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Abstract Seismic tomography has revealed the existence of large-scale velocity heterogeneities in the
mantle. The interpretation of seismic velocity anomalies in terms of temperature and chemical
composition is nonunique. We use geodynamic observations including gravity, plate motions, dynamic
topography, and excess ellipticity of the core-mantle boundary combined with seismic observations to
investigate the thermo-chemical structure of the mantle through joint inversions. An outstanding issue,
however, is the physical connection between mantle density anomalies and the surface geodynamic
observations, which requires knowledge of the mantle viscosity structure. Here we perform joint inversions
assuming different viscosity profiles and examine the dependence of the results on the viscosity. We first
assume that mantle heterogeneity is due to thermal variations, which places a constraint on the relation
between seismic velocity and density, and we subsequently relax the constraint to allow for potential
nonthermal effects. In all of our joint inversions, a nonthermal origin of density anomalies is required to
explain the geodynamic data, though the amount varies with the assumed viscosity structure. A common
observation is a high-density chemical signal in the center of the large low-shear-velocity provinces at the
base of the mantle resulting in a near neutral or slightly dense overall buoyancy there. Using the derived
density models and their corresponding viscosity profiles, we also calculate instantaneous mantle flow fields.
The predicted flow fields derived from joint inversions are generally similar but are quite different from flow
fields using density models derived from a posteriori scaling of pure seismic tomography models.

Plain Language Summary The origin and evolution of Earth's mantle have been long-standing
fundamental questions in geosciences. We use both global seismological and geodynamical (gravity,
topography, plate motions, and excess ellipticity of the core-mantle boundary) data sets to investigate
whether lateral changes in mantle structure can be explained solely by temperature variations or whether
the mantle must also have significant chemical variations. Our results indicate the presence of chemically
distinct mantle anomalies. In particular, we find two large regions at the base of the mantle that appear to be
chemically distinct with hot mantle upwellings surrounding them. We also derived several models of 3D
density variations in the mantle assuming different viscosity profiles. These models were then used to predict
the present-day mantle convective flow. We show that the mantle viscosity structure does not have a strong
influence on the pattern of large-scale mantle flow. We find, however, that 3D density models derived by
simple (1D) a posteriori scaling of tomography models obtained only from seismic data yield predictions of
significantly different mantle flow.

1. Introduction

Seismic tomography has shown that large-scale heterogeneity exists at all depths through the mantle (e.g.,
French & Romanowicz, 2014; Grand, 2002; Moulik & Ekstrom, 2016; Ritsema et al., 2011). However, the
interpretation of these heterogeneities in terms of temperature and possible chemical variations is still
debated. In the shallow mantle, it is well accepted that old, stable cratonic roots are compositionally distinct
from surrounding mantle (Jordan, 1978). Excluding cratonic roots, there is controversy over whether ther-
mal variations alone can explain the mantle heterogeneity or not. Most notably, the lower mantle is marked
by two so-called large low-shear-velocity provinces (henceforth, LLSVPs) beneath the south-central Pacific
and Africa (Garnero & McNamara, 2008) that have been the focus of debate over whether chemical or
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thermal heterogeneity is dominant in these regions. Schuberth et al. (2009) and Davies et al. (2012) con-
verted global mantle circulation models into elastic parameters and density and have suggested that substan-
tial chemical heterogeneities are not necessary to explain lower mantle seismic anomalies, possibly owing to
the limited resolution of seismic tomography. Opposing arguments for a dominantly chemical origin for the
LLSVPs have been made based on the seismic inference of their sharp boundaries (e.g., Frost & Rost, 2014;
Nietal., 2002; Sun & Miller, 2013; Zhao et al., 2015), apparent anticorrelation of S wave and bulk sound velo-
cities in the lowermost mantle (e.g., Forte & Mitrovica, 2001; Masters et al., 2000; Robertson &
Woodhouse, 1996; Saltzer et al., 2001; Su & Dziewonski, 1997), geographical correlation of LLSVP edges
in the deepest mantle with surface hotspots (e.g., Steinberger & Torsvik, 2012; Thorne et al., 2004), and
source locations for large igneous provinces (e.g., Burke et al., 2008; Torsvik et al., 2010). The quantitative
agreement between predicted entrainment of dense LLSVP material by plumes in ocean island basalt
(Deschamps et al., 2011; Li et al,, 2014) and the distinct isotopic ratios of elements compared with
mid-ocean ridge basalts found in many hotspots (Hofmann & Hart, 1978) also supports a chemically distinct
origin for the LLSVPs.

Constraining density perturbations, as well as seismic velocities, in the mantle is necessary to robustly dis-
criminate between chemical and thermal anomalies. It is challenging, however, to use seismic data alone
to determine density structure. Using normal mode splitting functions, Ishii and Tromp (1999) found anom-
alously high density within the African LLSVP implying that the mantle there is chemically distinct.
Trampert et al. (2004) also showed chemically distinct LLSVPs using a probabilistic tomography method
based on normal mode data. However, Kuo and Romanowicz (2002) found that the density structure
retrieved from normal mode data was not reliable based on synthetic tests. Recently, Koelemeijer et al. (2017),
using Stoneley modes, found the LLSVPs to be buoyant in contradiction with the results of Ishii and
Tromp (1999). However, the recent work does not constrain the density in the lowermost 100 km of the man-
tle. Koelemeijer et al. (2017) also showed a trade-off between lowermost density structure and core-mantle
boundary (CMB) tomography, which might bias the derived density structures. Other more recent work by
Lau et al. (2017) again suggests overall dense LLSVPs through a method called “tidal tomography” using
Earth's body tide data. Ding and Chao (2018) used excess density in LLSVPs to explain the correlation
between the 6-year periodic variation in the length of the day and surface deformation. These apparent con-
tradictions point to the continued uncertainty regarding the chemical contributions to these major,
large-scale deep mantle anomalies.

An alternative approach to determine mantle density structure is to use geodynamic data such as Earth's
gravity field, topography, and plate motions that provide direct constraints on mantle density anomalies.
A direct theoretical relationship between these observables and mantle density structure can be established
assuming a viscous flowing mantle with a known viscosity distribution (e.g., Forte & Peltier, 1987;
Hager, 1984; Ricard et al., 1989). Therefore, a joint analysis of seismic and geodynamic data has the potential
to discriminate thermal from chemical heterogeneity (e.g., Forte & Mitrovica, 2001; Trampert et al., 2004).
Simmons et al. (2009, 2010) proposed a joint inversion method, where seismic, geodynamic, and mineral
physics data are simultaneously inverted for temperature and chemical 3D structure. They initially build a
relation, based on mineral physical constraints, between seismic velocity and density anomalies that
assumes that the heterogeneity is due to thermal affects. Through joint inversion of the geodynamic and seis-
mic data, a “thermal” model is found that best explains the data. In a second step, data that are not explained
by the thermal model can be inverted for density anomalies that may not have a thermal origin. In this way,
a model that simultaneously matches seismic and geodynamic constraints can be obtained with an estimate
of the minimal chemical heterogeneity required to fit the data.

Given a mantle density structure, as well as a model of depth-dependent viscosity, the instantaneous flow
of the mantle can be calculated (Forte, 2007; Hager & O'Connell, 1981; Steinberger, 1996). Assuming that
subducting slabs are the main source of buoyancy in the mantle, mantle flow simulations have been
done with dense lithospheric slabs providing all the driving forces (e.g., Gurnis, 1992;
Lithgow-Bertelloni & Gurnis, 1997; Ricard et al., 1993). In other mantle convection studies, density mod-
els were derived by a posteriori scaling of seismic tomography using a radially varying or constant scaling
factor between density and seismic velocity perturbations (e.g., Liu et al., 2008; Spasojevic et al., 2009;
Steinberger, 2016). The predicted flow fields that result from these calculations can then be related to
other independent geophysical and geological observations. For example, Becker et al. (2003), Conrad
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et al. (2007), and Gaboret et al. (2003) computed flow models to predict mantle anisotropy that compared
well with observations.

These mantle flow simulations have been used to better understand anomalous surface features of the Earth.
For example, using their mantle flow simulations, Shephard et al. (2012) proposed that more than half of the
anomalous depth of the Argentine Basin is caused by deep-seated mantle flow. Applying time-reversed con-
vection simulations, one can also model the evolution of topography and tectonic processes through time
(e.g., Bunge et al., 2003; GliSovi¢ & Forte, 2017; Liu et al., 2008; Moucha et al., 2008). However, different flow
simulations can result in different conclusions related to surface evolution. For example, Rowley et al. (2013)
determined that the east coast of the United States has undergone uplift over the past 3 Ma. They used the
density model derived in Simmons et al. (2009) to drive flow simulations. In contrast, using a different man-
tle viscosity and density model and under different assumptions, Liu (2015) predicted subsidence of the same
region over the same time period. As another example, Rowley et al. (2016) showed that a long-lived deep
upwelling beneath the East Pacific Rise (EPR) drives horizontal asthenospheric flows away from the ridge
and contributes significantly to plate motions through viscous traction, which challenges the traditional idea
that slab pull is the dominant driving force of plate tectonics. In the flow modeling of Conrad and Behn
(2010), however, deep mantle upwelling is focused further west than found by Rowley et al. (2016) and
results in asthenospheric flow toward the ridge beneath parts of the west Pacific. Thus, in their model, asth-
enospheric flow works against plate motion, at least near the EPR.

The mantle flow models that resulted in contradictory conclusions, discussed above, use different viscosity
and density models, thus obscuring a comprehension of the controlling factors yielding different results. In
this study, we investigate the impact of assuming different geodynamically inferred 1D viscosity profiles on
both mantle density estimation and mantle flow predictions. We use the approach of Simmons et al. (2009)
to conduct joint inversions of seismic and geodynamic data to constrain mantle density perturbations assum-
ing different viscosity models. The inversions find 3D density models that fit Earth's surface gravity field,
topography, and plate motions, as well as minimizing the chemical heterogeneity within the mantle. Our
goal is to test the sensitivity of the joint inversion results to the a priori choice of viscosity model. In particu-
lar, we test the extent to which the assumed viscosity structure influences inferences of chemical contribu-
tions to density heterogeneity and the corresponding predictions of instantaneous flow. In the following
sections, we describe the data and method we use in the joint inversions; then, we discuss the effect of visc-
osity on the inferred thermal-chemical structure of the mantle. Finally, we compare the mantle flow predic-
tions and evaluate the effect of viscosity structure on mantle flow patterns.

2. Data and Method

Our joint inversion follows the approach proposed by Simmons et al. (2009) to derive model TX2009 with
some minor modifications to the method but with substantially expanded seismic data sets and geodynamic
constraints. A two-step approach has been applied to simultaneously invert shear-wave seismic data and
geodynamic data. First, we attempt to fit the data assuming that mantle heterogeneities have a thermal ori-
gin, thus applying simple scaling relationships between density and velocity perturbations based on mineral
physical estimates. For each viscosity profile, we find the model yielding best data fit within plausible ranges
of thermal density to velocity scaling. In the second step, we relax the purely thermal assumption and invert
the geodynamic data for a total density model having both thermal and nonthermal origins. The difference
between the total and thermal density fields yields a minimum estimate of the density variations with a non-
thermal origin in the mantle.

2.1. Viscosity Profiles

Nonuniqueness of geodynamic constraints on mantle viscosity is manifested in a wide range of models that
differ even in their 1D depth variation (e.g., Behn et al., 2004; Forte & Peltier, 1991; Forte & Peltier, 1987;
Forte, Quéré, et al, 2010; Hager et al, 1985; Kido et al, 1998; King & Masters, 1992; Mitrovica &
Forte, 2004; Panasyuk & Hager, 2000; Rudolph et al., 2015; Steinberger & Calderwood, 2006). In this study,
we test five published viscosity models that have been widely used (Figure 1). The V1 viscosity profile was
developed by Mitrovica and Forte (2004) by jointly inverting global convection-related data and glacial iso-
static adjustment observations. The model is distinguished by a very low viscosity layer just above the
660-km discontinuity. Model V2 (Forte, Quéré, et al., 2010) was derived using a similar approach as V1
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o Viscosity but imposing a smooth continuation of viscosity across the 660-km dis-
continuity. We also consider a four-layer model proposed by Behn
et al. (2004) that we call VBehn. The VBehn model is marked by a thick
500 f- asthenospheric layer with more strongly reduced viscosity than the other
i models and was derived by fitting tomography-based predictions of
__ 1000 - :zgehn mantle-flow-induced seismic azimuthal anisotropy to observations of
g _zglc_:m she.ar-wave splitting. A fourth mode.l we use, VSC, is presented .in
£ 1500 Tgﬁ;ﬁ? e LIk Stemberger and Calderwood (2006.). This mode.l was used .to match.predlc-
2 VSC_scaled e f tions of a tomography-based dens1t.y mod.el with constr.amts provided by
so -+ VRLL27 scaled the long wavelength nonhydrostatic geoid and by radial heat flux. The
2000 - four viscosity models discussed above have similar features with a
high-viscosity top layer (lithosphere), a low-viscosity upper mantle, and
2500 | a higher average viscosity in the lower mantle. In detail, however, the
| FERl models locally differ by more than an order of magnitude at a number
'1“(')19| — 1(')20 . '1622 — "1“(')23 of depths (Figure 1). As an example of a quite different viscosity model,

we also test model VRLL27 from Rudolf et al. (2015). This model was

Figure 1. Radially symmetric viscosity models used in this study. Viscosity ~ derived using mineral physics-based calculations to determine a
models used include V1 (Mitrovica & Forte, 2004) (green line), V2 (Forte  velocity-to-density relationship applied to a shear-wave tomography

et al., 2010) (red line), VBehn (Behn et al., 2004) (blue line), VSC
(Steinberger & Calderwood, 2006) (cyan line), VRLL27 (Rudolf et al., 2015)
(dark cyan line), and V2_DD (see main text) (magenta line). Dotted lines

model to produce a 3D mantle density model. Viscosity was then deter-
mined by inverting for models that predict the geoid up to degree and

show scaled VBehn, VSC, and VRLL27 models, which aim to better fit order 7. This model is quite different from the others in that it does not
present-day tectonic plate velocity data (see main text). have a high-viscosity lithospheric layer and the viscosity in the lower half

of the mantle is quite low. It is marked by a high-viscosity layer from
about 1,000- to 1,500-km depth. Previous studies suggest that the existence of post-perovskite (pPv) can
reduce viscosity at the bottom of the mantle and has a large impact on mantle convection (e.g.,
Deschamps & Li, 2019; Nakagawa & Tackley, 2011). To investigate the effect of low viscosity in D”, we
use a sixth viscosity model, V2_DD, obtained by modifying viscosity model V2 such that it has a
three-order of magnitude drop in viscosity in the bottom 300 km of the mantle.

2.2. Geodynamic Constraints

The geodynamic observations used in this study include the Earth's free-air gravity field, present-day tec-
tonic plate divergence, dynamic surface topography, and excess CMB ellipticity. The free-air gravity field
was derived from GRACE satellite data (Tapley et al., 2007). The rate of horizontal divergence of the tectonic
plate velocities was obtained from the GEODVEL model in the no-net-rotation frame of reference (Argus
et al. (2010)). Forte and Peltier (1994) have shown that a scalar representation of the plate velocity field in
terms of its horizontal divergence provides a complete description of surface kinematics assuming that the
plates are rigid bodies moving in a no-net-rotation reference frame. The dynamic surface topography was
inferred by removing all isostatic crustal contributions (including water, ice, and sediments) to Earth's
observed surface topography (Forte & Perry, 2000; Forte et al., 1993). These data are the least robust in
our geodynamic observations because of the uncertainties in the crust model. Here we employ the crustal
correction for surface topography based on model ETOPO1 (Amante & Eakins, 2009) and CRUST1.0
(Laske et al., 2013), whereas an older model CRUST2.0 (Bassin et al., 2000) was used in the derivation of
TX2009. The three geodynamic data sets discussed above have been expanded up to spherical harmonic
degree 32, whereas a degree-16 representation of the geodynamic data was used in previous joint inversions
(Simmons et al., 2009, 2010). In addition, the excess ellipticity of the CMB (an excess flattening of 400 m)
inferred from studies of the Earth's free-core nutation is also included (Herring et al.,, 2002; Mathews
et al, 2002). This CMB topography constraint is represented by a single degree-2 zonal harmonic.
Although we only use a single harmonic as a constraint on CMB topography, our inversions yield predic-
tions of CMB topography up to degree and order 32 that are dynamically consistent with the mantle density
and flow resulting from the inversions discussed below. Although the excess flattening constraint is not from
a direct measurement of the CMB topography, the different VLBI inferences of excess ellipticity have yielded
consistent estimates (e.g., Dehant et al.,, 2017). We thus feel, given the dynamical significance of this con-
straints, that its use is justified in the derivation of more realistic mantle density models.
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Figure 2. Geodynamic sensitivity kernels as a function of depth for viscosity profiles used in this study at representative spherical harmonic degrees. The colors of
the lines correspond to different viscosity models. The type of geodynamic data, the boundary condition used in the kernel calculation, and the spherical
harmonic degree are as labeled in each plot (see explanatory legend at the bottom of the figure). Plate motion kernels for “VBehn,” “VSC,” and “VRLL27” models
have been scaled as described in the text.

Assuming a compressible and gravitationally consistent mantle, the sensitivity kernels of these data were
computed as the theoretical linear relationship between the surface observables and lateral density varia-
tions at different depths in the mantle (see Forte, 2007; Forte et al., 2015, for detailed derivations). The sur-
face tectonic plates are viscously coupled to (and driven by) the underlying buoyancy-driven mantle flow
(Forte & Peltier, 1991, 1994). A combined free-slip and no-slip surface boundary condition was applied in
the kernel calculation (Forte, 2007) to account for plate-like character of the surface boundary, resulting
in cross-mode coupling of all harmonic components of the mantle flow field (Forte & Peltier, 1994). The geo-
dynamic sensitivity kernels for each viscosity profile at selected spherical harmonic degrees are shown in
Figure 2. Different viscosity profiles lead to different sensitivity kernels, especially at the longer wavelengths.
These differences motivate our investigation of the impact of a priori assumptions about viscosity on joint
tomography inversions and mantle flow predictions.
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The sensitivity kernels for gravity and topography are not sensitive to absolute viscosity but only the relative
viscosity variation with depth (Forte, 2007). Plate motions, however, are sensitive to the absolute viscosity.
To ensure no baseline (i.e., mean absolute viscosity) bias in comparing viscosity models, we first used the
3D density model from Simmons et al. (2010) to compute plate motions predicted by the six viscosity models
discussed above. We found that viscosity models VBehn and VSC underpredicted the velocity of plates (i.e.,
the overall viscosities were too stiff). We therefore scaled model VBehn by .67 and model VSC by .33 to best
match the plate motions. Model VRLL27 actually predicted plate motions that were too fast, so we increased
the viscosity by a factor of 2.5 to match the speed of plates (Figure 1). Viscosity models V1, V2, and V2_DD
were not scaled as they were derived using plate motions as input and the same theory as used here. The geo-
dynamic kernels shown in Figure 2 were computed using the scaled versions of viscosity models VBehn,
VSC, and VRLL27 shown in Figure 1.

2.3. Seismic Constraints

We include two groups of shear-wave seismic data in our joint inversions. The first group is the same data set
we used in our previous global tomography studies (Lu & Grand, 2016), which is an extended version of the
seismic data used in TX2009 (Simmons et al., 2009). These seismic data consist of ~70,000 global S, ScS, SKS,
and SKKS phase traveltimes, as well as their surface bounce equivalents (SS, S3, S4, ScS2, ScS3) and their
upgoing wave equivalents (sS, sSS, sS3, sS4, sScS2, sScS3) from 540 earthquakes. Upper-mantle triplicated
waves are also included that provide resolution of structure in the transition zone, which is geodynamically
significant (Figure 2). Grand (1994) presents a complete discussion of how the shallow turning waves were
analyzed. The data were corrected for variations in crustal thickness using model CRUST1.0 (Laske
et al., 2013). The other group of shear-wave data is taken from Lai et al. (2019). They used a semiautomated
procedure to measure the onset times of horizontally polarized S, SS, SSS, ScS, and ScSScS waves produced
by 360 earthquakes. The data only include waves that turn in the lower mantle, so these data provide limited
resolution of upper mantle structure. The measurement process involved the derivation of an empirical
wavelet, which matched the seismic waveforms, through an iterative cross-correlation process. The onset
times were measured on the basis of a Gaussian function, which best fit the empirical wavelet resulting in
a total of about 226,000 seismic traveltime measurements. Details of the measurement process can be found
in Lai et al. (2019). The seismic sensitivity kernels for both groups of data were calculated using 1D ray tra-
cing (infinite frequency approximation). Since the Lai et al. (2019) data specifically measured onset times
and the first data set examined the initial parts of waveforms bandpassed from .08 to .01 Hz, finite frequency
effects are less important for these data compared to lower frequency data typically used in global
shear-wave tomography. For all the seismic data, the 1D velocity model used in Grand (1994) is used as
the reference model.

2.4. Mineral Physics Scaling Factor

In this paper, we jointly invert seismic and geodynamic data. This requires some relationship between
seismic heterogeneity and density heterogeneity. To make the inversions linear, we must assume a linear
relationship between the two. Then, the relationship between density and shear-wave velocity perturba-
tions can be represented by a scaling factor Ry, which is the ratio of density to velocity heterogeneity
defined by

R - = 1
PIVs ~ dinvg ®

Assuming that mantle heterogeneities have a thermal origin, a depth-dependent R,y can be obtained by
extrapolating high-pressure, high-temperature mineral physics measurements for a given mantle chemical
composition along a geotherm. The scaling factor R,,v5 here includes both anharmonic and anelastic contri-
butions (Karato & Karki, 2001). In the derivation of TX2009, the scaling factors were taken from estimates
made by Cammarano et al. (2003) for the upper mantle and Karato and Karki (2001) for the lower mantle.
Here we derive new scaling factors using updated mineral physics data. A complete discussion of our
method is given in the supporting information.

Table S1 summarizes the mineral physics data we used (Anderson & Isaak, 1995; Duffy & Anderson, 1989;
Fei, 1995; Finger & Ohashi, 1976; Fiquet et al., 2000; Flesch et al., 1998; Isaak, 1992; Jackson et al., 2003;
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Jackson et al,, 2007; Kung et al., 2005; Li & Neuville, 2010; Liu et al., 2009; Lu et al., 2013; Murakami
etal., 2007; Murakami et al., 2012; Sinogeikin & Bass, 2002a, 2002b; Sinogeikin et al., 2003; Suzuki et al., 1980;
Yang et al., 2016; Zha et al., 1998). We assumed a “pyrolite” mantle mineral assemblage (Stixrude &
Lithgow-Bertelloni, 2012) and randomly perturbed all the thermoelastic data we selected within their esti-
mated uncertainties. In this exercise we did not include the pPv phase. For each realization of the mineral

physics measurements, we computed the depth-dependent anharmonic (elastic) scaling factors RZZ/VS

(Birch, 1978; Hill, 1952). The details of the calculations are given in the supporting information and follow

the procedure given in Lu et al. (2013). We obtained over 10,000 anharmonic scaling factors R%,, at each

p/Vs
depth along a 1,600-K adiabatic geotherm (Katsura et al., 2010). We use the ensemble mean values as the

starting scaling factors in our inversions and +2o (corresponding to 95.4% confidence intervals) define their
uncertainties.

Anelasticity is known to have a significant effect on the temperature derivative of shear-wave velocity and
thus the scaling factor R,vs throughout the mantle (Cammarano et al., 2003; Karato & Karki, 2001). The
effect of anelasticity on the temperature derivative of shear velocity can be written as follows:

dnVs dnVs 1F()E + PV
= - _ 2 ’ (2)
AT ), aT ), = Qg RT
(o478 (o478
F= 7 COtT, (3)

where a is a phenomenological material-dependent constant that represents the frequency dependence of
attenuation, E'is the activation energy, V' is the activation volume, R is the universal gas constant, T is tem-
perature, and P is pressure. The subscripts el and anel denote the purely elastic derivative and the total tem-
perature derivative after adding the anelastic effect, respectively. The shear-wave quality factor Qg can be
expressed as follows:

@

aF" + aPV*
RT ’

Qs = QowanP(

where w is angular frequency and Q, is a constant that can be derived if average seismic observed Q
(Anderson & Hart, 1978; Durek & Ekstrém, 1996; Dziewonski & Anderson, 1981; Hwang &
Ritsema, 2011; Lawrence & Wysession, 2006; Montagner & Kennett, 1996; Widmer et al., 1991) and lateral
temperature variations at given depth are known. Here we adopted the method proposed by Matas and
Bukowinski (2007) to constrain Q, and corrected for the anelasticity effect on R,y (see supporting informa-
tion for details). We again perturb the above anelastic parameters randomly within their plausible ranges to
estimate the uncertainties of scaling factor at each depth (Table S2). After adding the anelastic contribution,
our 1D scaling factor is generally consistent with previous studies though there are differences at particular
depths (Cammarano et al., 2003; Karato & Karki, 2001; Steinberger & Calderwood, 2006) (Figure 3). The
combined anharmonic and anelastic thermal scaling factors discussed above were used as a starting model
in the inversions discussed below.

3. Inversion

Given a relation between seismic velocity and density anomalies, the seismic and geodynamic data can be
inverted simultaneously. We follow Simmons et al. (2009) and parameterize the velocity and density per-
turbations in the mantle by a set of blocks approximately 275 x 275 km in lateral dimension and thick-
ness varying from 75 to 240 km in the radial direction with thicker blocks in the bottom of the mantle.
Following Lu & Grand (2016), we also simultaneously invert for earthquake location in the joint inver-
sion. The combined linear seismic-geodynamic system of equations can then be represented by the
following equation:
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Figure 3. Shear-wave velocity-to-density scaling profiles as a function of
depth. The starting scaling factor with estimated uncertainties at
representative depths (black solid line) and optimal scaling factors for each
viscosity model determined from grid search (colored solid lines) are
compared with mineral physics predictions (dash lines). “KKmax” and
“KKmin” are maximum and minimum values, respectively, predicted by
Karato and Karki (2001). The other mineral physics-derived scaling factors,
including “Cam” (Cammarano et al., 2003), “SC” (Steinberger &
Calderwood, 2006), and optimal scaling factor “NS” determined in a
previous joint inversion (Simmons et al., 2009), are also shown for
comparison.

L A rs
46G(Rovss=Vs) O | rAm 468
elivvs) 0 || aq] ™ | e | ®
) 0 0

where Am is the seismic slowness perturbation relative to the reference
1D velocity model, L is the seismic sensitivity matrix, and rg is the
shear-wave traveltime data. G and g represent the viscous flow sensitivity
kernels and data where each row corresponds to a specific spherical har-
monic component of the free-air gravity, plate divergence, and surface
dynamic topography. The row-vector ¢ is the sensitivity function corre-
sponding to the degree-2 zonal harmonic coefficient representing the
excess ellipticity of the CMB. The observed ~400-m excess ellipticity is
represented here by the scalar quantity e. The spherical harmonic geody-
namic sensitivity kernels have been integrated into the blocks as in
Simmons et al. (2009). Matrix D is a second-order digital smoothing filter
with 76% of the weight applied to the lateral blocks and 24% of the weight
applied in the radial direction. The A terms are scalar weighting factors
that weight different observations. R,/ represents the linearized relation-
ship between density perturbations (p) and shear-wave velocity (Vs) per-
turbations. A reference 1D shear-wave velocity (Vs) model is also
needed in the conversion since we invert for slowness perturbation Am.

Vector Ag contains the perturbations to the earthquake latitude, longitude, depth, and origin time for each
earthquake, and A represents the partial derivatives of these parameters. We used the least-squares method
(Paige & Saunders, 1982) to solve equation 5 for a number of inversions as discussed below.

The inversion involves several different weighting factors that are critical in terms of the resulting models. Ap
controls the trade-off between minimizing model roughness and minimizing data misfit. We followed Lu
and Grand (2016) and performed a standard L-curve analysis just using the seismic data. The trade-off
between roughness and data fit has a corner point for A, of about 2,600, and we use that value in most of
the following inversions. The weights of the geodynamic data (15 and Ac) are also important for the joint

=
o
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o
o
T

Geodynamic Variance Reduction (%)
o
T

93 94
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Figure 4. Trade-off curves between seismic and geodynamic variance
reductions for different viscosity models. As the weight for geodynamic
data increases in the joint inversion, seismic variance reduction decreases
while geodynamic variance reduction increases. We chose a weight of 650
near the corner points in the L curves for viscosity models V1, V2,
VBehn, VSC, and V2 DD. The red stars show the geodynamic and seismic
variance reductions for this weight.

inversions. Using our best estimate for the scaling factor R, v, we con-
ducted a series of joint inversions to determine the optimal weights.
Figure 4 shows the variance reductions for the seismic and geodynamic
data as we increase the weight of the geodynamic data. Variance reduc-
tion for the geodynamic data is defined as follows:

1 *
21 Ym=t(O=P)" (O-P)}"
1 *
0o

VR= |1- x 100%, (6)

where O and P are the complex harmonic coefficients of the observed and
predicted fields, respectively, and * denotes complex conjugation.

When the geodynamic data have zero weight (i.e., using a pure seismic
model), there is a very poor fit to the geodynamic data with overall nega-
tive variance reduction for many observations (Figure 4; Table 1). This is
true for all the viscosity models. With increasing weight given to the geo-
dynamic data, there is a significant increase in fit to the geodynamic data
without much degradation to the seismic data. There is a clear corner
point, after which increasing the weight of the geodynamic data does
begin to degrade the fit to the seismic data. We chose 650 for A5 as our
optimal weight for all the viscosity models, which is close to the corner
points for all the viscosity models (Figure 4). The excess CMB ellipticity
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is one of the strongest and most robust geodynamic constraints on integrated buoyancy in the deepest man-
tle, and we therefore chose a large weight (2,000) for Ac in equation 5.

Figure 4 shows that there is still significant misfit of the geodynamic data after joint inversion for all the visc-
osity models using our best guess for linear thermal scaling between velocity and density perturbations. The
misfit may be due to chemical variations in the mantle or other factors we have not accounted for, but we
take a more conservative approach here and assume that the thermal velocity-to-density relation can be
improved. This is reasonable given the large uncertainties in the mineral physics parameters, particularly
for the anelastic effects. We performed a grid search of optimal scaling factor within its plausible range for
each viscosity model we tested. To make the grid search feasible, we adopted the approach of Simmons
et al. (2010) and defined the scaling factor as follows:

Rojvs = aR;t;‘;‘S +b, 7
where a represents a multiplicative change in our best estimate 1D scaling factor and b is the corresponding
baseline shift. For the upper and lower mantle, we defined two sets of coefficients due to the possibility of
large differences between them.

Simmons et al. (2009) have shown that in order to obtain adequate fits to geodynamic data, a simple 1D lin-
ear scaling factor R,y was not sufficient to account for the relative behavior of density and S wave velocity.
The long hypothesized existence of compositionally distinct cratonic keels and the temperature dependence
of attenuation are possible reasons for this. In order to account for these two effects, they introduced a lin-
earized correction factor to the scaling factor, which can be rewritten as follows:

Ry, = aR;t;‘;tS +b+ ¢dlnVy, (®)
where ¢ is the correction factor and 6inV represents the shear-wave perturbation we derived using seismic
data alone. We adopted this approach and included these corrections in our grid search. In total, three cor-
rection factors were considered, including one for craton regions down to 250-km depth, one for noncraton
regions from the surface to 250-km depth, and another one for the rest of the upper mantle and transition
zone. The correction factor for cratons is expected to be negative since we expect smaller R,y in fast velocity
cratonic regions due to iron depletion (Forte & Perry, 2000; Jordan, 1978). In low-velocity noncratonic upper
mantle, the correction factor is expected to be a positive value to reduce R, 5 in hotter regions, in agreement
with the predicted behavior due to the temperature dependence of Qg.

We therefore have seven unknown parameters to be constrained in the grid search for each joint inversion.
For each set of parameters, one joint inversion is required. In order to save computation cost, we searched for
upper-mantle and lower-mantle parameters separately. We fixed lower-mantle R,,y; and searched for the
best fit upper-mantle parameters, then fixed the updated upper-mantle R, y;, and searched for optimal
lower-mantle parameters. After a few iterations, searching separately for upper-mantle and lower-mantle
parameters, the search converged, and we obtained the best fit 1D scaling factor and three correction factors
in the upper mantle for each viscosity profile. The optimal scaling factors show similar trends for the differ-
ent viscosity profiles (Figure 3). In the upper mantle, the joint inversions prefer a lower scaling factor at shal-
low depths and higher values in the transition zone. In the lower mantle, the best fit scaling factor from
equation 7 moves to the lower bound in our mineral physics estimation. Also, we found less variation with
depth for the scaling factor in the lower mantle compared with the starting model, which agrees with the
observation by Simmons et al. (2010).

3.1. Thermal Inversion

Using the optimal 1D scaling factor with the three correction factors (equation 8), the joint inversion provides
mantle density models for each viscosity profile. We call these models “thermal models” although we use a
different scaling for cratonic lithosphere implying chemically distinct cratonic keels. The variance reductions
of seismic and geodynamic data for each density model are summarized in Table 1. The differences between
the seismic models derived by joint inversion and pure seismic inversion results are visually small as seen in
Figure S6. However, the derived density models from joint inversions yield significantly higher variance
reduction of geodynamic constraints. The V1 model yields the highest overall variance reduction among
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Variance Reduction Results for Derived Models”
V1 V2 VBehn VSC VRLL27 V2 DD
Seismic data (%)b 94.3 94.3 94.2 94.2 94.0 94.3
Gra (%) oo R;t/agsc —125.2 —65.8 —86.1 -77.3 —1,805.8 —437.5
Thermal density 42.5 32.0 40.3 30.8 —-121.1 30.9
Total density 93.6 91.8 80.4 82.7 64.7 91.8
Div (%) Seismic + R;’/“;’S -117.9 -12.3 49.0° 50.7 —63.3 —112.6
Thermal density 80.7 80.0 75.4 80.7 85.0 83.5
Total density 99.7 99.6 96.0 97.8 96.2 99.7
DT (%) Seismic + R -193 —14.4 -313 —46.4 —301.5 1229
Thermal density 52.8 50.0 46.9 534 48.6 53.7
Total density 80.1 79.2 71.2 71.8 74.1 80.0
CMBT* (%) Seismic + R 112.0 166.4 256.2 2504 213.1 447
Thermal density 8.7 8.1 20.9 23.6 13.2 9.5
Total density 1.2 0.5 1.6 0.2 1.0 0.2

#Velocity model derived in joint inversion is used to check the seismic data fit, while density models are used to check the geodynamic data fit (Gra: free-air grav-
ity, Div: plate divergence, DT: dynamic topography, CMBT: excess CMB ellipticity). PScaled pure seismic model using starting scaling factor. “Unscaled
VBehn, VSC, and VRLL27 models are used to check plate divergence fit. CMBT is in percentage error. °Velocity model derived from pure seismic
inversion yields 94.4% variance reduction.

all the viscosity models we tested, while model VRLL27 is unable to fit the gravity data, unlike the other five
viscosity models. The joint inversions assume that mantle heterogeneity, outside cratonic regions, has a
thermal origin, which might not be the case in the Earth. In fact, there remain significant misfits to the
geodynamic data for all the viscosity models, implying that more complex models are required to fully
reconcile the seismic and geodynamic data constraints on 3D mantle heterogeneity.

3.2. Nonthermal Inversion

There are several possible mineral physical reasons for the outstanding misfits to the geodynamic data after
joint inversion, including (1) lateral variations of composition in noncratonic regions; (2) partial melting;
and (3) a more complex behavior of thermal scaling factor than in our equation 8. All these possibilities will
be referred to as “nonthermal” effects in the following discussions. In order to estimate the “nonthermal”
effects, we fix the velocity models from the preceding thermal inversions and invert for a 3D scaling factor
between seismic velocity and density as follows:

AcG(Am) Acg
dc(Am) | ARD, = Aee |, 9)
;D 0

We call the density models obtained using the derived 3D scaling factors “total density” models since they
represent all the mantle density anomalies required to fit the geodynamic observations that include both
thermal and nonthermal contributions. The smoothing weight /I'D is determined through a trial-and-error
process to make the roughness of the “total density” model the same as the corresponding “thermal density”
model. The difference between the “total density” and “thermal density” models gives the density anomalies
caused by “nonthermal” effects. After the nonthermal inversion, the “total density” models derived using
different viscosity profiles yield very good geodynamic data fits (Table 1), up to spherical harmonic degree
32, with variance reductions over 60% and most over 70%. The gravity field is fit with a variance reduction
of over 80% for each viscosity model except for model VRLL27, which has a variance reduction of 64.7%.
For the other geodynamic observables, variance reductions of 70% are achieved for all the viscosity models.

4. Mantle Heterogeneity Models

4.1. Thermal and Nonthermal Contributions

Figure 5 plots the distribution of derived 3D scaling factors for each viscosity model. The 3D scaling factors
vary the most in the shallow and deepest mantle. We note, in particular, that viscosity models V1, V2, and
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Figure 5. Distributions of derived 3D scaling factor from nonthermal inversion. The red lines are the zoomed-in plots to
better illustrate the distribution above CMB.

V2_DD yield the smallest lateral variations in most of the lower mantle. Figures 6 to 10 show the density
anomalies produced by our inversions for each viscosity model. In each figure, the left column displays
density anomalies from the joint inversions using the optimized thermal scaling factors described by
equation 8. The middle column shows the density anomalies that we call nonthermal and further
including the density anomalies in cratonic keels that are due to differences in their chemical
composition relative to the surrounding upper mantle. The column on the right shows the combined or
total density models due to thermal and nonthermal variations. The density models using different
viscosity profiles show similar large-scale features. The whole-mantle average correlation coefficients
between the V1 thermal density model and the models using V2, VBehn, VSC, VRLL27, and V2_DD are
0.99, 0.97, 0.97, 0.91, and 0.99, respectively. In the case of the “thermal density” models, dense cratons
and buoyant spreading centers are seen in all five models at 100- to 175-km depth, but their amplitudes
vary slightly (Figure 6). In this depth range below the EPR, model VBehn has the most positive buoyancy
while it is least buoyant in model VSC. Dense materials are detected under major subduction zones in all
five models inside the transition zone (Figure 7). In the midlower mantle (Figures 8 and 9), all the
“thermal density” models have elongated positive density anomalies beneath southwestern Eurasia and
North America, which are believed to be related to ancient subduction of the Tethyan and Farallon slabs,
respectively. In the same depth ranges, negative density anomalies are seen beneath southern Africa and
the central Pacific. At the bottom of the lower mantle (Figure 10), all the “thermal density” models show
the existence of two large-scale buoyant LLSVPs, but again, the amplitude of the anomalies varies among
the models.

In general, the amplitudes of the nonthermal density anomalies are smaller than the thermal density
anomalies throughout most of the mantle for all the models. Figure S7 shows the ratio of
root-mean-square nonthermal density anomalies to the root mean square of the total density field as a func-
tion of depth for the different viscosity models. For all the viscosity models, nonthermal (chemical) varia-
tions are strong in the upper 300 km and lower 300 km of the mantle with little nonthermal density
variation needed in the mantle between. In contrast, viscosity model VRLL27 requires comparatively more
nonthermal density anomalies through the bulk of the mantle, while requiring the least nonthermal contri-
butions in the lowermost 300 km of the mantle. We reiterate here that our modeling approach finds models
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Figure 6. Lateral density variations derived from joint inversions between 100- and 175-km depth. Each row corresponds
to a particular viscosity model used in the joint inversion, and the three columns correspond to each component of the
density perturbation. Left column shows thermally induced density models obtained using the corrected 1D optimal
scaling factor in joint inversion. Right column shows the total density models derived by letting the scaling factor vary in
3D to best fit the geodynamic data while keeping the velocity model fixed. The middle column is the difference
between the total and thermal density models, which is caused by nonthermal effects. The color scales change for each
column according to the amplitude (A) labeled on the top.

with the minimum nonthermal heterogeneity that can still fit the data. Thus, it is possible that there are
more nonthermal heterogeneity and, correspondingly, a different thermal regime that could still fit the data.

At 100- to 175-km depth, the cratonic keels dominate the chemical signature (Figure 6). In the transition
zone (525- to 650-km depth, Figure 7), all the viscosity models show nonthermal or chemical anomalies
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Figure 7. Lateral density variations derived from joint inversions between 525- and 650-km depth. The different columns
are the same as in Figure 6. The nonthermal anomalies in the slabs of the western Pacific decrease the slab density
predicted in the thermal density model.

in the slabs of the western Pacific that decrease the slab density. The signal is strongest for model VBehn and
weakest for model VSC, but some buoyant nonthermal anomaly is seen in each model. Depression of the
660-km discontinuity in the subduction zone (Bina & Helffrich, 1994; Shearer & Masters, 1992) could
explain this since we have not explicitly accounted for discontinuity topography in our inversions. The
existence of metastable olivine inside slabs (Kawakatsu & Yoshioka, 2011; Lidaka & Suetsugu, 1992)
could also decrease the density in deep slabs although that would also decrease the seismic velocity. In
the midmantle (Figures 8 and 9), the nonthermal anomalies are short wavelength and relatively small. A
common feature among all models is positive nonthermal density anomalies beneath southeast Africa
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Figure 8. Lateral density variations derived from joint inversions between 1,150- and 1,300-km depth. The different
columns are the same as in Figure 6. Two elongated positive density anomalies beneath southwestern Eurasia and
North America can be seen in the thermal and total density models. Negative buoyant nonthermal anomalies are found
beneath southeast Africa and the south-central Pacific.

4.2. Characteristics of the LLSVPs

+A

and some regions in the south-central Pacific. These regions are strongly buoyant in the “thermal density”
models but require an increase in density to fit the geodynamic data. In this depth range, many other non-
thermal anomalies are seen, but they are not consistent among the models.

In the lowermost mantle, most of the models require positive nonthermal density anomalies in the center of
the LLSVPs, though the amount required varies between different viscosity models (Figure 10). As a result,
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Figure 9. Lateral density variations derived from joint inversions between 1,750- and 1,900-km depth. The different
columns are the same as in Figure 6. Buoyant nonthermal anomalies are seen beneath southwestern Eurasia but not
North America.

the centers of the LLSVPs have overall neutral or negative buoyancy in the corresponding total density
models. Using the V2 model, for example, about 21% of the area of the LLSVPs has neutral or negative
buoyancy. The average derived scaling factor ARZ?VS in this central area is about —0.05 compared with
0.11 averaged over the whole of the LLSVPs. These values are similar for both the Pacific and African
LLSVPs. The only exception is the VRLL27 model, which shows a limited amount of nonthermal density
anomalies inside LLSVPs and predicts overall buoyant LLSVPs at the CMB. Surrounding the LLSVPs,
however, there is buoyant mantle at the CMB, and for viscosity models V1, V2, and V2_DD, there is even
negative nonthermal density (i.e., “superbuoyancy”) beneath the EPR.
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Figure 10. Lateral density variations derived from joint inversions at the deepest mantle. The different columns are the
same as in Figure 6. Except for the model using VRLL27, all models require positive nonthermal density anomalies in the
center of the LLSVPs. The center of the LLSVPs has overall neutral or negative buoyancy in the corresponding total
density models. Red solid lines are the approximate edges of LLSVPs, which defined by 0.8% slow shear velocity in pure
seismic tomography model TX2016 (Lu & Grand, 2016) at the CMB.

As opposed to chemical anomalies, the nonlinear effect of attenuation on the relation between temperature
and shear velocity (Matas & Bukowinski, 2007) may be partly responsible for the inferred nonthermal
anomalies. In hot (slow velocity) regions, temperature-dependent attenuation can increase the sensitivity
of velocity to temperature and reduce the R, ;. Therefore, the attenuation effect can partially explain the
excess density needed in the LLSVP regions to satisfy the geodynamic data (see supporting information
for details); however, this cannot explain the overall dense or neutral anomalies seen in the middle of
the LLSVPs.
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Figure 11. Average of V1, V2, VBehn, VSC, and V2_DD total density models at the CMB (2,650 to 2,891 km). Lateral
average density variation in the deepest mantle (top). The scale is accentuated to illustrate buoyant versus dense
regions. Black lines show the locations of the cross sections plotted in the bottom panel. Most hotspot locations
(Steinberger, 2000) (green stars) are located over the buoyant parts of the LLSVPs. Two cross sections of average total
density across the Pacific and Africa LLSVPs (bottom). The centers of the LLSVPs are overall denser than ambient mantle
in the bottom 400 km, while material above and on the edges of the dense cores shows positive buoyancy. Green

solid lines are the approximate edges of LLSVPs as described in Figure 10.

Given the short wavelength scatter in the inferred density models and the uncertainty in the actual viscosity,
we averaged five total density models derived using different viscosities (V1, V2, VBehn, VSC, and V2_DD).
The density model derived using VRLL27 is excluded here because of the large differences from the other
four models as well as the poor data fit to the geodynamic data. In Figure 11, we show the deep mantle
(2,650 to 2,891 km) density from our combined model as well as two cross sections through the African
and Pacific LLSVPs, respectively. The centers of the LLSVPs are overall denser than ambient mantle in
the bottom 400 km, while they are buoyant at the edges of LLSVPs as well as at shallower depths. We further
note that these positive, nonthermal contributions to the total density anomalies extend upward from the
LLSVP to midmantle depths (see middle column in Figure 9). The positive nonthermal density anomalies
we found inside the LLSVPs could be explained by a potentially strong nonlinear effect of
temperature-dependent attenuation or the existence of lateral chemical variation (e.g., iron enrichment or
accumulated basaltic material from subduction) (Garnero et al., 2016). However, the overall negative or neu-
tral buoyancy in the center of LLSVPs right above CMB rules out the option that the nonthermal density
anomalies we found are due to attenuation alone. Given the radial resolving power of our long wavelength
gravity and topography data, it is possible that the chemical density anomalies could be stronger but more
focused at the CMB.

Our results indicate that the centers of the LLSVPs are chemically distinct from surrounding mantle, at least
in the bottom 400 km of the mantle. The dense structure in the center of the LLSVPs (Figure 11) contradicts
the joint inversion results found by Simmons et al. (2009) who found buoyant mantle throughout the
LLSVPs. The difference is likely due to the increased S wave data coverage in the current inversion. Our
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model is, however, similar to a later joint inversion model generated by Simmons et al. (2010), which
included P wave data. Ishii and Tromp (1999) found dense anomalies at the base of the mantle beneath
the LLSVPs with relatively more buoyant deep mantle in the circum-Pacific regions. Although our model
has slightly dense mantle in the cores of the LLSVPs, the regions of very high D” velocity around the
circum-Pacific have the highest densities. This contradicts the results of Ishii and Tromp (1999), where a
trade-off between mantle density and CMB topography likely had an influence on their results, whereas
CMB topography and mantle density are self-consistent in our approach. However, in our models we have
neglected the phase transition of perovskite to pPv. This phase transition is likely to be limited to the deepest
layer in our model (D”) and perhaps is only relevant to the colder regions (e.g., Hirose, 2006). Given that the
S velocity and density both increase in pPv, the circum-Pacific high-velocity regions may be explained by the
phase transition accompanied by a higher temperature than our inversions imply. Further work is needed to
unravel the complexities of the phase transition, chemistry, and temperature in the fast D” regions.

Around the dense center of the LLSVPs, we find strongly buoyant material both above and on the edges of the
dense cores (Figure 11). Figures 8 and 9 show some dense nonthermal density anomalies embedded within
the overall buoyant material. Beneath South Africa, this signal is seen for all the viscosity models, while
beneath the Pacific, there is more variation among models. The nonthermal density anomalies could be
due to entrainment of the dense bottom material in upward flow but could also be due to nonlinear anelastic
effects. On the other hand, due to the uncertainties in the mineral physics modeling results, we performed
grid searches to find the best fit scaling factors assuming that seismic variations are thermal. Therefore,
the nonthermal density anomalies found in our joint inversion are likely a minimum amount required by
the geodynamic data. It is possible that thermal and nonthermal effects compensate each other and are
muted in our nonthermal inversions to some extent, though exact compensation is unlikely since the sensi-
tivities of elastic modulus and density to thermal and chemical effect are usually quite different. If this type of
compensation exists in the LLSVPs, it means that there is even more chemical heterogeneity than we found.

4.3. Robustness and Limitations of the Joint Inversion

In order to better understand the relationship between our derived density models and each geodynamic
constraint used in the inversion, we followed the same procedures to perform both thermal and nonthermal
joint inversions with individual geodynamic constraints removed. The results are plotted in Figure S8.
Among these models, the distribution of density anomalies generally agrees with each other, which indicates
the internal consistency among the geodynamic constraints we used. However, the amplitudes of density
anomalies vary in these models, which show the different sensitivity of density distribution to different geo-
dynamic constraints. The gravity field, in particular, places the strongest constraints on the deepest mantle.

Tt is useful at this point to consider the impact of smoothing on our density heterogeneity inferences. We
recall that the smoothing weight 4, and geodynamic data weight A5 are based on an L-curve analysis
(Figure 4). The trade-off curve method is a conventional way to determine smoothing or data weight in an
inversion, with some degree of subjectivity in the final weight selected. We also adjusted the regularization
such that the nonthermal and thermal models have the same roughness. This was rather arbitrary, so in
Figure S9, we show joint inversion results using different smoothing weights in nonthermal inversions for
the V2 model. The choice of smoothing weight does not significantly affect the large-scale features described
above. In Figure S10, joint inversion results using different geodynamic data weights (i) for the V2 model
are shown. When A is small, the dense center of the LLSVPs in the total density field is not seen even though
there are still positive nonthermal density anomalies there. This is because when A is small, the inversion is
dominated by seismic data alone, which tends to overpredict the buoyancy of the LLSVPs. Due to the
smoothing regularization in the nonthermal inversion, the inversion failed to find enough nonthermal den-
sity in the center of the LLSVPs to recover the total density field. This comparison, in fact, further illustrates
the importance of jointly inverting the seismic and geodynamic data.

The geodynamic importance of nonthermal or compositional heterogeneity in the mantle, which is quanti-
fied in Table 1, is explicitly illustrated in Figure S11, which presents maps of each of the geodynamic obser-
vables and the corresponding predictions obtained with both purely thermal and total models of density
heterogeneity, where the latter incorporates the nonthermal density contributions. The spatial match
between the predicted and observed dynamic surface topography is very good and closely parallels the excel-
lent fit to the free-air gravity anomalies, which are both quantified in Table 1. The overall amplitude of
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predicted CMB topography (Figure S11) with both models is within the bounds of recent studies (e.g.,
Deschamps & Li, 2019; Garcia & Souriau, 2000). The impact of nonthermal (compositional) heterogeneity
is still most strongly manifested in the prediction of CMB topography, which clearly shows the “footprint”
of intrinsically dense heterogeneity embedded within the LLSVP, under the central Pacific Ocean and under
southern Africa. Long wavelength-predicted dynamic surface and CMB topography are also shown
in Figure S12.

It has been proposed that volcanic hotspots are preferentially located above the margins of the two LLSVPs
found in seismic tomography (e.g., Steinberger & Torsvik, 2012; Thorne et al., 2004) although there are studies
that show that the correlation might not be statistically reliable (Austermann et al., 2014; Davies et al., 2015).
We plot hotspot locations (Steinberger, 2000) on top of our summary density model at the CMB (Figure 11).
About 60% of hotspots are located over the buoyant parts of the LLSVPs. Several hotspots located along the
western and southern margin of North America are far away from LLSVPs and may have different origins
(e.g., thermal instabilities triggered by descent of ancient subducted material). If they are excluded from the
calculation, the percentage increases to ~68%. Even for hotspots located over dense parts of the LLSVPs, none
of them are located in the center of the dense cores. Our results indicate that LLSVPs have a chemically dense
core that is surrounded by hot mantle that is associated with upwelling plumes resulting in “hotspots” in some
cases. French and Romanowicz (2015) found that low-velocity regions inside LLSVPs might concentrate
around the feet of major hotspots. However, our predicted mantle upwellings above the CMB are more con-
tinuous instead of isolated structures as inferred in the French and Romanowicz (2015) model.

Viscosity model VRLL27 yielded the poorest data fits. It was derived using only very long wavelength geoid
anomalies as a constraint (as in Forte & Peltier, 1987, who also showed that a viscosity increase near
1,200-km depth was compatible with long wavelength geoid data) and does not resolve major viscosity var-
iations in the upper mantle corresponding to the lithosphere and asthenosphere that are evident in the other
viscosity models, which employ more geodynamic constraints. It is therefore not surprising that model
VRLL27 did not provide a better fit to the full suite of geodynamic constraints. We included this viscosity
model in our study as an important test case to illustrate the impact of using a drastically different viscosity
model in the joint inversions. The poor fit to geodynamic data using this model is therefore encouraging, to
the extent that it demonstrates the sensitivity to assumed viscosity in the joint inversions.

The variability in current inferences of the depth dependence of mantle viscosity (Figure 1) reflects a
long-standing difficulty in obtaining robust resolution of the spatial variability of the rheological properties
of the mantle. The difficulty in uniquely resolving radial viscosity variations is a facet of the much larger
challenge concerning the determination of lateral viscosity variations (LVV) throughout the mantle that
reflect realistic constraints on the microphysical creep properties of mantle rocks, while also yielding a satis-
factory fit to the full suite of convection-related surface observables that are employed in the joint tomogra-
phy inversions presented above.

Recent efforts by Yang and Gurnis (2016) to reconcile both gravity anomalies and topography in mantle flow
calculations suggest quite modest LVV in the sublithospheric mantle indicating that several opposing micro-
physical controls on rheology may be important, as found by GliSovi¢ et al. (2015). The Yang and
Gurnis (2016) study extends earlier work by Ghosh et al. (2010) and Forte, Moucha, et al. (2010) showing
similarly modest impacts of LVV. Indeed, as shown in Moucha et al. (2007), the impact of LVV is oversha-
dowed by much stronger variability in the geodynamic predictions associated with uncertainties in the
tomography models themselves. To underline these points, Figure S13 shows the impact of LVV throughout
the mantle (as calculated by GliSovi¢ et al., 2015) on dynamic surface topography calculated by Kajan
et al. (2018). The effect of these LVV is modest and much smaller than the differences between topography
predictions obtained using two distinct tomography models, where each model was optimized to yield a best
fit to the geodynamic surface observables.

5. Mantle Flow Simulations
5.1. Present-Day Mantle Flow Fields

Using the total density models derived in the joint inversions, as well as their corresponding radial viscosity
profiles, we can determine the present-day mantle flow fields for each model (Behn et al., 2004; Forte, Quéré,
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Figure 12. Predicted present-day convective flow using the density models derived from the joint inversions at 210-km
depth. The background color shows the direction and amplitude of vertical flow; blue represents downwelling flow,
and red represents upwelling flow. Purple arrows show the orientation and amplitude of horizontal flow. Note that the
scales for vertical and horizontal flows are different in each plot and are labeled on the top.

et al., 2010; Mitrovica & Forte, 2004; Rudolph et al., 2015; Steinberger & Calderwood, 2006). The vertical and
horizontal flows at selected depths are plotted in Figures 12 to 14. The most striking difference in flow
predicted by the different viscosity models is the magnitude of the flow velocities. Viscosity models VBehn
and VSC yield predictions with substantially higher horizontal mantle flow velocities in the shallow
upper mantle (Figure 12) than those by viscosity models V1, V2, V2_DD, and VRLL27. This difference is
mainly due to the substantially reduced absolute values of viscosity in the asthenosphere in the VBehn
and VSC models, which were rescaled to match the present-day surface plate velocities (see section 2.2).

Other than the magnitude of flow velocities, the different viscosity-density models produce patterns of
upper-mantle flow with many similarities although there are also interesting differences. At 220-km depth
(Figure 12), the vertical and horizontal flow patterns for the models are similar in most regions with the
exception of the flow derived from the VRLL27 viscosity model. The correlation coefficients between vertical
flow for the V1 model and the V2, VBehn, VSC, and VRLL27, V2_DD models are 0.95, 0.76, 0.90, 0.65, and
0.94, respectively (Table 2). In terms of the horizontal flow direction, for each viscosity model (excluding
VRLL27), at least 53% of points on a 5 by 5 grid have horizontal flow directions within 30° of those in model
V1, while at least 77% are within 60° (Table 2). We find good correlations between predicted shallow mantle
flow fields and surface tectonic environments. Downwellings are predicted under subduction regions, and
upwellings are found beneath mid-ocean ridges, as expected. Apart from the VRLL27 model, we also find
individual-focused upwellings beneath many hotspot locations (Steinberger, 2000), including the Cape
Verde, Hoggar, Cameroon, and Darfur hotspots in Africa, the Bowie and Cobb hotspots in the northeast
Pacific, and most of the hotspots in the Pacific, Atlantic, and southern Indian Ocean (Figure S14). In contrast
to flow models (Forte et al., 2015; Forte, Quéré, et al., 2010; Rowley et al., 2016) derived using previous joint
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Figure 13. Predicted present-day convective flow using the density models derived from the joint inversions at 600-km
depth. The colors and arrows have the same meaning as in Figure 12.

tomography inversions (Simmons et al., 2007, 2009, 2010), our new flow models yield strongly focused
upwellings beneath the Caroline and East Australia hotspots, though the horizontal flows around these
regions are different among models (Figure 12). The good correlation with surface tectonic features using
a variety of independent viscosity models provides encouraging support for the reliability of the predicted
flow fields.

A noteworthy difference in shallow mantle flow predicted by the different viscosity models concerns the
Caroline hotspot in the western Pacific. Although all models have upwelling beneath the hotspot, the
VBehn and VSC viscosity models (which are characterized by lower viscosity in the asthenosphere) predict
stronger upward flow there than the other models. This creates a radial pattern of flow away from the hot-
spot for models VBehn and VSC, whereas the other models produce asthenospheric flow basically parallel to
the plate motion. This difference will produce different strains at shallow mantle depths and thus predict dif-
ferent seismic anisotropy (e.g., Becker et al., 2003; Conrad et al., 2007; Forte, Quéré, et al., 2010; Gaboret
et al., 2003). Thus, seismic anisotropy measurements could provide useful additional constraints for discri-
minating among the different viscosity models.

At 600-km depth (Figure 13), the vertical flow patterns are again similar but show more differences than at
shallower depths (Table 2). Interestingly, the most notable common feature in all six models is strong upwel-
ling beneath the EPR, particularly in the central part. Upwelling beneath the Caroline hotspot is stronger
than at 210 km; this is especially true for the VBehn and VSC models. Other large-scale upwellings exist
beneath Iceland, Cape Verde, southern Africa, and the southern Indian Ocean but are more variable among
models. The horizontal flow fields at this depth are also more variable among models than at shallower
depths (Table 2). Strong radial flow away from the Caroline hotspot is again predicted by models VBehn
and VSC but not by the other models.
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Figure 14. Predicted present-day convective flow using the density models derived from joint inversions at 2,600-km
depth. The colors and arrows have the same meaning as in Figure 12. Green solid lines are the approximate edges of
LLSVPs as described in Figure 10.

In the deep lower mantle, the similarities between models increase again and are comparable to those at
210-km depth, with the exception of the VRLL27 model (Table 2; Figure 14). For the five models that are
similar, four isolated large-scale upwellings occur beneath the EPR, the Caroline hotspot region, the Cape
Verde island region, and the southern Africa/India Ocean region, respectively. Because of the dense
LLSVP cores, the models do not predict deep upwelling directly above the center of LLSVPs. All deep mantle
upwellings are surrounded by downwellings, with mantle material swept toward them. We note that the
above observations also hold true for our model with strongly reduced viscosity in D” (V2_DD). In our inver-
sions, these large-scale upwellings are the dominant dynamic structures in the deep mantle.

Conrad and Behn (2010) used a simple constant-value scaling of seismic velocity to density using seismic
model S20RTS (Ritsema et al., 2004) to simulate mantle convection using the VBehn viscosity model.
They found a large deep mantle upwelling beneath the mid-Pacific above the Pacific LLSVP that resulted
in eastward asthenospheric flow toward the EPR. Their model along a cross section through the Pacific is
shown in Figure 15h and is labeled as VCB. Using a density model derived by joint inversion (Simmons
etal., 2009), Rowley et al. (2016) computed a mantle flow model that showed a deep-seated mantle upwelling
beneath the EPR with sublithospheric flow away from the ridge. They postulate that this large deep mantle
upwelling is a major contributor to the driving force producing Pacific plate motion and is also the cause of
the longitudinal fixity of the central EPR. The viscosity model used by Rowley et al. (2016) was model V2. In
Figures 15b-15g, we show cross sections through the six flow models, which are compared to model VCB.
All six models yield a strong mantle-wide upwelling under the EPR with asthenospheric flow away from
the ridge, similar to the Rowley et al. (2016) results. We conclude that the difference in flow predictions
between the two studies is due to the modeling of mantle density anomalies and not to the different
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Table 2

Similarity Between Derived Flow Fields Using Different Viscosity Models®

Angular difference of horizontal flow (A6)

Depth Vertical

(km) Model flow CC Af < 30° 30° < A8 < 60° A6 > 60°

210 V1 i 100% 0% 0%
V2 0.95 83.2% 10.9% 5.9%
VBehn 0.76 53.3% 23.9% 22.8%
VSC 0.90 63.1% 21.0% 15.9%
VRLL27 0.65 47.5% 25.6% 26.9%
V2 DD 0.94 84.6% 8.9% 6.5%

600 Vi 1 100% 0% 0%
V2 0.95 73.1% 17.8% 9.1%
VBehn 0.74 41.1% 24.4% 34.5%
VSC 0.86 52.6% 24.8% 22.6%
VRLL27 0.54 38.2% 29.2% 32.6%
V2_DD 0.95 76.0% 16.6% 7.3%

2,600 V1 ! 100% 0% 0%
V2 0.95 93.5% 52% 1.3%
VBehn 0.83 60.8% 23.7% 15.5%
VSC 0.79 61.6% 22.0% 16.4%
VRLL27 0.46 37.1% 27.4% 35.5%
V2_DD 0.93 82.9% 14.0% 31%

#All the calculations used V1 as the reference model and derived based on 5° X 5° grid. The angular difference of horizontal flow’s direction at each grid point is

used in the calculation.

Abbreviation: CC = correlation coefficients.

viscosity models. Seismic model S20RTS (Ritsema et al., 1999) is similar to the pure seismic model we
derived, implying that the differences in the 3D density anomalies used in our study and by Conrad and
Behn (2010) are mainly due to the manner in which the latter study converted seismic heterogeneity into
density anomalies.

5.2. Potential Impact of LVV

Forte, Moucha, et al. (2010) showed that the locations and relative amplitudes of the long-wavelength to
intermediate-wavelength vertical convective motions (i.e., for harmonic degrees <32) should be robustly
mapped out using only a radial varying viscosity. In that regard, we underline that the calculations of viscous
flow kernels employed in the joint inversions incorporate mobile tectonic plates as a surface boundary con-
dition and these plates, characterized by rigid interiors and weak boundaries, are arguably the strongest
expression of LVV in the mantle. The dynamical feedback from such manifestations of laterally heteroge-
neous, plate-like mechanics at the top of the mantle is a key ingredient in all our predictions of geodynamic
observables (Figure S11) and of mantle flow (Figures 12-15). Therefore, our derived flow models should be
reliable in terms of vertical flow and somewhat reliable in terms of horizontal flow, especially in those sub-
lithospheric regions where the gradients of LVV are small. We further explore and illustrate this robustness
in Figure S15, which shows the extent to which vertical and horizontal flow predictions, as calculated by
Kajan et al. (2018), are modified by LVV, where the latter are calculated from combined geodynamic and
mineral physical constraints on mantle viscosity by GliSovi¢ et al. (2015). It is evident that even in regions
with substantial horizontal viscosity contrasts, as in the shallow upper mantle, the pattern of vertical and
horizontal flow is very similar to that predicted using a simple 1D viscosity model, even though the local
magnitudes of vertical/horizontal flow are modified by the LVV.

We therefore suggest that, until such time when joint inversions can be carried out that fully incorporate rea-
listic mineral physical predictions of LVV, the potential impact of such LVV on predicted mantle dynamics
remains an open issue requiring further work. In this regard, an effort is currently underway to numerically
calculate viscous-flow Green functions (e.g., as in Forte & Peltier, 1987) that incorporate arbitrary 3D visc-
osity heterogeneity throughout the mantle, with the objective of using such Green functions in a new gen-
eration of joint tomography inversions. The results of this numerically intensive work will be documented
in future reports. Determining mantle flow thus remains a challenging problem, but robust assessments
of mantle flow models should take into account observable geodynamic constraints that complement
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Figure 15. (a) Cross sections across the East Pacific Rise showing mantle density anomalies as a function of depth
together with computed flow velocities. (b-g) Background color shows density anomalies derived from the joint
inversions using different viscosity models. Purple arrows are the orientation and amplitude of the predicted flow field
projected onto the great circle plane. (h) Predicted flow field by Conrad and Behn (2010) for viscosity “VBehn” on top of
the density model scaled from the seismic model S20RTS (Ritsema et al., 1999).
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global seismic data employed in traditional tomography inversions. The geodynamic data are key, because
they provide direct constraints on the integrated mantle buoyancy (and mantle rheology) that drives the
present-day mantle convective flow.

6. Conclusions

We performed joint inversions of seismic and geodynamic data using six different viscosity models. We first
attempted to fit the data using an optimized scaling between seismic velocity and density assuming that
mantle heterogeneity is due to thermal variations. The resulting density model was then modified to better
fit the geodynamic data. Although this approach initially makes an assumption about the cause of
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heterogeneity, there is no doubt that large lateral temperatures do exist in the mantle and, thus, substantially
contribute to the density field. We therefore feel that this is a conservative approach that may underestimate
chemical heterogeneity in the mantle but should nonetheless yield models of the total density anomalies that
are properly constrained by fundamental geodynamic observables. We found, for all the viscosity profiles we
tested, that we could not explain the data assuming that heterogeneity is due to thermal affects alone.
Nonthermal origin density anomalies are required in all the inversion tests to explain the geodynamic data,
though the amplitudes of the required nonthermal heterogeneity vary between models. Notwithstanding
these variable inferences of nonthermal heterogeneity magnitudes, all the models require strong nonther-
mal anomalies near the top of the mantle (in the cratonic lithosphere) and at the bottom of the mantle (in
the LLSVPs). Specifically, we found that the cores of the LLSVPs near the CMB are either neutrally buoyant
or dense. In contrast, the edges of the LLSVPs are buoyant. We also find that the highest density regions at
the base of the mantle are in regions of high seismic velocity.

The flow fields we obtained using different viscosity models show many common large-scale features, par-
ticularly in the lower mantle. As discussed above, an uncertainty in our modeling is due to the lack of incor-
poration of LVV in the sublithospheric mantle. To address this uncertainty, we explored the impact of a
recent model of LVV (Gli$ovi¢ et al., 2015) on mantle flow predictions, shown in Figures S13 and S15, and
we found that the impact of such LVV on predicted surface observables is estimated to be less than the cur-
rent uncertainties in global tomography models. These results show how LVV may focus some of the flow
patterns we computed with radial viscosity variations, but given the similarity in the flow patterns predicted
with different 1D viscosity models, it is unlikely that the large-scale flow would be significantly different
using a more complex 3D rheology. These findings suggest that future work is needed that incorporates a
realistic mineral-physical representation of rheology in the predicted flow modeling, while also ensuring
that convection-related observables are adequately fit. The latter condition is a key requirement, as shown
by the results we presented above.

Although there are large-scale similarities among the flow models we developed, there are significant differ-
ences in specific places in the upper mantle. The differences are likely to produce different orientations of
anisotropy, but a full strain analysis would be required to predict such anisotropy. This is beyond the scope
of this work but is a promising direction for future work (e.g., Becker et al., 2003; Conrad et al., 2007; Gaboret
etal., 2003). Itis significant, however, that the large-scale flows we derived do differ significantly from a flow
model derived by directly scaling a seismic model to density. Considering previous studies that have
employed such a constant velocity-density scaling (e.g., Liu et al, 2008; Spasojevic et al, 2009;
Steinberger, 2016), this finding underlines that, even though the magnitude of chemical heterogeneity
inferred in the joint inversions is conservative, the resulting flow predictions will differ significantly from
these previous tomography-based studies.
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