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Abstract

Seismology provides important constraints on the structure and dynam-
ics of the deep mantle. Computational and methodological advances in the
past two decades improved tomographic imaging of the mantle and revealed
the fine-scale structure of plumes ascending from the core-mantle bound-
ary region and slabs of oceanic lithosphere sinking into the lower mantle.
We discuss the modeling aspects of global tomography including theoreti-
cal approximations, data selection, and model fidelity and resolution. Using
spectral, principal component, and cluster analyses, we highlight the robust
patterns of seismic heterogeneity, which inform us of flow in the mantle,
the history of plate motions, and potential compositionally distinct reser-
voirs. In closing, we emphasize that data mining of vast collections of seismic
waveforms and new data from distributed acoustic sensing, autonomous hy-
drophones, ocean-bottom seismometers, and correlation-based techniques
will boost the development of the next generation of global models of den-
sity, seismic velocity, and attenuation.

� Seismic tomography reveals the 100-km to 1,000-km scale variation
of seismic velocity heterogeneity in the mantle.

� Tomographic images are the most important geophysical con-
straints on mantle circulation and evolution.
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INTRODUCTION

Variations in temperature, composition, grain size, and volatile distribution within Earth’s deep
interior are causally related to planetary processes including plate tectonics, continental breakup,
mantle convection, hotspot volcanism, and the water and carbon cycles crucial for maintaining
long-term habitability of the surface environment. As such, mapping them informs our un-
derstanding of planetary dynamics and offers insights into Earth’s geological past. Seismology
provides the strongest global constraints on these variations through their effects on rigidity,
compressibility, anelasticity, density, and anisotropy of mantle materials.

The first global-scale maps of shear-velocity (VS) and compressional wave (VP) variations in
the mantle (e.g., Dziewoński et al. 1977, Woodhouse & Dziewoński 1984) made clear that plate
tectonics is intimately linked to dynamic processes in the deep interior. The steady progress in
global-scale seismology and seismic tomography during the next 35 to 40 years must be attributed
to the expansion of networks of broadband seismometers, the open-access availability of seismic
data, and increased computer power that have enabled seismologists to use millions of seismo-
grams in their analyses. Current seismic studies explore diverse seismic phases across the full band
of seismic frequencies, and they are based on numerical methods and theories of wave propagation
with few approximations.

The literature on seismic studies of velocity heterogeneity in Earth’s mantle and multidisci-
plinary research of deep Earth structure and dynamics is vast and diverse. It is therefore inevitable
that a review paper is incomplete and selective.We have chosen to focus our discussion on recent
progress in global-scale seismic imaging of the mantle roughly from the 660-km phase transi-
tion at the base of the mantle transition zone (MTZ) to the core-mantle boundary (CMB) at a
depth of 2,891 km.We start with an overview of the state of the art in seismic tomography, iden-
tify consistently imaged structures and patterns of mantle seismic heterogeneity, and describe in
some detail how seismic imaging has influenced research on the nature and evolution of compo-
sitional heterogeneity in the deep mantle, the formation of focused upwellings (i.e., plumes), and
the fate of subducted slabs of oceanic lithosphere. We close with a discussion of open questions
and promising research directions.

EARTH’S LARGE-SCALE SEISMIC STRUCTURE FROM
SEISMIC TOMOGRAPHY

Spherically Symmetric Structure

Even in an article on the three-dimensional (3D) structure of the mantle, it is useful to establish
that, to first order, Earth properties depend primarily on radius. Density and both VP and VS in-
crease from the Moho (i.e., the boundary between the crust and mantle) to the CMB by about
70%. Strong vertical gradients and discontinuities in the MTZ and possibly hundreds of kilome-
ters above the CMB (i.e., the top of D′′) are produced by phase transitions of major minerals in
mantle rock. However, lateral variations of wavespeeds and density do not exceed a few percent
except in the uppermost and lowermost mantle.

Figure 1 shows stacks of about a million seismograms from globally distributed stations and
earthquakes. It brings out high-amplitude vertically and horizontally polarized waves. The signals
line up along sharp travel-time curves, which demonstrates that seismic waves with long propa-
gation paths are recorded with little travel-time variation. Along with free-oscillation frequencies
and astrometric data, these travel-time curves form the basis for spherically symmetric (i.e., 1D)
reference models such as the Preliminary Reference Earth Model (Dziewoński & Anderson
1981). The dominance of depth variations makes it possible to identify many specific arrivals
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Figure 1

Stacks of globally recorded seismograms using short- to long-term averages for vertical (panel a) and transverse (panel b) component
waveforms generated by shallow earthquakes between 1990 and 2012. The waveforms have been low-pass filtered at 0.1 Hz. Several
high-amplitude phases are labeled in red. The stacks were produced by Dr. Alexander Hutko at the IRIS Data Management Center
(IRIS DMC 2014). Subscript M denotes waves propagating along the major arc from source to receiver.

in teleseismic (epicentral distance >25°) waveforms and to use them for tomographic mapping
of the 3D structure. Except along a few highly anomalous paths, ray-theoretical predictions of
onset times of all body-wave phases based on 1D models are accurate to within several seconds,
and waveforms computed using normal-mode theory or direct solution methods reproduce
the recorded waveforms accurately at long periods. Recent reassessments of global 1D models
incorporating new data and inversion techniques have confirmed many of the characteristics of
1D models. However, they also proposed refinements to, for example, the radius of the inner
core, average velocities at the base of the mantle, the depth dependence of attenuation (e.g., de
Wit et al. 2014), velocity gradients at the top of the outer core (e.g., Irving et al. 2018, Kaneshima
2018), and the global significance of the 220-km discontinuity (e.g., Kustowski et al. 2008).

Data Types

To first order, the choice in data types determines where in the mantle tomographic models op-
timally resolve seismic structure. Models derived solely from the travel-time delays of teleseismic
body waves (e.g., Zhao 2004, Li et al. 2008, Obayashi et al. 2013) constrain vertical variations of
seismic structure in the upper third or quarter of the mantle (<700–1,000 km) poorly because
teleseismic body waves traverse the depth range nearly vertically. However, travel-time models
can delineate fine-scale structure in the upper mantle of subduction zones, where earthquakes
are dispersed over a broad depth range, and in regions where dense seismic networks have been
deployed or when triplicated waves turning in the upper mantle have been included.

Tomographic models based purely on fundamental-mode surface waves (e.g., Shapiro &
Ritzwoller 2002, Zhou et al. 2006) do not resolve seismic structure in the deep mantle (>350 km)
but provide excellent constraints on upper-mantle structure especially in the oceanic regions
where few stations have been deployed. Models that incorporate overtone data resolve struc-
ture in the transition zone and uppermost lower mantle (e.g., Visser et al. 2008, Debayle &
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Ricard 2012, Schaeffer & Lebedev 2013, Ho et al. 2016). Models based on combinations of body-
wave and surface-wave data (e.g., Houser et al. 2008, Kustowski et al. 2008, Auer et al. 2014,
Chang et al. 2015), normal-mode and surface-wave data (e.g., Trampert et al. 2004), or all of
these three data types (e.g., Ritsema et al. 2011, Moulik & Ekström 2014, Durand et al. 2017)
provide more uniform coverage. Models derived from full waveforms include additional por-
tions of seismograms that need not be associated with standard seismic phases (e.g., French &
Romanowicz 2014, Bozdağ et al. 2016). Finally, the GyPSuM models by Simmons et al. (2010)
incorporate free-air gravity, plate motions, excess ellipticity of the CMB, the nonisostatic topogra-
phy of Earth’s surface, andmineral-physics relationships as additional constraints in a tomographic
inversion using body-wave travel-time data.

Theoretical Treatment

All seismic tomography is built upon finding a model, m, of Earth’s seismic structure that min-
imizes the misfit between the phases and/or amplitudes of observed seismic waves, d, and those
predicted by the model, g(m). This inverse problem has been tackled in a variety of ways, either by
model space search approaches (Mosegaard & Tarantola 1995) or by linearization around a start-
ing model, which can be iterated on to account for nonlinearity inherent in g(m) (e.g., Tarantola
2005).Model space searches can be accomplished by the repeated solution of the forward problem,
which predicts the amplitudes and/or phases of seismic waves for a given model of Earth’s interior.
The forward problem can be solved accurately using numerical methods, including the spectral el-
ement method (e.g., Komatitsch & Tromp 2002, Leng et al. 2019). However, high computational
cost makes numerical methods ill-suited for model space search approaches and for modeling
high-frequency signals. Therefore, seismologists continue to rely on approximate methods based
on ray or perturbation theory. Tomographic methods based on (iterative) linearization require
as few as a single solution of the forward problem at the cost of having to evaluate the Fréchet
derivatives that relate model perturbations δm to perturbations in the data δd.

The amplitude and phase of seismic waves depend on the elastic and anelastic properties in a
finite volume. This volume is often represented by a Fresnel zone defined as a region in which
singly scattered waves arrive within a specific time after the direct wave. For travel times, this
threshold time is either a half or a quarter of the wave dominant period when the measurements
are made using cross correlation or by identifying the onset, respectively (Gudmundsson 1996).
Ray theory is an infinite-frequency approximation in which energy is assumed to travel along
infinitesimally thin ray paths for body waves and beneath great-circle paths for surface waves.
While it is valid for high-frequency onset times, ray theory becomes inaccurate when Fresnel zones
are similar in size to seismic heterogeneities (e.g., Spetzler & Snieder 2001). This places a limit
on the resolution of fine-scale structure. The limitations of ray theory motivated the development
of Born scattering theory to describe more accurately the finite-frequency sensitivity of travel
times (e.g., Snieder 1986, Marquering & Snieder 1995, Tanimoto 1995, Dahlen et al. 2000) and
waveforms (e.g., Li & Romanowicz 1995, Marquering et al. 1998). Earlier efforts often restricted
the evaluation of Born scattering to the 2D vertical planes defined by the great-circle arc (e.g., Li
& Romanowicz 1996). Romanowicz et al. (2008) discuss the consequences of this approximation
on accuracy.

By the 2000s, computational resources became large enough to relax the 2D approximation
and compute Fréchet derivatives called 3D finite-frequency kernels or banana-doughnut kernels,
inspired by the shape and cross-sectional form of these culinary chimera. These 3D finite-
frequency kernels are calculated within a background 1D model using the paraxial approximation
(e.g., Dahlen et al. 2000) or within a fully 3D model using adjoint methods (e.g., Tromp et al.
2005). Born theory itself has limitations, namely that the phase perturbation to the seismic wave
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is small (e.g., Marquering et al. 1998, Panning et al. 2009). Methods based on the Rytov approx-
imation or hybrid methods such as the nonlinear asymptotic coupling theory (Li & Romanowicz
1995) may be more appropriate for estimating weak velocity perturbations of large spatial extent.

Several global tomographic models have pioneered the use of either 3D finite-frequency
kernels—such as the PRI-S05,PRI-P05 (Montelli et al. 2004, 2006), and SH18CE (Takeuchi 2007)
models—or accurate forwardmodeling based on the spectral element method—such as the upper-
mantle SEMum (Lekić & Romanowicz 2011) and whole-mantle SEMUCB-WM1 (French &
Romanowicz 2014) models.Model GLAD-M15 (Bozdağ et al. 2016) is based on waveform kernels
computed using adjoint methods. The costs associated with accurately computing 3D waveforms
and sensitivity kernels necessitate the use of smaller data sets. For example, model GLAD-M15 is
based on a data set of 253 earthquakes, a factor of 20 smaller than ray-based tomographic models.
Since the model estimation updates went through 15 iterations, GLAD-M15 has not yet moved
significantly from its starting model S362ANI (Kustowski et al. 2008), although slab and plume
structures in the mantle appear better defined.The promise of global-scale adjoint tomography to
accurately resolve strong wavespeed contrast and fine-scale structure in the crust and upper man-
tle is evident from adjoint tomography on regional (<500 km) (Tape et al. 2009) and continental
scales (e.g., Fichtner et al. 2009, Zhu et al. 2012, Krischer et al. 2018).

Tomographicmodels differ from one another not only in the evaluation of the forward problem
and the Fréchet derivatives but also in how the problem is linearized, the model m is parameter-
ized, and prior assumptions (e.g., the structure of the crust) and model smoothness (i.e., explicit
regularization) are incorporated. Most tomographic models have been constructed by fully lin-
earizing the inverse problem (e.g., Ritsema et al. 2011), although those based on waveform fitting
often rely on iterative methods such as conjugate gradient descent (e.g., Bozdağ et al. 2016) or
a quasi-Newton method (e.g., French & Romanowicz 2014). Choices of parameterization on in-
version can be consequential (e.g., Trampert & Snieder 1996), particularly for poorly resolved pa-
rameters such as radial anisotropy (e.g., Gao & Lekić 2018). Similarly, assumptions about crustal
structure can significantly affect tomographic models of radial anisotropy (e.g., Panning et al.
2010, Chang & Ferreira 2017). Finally, regularization choices are particularly impactful on the
retrieval of amplitudes (e.g., Burdick & Lekić 2017) of velocity variations.

Resolution Analysis

To test hypotheses about conditions and processes in the deep interior, model uncertainty and
trade-offs must be quantified. Traditionally, this has been accomplished by computing the resolu-
tion operator, R, and/or the posterior model covariance matrix, ĈM (see Tarantola 2005), which
describe spurious elongation and weakening of imaged velocity anomalies due to model param-
eterization, data processing and weighting, and model regularization (i.e., a priori constraints on
model smoothness and amplitudes). It is not straightforward to interpret R and ĈM directly be-
cause the number of model parameters is large. Commonly used tests are so-called point-spread
functions (PSFs) or checkerboard tests. Here, R is applied to a single-parameter spike or to a pat-
tern of alternating velocity anomalies, respectively, to determine how that structure would appear
in the tomographicmodel.Checkerboard tests can bemisleading because checkerboards represent
only a single wavelength of heterogeneity (e.g., Rawlinson & Spakman 2016). The visualization
of PSFs is therefore preferred.

In Figure 2a we show the vertical forms of PSFs beneath Iceland at depths of 125, 600, 950,
and 1,450 km computed using R for tomographic model S20RTS. The PSFs are widest in the
MTZ because the wave type that primarily constrains the MTZ (i.e., overtone Rayleigh waves in
the case of S20RTS) is sensitive to shear-velocity structure within a relatively broad depth range.
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Figure 2

(a) Vertical cross sections through point-spread functions (PSFs) calculated for model S20RTS (Ritsema et al. 1999) for depths of 125,
600, 950, and 1,450 km (from dark to light brown) beneath Iceland. The red vertical bars and values to the right represent estimates of
the width of the PSF, defined by the width of the region centered at the maximum (blue dashed lines) that covers 50% of the area below
the PSF. (b) Global maps of the width of the PSF (see panel a) at 125-, 350-, 600-, 950-, 1,450-, and 1,950-km depth.

Figure 2b shows estimates of the vertical extents of the PSFs for six depths in the mantle and
locations around the globe. It demonstrates further that, for S20RTS, model resolution is the
lowest (i.e., PSFs are widest) in the MTZ except for the western Pacific region, and that for all
depths model resolution is lowest beneath Africa and regions of the Southern Hemisphere where
data coverage is typically poor. Qualitatively similar trends in PSFs can be expected across global
VS models due to inherent data limitations, while the horizontal and vertical extents of PSFs are
expected to be even broader in global VP models.

Importantly, this type of uncertainty analysis fails to account for approximations made in the
computations of g(m) or the Fréchet kernels and assumes that the problem can be linearized. It
will typically underestimate actual uncertainties and neglect potential nonuniqueness in model
parameter estimates. Since computing the complete R or ĈM exactly is prohibitively expensive in
waveform tomography, seismologists frequently use approximate second-derivative matrices (i.e.,
Hessians) (e.g., French&Romanowicz 2014) or so-called random probing to estimate spatial vari-
ations of resolution lengths and strength of parameter trade-offs (Fichtner & van Leeuwen 2015).
PSFs of specific target parameters can be computed accurately in three-dimensionally heteroge-
neous models using adjoint methods (Fichtner &Trampert 2011).Model space search approaches
can also be used to assess nonuniqueness and trade-offs in tomographic inversion (e.g., Trampert
et al. 2004, Burdick & Lekić 2017), albeit by approximating the forward problem, g(m). Never-
theless, application of the realistic resolution operators when comparing predictions from geo-
dynamical simulations against tomographic models is prudent, particularly at the smallest length
scales.
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Figure 3

Maps of shear-velocity variations at depths of (from left to right) 100, 350, 600, 1,100, 1,500, 2,100, and 2,850 km according to
whole-mantle models (from top to bottom) S40RTS (Ritsema et al. 2011), TX2015 (Lu & Grand 2016), SEISGLOB2 (Durand et al.
2017), SEMUCB-WM1 (French & Romanowicz 2014), HMSL-S06 (Houser et al. 2008), PRI-S05 (Montelli et al. 2006), SAVANI
(Auer et al. 2014), GLAD-M15 (Bozdağ et al. 2016), GyPSuM-S (Simmons et al. 2010), SH18CE (Takeuchi 2007), and S362ANI+M
(Moulik & Ekström 2014). Note that the maxima (X) of the depicted velocity perturbations are different for each depth.

Maps of Shear-Velocity Heterogeneity

At large scales (>2,000–5,000-km wavelength), lateral variations of seismic wavespeeds in Earth’s
mantle have been imaged consistently. Figure 3 illustrates this for 11 recent VS models, but they
are also consistent in older models (e.g., Romanowicz 2003). Some of the model discrepancies
originate from differences in data sets and modeling choices as discussed earlier. For example,
model PRI-S05 is a teleseismic travel-time model and does not resolve the seismic structure in
the upper mantle. SEISGLOB2 appears to be more strongly damped than other models, and the
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structure in S40RTS is relatively small at 2,850-km depth because the splines to parameterize
radial velocity variations in the lowermost mantle are relatively broad. In the following sections,
we discuss key features of mantle heterogeneity using principal component, cluster, and spectral
analysis.

Principal Component Analysis

Principal component analysis (PCA) helps to identify dominant features of and trends in multi-
variate data sets, and it has found widespread use in geochemistry and time-series analysis. Here,
we apply PCA to tomography models S40RTS (Ritsema et al. 2011) and S362ANI+M (Moulik &
Ekström 2014). We begin by resampling these two models every 50 km in depth and laterally on
a grid of 10,242 knots that are quasi-equally distributed around the globe with an average spac-
ing of 2°. At each depth zk, the tomographic model is represented by a vector vi whose elements
are the model values at knot locations (θi, ϕi). At this point, we estimate a mantle shear-velocity
(dVS/VS) structure covariance matrix Cjk, whose values are given by the dot product between vec-
tors v corresponding to depths zk and zj—that is,Cjk = ∑

i vi(z j )vi(zk ). The diagonal elements of
Cjk are the variance of dVS/VS variations at each depth. The off-diagonal elements describe how
structure covaries between different pairs of depths; large positive (negative) values correspond to
highly (anti)correlated structure, and values near zero indicate that the pattern of dVS/VS between
those depths is dissimilar. When normalized by the product of standard deviations of vectors vk

and vj, matrix Cjk is sometimes referred to as the radial correlation function. Because Cjk is real
and symmetric by construction, its eigenvectors are orthogonal and its eigenvalues are real. It can
be diagonalized as C = VTDV, where Djk = λkδjk is a diagonal matrix of eigenvalues λk, and the
matrix V is an orthogonal matrix (hence V−1 = VT) whose columns are the eigenvectors êk.

In the coordinate system defined by êk, the off-diagonal elements are zero so the lateral dVS/VS

structure is no longer correlated. In other words, each vector êk defines a pattern of dVS/VS varia-
tions that is uncorrelated from that defined by any other linear combination of eigenvectors êk′�k.
The eigenvalues λk correspond to the variance of the pattern of lateral dVS/VS variations for the
linear combination defined by êk. The eigenvector êk that corresponds to the largest eigenvalue
(in the absolute sense) is called the first principal component and determines the main mode of
lateral variation in dVS/VS structure.

Figure 4 presents the lateral velocity patterns (maps) and corresponding eigenvectors êk
(depth profiles) of the first four principal components for S40RTS and S362ANI+M. As a sum,
these four principal components account for more than 80% of the total variance in the models.
We refer to them as the dominant patterns of dVS/VS variations in the mantle. For both models,
the first principal component accounts for over half of the total variance in the models, and it cor-
responds to the tectonic pattern of velocity variations in the upper 250 km (i.e., the heterosphere).
The second principal component in both models corresponds primarily to the signature of the
large low-shear-velocity provinces (LLSVPs) at the base of the mantle and accounts for 14–17%
of the total model variance. The third principal component, which accounts for 12–13% of total
variance, mostly represents the accumulation of seismically fast slabs in the transition zone be-
neath the western Pacific and South America. It is only in the fourth principal component, which
accounts for 5–6%ofmodel variance, that significant differences between the tomographicmodels
emerge. In S40RTS, the pattern of dVS/VS variations corresponding to this principal component
traces the high-velocityMesozoic slabs associated with Tethyan and Farallon subduction currently
foundering in the mid-mantle. In S362ANI+M, this component highlights a nearly hemispheric
pattern related to the relatively low dVS/VS found beneath the Pacific Basin in the upper
mantle.

384 Ritsema • Lekić
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Figure 4

Principal component analysis of models (a) S40RTS (Ritsema et al. 2011) and (b) S362ANI+M (Moulik & Ekström 2014). The four
components in order of the highest eigenvalues are shown from top to bottom. The eigenvalues are indicated in red text. The maps
show dVS/VS structure with a range between −X and +X percent, indicated on the right.

Cluster Analysis

Lekić et al. (2012) applied k-means cluster analysis to classify shear-velocity profiles for the lower
mantle from five tomographic models into two groups. These groups delineate geographically
contiguous regions even though the classification is entirely based on similarity of the profiles and
does not consider geographical position. One group corresponds to the LLSVPs and the other to
the areas outside them. This allows intermodel consistency to be visualized by counting the num-
ber ofmodels that classify the shear-velocity profile at that location to belong to the LLSVP group.
Cottaar & Lekić (2016) extended this work to include a third group and used a moving depth win-
dow to assess intermodel consistency as a function of depth.Figure 5 shows such depth-dependent
vote maps for 14 tomographic models constructed using the implementation of Shephard et al.
(2017) and visualized using SubMachine (Hosseini et al. 2018). The maps are displayed at 100-,
600-, 1,500-, and 2,800-km depth and illustrate the main features of tomographically imaged
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Figure 5

Vote maps for depths of (from top to bottom) 100, 600, 1,500, and 2,800 km. The models used are GyPSuM-S (Simmons et al. 2010),
HMSL-S06 (Houser et al. 2008), PRI-S05 (Montelli et al. 2006), SP12RTS-S (Koelemeijer et al. 2016), S20RTS (Ritsema et al. 1999),
S362ANI+M (Moulik & Ekström 2014), S40RTS (Ritsema et al. 2011), SAVANI (Auer et al. 2014), SAW642ANb (Panning et al.
2010), SEMUCB-WM1 (French & Romanowicz 2014), SEMum (Lekić & Romanowicz 2011), SGLOBE-rani (Chang et al. 2015),
TX2015 (Lu & Grand 2016), and SEISGLOB2 (Durand et al. 2017). The columns on the left and right apply to high-velocity and
low-velocity anomalies, respectively, with absolute shear-velocity perturbations larger than 1%.

velocity variations. At 100-km depth, the high-velocity structures correspond to the interiors of
the continents that have not been modified by tectonic processes. The low-velocity structures
outline the mid-ocean ridges, backarc basins, and tectonically active parts of eastern Africa and
western North America. At 600-km depth, the high-velocity anomalies are subducted slabs in
the MTZ beneath the circum-Pacific, Indonesia, South America, and Europe. The high-velocity
structure that follows the Atlantic coastline of Africa may be related edge-driven convection
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below the passive margin between the relatively thick lithosphere of western Africa and the much
thinner oceanic lithosphere of the eastern Atlantic. This flow may cause intraplate volcanism in
Africa (e.g., King & Ritsema 2000). Regions with anomalously low velocity are consistently seen
beneath the East African Rift and western North America, where they are associated with con-
tinental extension; low velocities beneath the Indian Ocean and the southern Pacific have been
more difficult to explain. At 1,500- and 2,800-km depth, the high-velocity structures are the rem-
nants of the Tethys, Farallon, and Mongol-Okhotsk slabs of oceanic lithosphere that subducted
into the mantle in the Permian period and the Mesozoic era. The low-velocity structures beneath
Africa and the Pacific are the LLSVPs at the base of the mantle and low-velocity structure above
them that rise more than 1,000 km above the CMB.

Spectrum of Heterogeneity

Themantle is heterogeneous on all scales, with tomographic models constraining large-scale vari-
ations and models of wave scattering constraining shorter scales. Typically, wave scattering mod-
els are stochastic in nature, describing the properties of the random medium. The relative ratio
of large-scale to small-scale heterogeneity can be visualized by the power spectrum of velocity
variations (dv/v). Global and continent-scale studies usually present the power spectrum as ei-
ther power-per-spherical-harmonic-degree (e.g., Su & Dziewoński 1991) or power-per-octave
(e.g., Meschede & Romanowicz 2015). The spectrum is defined as white and pink if the log of
the power-per-degree and the power-per-octave, respectively, are constant with the log of the
the spherical harmonic degree. When power-per-octave decreases with the log of the spherical
harmonic degree, the spectrum is defined as red. Scattering-based studies, however, present the
power spectrum as 1D (e.g., Mancinelli et al. 2016), 2D, or 3D (Sato et al. 2012) power-spectral
density (PSD) as a function of wavenumber. The falloff of power with spherical harmonic degree
and wavenumber depends crucially on these presentation choices (see Meschede & Romanowicz
2015 and Mancinelli et al. 2016 for discussion).

Figure 6 shows the constraints on the spectrum of mantle heterogeneity and its variation
with depth from global, regional, and scattering-based studies, presented as (a) power-per-octave,
(b) power-per-degree, and (c) 1D PSD. Slopes corresponding to white, pink, and red spectra of
heterogeneity are also illustrated. We show the Voigt average dVS/VS variations from GLAD-
M15 (Bozdağ et al. 2016), which is representative for all global VS models. In the heterosphere,
the spectrum is dominated by degree 5, reflecting the ocean-continent dichotomy. The spectrum
of heterogeneity in the heterosphere captured by both global and regional models is red. The
spectrum of heterogeneity in the transition zone is pink for both global and regional models.
The spectra are also pink throughout the bulk of the lower mantle, albeit at lower power. Self-
similar media are expected to have a pink spectrum of heterogeneity. Finally, in the CMB layer,
the spectrum is red and dominated by degree 2, reflecting the two antipodal LLSVPs.

By modeling envelopes of 5–60-s period P-wave coda, Mancinelli et al. (2016) constrain het-
erogeneity in the upper mantle at shorter scales. They estimate a random medium defined by
a von Karman autocorrelation function with a correlation length of 2,000 km, root-mean-square
(RMS) perturbation of 10% (ε = 0.1), and exponent κ = 0.05. At small scales, this randommedium
is self-similar, possessing a pink spectrum of heterogeneity. Wave scattering studies indicate that
small-scale heterogeneity persists in the lower mantle, albeit at an order of magnitude weaker
RMS (ε = 0.01).

LARGE LOW-SHEAR-VELOCITY PROVINCES

In the lowermost mantle, regions with relatively low VS form two broad, contiguous structures
beneath the Pacific Ocean and beneath the Atlantic Ocean and southwestern Africa. These two
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Figure 6

(a) Power-per-octave, (b) power-per-degree, and (c) 1D power-spectral density (PSD) of dv/v variations in a global model (GLAD-M15:
Bozdağ et al. 2016), in the average of regional models, and from coda constraints on scattering. The solid black line represents the
preferred model of Mancinelli et al. (2016), while dashed and dotted black lines represent von Karman media with identical correlation
length and κ values but root-mean-square strength of heterogeneity of 0.03 and 0.01, respectively. For GLAD-M15, the red curve
represents average structure in the 120–160-km depth range (i.e., the heterosphere); blue, 460–540 km (i.e., the mantle transition zone);
purple, 1,100–1,500 km (i.e., the lower mantle); and green, 2,600–2,890 km (i.e., the core-mantle boundary layer). Regional averages
are from Meschede & Romanowicz (2015) for the 90–140-km (pink field) and 460–540-km (lavender field) depth ranges. Solid, dashed,
and dash-dotted gray lines denote slopes corresponding to pink, red, and white spectra of heterogeneity, respectively.

antipodal structures are conspicuous in all shear-velocity models of the lower mantle. Although
originally called superplumes, they are commonly referred to as large low-shear-velocity provinces
(LLSVPs) (e.g., Garnero et al. 2016), although VP in them is also relatively low. The purely seis-
mological acronym is intentional to avoid dynamical connotations.

Seismic Characteristics

VS models agree on the areal extent of LLSVPs, as is evident from Figure 5. The geographic
extent is primarily constrained by the travel times of diffracted S waves and ScS reflections off
the core.While still substantial, agreement among models on the VP structure is somewhat lesser,
based on vote map evaluations (Cottaar & Lekić 2016, Hosseini et al. 2018), most likely because
the sampling of the mantle by diffracted P waves and PcP waves is relatively poor. PcP is recorded
only at epicentral distances shorter than about 60°, and diffracted P waves are typically much
weaker than diffracted S waves, especially for long paths. Although recent efforts have improved
the coverage of the deep mantle by direct and diffracted P waves (e.g., Euler & Wysession 2017),
the effects of data coverage on the imaging must be carefully evaluated before interpreting the
potential differences in VP and VS variations.

While LLSVPs are broad, the Vs structure above LLSVPs is complex and the radial extent
of the low-velocity anomalies is more difficult to define. Above the African LLSVP, it appears to
extend at least 1,000 km above the CMB with a northeasterly tilt (e.g., Ritsema et al. 1999). The
connection between the LLSVPs in the lowermost mantle and low-velocity structures in the tran-
sition zone and upper mantle and with hotspot volcanism is suggested by more detailed regional
tomographic studies (e.g., Civiero et al. 2015). The global distribution of hotspots weighted by
flux has the same degree-2 pattern as VS variations at the base of the mantle and low attenua-
tion variations in the MTZ (Romanowicz & Gung 2002), suggesting that elevated temperatures
associated with the LLSVPs persist throughout the lower mantle.
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The density structure of mantle can be estimated from the splitting of normal modes. These
long-period oscillations involve motions of large volumes of Earth material and are therefore af-
fected by gravity and the density variations. The majority of seismic studies (Ishii & Tromp 1999,
Trampert et al. 2004, Moulik & Ekström 2016) and studies of solid-Earth tides (Lau et al. 2017)
indicate that the density in the LLSVPs is higher than their surroundings—a clarion signal of com-
positional heterogeneity. An exception is the study by Koelemeijer et al. (2017), who argued that
relatively less dense LLSVPs better explain measurements of a unique set of Stoneley modes with
focused sensitivity to structure at the CMB. Likely, the modeling results can be reconciled if only
the lowermost (<100 km) part of the LLSVPs is anomalously dense, but future work should focus
on incorporating full coupling in the measurement of mode splitting functions (Akbarashrafi et al.
2018), on assessing the depth range in which density and VS variations might be anticorrelated,
and on obtaining new constraints from CMB topography induced by mantle flow.

Studies of broadband data from regional networks have shown that shear waves traveling along
the margins of LLSVPs are recorded with strongly variable delays for both S (Ritsema et al. 1998,
Ni et al. 1999,Wen 2002) and P waves (e.g., Frost & Rost 2014) and with distorted or broadened
waveforms (e.g., Ni et al. 2002, Sun et al. 2007, He &Wen 2009, Zhao et al. 2015). This indicates
that VS changes by several percent over less than 100-km distance across the margins of LLSVPs.
Such strong gradients are often related to changes in rock composition because strong temper-
ature gradients in the mantle cannot persist due to the high thermal diffusion. However, some
geodynamical simulations suggest that flow in the mantle with a highly temperature-dependent
rheology can result in variations in temperature that are sufficiently abrupt to sharp gradients in
elastic properties (Davies et al. 2012).

Waveform modeling studies reveal 10–100-km-scale structures within or near the boundaries
of the LLSVPs, including apparent gaps (He & Wen 2009, Kästle et al. 2017), variations beneath
Hawaii (To et al. 2011), and high attenuation in the African LLSVP (Liu&Grand 2018).There are
meso-scale structures with horizontal extents of several hundred kilometers including the Perm
Anomaly (Lekić et al. 2012), a ridge-like structure beneath Kamchatka (He et al. 2014), and sev-
eral anomalies that are currently at the limit of tomographic resolution (Cottaar & Lekić 2016).
Observations of shear-wave splitting (e.g., Romanowicz & Wenk 2017) have been related to the
alignment of former oceanic basaltic crust and pockets of partial melt and/or lattice-preferred ori-
entation near the margins of LLSVPs. Thin layers (roughly 5- to 20-km thick) at the CMB with
strong wavespeed reductions, called ultra-low velocity zones, are concentrated below and along
the margins of the LLSVPs (see Yu & Garnero 2018 for a review).

The presence of compositional heterogeneity can also be assessed probabilistically, using tomo-
graphic inversions parameterized in terms of composition and temperature, which are related to
VP andVS variations using thermodynamic relationships provided bymineral physics experiments,
computations, and theory; this probabilistic tomography also supports large-scale compositional
heterogeneity in the lowermost mantle (e.g.,Trampert et al. 2004,Mosca et al. 2012). Additionally,
models including compositional heterogeneity appear to fit the seismic heterogeneity spectrum
in the lowermost mantle better than purely thermal models (e.g., McNamara 2019).

Geodynamic Interpretations

The competing models for the nature of LLSVPs can be divided into purely thermal or ther-
mochemical models. (See McNamara 2019 for a review.) In purely thermal models, LLSVPs are
regarded as tightly clustered upwellings that are imaged tomographically as broad structures due
to the intrinsically low resolution of seismic models (e.g., Davies et al. 2012, McNamara 2019).
Convection in these models is driven entirely by thermal buoyancy. Sinking of relatively dense
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subducted slabs produces a downwelling flow regime around the Pacific and African lower man-
tle. Upwellings, including mantle plumes, appear to form preferentially in the LLSVPs far from
current and paleo-subduction zones, potentially resulting in excessive (hotspot) volcanism and
anomalous (dynamic) topography (see Flament et al. 2013).

In thermochemical models, compositional buoyancy contributes to convection. The composi-
tional distinct material could be primordial in nature, produced after early planetary differentia-
tion: leftover dense silicate (Labrosse et al. 2007, Lee et al. 2010) or metallic melts (Zhang et al.
2016) or crust formed on the early Earth or both. Alternatively, LLSVPs may have formed over
Earth’s history by the steady accumulation of subducted oceanic crust that segregated from the
slabs and sank to the bottom of themantle (see Tackley 2012 for a review).Hybridmodels in which
the lowermost portions of the LLSVPs are primordial and overlying regions enriched in basalt
have also been proposed (Ballmer et al. 2016). LLSVPs may be continually modified by incorpo-
ration of subducted material (e.g., Li et al. 2014), chemical reactions with the surrounding mantle,
and underlying core, as well as potentially from volatile elements transported into the deep Earth
by subducted plates. Upwelling mantle plumes may originate from the thermochemical piles and
produce distinct trace-element signatures observed in hotspot lavas (Garnero et al. 2016).

If their densities are relatively high, LLSVPs may be stable for a long geologic time and be
deformed and displaced by convective flow in the mantle. Indeed, plate motion–driven geody-
namical models in which LLSVPs are inherently dense thermochemical structures can explain
the current position and general shape of LLSVPs (McNamara & Zhong 2005). Dziewoński et al.
(2010) proposed that they exert control on the planform of convection, perhaps by stabilizing the
locations of upwellings.

MANTLE PLUMES

Mantle plumes begin as instabilities in a thermal boundary layer, whether in the immediate vicin-
ity of the CMB or at the margins of inherently dense and hot LLSVPs (Davaille 1999, Jellinek &
Manga 2002). As they rise, plumes may carry compositional heterogeneity from the LLSVPs and
surrounding regions to the surface (e.g., Farnetani &Hofmann 2009) and produce hotspot volcan-
ism with distinct geochemical characteristics (e.g., White 2015). Compositional heterogeneity in
plumes may cause plumes to rise only when they become sufficiently broad for thermal buoyancy
to compensate for the intrinsic high density.

Burke & Torsvik (2004) hypothesized that plumes responsible for the large igneous provinces
(LIPs) formed primarily along the margins of the LLSVPs; the correlation between restored lo-
cations of LIPs and present-day LLSVP margins implied that the latter have maintained their
configurations since the Permian. However, whether there is a correlation between the LIP loca-
tions and the margins of LLSVPs and whether LLSVPs can remain fixed for hundreds of millions
of years in the mantle remain debated (see McNamara 2019).

Tomographic imaging results and interpretations of focused upwelling flow (i.e., mantle
plumes) are often controversial. Although global seismic images contain elongated low-velocity
structures suggestive of plumes, it is rare that the same seismic structures are reproduced inde-
pendently. Figure 7 illustrates this for vertical cross sections through four hotspots in the Pacific
according to 11 VS models. Although the large-scale VS structure is similar, the strength, shape,
and vertical extent of the low-velocity anomalies beneath the hotspots vary because the images
are based on different data sets and modeling approaches. Understanding the image differences
requires an evaluation of image resolution (e.g., Styles et al. 2011) and analyses of how plumes
distort waveforms.

Narrow, purely thermal plumes do not distort passing seismic waves strongly, which renders
them virtually invisible to traditional tomographic techniques. Due to an effect called wavefront
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Figure 7

Cross sections through 11 S-wave models of the mantle along a transect through the Pacific, including the (from west to east) Samoa
(S), Tahiti (T), Marquesas (M), and Galapagos (G) hotspots. The seismic models are SEMUCB-WM1 (French & Romanowicz 2014),
GLAD-M15 (Bozdağ et al. 2016), S362ANI+M (Moulik & Ekström 2014), S40RTS (Ritsema et al. 2011), TX2015 (Lu & Grand
2016), SAVANI (Auer et al. 2014), SEISGLOB2 (Durand et al. 2017), PRI-S05 (Montelli et al. 2006), HMSL-S06 (Houser et al. 2008),
GyPSuM-S (Simmons et al. 2010), and SH18CE (Takeuchi 2007). To simplify the plotting, the images have been reparameterized using
the S40RTS parameterization, resulting in minor smoothing.

healing (e.g., Gudmundsson 1996), seismic waves that have interacted with a plume in the lower
mantle restore their original wavefront during propagation to seismic stations on the surface.
Using computations of 3D waveforms, Hwang et al. (2011) and Maguire et al. (2016) showed that
the expected shifts (i.e., delays) of long-period body waves due to thermal plumes in the lower
mantle are less than a second. Ray-theoretical and full waveform inversions of teleseismic travel
times indicate that the signal from purely thermal plumes with relatively narrow tails in the lower
mantle may be invisible to tomographic imaging methods for realistic source-receiver geometries
(Maguire et al. 2018). Rickers et al. (2012) demonstrated that the modeling of the coda of P waves
and S waves that include diffracted waves around plumes could improve tomographic resolution
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of narrow plume conduits. However, these diffractions are weak and may only be detectable by
applying array techniques to waveform data, ideally from dense seismic networks (e.g., Ji & Nataf
1998, Stockmann et al. 2019).

If intraoceanic plumes are present beneath hotspots such as Iceland,Kerguelen,Hawaii, Samoa,
and Pitcairn and broader than about 500 km, they could be tomographically resolvable. Although
tomographic evidence for the presence of plume-like low-velocity anomalies in the deep mantle
has been presented for Iceland (e.g., Bijwaard et al. 1998), Hawaii (Wolfe et al. 2009), and other
hotspots around the world (e.g., Zhao 2004), the study by Montelli et al. (2004) was the first to
claim detections of more than 20 plumes, estimating them to be wider than 500 km. Although the
study was controversial at the time (see, e.g., de Hoop & van der Hilst 2005), later independent
studies resolved whole-mantle plume-like seismic structures.

The study by French & Romanowicz (2015) is based on full waveform inversions including
portions of the waveform that may contain wave diffractions due to small-scale structure in the
deepmantle such as plumes.The authors interpret their images of 11 plumes as being even broader
and stronger than those cataloged by Montelli et al. (2004), which may imply that they contain
compositionally distinct materials with relatively high density because the plume must develop
a large volume to become buoyant. The low-velocity anomalies below the Pacific appear to be
rooted in or near the Pacific LLSVP and are distinct and continuous vertical structures between
the CMB and about 1,000-km depth, without substantial deflection by background mantle flow.
At depths shallower than 1,000 km, the low-velocity anomalies appear to deflect (e.g., Rickers et al.
2013, French & Romanowicz 2015, Rudolph et al. 2015) and may merge with subasthenospheric
low-velocity structures in the upper mantle (French et al. 2013).

MANTLE DOWNWELLING REGIONS

Higher-than-average shear and compressional wavespeeds in the mantle are observed beneath
current and past subduction zones. Seismic tomography therefore tells us how the MTZ affects
the subduction of relatively cool oceanic lithosphere, and it can be used to unravel plate motions
and plate boundary configurations in the geologic past. Early P-wave models from the late 1980s
and early 1990s focused on the structure of slabs in the mantle beneath the western Pacific and
Europe (e.g., Lay 1994). These studies provided the first evidence that some slabs appear to lay
flat above the 660 km (e.g., Izu-Bonin, Honshu) while others have crossed the 660 km (e.g.,Mari-
anas, Aegean). In the mantle down to about 1,500-km depth, two prominent elongated anomalies
beneath North and South America and beneath Eurasia have been associated with the subduction
of the Farallon Plate beneath North America and oceanic plate subduction related to the closure
of the Tethys Sea beneath Eurasia in the Jurassic. Subsequent travel-time models have refined im-
ages of the P-wave (e.g., Obayashi et al. 2013) and the S-wave structure (e.g., Lu & Grand 2016)
in subduction zones around the world.

Fukao et al. (2001) categorize the descent of slabs into two groups. The so-called stagnant
slabs in the first group are connected to plates presently subducting. Slabs in the second group
are related to ancient subduction zones. They are presently sinking in the lower mantle, although
the shallowest segments that subducted most recently may still be present in the MTZ. Fukao &
Obayashi (2013) argued for a third group of slabs (e.g., Java, Kermadec, and Peru) that appear
stagnant above about 1,000-km depth, suggesting that the uppermost lower mantle can also be a
reservoir, albeit temporary, of subducting slabs. The stagnation of slabs in the uppermost lower
mantle has been attributed to enhanced slab buoyancy due to either the delayed diffusion of py-
roxene into garnet (King et al. 2015) or enrichment of the ambient mantle with relatively dense
basaltic components (Ballmer et al. 2015), as predicted by simulations of mantle circulation (e.g.,
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Nakagawa & Tackley 2004). Alternatively, a viscosity increase at around 1,000-km depth can re-
sult in slab stagnation and plume deflection at this depth (Rudolph et al. 2015); the origin of this
increase remains uncertain.

Slab Stagnation in the Mantle Transition Zone

Slab warping and stagnation in the MTZ is a consequence of the resistance of the lower mantle to
downward flow. The resistance is due to a combination of the endothermic nature of the 660-km
phase transition and the increase in viscosity by an order or two orders of magnitude. First, the
660-km phase transition, involving a density increase of about 220 kg/m3, occurs deeper in a
relatively cool slab. The deflection of the phase boundary by tens of kilometers, depending on
the steepness of the Clapeyron slope of the ringwoodite-to-postspinel transition, estimated to be
−0.4 to −2.0 MPa/K (Katsura et al. 2003, Fei et al. 2004), provides local buoyancy. Second, the
increase of viscosity by one to two orders of magnitude reduces the sinking rate of slabs to about
1 cm/year in the lower mantle (e.g., van der Meer et al. 2018). Goes et al. (2017) determined
from reviewing observational constraints and geodynamic modeling results that trench retreat is
an additional factor in slab flattening and stagnation in the MTZ, especially in older subduction
zones where subducting plates are cooler and therefore stronger.

Slab flattening is also evident from analyses of the depths of the 410- and 660-km phase tran-
sitions and especially the thickness of the mantle between the 410 and the 660 km, sometimes
referred to as the thickness of the MTZ. Cooling of the MTZ by subducted lithosphere results
in the thickening of the MTZ because the Clayeron slopes of the olivine-to-wadsleyite (at the
410 km) and ringwoodite-to-postspinel phases (at the 660 km) have opposite signs. Global stud-
ies of shear wave reflections (i.e., SS precursors) at discontinuities in the MTZ (e.g., Flanagan &
Shearer 1998) indicate that the MTZ is thickest beneath the western Pacific. The relatively large
difference between the arrival times of SS reflections at the 410- and 660-km phase transitions
indicates that, over a relatively wide region, these boundaries are separated by several tens of kilo-
meters, more than elsewhere in the mantle. From a receiver function analysis of recordings from
the Hi-net array in Japan, Niu et al. (2005) inferred that the downward deflection of the 660-km
phase transition beneath southwest Japan is much wider than the upwarping of the 410-km updip
along the slab. This is consistent with the relatively steep descent of the Pacific slab through the
410 km and its flattening above the 660 km.

Slab Descent in the Lower Mantle

Dynamic modeling indicates that flat slabs in the MTZ will eventually fold, thicken, and sink
into the lower mantle when they are at least two orders of magnitude more viscous than the
surrounding mantle (see Goes et al. 2017 for a review). By identifying high-velocity anomalies in
tomographic images as fragments of subducted slabs, researchers have used seismic tomography
to constrain paleo-subduction, paleogeography, and the tectonic history of plate motions (e.g.,
van der Voo et al. 1999, Sigloch & Mihalynuk 2013, van der Meer et al. 2018). We note that fast
anomalies related to sinking slabs appear less radially continuous than slow anomalies in the lower
mantle (Dziewoński et al. 2010).

The earliest work focused on the so-called Farallon, Tethys, and Mongol-Okhotsk anomalies,
which were recognized first in travel-timemodels of both P-wave and S-wave velocity (e.g.,Grand
et al. 1997) and are the prominent and most consistent anomalies in seismic tomography (see
Figure 4). Figure 8 compares maps of P-wave velocities to reconstructed tectonic settings from
120 and 240 million years ago to associate ancient subduction zones with high-velocity and pre-
sumably cool regions of the deep mantle. Using these three well-studied slab structures as anchor

www.annualreviews.org • Heterogeneity of Seismic Wave Velocity 393

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
20

.4
8:

37
7-

40
1.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
10

8.
30

.5
3.

80
 o

n 
06

/0
1/

20
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



EA48CH15_Ritsema ARjats.cls May 15, 2020 10:18
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Figure 8

Relationship between restored locations of Mesozoic subduction zones and higher-than-average VP (top) and VS (bottom) tomographic
models. Subduction zone locations are from the model of Young et al. (2019) and are colored by age from 50 My (dark blue) to 260 My
(dark red). In gray-shaded regions, a majority of the S-wave or P-wave tomographic models classify the wavespeed averaged over
1,300–1,800- (left), 1,600–2,200- (middle), and 2,000–2,500-km (right) depth as belonging to the faster-than-average cluster, following
Cottaar & Lekić (2016).

slabs, van der Meer et al. (2018) related 96 additional albeit smaller anomalies in P-wave model
UU-P07 and S-wave model S40RTS to geologic evidence for accretion and mountain building
from as early as 300million years ago.The study assumes that slabs sink vertically and that the ages
of the top and bottom of the high-velocity anomalies are correlated with the onset and termination
of orogenesis. However, Domeier et al. (2016) argue that resolved anomalies in S-wave tomogra-
phy to a depth of 2,300 km correlate with reconstructed subduction zones of only the last 130Myr.

Additional support for the presence of slab fragments in the lower mantle comes from studies
of high-frequency scattering. In particular, the conversion of S waves to P waves by fragments
of subducted oceanic crust in the lower mantle to a depth of 1,700 km has been located below
subduction zones in numerous seismic networks around the world by array processing techniques
(see Kaneshima 2019 for a recent review).

OUTLOOK

In addition to mapping VP and VS separately, we highlight four aspects of global tomography
that deserve continuing efforts. First, new joint analysis of VP and VS is key to understanding
the nature of heterogeneity, such as the effects of spin transition in the mid-mantle (Lin et al.
2013) and the distribution of postperovskite in the lowermost mantle (e.g., Shim 2008). Because
it is less sensitive to both attenuation and the presence of postperovskite, VP is a better proxy for
temperature than is VS, particularly at the base of the mantle, where it can be used to estimate
heat flux variations across the CMB (e.g., Hernlund & McNamara 2015). Second, the mapping
of the 3D attenuation structure of the lower mantle, still in its infancy, will add constraints on the
thermal structure of the mantle as well as on the pathways of water, carbon, and melts (Stixrude &
Jeanloz 2015). Third, constraints on anisotropy inform us of the deformation of mantle materials
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due to the interactions of, for example, subducted slabs with the CMB and upward flow along
and above LLSVPs (e.g., Romanowicz & Wenk 2017). Finally, we argue that Earth’s density
structure, perhaps the most essential parameter for understanding the nature of LLSVPs, is still
poorly constrained. The uncertainties arise from modeling assumptions including regularization,
parameterization, and approximations in accounting for mode coupling and observational uncer-
tainty due to noise. Akbarashrafi et al. (2018) demonstrate that commonly made mode coupling
approximations produce errors of magnitude similar to the signal expected from density varia-
tions. However, the mode that most strongly prefers dense LLSVPs is the longest-period mode
of Earth, 0S2 (Moulik & Ekström 2016), for which commonly made coupling approximations
have less effect (Akbarashrafi et al. 2018). Resovsky & Ritzwoller (1999) and Kuo & Romanowicz
(2002) discuss modeling trade-offs between velocity and density structures.

Seismology will advance by improvements in station coverage, particularly in the oceans, and
by the growth in computer power that will enable seismologists to accurately simulate wave prop-
agation at higher frequencies and to model VP and VS structures at increasingly small scales. It
is likely that machine learning will foster many advancements in mining the millions of archived
seismograms and accelerate forward simulations for model space search approaches (e.g., Bergen
et al. 2019). Seismic signals of core and deep-mantle phases can be extracted using seismic inter-
ferometry (e.g., Poli et al. 2012, Spica et al. 2017, Pha.m et al. 2018), expanding data coverage.New
seismograms from ocean-bottom (Suetsugu & Shiobara 2014) and floating seismometers (Nolet
et al. 2019) have the potential for much-improved imaging of the mantle beneath oceans, partic-
ularly for VP. Transformative technologies such as distributed acoustic sensing using submarine
fiber-optic cables offer the promise of unprecedented density of seismic recordings across ocean
basins (Marra et al. 2018). Seismology on Mars (Lognonné et al. 2019), the Moon (Weber et al.
2018), and icy satellites (Vance et al. 2018) opens the door for comparative planetology.
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