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Abstract Long-wavelength geoid anomalies provide important constraints on mantle dynamics and vis-
cosity structure. Previous studies have successfully reproduced the observed geoid using seismically
inferred buoyancy in whole-mantle convection models. However, it has been suggested that large low shear
velocity provinces (LLSVPs) underneath Pacific and Africa in the lower mantle are chemically distinct and
are likely denser than the ambient mantle. We formulate instantaneous flow models based on seismic
tomographic models to compute the geoid and constrain mantle viscosity by assuming both thermochemi-
cal and whole-mantle convection. Geoid modeling for the thermochemical model is performed by consider-
ing the compensation effect of dense thermochemical piles and removing buoyancy structure of the
compensation layer in the lower mantle. Thermochemical models well reproduce the observed geoid, thus
reconciling the geoid with the interpretation of LLSVPs as dense thermochemical piles. The viscosity struc-
ture inverted for thermochemical models is nearly identical to that of whole-mantle models. In the preferred
model, the lower mantle viscosity is �10 times higher than the upper mantle viscosity that is �10 times
higher than the transition zone viscosity. The weak transition zone is consistent with the proposed high
water content there. The geoid in thermochemical mantle models is sensitive to seismic structure at mid-
mantle depths, suggesting a need to improve seismic imaging resolution there. The geoid modeling con-
strains the vertical extent of dense and stable chemical piles to be within �500 km above CMB. Our results
have implications for mineral physics, seismic tomographic studies, and mantle convection modeling.

1. Introduction

The geoid modeling using instantaneous mantle flow models based on seismic velocity anomalies can pro-
vide a critical constraint on the mantle rheology and buoyancy structure. Classic studies using this approach
and assuming a whole-mantle, purely thermal convection model [e.g., Hager and Richards, 1989; Ricard
et al., 1993; King and Masters, 1992; King, 1995; Mitrovica and Forte, 2004; Ghosh et al., 2010] have estimated
that the viscosity in the lower mantle is about 30–60 times higher than that in the upper mantle. However,
those models may have been over-simplified, because the large-scale lower mantle structures exhibit com-
plex seismic characteristics which may imply compositional heterogeneities [e.g., Su and Dziewonski, 1997;
Masters et al., 2000; Wen et al., 2001; Ni et al., 2002; He and Wen, 2009]. For example, the large low shear
velocity provinces (LLSVPs) in the lower mantle (Figure 1a) have been proposed as chemically distinct and
stable piles [e.g., Wen et al., 2001; Ni et al., 2002] that help reconcile both seismic and geochemical observa-
tions [e.g., Hofmann, 1997; Kellogg et al., 1999; Kunz et al., 1998; Boyet and Carlson, 2005; Jackson et al.,
2014], although some studies suggest that the LLSVPs have a purely thermal origin [e.g., Davies et al., 2012].
Chemical piles alter the lowermost mantle buoyancy structure and have been found to influence the mantle
dynamics [e.g., Tackley, 1998; Kellogg et al., 1999; Davaille, 1999; McNamara and Zhong, 2005; Zhang et al.,
2010] as well as their surface manifestation such as the geoid and dynamic topography [Liu and Zhong,
2015]. Thus, it is necessary to reexamine the geoid modeling and its constraint on mantle viscosity consider-
ing the effects of the thermochemical mantle convection based on seismic tomographic models.

Constructing buoyancy structure from the seismic tomographic models in those chemically heterogeneous
regions is difficult due to the mixture of both thermal and compositional effects, and uncertainties in seis-
mic, compositional and mineral physics mantle models. In their geoid modeling study, Steinberger and Tors-
vik [2010] simply removed the buoyancy structure of the thermochemical layer (i.e., bottom 300 km of the
mantle). Another geoid modeling study considering possible chemical effects on mantle buoyancy
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suggested that the LLSVPs would be overall buoyant in order to fit the geoid [Forte and Mitrovica, 2001],
thus raising the question whether the LLSVPs represent stable thermochemical structures over long time
scales. In time-dependent, dynamically self-consistent thermochemical mantle convection models, Liu and
Zhong [2015] found that the general characteristics of the surface geoid and dynamic topography over sta-
ble dense thermochemical piles, after reaching a dynamic equilibrium, resemble the observations. Addition-
ally, Liu and Zhong [2015] showed that dense thermochemical piles have a compensation effect on the
geoid such that the bottom �1000 km of the mantle (i.e., a compensation layer), or 2–3 times of the maxi-
mum thickness of the chemical piles, has a zero net contribution to the geoid at long wavelengths. The
compensation effect occurs because the geoid anomalies from negatively buoyant chemical piles are offset
by those from hot and buoyant normal mantle above the piles. Considering the compensation effect, the
geoid modeling for the thermochemical model with stable chemical piles can be done following the same
approach as that for whole mantle models [e.g., Hager and Richards, 1989] except that the mantle buoyancy
structure in the compensation layer, including the LLSVPs, needs to be removed. The mantle above the
compensation layer can be seen as isochemical with buoyancy structure that can be determined from seis-
mic tomographic models with a conversion factor [e.g., Hager and Richards, 1989; Forte and Mitrovica, 2001;
Ghosh et al., 2010].

This study investigates how well the geoid can be explained in instantaneous flow models in which mantle
buoyancy structure is derived from seismic tomographic models considering the compensation effect for
the thermochemical mantle as reported in Liu and Zhong [2015]. This study also reexamines the geoid con-
straints on mantle viscosity structure for a thermochemical mantle and compares the inverted mantle vis-
cosity with that inferred from previous purely thermal mantle models. The paper is organized as follows.
Next section describes the model formulation and procedures, section 3 presents results, and sections 4
and 5 are for discussion and conclusion.

2. Models and Procedures

2.1. Geoid Modeling
The instantaneous flow models are formulated in a 3-D spherical geometry. Assuming an incompressible
fluid and constant thermodynamic parameters except for the viscosity, the governing equations for the
conservation laws of the mass and momentum are:

r � u50; (1)

2rp1r � g ru1rT u
� �� �

2dqger50; (2)

where u is the velocity vector, p is the dynamic pressure, g is the viscosity, g is the gravitational acceleration,
and dq is the density anomaly.

Figure 1. (a) Seismic shear wave speed anomaly dv/v (model SAW642ANb) at 2650 km depth, and (b) the observed geoid at degrees 2–12. Contours of 50 m are plotted in Figure 1b.
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The density anomaly dq in equation (2) is determined from seismically observed relative shear-velocity
anomaly dvs

vs
by:

dq
q

5c
dvs

vs
; (3)

where q is the background mantle density at a given depth from the PREM model [Dziewonski and Anderson,
1981], and c is the conversion factor. This study uses three global tomographic models: SAW642ANb
[Panning et al., 2010], S40RTS [Ritsema et al., 2011], and Smean [Becker and Boschi, 2002]. Each seismic model
is divided into 20 shells with the identical thickness of 143.5 km, and dvs

vs
is interpolated at the middle depth

of each shell with one-degree-by-one-degree grids. Following the previous studies [e.g., Hager and Richards,
1989], we ignore the structure in the top �280 km of the mantle where large seismic anomalies are signifi-
cantly affected by compositional or/and anisotropic effects but may not affect the long-wavelength geoid.

The geoid is computed by u=g, where u is the surface gravitational potential anomaly and can be solved
from the Poisson’s equation,

r2u524pGdq; (4)

where G is the gravitational constant, and dq includes both density variations in the mantle (dq in equation
(3)) and those associated with dynamic topographies at the surface and CMB. Dynamic topographies are
determined from solving equations (1) and (2) under free-slip boundary conditions at the surface and CMB.
The self-gravitation effect is incorporated in this study although the equations presented above did not
include this effect for simplicity. With the self-gravitation effect, an additional term, 2qdger

*
, should be

added to the left side of equation (2) where dg52ru is the perturbation to the radial gravity [e.g., Zhong
et al., 2008]. A reduced pressure formulation is used here to solve the momentum equation, dynamic topog-
raphies, gravitational potential and geoid with the self-gravitation effect [e.g., Zhang and Christensen, 1993;
Zhong et al., 2008].

The flow models in this study consider only radially varying viscosity structure, as to be discussed in details
later. Consequently, the conservation equations can be solved with a propagator-matrix method [e.g., Hager
and Richards, 1989]. Details in solving the conservation equations and the Poisson’s equation for the geoid
and dynamic topographies with the self-gravitation can be found in Zhong et al. [2008]. In this study the
density contrasts at the surface and the CMB are assumed as 3300 kg/m3 and 4337 kg/m3, respectively.

The compensation effect revealed from Liu and Zhong [2015] suggests that the long-wavelength geoid is
only contributed from the upper part of the mantle above the compensation layer, while the buoyancy
structure in the compensation layer can be ignored. The compensation thickness as inferred from dynami-
cally consistent thermochemical convection models [Liu and Zhong, 2015] varies at different spherical har-
monic degrees, and at degree 2 it is estimated to be 2–3 times the thickness of chemical piles. In this study,
we assume a uniform compensation thickness at all degrees in thermochemical models based on the esti-
mation at degree 2. This assumption does not affect the overall geoid modeling, given that the geoid is pre-
dominantly at degree-2 and the compensation layer resides at the lowermost mantle which has a limited
influence on the geoid at shorter wavelengths. The thickness or vertical extent of the LLSVPs is not well con-
strained, and in particular, there are significant vertical variations in seismic anomalies within the LLSVPs
[e.g., Wang and Wen, 2004; He and Wen, 2009]. Therefore, a precise knowledge of the compensation thick-
ness is unknown, and in our thermochemical mantle models we consider four possible compensation thick-
nesses of 430 km, 720 km, 1000 km, and 1500 km.

2.2. Constraining the Radial Viscosity Structure and the Conversion Factor
The instantaneous models use a 1-D, layered viscosity structure. This allows the use of a propagation matrix
method to compute velocities, stresses, dynamic topographies and the geoid from kernels [e.g., Hager and
O’Connell, 1981], making it possible for efficiently sampling model parameter space. The effects of lateral
variations in mantle viscosity on the geoid at long-wavelengths (degrees 2–3) may be secondary to that of
vertical variations in viscosity for the present-day mantle structure [Zhang and Christensen, 1993; Moucha
et al., 2007; Ghosh et al., 2010; Liu and Zhong, 2015], although such effects depend on mantle structures
[Zhong and Davies, 1999]. Geoid modeling studies have utilized various parameterizations for the radial vis-
cosity [e.g., Hager and Richards, 1989; Steinberger and Calderwood, 2006]. With a concern of potential
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tradeoffs, our models do not employ fine viscosity layering, but only include four viscosity layers that coin-
cide with significant phase transitions and seismic velocity stratifications. The viscosities in the lithosphere
(0–100 km depths), the upper mantle (100–410 km depths), the transition zone (410–670 km depths), and
the lower mantle (below 670 km) are denoted as glith, gum, gtz , and glm, respectively. The geoid is only sensi-
tive to relative viscosity changes between different layers but not to the absolute viscosity [e.g., Hager and
Richards, 1989]. Since the lithospheric viscosity has a weak impact on the long-wavelength geoid compared
with that of mantle viscosities [Thoraval and Richards, 1997], we fix glith as 20. Recognizing that when assum-
ing an 1-D viscosity profile as in this study that cannot include weak plate margins, a weak lithosphere is
required in the geoid modeling [e.g., Zhong and Davies, 1999; Ghosh et al., 2010], we treat gum, gtz , and glm

as free parameters while requiring that glm is larger than glith, i.e., glm is larger than 20.

The conversion factor c in equation (3) can be inferred from mineral physics studies [e.g., Karato, 1993] as
well as modeling surface observables [e.g., Forte and Mitrovica, 2001]. In this study, c is taken as a constant
in the whole mantle except for the compensation layer in which c is zero, and c is treated as the fourth free
parameter in our model calculation in addition to the three viscosities.

We have computed the geoid and dynamic topography in a large number of models in which these four
free parameters are varied. These four parameters are constrained by fitting the model geoid to the obser-
vation. For each group of these four parameters, the model geoid, denoted as H0, is computed up to
degrees and orders 12, and the fit to the observed geoid, H, is measured by the variance reduction [e.g.,
Ricard et al., 1993]:

V2212512
M2212

H2212
; (5)

where H2212 is the total power of the observed geoid H from degrees 2 to 12 and is computed by

H22125
X12

l52

Xl

m50

Hlm
cos

� �2
1 Hlm

sin

� �2
h i

: (6)

M2212 in equation (5) is the total power of the difference between the model geoid H’ and the observed
geoid H from degrees 2 to 12:

M22125
X12

l52

Xl

m50

H0 lmcos2Hlm
cos

� �2
1 H0 lmsin2Hlm

sin

� �2
� 	

: (7)

The degree-correlation Clmin-lmax between the model and observed geoids is computed by

Clmin2lmax5
Xlmax

l5lmin

Xl

m50
H’ lm

cosHlm
cos1H0 lmsinHlm

sin


 �� 	
= H0 lmin2lmax Hlmin2lmaxð Þ

1
2; (8)

where H’lmin2lmax and Hlmin2lmax are the total power of the model and observed geoids, respectively, from
degrees lmin to lmax, and are computed by equation (6). Degree-correlation reveals the similarity between
the patterns of the model and observed geoids at certain wavelengths.

In our geoid modeling calculations, these four free parameters, i.e., gum, gtz , glm, and the conversion parame-
ter c, are firstly searched in a large parameter space with relatively coarse parameter grids. Guided by the fit-
ting to the observed geoid, i.e., the variance reduction V2–12, the search space is then narrowed down with
refined parameter grids to the parameter space for models with large variance reductions, as to be dis-
cussed later.

3. Results

3.1. Results of the Geoid Models and Inverted Viscosities
3.1.1. Models With Restriction gtz � gum

Following Hager and Richards [1989], our study starts from models with a strong transition zone, i.e.,
gtz � gum is preconstrained in the geoid modeling. The original search space is gum between 0.01 and 10, gtz

between 0.1 and 20, and glm between 1 and 100, respectively. Ten different values with equal spacing in a
logarithmic scale are searched for each viscosity parameter. Notice that we require that glm� gtz� gum. The
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conversion factor c is searched between 0.1 and 0.5 with a uniform spacing of 0.02. For each zoom-in proce-
dure, the ‘‘best-fit’’ model with the largest variance reduction, V2–12(max), is identified, and models with var-
iance reduction that is larger than V2–12(max)25% are considered as acceptable. Two seismic models,
SAW642ANb and S40RTS, are used in the zoom-in procedure, and both the whole mantle convection and
the thermochemical convection with a 720 km compensation thickness are assumed and tested. The
parameter space of those acceptable models defines a starting search space for the next zoom-in
procedure.

The zoom-in procedure is done twice, and the parameter space is narrowed down to be gum between
0.1 and 1, gtz between 0.1 and 2.5, and glm between 10 and 80, with refined intervals of 0.1, 0.1, and 5,
respectively. The conversion factor c is between 0.22 and 0.34 for the whole mantle models, and 0.30–
0.42 for the thermochemical models, both with an interval of 0.02. Thousands of models are computed
within this parameter space, and their geoid outputs are analyzed. We mostly describe results based on
seismic model SAW642ANb as it leads to slightly better geoid fits, but the results including the inverted
parameters and the analyses shown in the following sections for S40RTS and Smean are quite similar
(Tables 1 and 2).

For the whole mantle models, the largest variance reduction V2–12 is 78%, and in this best-fit model (Figure 2a),
gum, gtz , glm, and c are 0.7, 0.7, 40, and 0.28, respectively. For all the models with V2–12> 73%, gtz is mostly equal
to or slightly larger than gum, and the viscosity ratio between the lower mantle and the upper mantle is 40–200.
Similar viscosity profiles are inferred from the thermochemical models, but a larger conversion factor is needed
for fitting the geoid. The largest variance reduction for thermochemical models with a 720 km compensation
thickness (Figure 2b) is 69%, and gum, gtz , glm, and c for this model are 0.7, 0.7, 35, and 0.36, respectively. Viscos-
ity profiles for models with V2–12 larger than 64% is illustrated in Figure 3a. The variance reduction for thermo-
chemical models is generally smaller than that of whole mantle models, and decreases with increasing
compensation thickness (Table 1).

Table 1. The Best-Fit Geoid Models With Restriction gtz � gum
a

SAW642ANb S40RTS SMEAN

WM TC1 TC2 TC3 WM TC1 TC2 TC3 WM TC1 TC2 TC3

V2–12 (%) 77.9 75.1 68.7 55.8 69.3 68.2 63.6 55.2 70.1 67.3 62.0 50.5
C
(%)

2–12 88.3 86.6 82.9 74.7 83.3 82.6 79.7 74.3 83.8 82.1 78.7 71.1
2 96.7 96.1 96.4 94.3 93.3 93.1 91.1 84.6 93.3 94.5 91.4 87.4
3 92.7 94.3 93.8 92.4 90.3 90.5 91.2 92.9 84.9 83.7 84.8 81.9

g um 0.7 0.5 0.7 0.6 0.6 0.5 0.4 0.5 0.5 0.4 0.6 0.5
tz 0.7 0.5 0.7 0.6 0.6 0.5 0.4 0.5 0.5 0.4 0.6 0.5
lm 40 30 35 30 35 30 25 25 35 30 35 30

c 0.28 0.32 0.36 0.4 0.26 0.28 0.32 0.38 0.24 0.28 0.32 0.36

aWM denotes whole mantle model, and TC1, TC2, and TC3 represent thermochemical models assuming a compensation thickness of
430 km, 720 km, and 1000 km, respectively. V2-12 is the degrees 2–12 variance reduction of the observed geoid. C is the degree-
correlation with the observed geoid, 2–12 denotes the total correlation from degree 2 to degree 12, and 2 and 3 denote the correlation
at degree 2 and degree 3, respectively. g is the radial viscosity, and um, tz, and lm denote the upper mantle, the transition zone, and the
lower mantle, respectively. c is the conversion factor from seismic velocity to density anomaly.

Table 2. The Best-Fit Geoid Models Without Restriction gtz � gum
a

SAW642ANb S40RTS SMEAN

WM TC1 TC2 TC3 TC4 WM TC1 TC2 TC3 WM TC1 TC2 TC3

V2–12 (%) 83.4 81.3 76.6 64.8 32.8 80.0 80.1 77.3 70.0 80.8 79.7 77.0 69.2
C
(%)

2–12 91.3 90.2 87.6 80.5 57.3 89.5 89.5 87.9 83.9 89.9 89.3 87.7 83.7
2 98.7 98.4 98.2 95.1 53.6 96.2 96 93.8 88.8 97.0 96.4 94.6 90.4
3 94.5 95.5 95.7 93.7 83.8 93.2 93.6 94.4 95.1 89.3 90.3 91.1 91.3

g um 7 6.5 7 6 7 6 5 6 2 10 9 4 5
tz 0.45 0.45 0.5 0.5 0.5 0.1 0.08 0.08 0.06 0.15 0.15 0.1 0.1
lm 50 45 45 40 45 30 25 25 15 45 40 25 25

c 0.32 0.36 0.42 0.5 0.4 0.3 0.36 0.42 0.48 0.3 0.36 0.42 0.48

aTC4 represent thermochemical models assuming a compensation thickness of 1500 km. Other symbols and notations are same with
those in Table 1.
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Figure 2. The best-fit model geoids computed up to degrees and orders 12 using seismic models (a–d) SAW642ANb, and (e, f) S40RTS. Figures 2a, 2c, and 2e are for whole mantle con-
vection models, and Figures 2b, 2d, and 2f are for thermochemical convection models with a 720 km thick compensation layer. Figures 2a and 2b are for models with restriction
gtz � gum , while Figures 2c–2f do not have the restriction. Contours of 50 m are plotted in (a)–(f).
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Our inverted viscosity contrast glm/gum�50 is quite similar to that inferred from geoid studies assuming a
single viscosity layer for the upper mantle and transition zone (i.e., gtz5gum) [e.g., Hager et al., 1985]. How-
ever, with the gtz � gum restriction in the inversion, the fact that in models with a large variance reduction
gtz is equal or close to gum (Figure 3a) suggests that a weak transition zone, i.e., gtz<gum, needs to be consid-
ered. Therefore, we conduct an inversion without the restriction between gtz and gum.
3.1.2. Models Without Restriction gtz � gum

Without restriction on gtz and gum, the original search space is same as that employed in the section 3.1.1,
except that the space for gtz is expanded as from 0.01 to 20. The zoom-in procedure is done twice, and the
final guided search space is 0.1–12 for gum, 0.02–1.5 for gtz , and 10–80 for glm . The interval for gum is 0.1
between 0.1 and 1, and 0.5 between 1 and 12, respectively, the interval for gtz is 0.02 between 0.02 and 0.1,
and 0.05 between 0.1 and 1.5, respectively, and the interval for glm is uniformly 5. Assuming the whole man-
tle convection, the best-fit model (Figure 2c) has a variance reduction V2–12 of 83% (Table 2), with mantle
viscosities of 7, 0.45, and 50 for the upper mantle, the transition zone, and the lower mantle, respectively,
and a conversion factor of 0.32. Notice that all the models with V2–12 larger than 78% have a weaker transi-
tion zone than the upper mantle. The degree-correlations with the observed geoid at degrees 2 and 3 for
the best-fit geoid, C2 and C3, are 99% and 95%, respectively, implying a nearly perfect reproduction of the
long wavelength geoid.

For whole mantle convection models, we identified a large number of models with different viscosity struc-
tures that lead to similarly good variance reduction. For models with a very large variance reduction
(V2212 > 80%), the viscosities for the upper mantle, gum, and transition zone, gtz , range from 0.5 to 11, and
0.1 to 1.2, respectively, and the lower mantle viscosity glm is between 20 and 80. For those models, viscosity
ratios, glm/gum and gtz=gum, range from 0.02 to 0.45, and 4.5 to 42, respectively. Viscosity ratios for models
with a large variance reduction show a consistent trend and gtz/gum varies proportionally with glm/gum

(Figure 4a). The viscosity contrast at the 670 km depth, glm/gtz , for these models with a large variance reduc-
tion falls in a narrow range between 60 and 250. Most of the acceptable models have c50.32.

Figure 3. Viscosity profiles of thermochemical convection models with a 720 km thick compensation layer. (a) Models with restriction
gtz � gum that has a variance reduction larger than 64%, and (b) models without restriction gtz � gum that has a variance reduction larger
than 74%. Red lines denote the best-fit models.
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The inversion is performed for thermochemical models considering the compensation effect. Calculations
are done with different compensation thicknesses of 430 km, 720 km, 1000 km, and 1500 km. Except for
models with a 1500 km thick compensation layer, thermochemical models reproduces the observed geoid
well (Figure 2d). For models with a 720 km thick compensation layer, the variance reduction V2–12 for the
best-fit model is 77% (Table 2). V2–12 for the best-fit model decreases with increasing compensation layer
thickness (Table 2), similar to calculations with restriction gtz � gum. For a 1500 km thick compensation layer,
the best variance reduction V2–12 is only 33% (Table 2), suggesting that the compensation layer cannot
be too thick. The viscosity profiles for the best-fit models (Table 2) are almost indistinguishable from those
for the whole mantle convection. The tradeoffs for the inversion parameters are also analyzed, and for
models with relatively large variance reduction, both the viscosity parameters and their ratios fall in very
similar ranges to those for the whole mantle convection model (Figures 4a and 4b). The conversion factor
for models with V2–12>72% ranges from 0.38 to 0.44, and the best-fit model has c50.42.

Without the restriction gtz � gum, the geoid constrains that the transition zone is weaker than the upper
mantle (Figure 3b), and the geoid fit is significantly improved compared with models with that restriction in
the section 3.1.1 (Tables 1 and 2). In the following sections, the analyses are focused on these models with a
weak transition zone.

3.2. Power Spectrum and Degree-Correlation of the Model Geoid Contributed From Different Depths
The Earth’s geoid is prevalently at long wavelengths [Lerch et al., 1983, Figure 1b]. The power (equation (6))
of the geoid at degrees 2 and 3 accounts for 65% and 21%, respectively, of the total power from degrees 2
to 12 (Figure 10d). The long wavelength components of the geoid have a deep source [Hager and Richards,
1989], and are highly correlated with the lower mantle structure such as LLSVPs (Figure 1a). Section 3.1
shows that after removing the mantle buoyancy structure in the bottom �1000 km thick compensation
layer as expected for the thermochemical mantle model, those instantaneous models can still reproduce
the geoid with a similar viscosity structure to that in whole mantle convection models. It is of interest where
the long wavelength geoid (i.e., degrees 2 and 3) in those thermochemical models is originated from, and
how the contributions from different depths vary between the two types of mantle models.

For the best-fit model assuming the whole mantle convection, the geoid contributed from each depth is
dominantly at degree-2 across the mantle except for depths of �1000–1300 km (Figure 5a). Between the

Figure 4. The variance reduction of the geoid in the logarithmic scale for (a) the whole mantle model and (b) the thermochemical model assuming a 720 km thick compensation layer,
based on the seismic model SAW642ANb. Horizontal and vertical axes are the viscosity ratios of the lower mantle over the upper mantle and of the transition zone over the upper man-
tle, respectively. The color and size of the circles indicate the variance reduction and the conversion factor, respectively. In Figures 4a and 4b, for each radial viscosity profile, only the
model with a conversion factor that best reproduces the observed geoid is plotted.

Geochemistry, Geophysics, Geosystems 10.1002/2015GC006161

LIU AND ZHONG GEOID MODELING FOR THERMOCHEMICAL MANTLE 902



depths of 1000–1300 km the geoid power is relatively small (Figure 5b), and this is mainly because the
geoid is insensitive to the buoyancy at these depths where the geoid kernels at long wavelengths (e.g.,
degree 2) are near 0 (Figure 6a). In the top 1000 km of the mantle, although the geoid power at degree 2
from each depth is large with a maximum at �600 km depth (Figure 5b), the effective contribution from
this region to the observed geoid is limited due to the poor degree-correlation at long wavelengths
(Figure 5c). In total, the square root power of the degree 2 geoid contributed from this region is � 56 m,
with a degree-correlation of 47% with the observed geoid. In contrast, at degree 2, the geoid contributed
from below the 1300 km depth, with a total square root power of 96 m, is highly correlated (80%) with
the observed geoid. It can be concluded that the degree 2 observed geoid is mainly originated from the
lower mantle below the 1300 km depth. Analyses are also done on the degree 3 geoid. Although the
geoid from the deep mantle (i.e., below the 1300 km depth) has a very large correlation at degree 3
(Figure 5c), the power is too small compared to that from the upper part of the mantle (Figures 5a and
5b). As a result, the lower and upper parts of the mantle have similar effective contributions to the
observed geoid at degree 3. At degree 3, the geoid contributed from the lower mantle below the
1300 km depth has a square root power of 35 m, and a degree-correlation of 70%, while the geoid from
the upper region (above the 1000 km depth) has a square root power of 45 m, and a degree-correlation
of 79% with the observed geoid. At shorter wavelengths, the geoid is largely originated from the mantle
above �1000 km depth (Figure 5a).

Analyses are performed for the best-fit model assuming the thermochemical convection with a compensa-
tion thickness of 720 km. The difference of the viscosity profiles between this model and the whole mantle
model is minimal (Table 2). The power spectra and the degree-correlation of the geoid from difference
depths (Figures 5d–5f) share similar patterns to that of the whole mantle model (Figures 5a–5c). The geoid
power from �1000 km to �1300 km is nearly zero. At degree 2, the geoid power reaches maximum both at
�600 km depth in the upper mantle and at the depth above the compensation layer, but the degree-
correlation is much higher in the lower mantle (Figure 5f). The square root power of the degree 2 geoid
from below the �1300 km depth is �74 m, with a degree-correlation of 80% with the observed geoid, while
the mantle above the 1000 km depth contributes a square root power of 49 m with a degree-correlation of
50% with the degree 2 observed geoid. Therefore, the degree 2 geoid is mainly originated from the lower
part of the mantle, similar to the whole mantle model as discussed earlier.

It is noticed that even after removing mantle structure in the bottom 720 km thick layer, the geoid power
contributed from below 1300 km depth in the thermochemical model is still comparable to that in the

Figure 5. (a) The normalized power spectra of the geoid at degrees 2–12 contributed from different depths, (b) the maximum power among degrees 2–12 contributed from the layer
with unit thickness at each depth, that is used to normalize the power spectra in Figure 5a at the corresponding depth, and (c) the degree-correlation between the observed geoid and
the geoid contributed from a given depth for the whole mantle convection model. (d–f) Counterparts of Figures 5a–5c, respectively, for the thermochemical convection model with a
720 km thick compensation layer. (a)–(f) are for the best-fit geoid models using the seimic model SAW642ANb.
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whole mantle model (Figures 5b and 5e). Notice that Figure 5c also represents the degree-correlation
between the seismic structure and the observed geoid. The seismic structure, hence the buoyancy struc-
ture, is continuous from the lowermost mantle to the midmantle, and is highly correlated with the observed
geoid below the 1300 km depth. The slight difference in the viscosity profile between the whole mantle
and thermochemical models causes a noticeable difference in the geoid kernels at degree 2 (Figure 6a). In
the lower mantle below the 1300 km depth, the positive geoid kernel is larger in the thermochemical model
than that in the whole mantle model. Since the buoyancy structure at midmantle depths is highly corre-
lated with the observed geoid, the larger geoid kernel, together with an increase of the conversion factor c,
make it possible for the thermochemical model to fit the degree-2 geoid using mantle buoyancy between
the 1300 km depth and the compensation layer.

3.3. Surface Dynamic Topography and Geoid-to-Topography Ratio (GTR)
Surface dynamic topographies are computed for the best-fit models assuming the whole mantle convection
and the thermochemical convection with a 720 km thick compensation layer (Figures 7a and 7b) by con-
volving topography kernels (Figure 6b) with mantle buoyancy. Surface dynamic topography in the thermo-
chemical model shows similar patterns to that in the whole mantle model, but with larger amplitudes,
particularly at relatively short wavelengths (Figures 7a and 7b). This can be understood from the topogra-
phy kernels and the geoid-to-topography ratio (GTR).

For both thermochemical and whole mantle models, topography kernels are positive across the mantle,
and are nearly identical. Notice that when assuming the thermochemical convection, the buoyancy struc-
ture in the compensation layer is removed, and would not contribute to the topography. However, the ther-
mochemical model requires a larger conversion factor compared with that of the whole mantle convection
to explain the geoid, implying that the mantle structure above the compensation layer would result in
larger buoyancy and produce larger surface dynamic topography. At relatively short wavelengths (e.g.,
degree 8), the topography kernels for both models are negligibly small at depths of the compensation layer
(Figure 6b). Consequently, in both models, the relatively short wavelength topography is mainly generated
by the buoyancy structure in the upper part of the mantle above the compensation depth. Therefore, the
thermochemical model with a larger conversion factor c would have a larger topography at these wave-
lengths compared with that of the whole mantle model. The ratio of the relatively short-wavelength topog-
raphies between the two models is approximately the ratio of their conversion factor c with the topography
of the thermochemical model being �30% larger (Figure 7c).

At long wavelengths (e.g., degree 2), the buoyancy in the compensation layer makes a noneligible contribu-
tion to the surface topography in the whole mantle model (Figure 6b). For the thermochemical mantle

Figure 6. Kernels of (a) geoid, (b) surface dynamic topography, and (c) GTR for the best-fit models assuming both the whole mantle con-
vection (solid lines) and the thermochemical convection with a 720 km thick compensation layer (dashed lines) at degrees 2 (black) and 8
(red). The vertical and horizontal green lines mark the value of 0 and the compensation depth, respectively.
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model, the effect of a larger conversion factor on the topography is partially offset by the effect of removing
the buoyancy in the compensation layer. However, the dynamic topography in the thermochemical model
would still be larger than that in the whole mantle model, although the difference between these two mod-
els is smaller than that at relatively short-wavelengths (Figure 7c), and that is because in the lower mantle
below �1200 km depth, the geoid-to-topography ratio (GTR) at degree 2 for both models are positive and
increase with depth. Removing the buoyancy in the compensation layer in the thermochemical model
would result in a reduced averaged GTR compared with that of the whole mantle model. A smaller GTR
implies that, to produce the same observed geoid, the thermochemical model would produce more
topography.

4. Discussion

4.1. The Geoid, Thermochemical Mantle Convection, and Structure in the Lower Mantle
Our study shows that the long-wavelength geoid anomalies can be reproduced in thermochemical mantle
models in which the LLSVPs are interpreted as stable, negatively buoyant chemical piles. Therefore, our
study helps resolve the dilemma that while the geoid observation appears to support isochemical, whole-
mantle model [e.g., Hager and Richards, 1989; Forte and Mitrovica, 2001], seismic and geochemical observa-
tions require that the mantle has large-scale, stable chemical heterogeneities including the LLSVPs [e.g.,
Jackson et al., 2014; Boyet and Carlson, 2005]. In modeling the geoid from seismic models for a thermochem-
ical mantle, our study considers the compensation effect of stable, negatively buoyant chemical piles on
the geoid [Liu and Zhong, 2015] that helps circumvent difficulties in inferring the buoyancy for thermo-
chemical heterogeneities such as the LLSVPs in seismic models.

In the whole mantle convection model, the deep mantle with the LLSVPs plays a critical role in explaining
the long wavelength geoid. However, the thermochemical model in our study reproduces the observed
geoid, although a significant part of the lower mantle above CMB (i.e., a compensation layer of �1000 km
thick) is removed due to the compensation effect. That the thermochemical model fits the geoid well with-
out the structure in the bottom �1000 km thick layer of the mantle is rather surprising, given that the

Figure 7. The surface dynamic topography for the best-fit models based on SAW642ANb assuming (a) the whole mantle convection, and
(b) the thermochemical convection with a 720 km thick compensation layer. Contour lines of 1000 m are plotted in Figures 7a and 7b. (c)
The square root degree-power of Figure 7a (solid line) and Figure 7b (dashed line), and the ratio of Figure 7b over Figure 7a (red line).
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degree-2 buoyancy structure in this layer including the LLSVPs contributes significantly to the geoid in the
whole mantle model (Figure 5b). The good geoid fitting arises because the degree-2 mantle seismic and
hence buoyancy structure is continuous from CMB to the midmantle depth (�1300 km depth), and is highly
correlated with the observed geoid. The buoyancy structure in the midmantle effectively contributes to the
long wavelength geoid and makes it possible for thermochemical models to reproduce the observed geoid
(Figures 5d–5f), without the buoyancy structure in the compensation layer, as shown in section 3.2.

Our results have a number of implications for mineral physics and seismology. First, notice that our thermo-
chemical models considering the compensation effect suggest a larger conversion factor from seismic
velocity to density anomalies in the isochemical part of the mantle above the compensation layer. This
should have implications for mantle mineral physics. Second, our thermochemical models indicate an
important role of mantle structure in the midmantle above the compensation layer in explaining the geoid.
However, seismic tomographic models often do not have as good resolution at this depth range as that for
the bottom of the mantle. Therefore, future seismic studies should seek to further improve the resolution at
the midmantle depths. Third, our thermochemical models suggest that the vertical extent of chemically
dense and stable piles (i.e., LLSVPs) above the CMB may not exceed 300–500 km. Seismic estimates of verti-
cal extent of chemically distinct LLSVPs or superplumes range from several hundreds to over a thousand
kilometers, based on the anti-correlation of shear wave and bulk sound speeds [Masters et al., 2000] or
wave-form modeling [Ni et al., 2002; Wen et al., 2001; He and Wen, 2009]. Ni et al. [2002] suggested that the
African anomaly, where compositional anomalies are embedded in thermal plumes, would rise to as high as
�1000 km from the CMB. However, it is unclear how thick the chemically dense and stable portion of
LLSVPs is. Our results show that thermochemical models with a compensation layer thinner than 720 km
reproduce the observed geoid well, while the geoid fitting decreases rapidly with thicker compensation
layer, especially with layers thicker than 1000 km (e.g., the variance reduction decreases from 77% to 65%
as the compensation layer thickness increases from 720 to 1000 km, respectively, and it drops to 33% as the
layer thickness increases to 1500 km) (Table 2), indicating an upper bound of compensation layer thickness
of �1000 km. Considering that, from studies of mantle convection models [Liu and Zhong, 2015], the com-
pensation layer thickness is about twice of the vertical extent of chemically dense piles with uniform den-
sity, our results suggest an upper bound of the vertical extent of chemically dense piles of � 300–500 km
above the CMB. This is consistent with seismic studies of anti-correlation between shear velocities and bulk
sound velocities in LLSVPs [Masters et al., 2000]. However, this does not necessarily contradict with the exis-
tence of chemically distinct superplume structure rising to shallower depths as suggested in Ni et al. [2002],
if such a structure is not negatively buoyant. For example, Tan and Gurnis [2005] proposed a compressible
thermochemical convection model where metastable superplumes are dynamically maintained while nega-
tively buoyant materials only exist in the upper part of thermochemical piles. We think that the geoid mod-
eling such as that done in Liu and Zhong [2015] could provide an important test for these models.

4.2. A Weak Transition Zone
An important outcome of the geoid modeling is to place constraints on mantle viscosity structure [e.g.,
Hager and Richards, 1989]. Our study with the whole mantle and thermochemical mantle models reveals
two important features about mantle viscosity. First, mantle viscosity inferred from the geoid in the thermo-
chemical mantle model is nearly identical to that in the whole mantle model, suggesting that the viscosity
inferred from previous whole mantle models [e.g., Hager and Richards, 1989] remains largely valid. Second,
with three seismic models considered here (i.e., SAW642ANb, S40RTS and Smean), our study suggests that
the transition zone appears to be the weakest, being �10 times weaker than the upper mantle and �100
times weaker than the lower mantle (Table 2), irrespective of the whole-mantle or the thermochemical man-
tle models.

Our result that the transition zone is significantly weaker than the upper mantle is different from Hager and
Richards [1989] where a stronger transition zone is preferred. We suspect that the difference may be caused
by the difference in the mantle buoyancy used in our studies. King [1995] found two groups of viscosity pro-
files, with either a strong or a weak transition zone that would reproduce the observed geoid. He suggested
that a large viscosity contrast between the upper mantle and transition zone would be critical in the geoid
modeling. Our study using most recent seismic models seems to remove the ambiguity in preferring a
weaker transition zone. That the transition zone is significantly weaker than the upper mantle has implica-
tions for mineral physics. Compared with the upper mantle, the transition zone minerals have much higher
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water solubility [e.g., Williams and Hemley, 2001; Nestola and Smyth, 2015], and the transition zone is esti-
mated to have a water content of 0.2–2 wt% [Bercovici and Karato, 2003]. The high water content would
weaken the transition zone, and provide a supporting observation for the inferred viscosity profile from our
study.

It should be pointed out that if the transition zone is restricted not to be weaker than the upper mantle, i.e.,
gtz � gum, our modeling indicates that gtz would be about the same as gum which is �50 times smaller than
the lower mantle (Table 1) for both whole-mantle and thermochemical models. This result is consistent
with those inferred for the whole-mantle model in previous studies [e.g., Hager, 1984; Hager et al., 1985;
Ricard et al., 1993]. Previous studies also found that an extremely weak and thin layer around �670 km
depth would help fit the geoid [e.g., Panasyuk and Hager, 1998; Forte et al., 1993]. We do not attempt to
divide the mantle into more viscosity layers to further resolve finer viscosity structure, due to our concern
on computational costs and potential tradeoffs among a large number of viscosity layers, as seen in viscos-
ity inversions using postglacial rebound observations [Paulson et al., 2007; Paulson and Richards, 2009].

4.3. Viscosity Structure in the Lower Mantle
While our models assume a constant lower mantle viscosity, previous studies on modeling gravitational
anomalies or the postglacial rebound have employed viscosity models with significant viscosity increases
within the lower mantle [e.g., Steinberger and Calderwood, 2006; Forte and Mitrovica, 2001]. Recently, using a
Bayesian inversion procedure, Rudolph et al. [2015] suggested a viscosity increase at � 1000 km depth using
geoid modeling for whole mantle convection models.

Following same procedure as described in sections 2 and 3 and assuming the whole mantle convection, we
tested the robustness of the viscosity stratification at 1000 km depth. We employ a four-layer 1-D viscosity
profile with contrasts at 100 km, 670 km, and 1000 km depths (the four viscosities are denoted as glith, gum,
gup2lm, gbot2lm, from the surface to the CMB, respectively), with a fixed glith of 20 as before, and a presump-
tion that gbot2lm�gup2lm � gum (i.e., the viscosity monotonically increases with depth). Notice that we now

combine the upper mantle and transition
zone into one layer as the upper mantle
for simplicity and reducing tradeoffs. After
several zoom-in procedures, large
amounts of models are calculated with
gum, gup2lm, and gbot2lm ranging from 0.02
to 7, 1 to 120, and 7 to 400, respectively.
The best-fit model (V2–12577.90%) has a
viscosity profile of gum50.4, gbot2lm530,
and gup2lm530, respectively. Notice that
no viscosity increase exists for this model
at 1000 km depth. The model with
the second large variance reduction
(V2–12577.86%), however, has a viscosity
jump at 1000 km from gup2lm58 to
gbot2lm535, while its gum is 0.6 which is
close to that of the best-fit model. It is
found that all the models that well repro-
duce the observed geoid (V2–12>73%)
have viscosity increase at 1000 km depth
by a factor of 1 (i.e., no increase) to 10
(Figure 8). This significant tradeoff implies
that a viscosity increase at 1000 km depth
is not required from our geoid modeling
study. The viscosity ratio of the upper
mantle to the bottom lower mantle (i.e.,
below 1000 km depth), gum=gbot2lm, how-
ever, falls in a very narrow range of 1/30
to 1/100 (Figure 8), indicating that this

Figure 8. The variance reduction of the geoid in the logarithmic scale for
whole mantle models with a presumed viscosity stratification at 1000 km
depth, based on the seismic model SAW642ANb. Horizontal and vertical axes
are the viscosity ratios of the upper part of the lower mantle (from 670 to
1000 km depths) to the bottom part of the lower mantle (below 1000 km
depth), and of the upper mantle (from 100 to 670 km depths) to the bottom
part of the lower mantle, respectively. The color and size of the circles illus-
trate the variance reduction and the conversion factor, respectively. For each
radial viscosity profile, only the model with a conversion factor that best
reproduces the observed geoid is plotted.

Geochemistry, Geophysics, Geosystems 10.1002/2015GC006161

LIU AND ZHONG GEOID MODELING FOR THERMOCHEMICAL MANTLE 907



viscosity contrast is a rather robust inference from our geoid modeling. This result is also consistent with
our results in section 3.1.1 and classic studies where the viscosity in the lower mantle is about 30–60 times
that of the upper mantle [e.g., Hager and Richards, 1989]. The viscosity inversion with the same viscosity
parameterization is also done for thermochemical models with a 720 km thick compensation layer. With vis-
cosity structures similar with those inverted from whole mantle geoid models, thermochemical models can
reproduce the observed geoid, although with smaller variance reductions. Thus, the compensation effect
from thermochemical models does not affect the inferred viscosity stratification at 1000 km.

Therefore, our geoid modeling suggests that a more robust feature in the inferred mantle viscosity is a gen-
eral increase of a factor of 30–100 from the upper mantle to the lower mantle, while it is not well con-
strained how and where the viscosity increases with the depth. A viscosity increase at �1000 km depth as
suggested by Rudolph et al. [2015] is possible but not required. Constraints other than the geoid observa-
tion are needed to better understand the fine-layered viscosity structure in the lower mantle. One of the
main justifications for the viscosity contrast at �1000 km depth proposed by Rudolph et al. [2015] is the
seismic imaging of plumes and slabs that appear to change their morphologies at that depth [Fukao et al.,
2009; French and Romanowicz, 2014]. However, more slab stagnations have been observed at the 670 km
depth [e.g., Fukao et al., 2009]. If the same reasoning is followed, the slab stagnations at �670 km depth
would also suggest a viscosity increase there. Moreover, slab geometries involve complex mechanism. For
example, slab stagnations may be heavily influenced by trench roll back [e.g., Zhong and Gurnis, 1995; Chris-
tensen, 1996] and subduction history [e.g., Billen, 2008]. More seismic and geodynamic studies are in need
to further explore the slab structure and dynamics.

4.4. Dynamic Topography
Dynamic topography for the Earth may be estimated by removing the isostatic compensation effect on the
topography and determining the residual topography [e.g., Davies and Pribac, 1993; Lithogow-Bertelloni and
Silver, 1998; Panasyuk and Hager, 2000]. The residual topography can be estimated more robustly in oceanic
regions than in continental regions because of the expected small variations in oceanic crustal structure. In
oceanic regions, the residual topography shows topographic highs in central Pacific (i.e., the Pacific super-
swell) ranging from �1 to 2 km depending on different lithospheric thermal models [Panasyuk and Hager,
2000]. Even after removing the effects of seamounts and oceanic islands, sediments, and the lithospheric
thermal structure (i.e., the plate model), the central Pacific region still has �1 km of residual topography
[Zhong et al., 2007]. Over large length-scale (> 6000 km or up to spherical harmonic degree 6), the esti-
mated residual topography is generally in a range of �61 km [e.g., Panasyuk and Hager, 2000].

In our best-fit geoid model assuming the whole mantle convection, the dynamic topography at degrees 2
and 3 (i.e., long-wavelength) are in the range of �6800 m and �6400 m, respectively, with a topographic
high of �1 km in the central Pacific. The dynamic topography from our geoid models is consistent with the
estimated residual topography [Panasyuk and Hager, 2000] and the dynamic topography computed from
other geoid modeling studies [e.g., Hager and Richards, 1989; Lithogow-Bertelloni and Silver, 1998]. It is of
interest why the magnitude of the long wavelength dynamic topography is as high as �1 km. While a
recent study based on gravity-topography admittance argument suggested that dynamic topography may
not exceed �300 m at relatively small length-scales [Molnar et al., 2015], the admittance, or the geoid to
topography ratio (GTR), may provide some insight for the high magnitude of the long wavelength topogra-
phy in our model. Notice that the degree 2 GTR changes sign at �1200 km depth, being negative above
and positive below the depth (Figure 6c). The negative GTR reflects the negative geoid kernel in the upper
mantle (Figure 6a), as the topography kernel is positive for the whole mantle (Figure 6b). The degree-2 seis-
mic structure is a continuous feature from the upper to lower mantles (i.e., seismically slow below Africa
and the central Pacific, Figures 9a and 9b). This suggests that dynamic topography produced by mantle
structure at different depths generally adds to each other and highly correlates with the total surface topog-
raphy (Figures 9e, 9f, and 9h). However, the degree-2 geoid from the upper mantle is largely canceled out
by that from the lower mantle due to the opposite signs of the kernel in the two regions (Figures 9c and
9d). The overall GTR should be the average of the GTR kernel over the whole mantle, weighted by depth
distribution of the power (e.g., Figure 5b). In our best-fit whole mantle geoid model, the degree 2 GTR ker-
nel ranges from 20.15 at �600 km depth to �0.25 above the CMB, and an averaged GTR of less than 0.1 is
expected. This explains why to produce the observed degree-2 geoid of �70 m in the Pacific, the models
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often produce � 800 m degree 2 topographic high there. The argument also applies for thermochemical
mantle models, with an even smaller overall GTR.

While our whole mantle models for the geoid yield similar dynamic topography to that from previous stud-
ies, our thermochemical models with the compensation effect lead to larger amplitude of dynamic

Figure 9. Seismic shear wave speed anomaly dv/v (model SAW642ANb) at (a) 650 km depth and (b) 500 km above CMB. Degree 2 geoid
contributed from (c) 650 km depth and (d) 500 km above CMB, degree 2 surface dynamic topography contributed from (e) 650 km depth
and (f) 500 km above CMB, and total degree 2 (g) geoid and (h) surface dynamic topography, of the best-fit geoid model assuming the
whole mantle convection based on model SAW642ANb.
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topography due to a larger conversion factor, compared with those for the whole mantle model. The differ-
ence, however, is not significant (<30% overall), and we suspect that it would be challenging to use the
inferred residual topography to distinguish the whole mantle and the thermochemical mantle models. It
should be noticed that, in thermochemical models, since the buoyancy structure in the lowermost mantle is
removed, the model CMB topography cannot be used to make meaningful geophysical inference for which
fully dynamic models are needed.

4.5. The Free-Air Gravity Anomaly
While the long wavelength structure in the Earth’s gravitational field is well represented in the geoid (Figure
1b), the small-scale features are more evident in the free-air gravity anomalies (Figure 10a, EGM2008 model)
[Pavlis et al., 2013]. Notice that we have subtracted the free-air gravity anomaly caused by the glacial iso-
static adjustment process [Geruo et al., 2013] from the original EGM2008 model. The degree power for the
geoid decreases rapidly as the wavelength decreases, while the free-air gravity anomalies have relatively
flat power spectra (Figure 10d). This is because free-air gravity anomalies, gFAlm, can be simply related to
the geoid hlm by gFAlm5 l21ð Þhlmg=R where l is the spherical harmonic degree, g is the reference gravita-
tional acceleration, and R is the Earth’s radius.

We have computed gFA up to degrees and orders 12 for best-fit geoid models assuming both the whole
mantle convection (Figure 10b) and the thermochemical convection with the compensation thickness of
720 km (Figure 10c), using the similar kernel approach. Both whole mantle and thermochemical models
reproduce the long wavelength pattern of the gFA (Figures 10b and 10c). However, the model gFA has

Figure 10. (a) Observed free-air gravity anomaly (model EGM2008), and computed free-air gravity anomalies for best-fit models assuming (b) the whole mantle convection, and (c) the
thermochemical convection with a 720 km thick compensation layer. (d) Degree power percentages over degrees 2–12 (black) for the observed geoid (solid line) and free-air gravity
(dashed line), and the degree-correlations (red) of the computed geoid (solid line) and free-air gravity (dashed line) with the observations for the best-fit thermochemical models with a
720 km thick compensation layer.
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significantly lower total degree-correlations with the observation with C2-12 at 58% for the whole mantle
model, and 52% for the thermochemical model, compared with the model geoid (e.g., Table 2). This is con-
sistent with the findings from previous studies [e.g., Forte et al., 2008]. A close examination reveals that the
degree-correlation is very high at degrees 2 and 3, and it decreases with harmonic degree. At relatively
short wavelengths, the correlation is poor, and is smaller than 50% for degrees larger than 6 for both mod-
els (Figure 10d). It is also found that at each degree the correlation for gFA between the model and the
observation is nearly identical to that for the geoid (Figure 10d). Since the geoid is dominantly at degrees 2
and 3, its total correlation as well as the variance reduction can be high even with poor degree-correlations
at short wavelengths (Figure 10d).

The difference in spectral correlations for the geoid and free-air gravity anomalies may have implications
for inference of mantle viscosity structure using these observations. For example, the inferred mantle viscos-
ity from the geoid weighs more on long-wavelength mantle structure at the large depths, while free-air
gravity based inference may incorporate more small-scale structure at relatively shallow depths. The small-
scale structure at shallow depths may be more difficult to resolve seismically and interpret geodynamically
due to uncertainties associated with anisotropy and compositional heterogeneities. Consequently, it is
important to investigate optimal inversion procedures for mantle viscosity using these observations.

4.6. Potential Drawback and Future Work
In this study, the compensation effect of negatively buoyant chemical piles observed in dynamically self-
consistent thermochemical convection models [Liu and Zhong, 2015] is utilized in the geoid modeling. This
approach avoids the difficulty of determining the buoyancy structure of the chemical piles from the seismic
structure. However, there are several potential drawbacks in this approach. While the dynamically self-
consistent thermochemical models suggest that the compensation layer thickness is �2–3 times of the
chemical piles [Liu and Zhong, 2015], a precise knowledge on the compensation thickness for the Earth is
unclear. Since the bottom part of the mantle is removed to account for the compensation effect, the CMB
topography in our thermochemical models does not reveal the lower mantle dynamics that would be heav-
ily influenced by the thermochemical piles. Our geoid modeling employs an 1-D viscosity, while the low vis-
cosity of the chemical piles due to temperature and compositional effects might be important in the lower
mantle dynamics. Nevertheless, the 1-D viscosity inverted from this study has laid a foundation for future
studies to formulate instantaneous models based on seismic mantle structure with realistic temperature-
and composition-dependent viscosity, and explore the buoyancy structure in the thermochemical piles and
the ambient mantle by fitting the geoid and surface and CMB topographies.

5. Conclusion

In this study, we formulate instantaneous mantle flow models for the geoid and dynamic topography
assuming both thermochemical and whole mantle convection with mantle buoyancy structure derived
from seismic tomographic models SAWANb642, S40RTS, and Smean. Our models employ an 1-D viscosity
structure and the geoid is calculated using the propagator matrix method. The thermochemical mantle
model considers the compensation effect of the stable, negatively buoyant thermochemical piles (i.e.,
LLSVPs).

Our thermochemical mantle models treating the LLSVPs as negatively buoyant thermochemical piles can
well reproduce the Earth’s geoid, thus reconciling the geoid observation with the interpretation of the
LLSVPs as long-term stable chemical reservoirs. The inferred mantle viscosity structure in the thermochemi-
cal model is nearly identical to that for the whole mantle model. Both models prefer a weak transition zone,
and in the preferred viscosity model, the lower mantle viscosity is �10 times higher than the upper mantle
viscosity that is �10 times higher than the transition zone viscosity. A larger conversion factor from seismic
velocity to density anomalies is required to fit the geoid in the thermochemical mantle model compared
with that of the whole mantle model, resulting in a larger (�30%) surface dynamic topography in the ther-
mochemical model. The amplitude of long-wavelength (degrees 2 and 3) dynamic topography is about
61.2 km, which is generally consistent with previous whole mantle models. Our geoid modeling studies
suggest that the compensation layer is likely to be thinner than �1000 km, and that the upper bound of
the vertical extent of the chemically distinct and negatively buoyant piles or LLSVPs above the CMB is
�300–500 km. Our studies indicate that mantle structure at midmantle depths (e.g., between 1300 km and
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2100 km depths) controls the geoid for a thermochemical mantle model. This suggests that future seismic
models need to further improve resolution at the midmantle depths. While it is possible that the lower man-
tle viscosity may increase significantly with depth (e.g., at �1000 km depth), the geoid modeling only pro-
vides a limited depth resolution, and a more robust conclusion is a general increase in viscosity by a factor
of �100 from the upper mantle to depths below 1000 km.
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