectra for Cases Al and B5. The black triangles, black circles, red circles, and
blue circles in panels (e)-(f) are for Cases Al, B5, B5 with a low viscosity D” layer, and B5 with viscosity reduction due
to Pv-pPv phase transition.

3.3. Rayleigh Number

For a given buoyancy structure (e.g., that derived from seismic models), the geoid is only sensitive to the
relative viscosity distribution but not the absolute viscosity (e.g., Hager & Richards, 1989). However, the
absolute value of viscosity determines the effective Rayleigh number that controls the mantle flow velocity
and buoyancy structure. Therefore, the geoid could be strongly affected by the Rayleigh number due to its
influence on buoyancy structure. We compute Cases D1-D3 that are identical to Case B5 (Ra = 5 x 107, a
four layer viscosity model with a weak asthenosphere) except that Ra are 2.5 X 107, 10%, and 2 x 10®, respec-
tively (Table 2). The corresponding reference lower mantle viscosity 7, of Cases B5, D1-D3 are 2.5 X 107,
5.0 x 107, 1.3 x 10*, and 6.3 x 10* Pa-s, respectively. Case D1 with the smallest Ra leads to the thickest
slabs and also unrealistic slab distribution in the mantle transition zone near Antarctica (Figures S5a-S5c),
which is due to subduction between 120-100 Ma near Antarctica, whereas slabs subducted in this time in-
terval have sunk to the lowermost mantle for other cases (Figures S5h and S51; also see Figure S7 of MZ18).
While Cases D2 and D3 with larger Ra than Case B5 result in thinner slabs (Figures S5e-S51). Compared
with Case B5, while Cases D1 and D3 show significantly worse geoid results at degrees 4-12, Case D2 shows
comparable geoid correlations and variance reductions (Figure 6d). Note that our previous studies in MZ18
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and MZ19 show that convection models with Ra = 5 x 10’ (i.e., the same as for Case B5) also show better
correlations with seismic tomographic models.

3.4. Slab Strength

Slab strength could strongly affect the couplings among the slabs, the lithosphere and CMB and also slab
structure evolution, thus affecting the surface and CMB topographies and the geoid (Billen et al., 2003; Bil-
len & Gurnis, 2001; Moresi & Gurnis, 1996; Tosi, Cadek, & Martinec, 2009; Yang & Gurnis, 2016; Zhong &
Davies, 1999; Cadek & Fleitout, 2003). We compute Cases E1-E3 that are identical to Case B5 (E = 9.21),
except that Cases E1-E3 have activation energy E below the lithosphere of 0, 4.61, and 13.82, respectively
(Table 2), while E is kept the same for the lithosphere for all these cases. The corresponding total viscosity
contrast Vj for Cases E1, E2, B5, and E3 would be 1, 10%, 10*, and 10°, respectively. Slabs in Cases E1 and E2
are ~100 and ~10 times weaker than those in Case B5 and they appear to be less coherent and more dis-
persed than in Case B5 (Figures S6a-S6h, 7c-7d and 7f-7g). These weaker slabs appear to be less affected by
and easier to penetrate through the 670 km phase transition, especially in the northern Honshu subduction
zone (Figures S6a and Sée). The more dispersed (i.e., thicker) and weaker slabs result in larger amplitudes
of geoid at degree 2 (Figure 5c, inverted triangles and stars for Cases E1 and E2, respectively). Case El's
degree 2 amplitude is nearly the same as the observed, compared with Case B5. However, the geoid correla-
tions and variance reductions of Cases E1 and E2 to the observed geoid at | = 4-12 are worse than those of
Case B5 (Figure 6e, circles). Case E3 with slabs which are ~10 times stronger than those in Case B5 shows
similar slab structures as in Case B5 (Figures S6i-S6l), but both the correlations and variance reductions to
the observed geoid at [ = 4-12 are significantly lower than those of Case B5 (Figure 6e, circles). Using the
present-day buoyancy structure in Case B5 while varying E as in Cases E1-E3 results in improved fit of geoid
and the best fit is achieved at E = 4.61 and 9.21 (Figure 6e, circles for Vy = 10* and squares for other cases).

3.5. Total Time Duration

We also formulate models with different time durations of plate motion history. Cases F1 and F2 have the
model time durations of 65 and 200 Myr, respectively, but they are otherwise identical to Case B5 that is
computed for 130 Myr (Table 2). Compared with Case B5, Case F1 with 65 Myr model time duration shows
slightly higher correlations and variance reductions with the observed geoid at [ = 4-12, while Case F2 with
200 Myr time durations results in reduced correlation and variance reduction (Figure 6f). The geoid anom-
alies at intermediate wavelengths are mostly sensitive to structures in the upper mantle and the uppermost
lower mantle (e.g., Hager, 1984). Our previous studies in MZ19 demonstrated that with 65 Myr plate motion
history, the convection models could reproduce well seismically fast anomalies (i.e., slabs) above ~1,500 km
depth, although the models fail in explaining mantle structures at larger depths. Therefore, the slab struc-
tures from all these three cases are similar to each other at depths less than 1,500 km, leading to similar
geoid anomalies and reasonably good geoid fit at degrees 4-12. However, with longer model time durations
as in Case F2, the uncertainties in plate motion and also other processes like sub-lithospheric small-scale
convection and lower mantle flows may lead to the mantle structure and geoid signals that are inconsistent
with the observed.

3.6. Plate Margin Viscosity, Plate Motions and Geoid

In modeling the present-day geoid, we replace the velocity boundary conditions at the surface (i.e., plate
motions) with a free-slip boundary condition, together with reduced viscosity for plate margins for the final
step of each time-dependent model, as discussed in Section 2.4. Specifically, the width of plate margins is
taken to be 200 km, and the viscosity of plate margins is either reduced to uniformly low values (e.g., 1/15
or 1/60, regardless of temperature) or further finetuned based on plate motion speed, while the viscosity
outside plate margins is kept unchanged (Figures 9e-9h). The plate margin viscosity is chosen such that the
resulting flow velocities at the surface are consistent with observed plate motions.

For the four-layer model Case B5 with a weak asthenosphere, surface motion increases with decreasing
plate margin viscosity, as expected (Figures 9a and 9b for surface motions and observed plate motions for
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Figure 9. The observed (black arrows) and modeled (red arrows) surface velocity field, and the corresponding
viscosity at 80 km depth. The observed surface velocity field is in a hotspot reference frame (O'Neill et al., 2005; Seton
et al., 2012). Panels (a) and (e) are for Case B5a with dimensionless viscosity of 1/15 at plate margins. Panels (b) and

(f) are for Case B5b with dimensionless viscosity of 1/60 at plate margins. Panels (c) and (g) are for Case B5c which is
identical to Case B5a except the viscosity at the plate margin of the Pacific Plate is 1/1,500. Panels (d) and (h) are for
Case B5d which is identical to Case B5c except the viscosity at the plate margins of the African, Indian, and Arabian
Plates is 4/3 (marked as Indian*20 in the figure). Note that in Figure 9h the viscosity of the mid-Atlantic ridge is slightly
higher than its ambient mantle, because the viscosity is plotted for 80 km depth and below the lithosphere. At shallow
depths in the lithosphere, the mid-ocean ridge viscosity remains much smaller than that of the lithosphere.

two calculations Cases B5a and B5b in which plate margin viscosity is set at a dimensionless constant value
of 1/15 and 1/60, respectively). While the correlation between the modeled and observed poloidal motion is
remarkably high (>0.9) regardless of plate margin viscosity (Figure 10a), the large variance reduction (~0.8)
only occurs when the plate margin viscosity is smaller than 1/60 (e.g., Case B5b) (Figure 10d). However, the
correlation and variance reduction for toroidal motion are significantly worse than those for poloidal mo-
tion (Figures 10b and 10e). Examining the modeled and observed spectra of the poloidal and toroidal mo-
tions (Figure 11) reveals the causes of the discrepancy. While the spectra of model poloidal motion generally
follow that of the observed (Figures 11a), the spectra of model toroidal motion for Cases B5a and B5b show
much smaller amplitude at degrees 1 and 2 than those of the observed (Figures 11b). Other calculations
with larger plate margin viscosity than Cases B5a and B5b show even smaller toroidal motions and worse
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motions, and geoid (red for [ = 2-12 and black for [ = 4-12) for models with different plate margin viscosity structures.
The circles are for Case B5 with different plate margin viscosities. The diamonds and stars are for Cases B5¢ and B5d,
respectively. Note in panels (d) and (e), the variance reductions for models with moderately weak plate margins are too
strongly negative to show here.
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variance reductions (Figure 10e), even though some may display reasonable correlations (Figure 10b). The
lack of degree-1 toroidal motion (i.e., no net rotation of lithosphere) with uniformly weak plate margins is
the same as reported in Zhong (2001).

We now consider model calculations with non-uniform plate margin viscosity (Figures 9g and 9h). Notice
that for Case B5b with the plate margin viscosity of 1/60, although the poloidal motion is larger than the
observed (Figure 11a), the Pacific Plate moves significantly slower, while the Indian and African Plates
move much faster, than the observed (Figure 9b). This motivates us to consider two additional calculations
Cases B5c and B5d in which the viscosity is different for the plate margins surrounding the Pacific, African
and Indian Plates, while the viscosity for other plate margins is fixed at 1/15 (Figures 9g and 9h). In Case
B5c, the plate margin viscosity for the Pacific Plate is reduced by an additional factor of 100 to 1/1,500,
and the resulting plate motion is in a much better agreement with the observed, particularly for the Pacific
Plate and its surrounding plates (Figure 9c). Importantly, this leads to significant improvement in toroidal
motions, particularly its degree-1 component or the net rotation of lithosphere (Figures 10b, 10e, and 11b).
In Case B5d, the viscosity at the plate margins of the African, Indian and Arabian Plates is increased by 20
times to 4/3, in addition to the reduced viscosity for the Pacific Plate margins (Figure 9h, and note that the
mid-Atlantic ridge shows slightly higher viscosity than its ambient mantle, because the viscosity is plotted
for 80 km depth beneath the ridge). For this case, African and Indian plate motions are further improved, so
are the toroidal motions (Figures 9d, 10a, 10b, 10d, 10e, and 11b). We also compute a case that is identical to
Case B5d except that the viscosity is increased only at the subduction zones of the African, Indian and Ara-
bian Plates. The model African and Indian plate motions do not match the observed as well as in Case B5d,
but the global properties of plate motions as in Figures 9d, 10, and 11 only have negligibly small changes.

Reducing plate margin viscosity leads to slightly improved fit to the geoid (i.e., increased correlation and
variance reduction; Figures 10c and 10f). Importantly, plate margins with variable viscosities in Cases B5c
and B5d tend to produce the best geoid correlation and variance reduction to the observed, in addition to
reproducing the observed plate motions. Therefore, all the geoid models with a weak asthenosphere with
@ = Ny | Magy, = 600 (Table 2) use the plate margin viscosity in Case B5d (i.e., Figure 9h). For Case A1 with
@ = 100 (Table 2), by doing similar tests as those for Case B5, we found that reducing plate margin viscosities
by a factor of 2 relative to those for Case B5d provides optimal fits to the observed plate motions (Figure 11)
and the geoid. This plate margin viscosity model is used for all the geoid models with w < 300 (Table 2).

4. Discussions
4.1. Mantle Buoyancy Structure, Geoid, and Mantle Viscosity

The geoid highs over subduction zones (i.e., for [ > 4) have been proposed to be mostly related to subducted
slabs in the top half of the mantle, and to require a viscosity increase from the upper mantle to lower mantle
(e.g., Hager, 1984; Hager & Richards, 1989). Previous studies on the geoid have used mantle buoyancy de-
rived from either slab density models (e.g., Lithgow-Bertelloni & Richards, 1998; Ricard et al., 1993), or seis-
mic models (e.g., Ghosh et al., 2017, 2010; Hager & Richards, 1989; Liu & Zhong, 2016; Rudolph et al., 2015;
Spasojevic et al., 2010; Yang & Gurnis, 2016), or a combination of slab and seismic models (e.g., Hager, 1984;
Hager & Richards, 1989). While these models successfully reproduce long-to intermediate-wavelength (de-
grees 2-12) geoid anomalies, it remains unclear whether the inverted viscosity structures are dynamically
consistent with the buoyancy structures that are used in these instantaneous flow models. The question
on dynamical consistency is important, as demonstrated by our model calculations of Cases A1-A6 with
different 77;,, / 7y, in that while these cases produce significantly different thermal/buoyancy structures
(Figures 2 and S3, also see MZ18 and MZ19) and fits to the observed geoid (circles in Figure 4), for a fixed
buoyancy structure a similar geoid can be obtained for quite different viscosity structures for degrees 4-12
(squares with 77;, / 775, = 200 and 300, and circles with 77;,, / 17, = 100 in Figure 4).

In this study, we present the first time-dependent mantle convection models with surface plate motion his-
tory and realistic lithospheric viscosity that produce present-day mantle thermal and buoyancy structures
with mantle viscosity structures that dynamically consistently reproduce both seismic slab structures and
intermediate-wavelengths geoid anomalies (I = 4-12). As demonstrated in MZ19, the convection models
show relatively good correlations with seismic tomographic models to spherical harmonic degrees 20, espe-
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cially above ~800 km depth. Considering three-layer models, the best fit model is Case Al in which the low-
er mantle viscosity is 100 times larger than that in the upper mantle, which is within the range of previous
geoid and glacial isostatic adjustment studies (e.g., Hager, 1984; Mitrovica & Forte, 2004). When applying
four-layer models with an additional layer of asthenosphere (from 130 to 300 km depths), the best fit mod-
els are Cases B4 and B5 where the lower mantle viscosity is ~30 and 600-1,000 times higher than that in the
transition zone and asthenosphere, respectively. The geoid correlations and variance reductions for degrees
4-12 of Cases B4-B5 are both at 0.61 and 0.37, respectively (Figure 6a), which are significantly better than
those for Case Al with no asthenosphere (Table 2). Therefore, the geoid anomalies over subduction zones
for degrees 4-12 strongly suggest the existence of a weak asthenosphere between 130 and 300 km depths.

Based on both slab structures and the subduction zone geoid of degrees 4-12, our preferred lower man-
tle viscosity is ~1.3-2.5 X 10* Pa-s (i.e., Figure 1b, using Ra for our best fit models Cases B4-B5, and
D2 and model parameters in Table 1), which is consistent with glacial isostatic adjustment studies (e.g.,
Mitrovica, 2004). This suggests that the asthenospheric viscosity is in the range of ~1.3-4.2 x 10" Pa-s,
which is similar to that inferred in Becker (2017) and Wang et al. (2019). Such a weak asthenosphere may
have important implications for sub-lithospheric small-scale convection in mantle dynamics (e.g., Huang
& Zhong, 2005) and glacial isostatic adjustment process. Compared with previous geoid studies that used
buoyancy structures from either a slab density model (Lithgow-Bertelloni & Richards, 1998) or seismic
models (Liu & Zhong, 2016 for S40RTS [Ritsema et al., 2011] and SEMUCB-WM1 [French & Romanow-
icz, 2014, 2015]; Figure S7), our best fit model Case B5 shows similarly good geoid correlation (Figure S7a)
and comparable geoid amplitude (Figure S7b) at intermediate wavelengths of degrees 4-12.

The endothermic spinel-to-post-spinel phase transition at ~670 km depth in our models provides posi-
tive buoyancy that promotes slab stagnation in the mantle transition zone above the lower mantle, as ob-
served in the western Pacific and other subduction zones in seismic tomographic models (e.g., Fukao &
Obayashi, 2013), and also affects the subduction zone geoid. Although the inclusion of the phase transition
buoyancy, together with trench migration, is crucial in reproducing stagnant slab structures (e.g., Chris-
tensen, 1996; Zhong & Gurnis, 1995), it does not eliminate the need for viscosity increase from the transition
zone to the lower mantle to reproduce positive geoid at subduction zones as indicated by King (2002). We
also formulate a test calculation that uses the present-day thermal structure and viscosity from Case B5, but
removes the phase change buoyancy. The correlation of the test calculation at degrees 4-12 slightly increas-
es from 0.61 to 0.64, and the variance reduction increases from 0.37 to 0.41, compared with Case B5. While
this test calculation excluding the phase change buoyancy improves the geoid fit, MZ18 and MZ19 demon-
strated that models without the phase change fail to reproduce the stagnant slab structures. Considering the
large uncertainties in conversion of seismic velocity anomalies to mantle buoyancy, it remains a significant
challenge to implement phase change buoyancy from seismic tomographic models.

4.2. Weak Plate Margins, Surface Plate Motion, and the Geoid

An important characteristic of plate tectonics is that the plate interiors are strong while plate margins are
weak due to faulting, partial melting, and possibly grain-size dependent and non-linear viscosity (e.g., Ber-
covici, 2003). Previous studies indicate that this characteristic of strong plate interiors and weak plate mar-
gins is crucial in reproducing the geoid and plate motion simultaneously (Ghosh et al., 2010; Tosi, Cadek,
& Martinec, 2009; Zhong, 2001; Zhong & Davies, 1999), specifically the “plate-like” motion (i.e., nearly
rigid plate motion with deformation only occurring at plate margins; e.g., King et al., 1992; Zhong & Gur-
nis, 1996) and long-wavelength geoid (Zhong & Davies, 1999). Our current study with weak plate margins
and time-dependent convection models largely confirms these previous studies. However, our study sheds
some new insight into weak plate margins' roles in influencing the geoid and plate motion.

The new results are related to the effects of non-uniform viscosity of plate margins (i.e., the non-uniform
coupling at plate margins) on the geoid and plate motions. Although previous studies demonstrated the
important effects of weak plate margins on improving the geoid fit at long-wavelengths including degree-2
(e.g., Zhong & Davies, 1999), these models with uniformly reduced viscosity at plate margins fail to pro-
duce any significant net rotation of lithosphere (i.e., degree-1 toroidal motion) (Zhong, 2001; Becker, 2006),
which is an important feature of the present-day plate motion in a hot-spot reference frame (e.g., Gripp
& Gordon, 2002). Previous studies have suggested that continental keels (Zhong, 2001; Becker, 2006; Ru-
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dolph & Zhong, 2014), effective coupling of oceanic plates (e.g., the Pacific Plate) to the mantle via the
slabs (Conrad & Lithgow-Bertelloni, 2002), and the geometry and viscosity of the slabs and weak zones
(Gérault et al., 2012) may cause net rotation of lithosphere. Our current study shows that non-uniform
plate margin viscosity (e.g., much weaker plate margins surrounding the Pacific Plate but relatively strong
plate margins for the Africa, India and Arabia Plates) is effective in generating net rotation of lithosphere
(Figures 9d, 9h, 10b, 10e, and 11b). Additionally, this non-uniform plate margin viscosity also leads to much
better geoid fit to the observed, especially for degrees 2-3, compared with uniform plate margin viscosity
(Figures 10c and 10f). Importantly, plate margin effective viscosity inferred from observed strain-rate (e.g.,
Ghosh et al., 2013; Ghosh & Holt, 2012; Kreemer et al., 2003) is consistent with our non-uniform plate mar-
gin viscosity. This result has important implications for understanding lithospheric net rotation for not only
the present-day but also for the past plate motions (e.g., Rudolph & Zhong, 2014).

4.3. The Effects of Lateral Variation in Viscosity on the Geoid

The lateral variations in viscosity (LVV) in the mantle, especially the viscosity contrast between slabs and the
ambient mantle, could affect mantle flow and related surface observations significantly (e.g., Moresi & Gur-
nis, 1996; Tosi, Cadek, & Martinec, 2009; Zhong & Davies, 1999; Zhong et al., 2000; Cadek & Fleitout, 2003).
However, such effects depend on buoyancy structure (Zhong & Davies, 1999) and are rather modest for the
long-wavelength geoid at degrees 2 and 3 for seismically derived buoyancy (Ghosh et al., 2010; Moucha
et al., 2007; Zhang & Christensen, 1993). While laboratory studies and some numerical models of subduction
suggest that the slabs are strong with viscosity that could be 10*-10° times stronger than the ambient mantle
due to temperature-dependent viscosity (e.g., Billen & Hirth, 2007; Stadler et al., 2010), most geoid modeling
studies suggest that the slabs are no more than 100 times stronger than the ambient mantle (Billen et al., 2003;
Moresi & Gurnis, 1996; Yang & Gurnis, 2016; Zhong & Davies, 1999). Specifically, strong slabs could result
in large surface topography and negative geoid anomalies over subduction zones that are inconsistent with
the observation (Moresi & Gurnis, 1996; Zhong & Davies, 1999). However, using an idealized model of a sub-
ducted slab, Hines and Billen (2012) proposed that if the bending zone (i.e., outer rise and trench regions) of
subducting lithosphere is weakened due to yielding, the geoid becomes insensitive to the slab strength.

Our models also show that slab strength strongly affects slab morphology and the geoid. Weaker slabs result
in less coherent and more dispersed structures and are easier to penetrate through the 670 km phase tran-
sition (Figures S6a-S6h). Cases E1 and E2 with the weakest slab and Case E3 with the strongest slab both
show significantly lower correlations to the observed geoid than that of Case B5 with moderately strong slab
(Figure 6e). Therefore, our preferred slab viscosity is ~10-100 times larger than the ambient mantle and
is consistent with previous geoid studies (Ghosh et al., 2010; Moresi & Gurnis, 1996; Yang & Gurnis, 2016;
Zhong & Davies, 1999). The moderately strong slab could result from the combining effects of strong tem-
perature-dependent viscosity (e.g., Billen & Hirth, 2007) and other weakening mechanisms, such as grain
size reduction (e.g., Karato, 2008; Solomatov & Reese, 2008) and plastic yielding (Hines & Billen, 2012). It
is important to point out that our models show significant sensitivity of the subduction zone geoid (i.e.,
degrees 4 to 12) to slab viscosity, although our models with 200-km wide weak plate margins effectively
reduce bending strength of lithosphere. This result is different from Hines and Billen (2012), suggesting the
importance in modeling the observed geoid with suitable wavelengths and configuration of subducted slabs
as in our current study.

Our geoid models do not generate sufficiently large amplitudes for degrees 2 and 3 geoid anomalies com-
pared with the observed ones, although they produce good geoid fits in subduction zones for degrees 4-12
(Figures 3, 5, and S7 for Cases Al and B5). Since the insulating CMB boundary conditions in our models
exclude upwelling thermal structures which are likely more important near the bottom part of the lower
mantle (e.g., Leng & Zhong, 2008; MZ19), our models may underestimate the lower mantle structure that
affects primarily the degrees 2 and 3 geoid (Hager & Richards, 1989). We showed that replacing the buoy-
ancy structure below 1,500 km depth in our models with seismic structure could significantly improve the
degrees 2 and 3 geoid fits, while having no significant effect on the geoid at degrees 4-12 (Figures 5a)and 5b.
However, if the LLSVPs are compositionally distinct from and intrinsically denser than the background
lower mantle (e.g., Davaille, 1999; McNamara, 2019; McNamara & Zhong, 2005), it is possible that the
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thermal and chemical buoyancy in the bottom hundreds of kilometers of the mantle would be offset by each
other, thus not contributing to the geoid at the surface (Liu & Zhong 2015, 2016).

The viscosity reduction due to Pv-pPv phase transition may decouple the slabs from the CMB, thus affect-
ing the geoid amplitude significantly (e.g., Tosi, Cadek, & Martinec, 2009; Tosi, Cadek, Martinec, Yuen,
et al., 2009; Ghosh et al., 2010; Wang et al., 2019). To test this effect, we recomputed Case B5 by reducing the
viscosity by a factor of 15 either for the entire D” layer (i.e., globally for the bottom 300 km of the mantle;
Case B5e) or only for the cold slabs in the D” layer (Hernlund et al., 2005; Case B5f). While the geoid at
degrees 4-12 remains largely unchanged, the geoid amplitude at degrees 2-3 increases significantly and
becomes comparable with the observed one due to the viscosity reduction of the D" layer (Figures 5d, 3g,
and 3h). We did not attempt to fine-tune D” layer or pPv viscosity to fit degrees 2-3 geoid, given that our
primary goal is to use the observed subduction zone geoid (i.e., degrees 4-12) to constrain the mantle vis-
cosity. Interestingly, the increased geoid at degrees 2-3 for these two test calculations is accompanied with
increased surface dynamic topography at degrees 2-3 (Figure 8f) which is now at ~0.7-1.0 km, similar to
predictions from previous modeling studies (e.g., Flament et al., 2013; Hager & Richards, 1989; Yang & Gur-
nis, 2016) and inferred from the observations (e.g., Davies et al., 2019). Liu and Zhong (2016) explained the
necessity of ~1 km dynamic topography at degree 2 for reproducing the observed ~100 m degree-2 geoid as
a consequence of the averaged ratio of geoid to dynamic topography kernels at ~0.1 for degree 2 for most
geoid models.

4.4. Potential Drawback and Future Directions

Our studies represent the first comprehensive effort in explaining the observed present-day subduction
zone geoid and plate motion, using mantle buoyancy that is self-consistently generated from mantle con-
vection models with plate motion history, but they have a number of drawbacks that can be improved in
future studies. The first is about the lower mantle buoyancy that is associated with degrees 2-3 geoid anom-
alies, as discussed in Section 4.3. This may include considering isothermal CMB boundary conditions that
would lead to mantle plume structures in the lower mantle (MZ19). Future studies may also consider long
duration of plate motion history that affects the lower mantle structure (MZ19), although the uncertainties
of more ancient plate motion history are large (e.g., Seton et al., 2012). Additionally, it remains a subject
of debate whether the LLSVPs are of purely thermal or thermochemical origin (e.g., Davaille & Romanow-
icz, 2020; Davies, 2012; Ni et al., 2002; He & Wen, 2012; Schuberth et al., 2009), and this may have important
implications for degrees 2 and 3 geoid (Liu & Zhong, 2015, 2016). The second is on considering additional
mantle and lithospheric viscosity features, including non-Newtonian viscosity (e.g., Hines & Billen, 2012)
and depth-variations in viscosity for the lower mantle (e.g., Mitrovica & Forte, 2004; Rudolph et al., 2015;
Steinberger & Calderwood, 2006), although the viscosity increase at 1,000 km depth proposed by Rudolph
et al. (2015) has been debated (e.g., Ghosh et al., 2017; Wang & Li, 2020; Yang & Gurnis, 2016). In particular,
the implications of non-Newtonian rheology for non-uniform plate margin viscosity and lithospheric net
rotation need to be further explored.

5. Conclusions

In this study, we formulate 3-D spherical mantle convection models with plate motion history and for the
first time compute the geoid using the dynamically generated buoyancy to constrain the mantle viscosity.
Our dynamic models employ depth- and temperature-dependent viscosities. Our models generate self-con-
sistent present-day mantle thermal and buoyancy structures that are similar to the seismically observed slab
structures and enable us to use the observed intermediate-wavelengths geoid and plate motions to place
constraints on lithospheric and mantle viscosity. The main results are summarized as follows:

(1) Our convection models reproduce the primary slab structures observed in seismic models including
stagnant slabs in the mantle transition zone in the western Pacific and other subduction zones. A thin
weak layer below the 670-km phase change on a regional scale in subduction zones, not necessarily
globally as in Mao and Zhong (2018), is sufficiently effective in producing the stagnant slabs
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(2) Lithospheric viscosity including strong plate interiors and weak plate margins has significant effects on
the geoid and surface plate motions. In particular, non-uniform viscosity of plate margins with weaker
plate margins around the Pacific plate could effectively reproduce the observed plate motions including
the net rotation of lithosphere and lead to better geoid fit

(3) In the preferred model as constrained by observations of slab structures and the subduction zone geoid
(degrees 4-12), the lower mantle viscosity is ~1.3-2.5 X 10> Pa-s and is ~30 and ~600-1,000 times
higher than that in the transition zone and asthenosphere, respectively. Our models prefer a weak as-
thenosphere but not a weak mantle transition zone, and also favor moderately strong slabs that are
~10-100 times stronger than the ambient mantle. While the geoid at degrees 4-12 is mainly controlled
by subducted slab structures in the top 1,500 km of the mantle that have developed since the Creta-
ceous, the degrees 2-3 geoid anomalies that are strongly related to deep lower mantle structures might
be influenced by mantle convection further back in time

Data Availability Statement

Figures are drawn using the Generic Mapping Tools (GMT, www.soest.hawaii.edu/gmt/). The mantle con-
vection code CitcomS is available at https://geodynamics.org/cig/software/citcoms/. All model input param-
eters are given in Tables 1 and 2, and all data are available at https://doi.org/10.6084/m9.figshare.13371140.
vl.
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