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Seismic tomography reveals 2 extensive regions in the lowermost mantle, beneath Africa and the Pacific, that
exhibit lower-than-average seismic wave speeds. These regions have been named the Large Low Shear Velocity
Provinces (LLSVPs), and they have spatial scales on the order of 1000s and 100s of kilometers in width and
height, respectively. Discovering their cause remains an important challenge in the deep Earth community be-
cause recognizing what they are has important, first-order implications toward understanding the nature of
global mantle convection and therefore, heat and chemical transport and evolution through time. At about an
order-of-magnitude smaller scale are Ultra Low Velocity Zones (ULVZs) that reside on the core-mantle boundary.
ULVZs are typically up to 100s of kilometers laterally and only 10s of kilometers vertically. We don't know what
LLSVPs and ULVZs are, and the primary question is whether they are thermal or compositional features, and/or
both. In any case, there is every reason to suppose that they are linked by a dynamical relationship, and by better
understanding one, we can discover more about the other. Here, we review the observations associated with
LLSVPs and the various conceptual mantle models that the community is debating regarding their cause. ULVZs,
as they may relate to the larger LLSVPs, are also reviewed, and dynamical linkages between the two are dis-
cussed. Better understanding both LLSVPs and ULVZs promises to provide critical insight into global scale mantle
convection and therefore provide a foundation for understanding numerous other processes in the Earth's in-

terior.

1. Introduction

Since the discovery of plate tectonics about 50 years ago, we've
learned a considerable amount about the kinematics of plate motions,
from the formation of plates at divergent spreading centers to their
ultimate subduction into the mantle at convergent boundaries.
However, convection in the Earth's mantle, the driving force behind
plate tectonics, remains somewhat more enigmatic. We are still striving
to discover the fundamental nature of large-scale mantle convection. Is
the mantle compositionally heterogeneous? If so, how does that het-
erogeneity affect convective motions and thermal transport? Does the
mantle convect as a single, relatively homogeneous layer, or do mul-
tiple scales of convection occur within separate partial layers or re-
servoirs? Does compositional heterogeneity affect the locations and
sizes of convection cells or how temporally stable they are? How do we
reconcile the differences in trace element chemistry between basalts
formed at hotspots versus those formed at mid ocean ridges? Does the
mantle consist of separate chemical reservoirs, and if so, how do they
interact with each other, and how do they interact with mantle plumes
that can bring their chemistry to the surface? These are but a few of the
major scientific questions we are currently trying to answer. Of equal
importance is discovering how we can use observations of seismology,
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geochemistry, and petrology, along with understanding gained by mi-
neral physics, to answer these scientific questions.

Fig. 1 provides cartoons that illustrate several conceptual models of
mantle convection that the community is currently debating. At first
glance, there are very noticeable commonalities between these models.
They each involve some kind of large-scale heterogeneity in the lower
mantle beneath Africa and the Pacific. These structures are motivated
by tomographic observations and have been named “Large Low Shear
Velocity Provinces” (or LLSVPs for short). Furthermore, the cartoons
illustrate African and Pacific LLSVPs having smaller-scale mantle
plumes rising from them, an idea motivated by the numerous hotspots
located at the surface above them. Finally, the cartoons show LLSVPs
bounded by subducting slabs, again motivated by tomography. The
major differences between various conceptual models (not all of which
are visible from the cartoons) illustrate where most of the current de-
bate is focused and is mostly caused by lack of conclusive observations.
Firstly, it is unclear how voluminous the LLSVPs are and how far up-
ward they rise into the mantle. It is unclear how well they are deli-
neated from the surrounding, background mantle (e.g., how sharp their
boundaries are), particularly along their tops. It is unclear whether they
each are contiguous objects or poorly-imaged collections of smaller
anomalies. Conceptual models differ in terms of what LLSVPs are made
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Fig. 1. Several conceptual models of mantle convection currently discussed in the solid-Earth community.
Figures are modified from the following sources, clockwise starting from the top left. Top-left: Torsvik et al. (2014). Top-middle: Kellogg et al. (1999). Top-right:
Courtillot et al. (2003). Bottom-left: Jellinek and Manga (2004). Bottom-middle: Garnero et al. (2005). Bottom-right: Dziewonski et al. (2010).

of. Are they simply thermal anomalies or do they have a different
composition from surrounding mantle? Conceptual models disagree
with regard to LLSVP buoyancy and mobility. Are LLSVPs actively
rising, or do they passively reside at the core-mantle boundary? Do they
move around, laterally along the core-mantle boundary or are they
relatively fixed in place? Conceptual models often also differ in terms of
what caused LLSVPs in the first place and whether they have remained
intact throughout geologic time, or whether they are in the process of
being created or destroyed. Also related, the differences in the cartoons
also illustrate our lack of understanding with regard to subducted slabs
in the lower mantle, particularly whether slabs make it to the core-
mantle boundary uninterrupted or whether they deflect and possibly
break apart in the mid mantle.

The above differences between conceptual models lead to funda-
mentally different consequences toward our understanding of mantle
convection, how it cools the Earth and stirs chemical heterogeneity, and
ultimately drives plate tectonics. Heat transport and thermal evolution
would differ greatly between these different ideas. Each conceptual
model would exhibit a different style of chemical evolution, impacting
our understanding of how the differences in hotspot and mid-ocean
ridge basalt geochemistry are achieved. Any attempt to understand
hotspots and how they could be caused by mantle plumes is directly and
critically affected by knowing which of these different foundational
frameworks are valid for Earth. Each conceptual model implies some-
what different driving forces of mantle convection and therefore im-
pacts our understanding of how mantle convection drives plate tec-
tonics. Finally, because the mantle is a boundary condition to the core,
each of these models, with their differing insulating effects on the core,
has different consequences toward understanding core heat loss and the
geodynamo. In summary, discovering the first-order nature of global-
scale mantle convection is prerequisite to and required for under-
standing a large host of important processes.

Discovering what the LLSVPs are and how they operate dynamically
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is a requirement toward understanding global mantle convection,
which provides a first-order framework for subsequent understanding
of the numerous structures and dynamics in the mantle and at the
surface. Therefore, this review will first focus on the LLSVPs, starting
with what we know about them through observations. It will then re-
view the various end-member conceptual models (hypotheses) that the
community has developed to explain them. Following that, the dis-
cussion will shift toward some of the smallest-scale structures we ob-
serve in the lowermost mantle, Ultra Low Velocity Zones (ULVZs for
short). Although we don't understand what ULVZs are, we are confident
to suppose that they must be related to the large-scale LLSVPs
somehow, and therefore perhaps, some of the smallest-scale features in
the mantle may provide strong insight into the nature of global-scale
dynamics.

2. LLSVP observations

By definition, LLSVPs are an observation from shear-wave tomo-
graphy. However, we've come to associate them with other observa-
tions as well, such as anomalies observed in compressional-wave (i.e.,
P-wave) tomography, regions of anti- or non-correlation between shear
and bulk modulus observed in joint-inversion tomography studies,
areas of anomalous density in normal mode studies, and regions sur-
rounded by sharp wave speed gradients in travel-time and waveform
studies. Furthermore, these regions are correlated with an increased
number of hotspots on the surface above them and quite possibly the
surface paleo-locations of hotspots in the past. This latter observation
prompts a connection between LLSVPs, mantle plumes, hotspots, and
geochemical reservoirs.

2.1. Seismic observations

The best tool we have to view the Earth's interior is seismic
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Fig. 2. Large Low Shear Velocity Provinces (LLSVPs).

Shear-wave tomography model S20RTS (Ritsema et al., 1999, 2004). a. Iso-
surface (red) representing —0.6% shear-wave anomaly throughout the mantle.
The bottom of the Cartesian box is the core-mantle boundary. b. Map view in
the lowermost mantle, at 2750 km depth. Figure modified from Bull et al.
(2009). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3. Vote map, showing LLSVP consistency between shear-wave tomography
models.

Taken from Lekic et al. (2012). The map is the result of a cluster analysis,
comparing the lower-than-average anomalies in 5 models (Houser et al., 2008;
Kustowski et al., 2008; Megnin and Romanowicz, 2000; Ritsema et al., 2011;
Simmons et al., 2010). The depth range of comparison is 1000-2800 km depth.
Color is defined by the number of models that agree in that particular region, as
indicated by the numbered boxes.

tomography, and it has long provided first-order clues toward under-
standing interior structure and dynamics (e.g., Dziewonski et al., 1977).
Fig. 2 illustrates a lowermost mantle map view and a lower mantle 3D
image from shear-wave tomography model S20RTS (e.g., Ritsema et al.,
1999, 2004). Higher-than-average shear wave speeds are observed be-
neath regions of paleosubduction (e.g., the circum-Pacific and Tethyian
convergence beneath Eurasia). It is well-agreed that these are likely
subducted slabs, remnants of slabs, and/or mantle cooled by slabs. Two,
nearly antipodal regions of the lowermost mantle, beneath Africa and
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the Pacific, are characterized by lower-than-average shear wave speeds,
and it is these anomalously slow regions that are referred to as the Large
Low Shear Velocity Provinces (LLSVPs). LLSVPs are robust features,
consistently observed in other shear-wave tomography models as well
(e.g., French and Romanowicz, 2015; Grand, 2002; Houser et al., 2008;
Kustowski et al., 2008; Li and Romanowicz, 1996; Megnin and
Romanowicz, 2000; Ritsema et al., 2011; Ritsema et al., 1999, 2004;
Simmons et al., 2010; Takeuchi, 2007). Lekic et al. (2012) performed a
cluster analysis on five shear wave tomography models, effectively
identifying the regions where models agree in terms of faster or slower
than average wave speeds (Fig. 3). Furthermore, shear wave velocity
maps from normal mode studies also show them (e.g., Ishii and Tromp,
1999, 2001, 2004; Mosca et al., 2012; Trampert et al., 2004). While
details vary between models due to different techniques and datasets,
they all basically agree in the existence of LLSVPs, their locations, and
their general geometric shape in map view.

While shear-wave tomography models agree with each other rea-
sonably well, there is more variability between compressional-wave
tomography models (e.g., Becker and Boschi, 2002; Houser et al., 2008;
Koelemeijer et al., 2016; Li et al., 2008; Simmons et al., 2010). This is
not entirely surprising given the higher sensitivity of shear wave speed
to temperature. Garnero et al. (2016) examined three different joint-
inversion tomography models that simultaneous solved for both shear
and compressional wave speeds. They found that the shear-wave parts
of the models largely agree with each other in terms of LLSVP shape and
position. Although the compressional-wave parts of the models vary
widely from each other, it is visibly clear that their lowest velocities are
mostly in the LLSVP regions. In other words, it can be argued that
compressional-wave models also have large low velocity provinces, but
when comparing them to LLSVPs, there is less agreement regarding
their shape, length-scales, geographical locations, and anomaly ampli-
tudes (Fig. 4).

The disagreements between LLSVPs and the low velocity anomalies
in compressional-wave models may provide some important insight
into how their composition differs from the surrounding mantle. The
comparison is best done through joint-inversions that employ the same
dataset and methods, in which a bulk sound velocity can be computed
from a linear combination of shear and compressional wave speeds to
isolate the bulk modulus. Once the bulk sound velocity is computed it
can be correlated with the shear velocity to provide information on how
homogenous the mantle is. In a homogenous material, the shear wave
speed and the bulk sound wave speed are expected to vary together in
the same manner as a function of temperature (at a given pressure).
Therefore, if the lowermost mantle is homogeneous, we expect maps of
shear-wave speed and bulk sound speed to look similar (although at
different amplitudes). However, in the lowermost 500 km of the lower
mantle, there appears to be a non- or perhaps even negative correlation
between them (e.g., Antolik et al., 2003; Koelemeijer et al., 2016;
Masters et al., 2000; Ritsema and van Heijst, 2002; Su and Dziewonski,
1997; van der Hilst and Karason, 1999). This is best explained by the
presence of compositional heterogeneity or a phase change (e.g., post-
perovskite) (e.g., Koelemeijer et al., 2016), as the difference between
elastic moduli will be different for each composition. Furthermore, the
lowest wave speeds in shear-wave models tend to cover a larger geo-
graphic area than those in compressional-wave models in the lower-
most 700 km of the mantle, inferring the presence of compositional
heterogeneity (Hernlund and Houser, 2008). The presence of lowermost
mantle compositional heterogeneity is also supported by statistical and
probabilistic tomography studies that use thermodynamic relationships
from mineral physics to extract temperature and composition from
shear- and compressional-wave inversions (e.g., Deschamps and
Trampert, 2003; Mosca et al., 2012; Trampert et al., 2004; Trampert
et al., 2001).

Density structure of the lowermost mantle can be inferred directly
from tomographic studies that employ normal modes (also called free
oscillations); however, density is not constrained as accurately as wave
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MODEL: SP12RTS dV 30% CMB area
LLVP Vp contour: ~0.09
LLVP Vs contour: -0. |52%

MODEL: HMSL dV 30% CMB area
LLVP Vp contour: -0
LLVP Vs contour: -0. 504 %
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MODEL: ea/Psum dV 30% CMB area
LLVP Vp contour: ~0.439 %
LLVP Vs contour: -0.691 %

MODEL: MEAN dV 30% CMB area
LLVP Vp contour: -0.169
LLVP Vs contour: -0.479 %

Fig. 4. Comparison of low velocity regions in compressional (P-wave) and shear (S-wave) joint tomography models.

Figure taken from Garnero et al. (2016), Supplementary Content. 30% core-mantle boundary area of lowest seismic velocities for S-waves (yellowish) and P-waves
(green) in the lowermost mantle. a. Model SP12RTS (Koelemeijer et al., 2016). b. Model GyPsum (Simmons et al., 2010). ¢. Model HMSL (Houser et al., 2008) d. An
averaging of models (Becker and Boschi, 2002). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

speeds are in these models (e.g., Lay and Garnero, 2011; Resovsky and
Ritzwoller, 1999). Normal modes are oscillations that encompass the
entire Earth, following a large earthquake. Such studies have yielded
seemingly contradictory results. Earlier studies found that the lower-
most mantle beneath Africa and the Pacific is characterized by higher-
than-average density (Ishii and Tromp, 1999, 2001, 2004), whereas a
recent study examining splitting of Stoneley modes (a type of free os-
cillation, most sensitive to lowermost mantle structure) found that
observations are best fit if LLSVP regions exhibit lower-than-average
density (Koelemeijer et al., 2017). However, Koelemeijer et al. (2017)
point out that they cannot exclude the possibility of a high density base
within the lower 100 km of the LLSVPs. From a dynamics standpoint
(discussed later), it is not surprising to find LLSVPs having a net lower
density (or at the very least, a complicated and highly-variable, small-
scale density structure) regardless of which conceptual model is as-
sumed for their cause. In contrast, Lau et al. (2017) used GPS mea-
surements of body tide displacements and modeling to infer that the
bottom two-thirds of LLSVPs are denser than the surrounding mantle by
0.5%. It is unclear if and how the two studies compare and contrast,
given that they apply fundamentally different observations to density
models that are relatively simple approximations to the complicated
density heterogeneity that we actually expect for LLSVPs.

While seismic tomography provides the best view we have of the
interior, it is a blurry and incomplete one at best (e.g., Bull et al., 2010;
Bull et al., 2009; Ritsema et al., 2007; Schuberth et al., 2009). Tomo-
graphic studies cannot clearly delineate the LLSVPs from the sur-
rounding mantle, nor can they clearly define LLSVPs as a source of
compositional heterogeneity distinctly different from their surround-
ings. The most striking evidence that we have for LLSVPs being distinct
from the surrounding mantle comes from travel-time and waveform
seismic studies that infer sharp edges along their margins (e.g., Breger
and Romanowicz, 1998; Ford et al., 2006; He and Wen, 2009, 2012; He
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et al., 2006; Ni and Helmberger, 2003a, 2003b, 2003c; Ni et al., 2005;
Ni et al., 2002; Ritsema et al., 1997; Sun et al., 2007a; Sun et al., 2009;
Sun et al., 2007b; To et al., 2005; Wang and Wen, 2004, 2007; Wen,
2001, 2002; Wen et al., 2001; Zhao et al., 2015). Here, “sharp” refers to
strong gradients in elastic properties over length-scales of tens of kilo-
meters (e.g., Ni et al., 2002). Such studies typically involve a wide array
of seismic stations over a broad geographic area to record the wave
energy generated from an earthquake. By comparing travel-times of the
seismograms, one can differentiate sections of the fanned-out raypath
array that contain anomalies (Fig. 5). The abruptness at which the
change in travel-time occurs as one views across the spread of stations
provides a measure of the sharpness of the anomaly. Of particularly
utility is comparing the shape of the waveforms across stations. Ideally,
after correcting for station and near-surface effects, the shape of a
waveform should mostly depend on the source processes of the earth-
quake. However, as a portion of the seismic wavefront travels parallel
to a sharp anomaly boundary (marked by a significant change in elastic
properties), the part of the wavefront that travels inside the boundary
will travel at a different speed than the part outside of the boundary.
This results in stretching out the waveform, making it broader than it
originally was. From these principles, hypothetical anomalies can be
modeled and the resultant synthetic seismograms can be compared to
observation to find the best fit anomaly model (e.g., He and Wen, 2009,
2012). A summary of sharp LLSVP edges from such travel-time and
waveform studies is shown in Fig. 6. The first thing to note is that there
are some contradictory results, particularly for sharp edges to the
African LLSVP. This is not too surprising because the seismic models do
not actually invert for shape; instead, they investigate multiple geo-
metric structures and find which one best fits to observations, a pro-
cedure which provides a non-unique solution. However, knowing the
exact geographic locations of sharp edges is not as valuable as knowing
that a sharp edge exists, which is a robust result from these studies. It is



A.K. McNamara

Conceptual Plot for Multipathing

Normal Wavefield

Multipathed

Tectonophysics 760 (2019) 199-220

Fig. 5. Schematic example of wave-
form broadening due to sharp anomaly
edges.

Figure provided and created by
Chunpeng Zhao. Each figure shows an
earthquake source (star), seismic wave
fronts (semi-circles), and synthetic
seismograms along an array at different
azimuthal angles to the earthquake.
Left side: In a situation without seismic
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interesting to note the sharp edges observed within the Pacific LLSVP
(He and Wen, 2009), which is consistent with the seismic study of
(Thorne et al., 2013) that infers a possible merging of smaller compo-
sitional anomalies there.

Sharp edges to the LLSVPs are typically considered evidence to
support a compositional distinctness to them, in which the edge is a
compositional boundary. This is largely because thermal diffusion is
many orders of magnitude higher than chemical diffusion in the mantle,
and therefore, it is traditionally-considered difficult for thermal
anomalies to maintain strong gradients. However, geodynamics work
demonstrates that purely thermal structures can also cause sharp gra-
dients in elastic properties (Davies et al., 2012). Therefore, it important
to note that a sharp edge only indicates a sharp change in elastic
properties, and this can be achieved either compositionally, thermally
or both. We expect compositional heterogeneity to cause sharp edges in
general, and therefore it provides a strong candidate cause for them, but
we can't exclude purely thermal possibilities that may develop in some
cases.

2.2. Hotspots, ancient large igneous provinces, and past plate motions

Hotspots are regions on the Earth's surface marked by basaltic vol-
canism that is seemly unrelated to standard plate tectonic processes
(e.g., Duncan and Richards, 1991). Hawaii and Yellowstone are typical
examples, but there are many others (Fig. 7). While a small number of
hotspots, such as Iceland and Ascension, appear on or near divergent
plate boundaries, most are located within the interiors of plates. A long-
standing hypothesis for the cause of hotspots is that they are the surface

anomalies, all seismograms have the
same shape. Right side: The presence
of an anomaly (yellow) both delays the
seismic wave and broadens its wave-
form for the parts of the wave front that

travels along the edges of the anomaly.
///Q (For interpretation of the references to
S

color in this figure legend, the reader is
referred to the web version of this ar-
ticle.)

expression of mantle plumes, thermal instabilities arising from the deep
mantle (e.g., Morgan, 1971). Unfortunately, although many seismic
studies provide hints and glimpses of plumes, we do not yet have
complete, incontrovertible evidence of their existence. (e.g., Bijwaard
and Spakman, 1999; Boschi et al., 2007; Courtillot et al., 2003; French
and Romanowicz, 2015; Montelli et al., 2004; Ritsema and Allen, 2003;
Schmerr and Garnero, 2006; Schmerr et al., 2010; Shen et al., 1998;
Shen et al., 2003; Wolfe et al., 1997; Wolfe et al., 2009; Wolfe et al.,
2011; Yang et al., 2006). However, mantle plumes are theoretically
predicted to exist based on fluid dynamical experiments, of which there
is a long and rich history of geodynamical work (e.g., Albers and
Christensen, 1996; Bercovici and Kelly, 1997; Cserepes et al., 2000;
Davies and Davies, 2009; Davies, 1990, 1995; Farnetani and Hofmann,
2009; Farnetani et al., 2012; Farnetani et al., 2002; Farnetani and
Richards, 1994; Farnetani and Samuel, 2005; Farnetani and Richards,
1995; Gonnermann et al., 2004; Griffiths and Campbell, 1990; Jellinek
et al.,, 2003; Jellinek and Manga, 2002, 2004; Kelly and Bercovici,
1997; Kumagai et al., 2007; Lassak et al., 2010; Li et al., 2014a; Lin and
van Keken, 2005, 2006; Lowman et al., 2004; McNamara and Zhong,
2004; Mittelstaedt and Tackley, 2006; Ribe and Christensen, 1994;
Richards et al., 1989; Richards et al., 1991; Samuel and Farnetani,
2003; Schubert et al., 1995; Schubert et al., 2004; Sleep, 1990, 2006;
Sleep et al., 1988; Steinberger, 2000; Steinberger et al., 2004; Tan et al.,
2002; van Keken, 1997; van Keken and Gable, 1995; Zhong, 2006;
Zhong and Hager, 2003; Zhong and Watts, 2002). Historically, mantle
plumes were hypothesized to originate from a thermal boundary layer
at the core-mantle boundary, but if LLSVPs are caused by compositional
heterogeneity, plumes could instead originate from thermal boundary

80"
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Fig. 6. Sharp edges inferred from
seismic travel-time and waveform
broadening studies.

Figure taken from Hernlund and
McNamara (2015), created by Ed Gar-
nero. The background color is shear-
wave tomography from Grand (2002)
in the lowermost mantle. Bold curves
indicate sharp edges inferred from the
following seismic studies: (1) He et al.
(2006) (2) Luo et al. (2001) (3) Breger
and Romanowicz (1998) (4) Sun et al.
(2007b) (5) To et al. (2005) (6) Ford
et al. (2006) (7) He and Wen (2009) (8)
Wang and Wen (2004) (9) Sun et al.
(2007a) and Sun et al. (2009) (10) (Ni
and Helmberger, 2003a, 2003b,
2003c).
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Fig. 7. Hotspots and LLSVPs.

Figure modified from Zhao et al. (2015). Background color map is shear-wave tomography of the lowermost mantle (2750 km depth) from Grand (2002). Orange
circles represent hotspot locations, with radius of circle representing hot spot buoyancy flux (Sleep, 1990).

layers on the tops of LLSVPs (e.g., Davaille et al., 2002; Garnero and
McNamara, 2008; Garnero et al., 2016; Hernlund and McNamara,
2015; Tackley, 1998; Tackley, 2012).

Upon examination, it is apparent that most (but not all) hotspots are
located over the LLSVPs. This correlation motivates a hypothetical
linkage between LLSVPs, mantle plumes, and surface hotspots, in which
LLSVPs act as the source regions for most plumes. This notion is sup-
ported by recent seismic results. The tomographic model of French and
Romanowicz (2015) integrates computationally-intensive forward
wave modeling into the tomographic inversion process to provide a
much more-detailed image of the mantle, illuminating LLSVPs that
consist of much smaller-scale features than previous tomography
models have shown and having more plume-like extensions that extend
to the upper mantle, beneath various hotspots (Fig. 8).

The idea that mantle plumes are rooted from LLSVPs and cause
hotspot volcanism at the surface is also “convenient” from a first-order
geochemical perspective. Geochemical observations from Earth's sur-
face have long hinted at the presence of multiple compositional re-
servoirs in the mantle (e.g., Albarede, 1998; Allegre, 1982; Allegre and
Turcotte, 1986; Cabral et al., 2013; Carlson, 1994; Gonnermann and
Mukhopadhyay, 2007, 2009; Graham, 2002; Hart, 1971; Hofmann,
1997; Jackson et al., 2014; Mukhopadhyay, 2012; Porcelli and
Ballentine, 2002; Tackley, 2000; Tackley, 2007; Tolstikhin and
Hofmann, 2005; Tolstikhin et al., 2006; White, 1985; White, 2015a,
2015b). The basalts formed at hotspots (named Ocean Island Basalts, or
OIBs for short) have a different trace element chemistry than the basalts
formed at mid ocean ridges (named Mid Ocean Ridge Basalts, or MORBs
for short). Firstly, the trace element chemistry of OIBs is highly vari-
able, both spatially (from hotspot to hotspot) and temporally (between
basalts of different age within the same hotspot track). In contrast,
MORBs have a relatively uniform trace element chemistry, globally.
One type of trace element chemistry is incompatible elements, which
are elements that preferentially go into the melt phase upon partial
melting. MORBs are relatively depleted in incompatible elements,
providing evidence that the mantle source rock has undergone previous
melting in the past (expunging the incompatible elements at that earlier
melting event). OIBs are less depleted, and sometime even enriched in
incompatible elements, indicating that their source material has un-
dergone less or no melting in the past, compared to MORBs (Fig. 9a). In
addition, MORBs are more uniform in *He/*He, having a value that is
typically about 8 X larger than the atmospheric level. In contrast, OIBs
have a much more variable *He/*He ratio, again both spatially and
temporally. OIBs also typically have a higher He/*He ratio than
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MORBs (Fig. 9b). Examination of additional trace element isotopic ra-
tios (e.g., lead, neodymium, etc.) reveal 4-5 distinct chemical sig-
natures within OIBs (i.e., EM1, EM2, HIMU, PREMA (also called FOZO),
and putatively LOND) (Fig. 9¢). White (2015a, 2015b) provide com-
prehensive and historical reviews. Consequently, it becomes an at-
tractive hypothesis to surmise that LLSVPs are compositional reservoirs
in the deep mantle that are tapped by mantle plumes that carry en-
trained LLSVP material to the surface, which then melts due to de-
compression melting to form hotspot lavas (e.g., Farnetani et al., 2012;
Weis et al., 2011; Williams et al., 2015).

As stated above, most hotspots appear to overlie LLSVPs, but it
appears that they may also be preferably located along LLSVP margins.
Thorne et al. (2004) demonstrated that in the lowermost mantle, the
margins of the LLSVPs are characterized by strong gradients in shear
wave speed (in tomography models). They also found that hotspots are
preferentially located above these strong gradients. In fact, they found
hotspots are twice as likely to overlie LLSVP margins than their inter-
iors. If one assumes that plumes rise vertically upward with only
minimal deflection, this suggests that plumes are preferentially located
along LLSVP margins. This preference for plumes to form along LLSVP
margins has been observed in some geodynamical convection models
that assume LLSVPs are caused by compositional heterogeneity (e.g.,
Steinberger and Torsvik, 2012; Tan et al., 2011), although this is not a
typical feature of geodynamical calculations in general. In any case, it
has been long known from dynamical models that plumes can be easily
deflected by background convection currents (i.e., the “mantle wind”)
(e.g., Steinberger, 2000; Steinberger et al., 2004), so it is unclear how
confidently we can vertically project plume source in the lowermost
mantle from the surface hotspot location. Nonetheless, the loose con-
nection between hotspot locations and LLSVP margins is intriguing and
warrants further investigation.

Burke and Torsvik (2004), Burke et al. (2008), Torsvik et al.
(2008b), and Torsvik et al. (2010a) also recognized that most present-
day hotspots are located above LLSVPs, and that there seems to be a
preference toward them being located over LLSVP margins. However,
they advanced this idea further by looking at the paleo-locations of
large igneous provinces (LIPs) and kimberlites that erupted over the
past few hundred million years. LIPs, also called flood basalts or traps,
are massive accumulations of basalt (of a volume significantly greater
than present-day hotspot volcanoes) that are hypothesized to be the
result of plume head melting as a plume first reaches the surface (e.g.,
Richards et al., 1989). Using paleomagnetic plate reconstructions, they
rotated the LIPs and kimberlites to their original eruption locations and



A.K. McNamara

Tectonophysics 760 (2019) 199-220

"?3 "2;3 n 20l TN +2.0
Depth km VIV (%)

Fig. 8. Various cross sections of shear-wave tomography model SEMUCB-WM1.

Figure modified from French and Romanowicz (2015). Cross-section lines are shown in the globes to the upper-left of each cross-section. Green triangles mark
particular hotspots at the surface. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

found that they coincide with the present-day locations of LLSVPs, with
a preference toward present-day LLSVP margins (Fig. 10). This ob-
servation is potentially telling us something very important about the
temporal stability of LLSVPs. However, in going forward, there are two
levels of detail (or geographical resolution) to consider, depending on
whether we correlate hotspots, past and present, with (1) the positions
of LLSVPs in general or (2) the position of their geographic outline (i.e.,
LLSVP margins). It is unclear and debated whether the second is sta-
tistically significant (e.g., Austermann et al., 2014; Doubrovine et al.,
2016). In either level of detail, if we assume that the correlation of
present-day hotspot locations with present-day LLSVP locations (or
their margins) is not coincidental and is based on some dynamical
linkage (e.g., that plumes preferentially form above LLSVPs (or their
margins)), then these results support the idea that LLSVPs (or their
margins) have remained in their present-day position for several hun-
dred million years.

The dynamical implications are significantly different for the two
levels of detail we consider. If we assume that plumes preferentially
form over LLSVP regions in general, these observations hint that LLSVPs
have been roughly in the same locations as they are now for the past
several hundred million years. This provides a valuable observational
constraint on the lateral stability of deep mantle convection currents,
which in turn provides critical information of lower mantle viscosity
and global scale convection in general. Additionally, stability on the
order of hundreds of millions of years is not unusual from fluid dyna-
mical models (e.g., McNamara and Zhong, 2004). On the other hand, if
we assume that both (1) plumes preferentially form over LLSVP margins
and (2) ancient LIPs and kimberlites map to the same locations as

present-day LLSVP margins, this implies a more-rigid stability of
LLSVPs. Taken to an end-member tight mapping to present-day edges, it
could indicate that not only have LLSVPs remained in the same loca-
tions over the past several hundred million years, but they haven't
changed their shape in response to changing plate motions and sub-
duction locations. This scenario would tell us something fundamentally
new, important, and different about the long-term stability of mantle
convection currents. The next important question would be whether
LLSVPs (whatever they are) are the drivers of this stability or simply the
consequence of it. In any case, such rigidity would be unconventional
from a dynamical perspective, largely because past geodynamical work
predicts LLSVPs (whether they are caused by thermal or compositional
anomalies) should be easily and passively swept aside by changing
downwelling patterns through time (e.g., Bower et al., 2013; Bull et al.,
2009; Flament et al., 2017; Lassak et al., 2010; McNamara and Zhong,
2005; Zhang et al., 2010). However, most earlier geodynamics work has
not investigated rheological scenarios that could potentially reduce
how passive compositional anomalies are to time-dependent global
convection currents. For example, McNamara and Zhong (2004) found
that compositional anomalies with a higher intrinsic viscosity than
background mantle could form strong, dome-like structures that don't
appear to be deflected by downwellings. These domes were mobile, but
the timescale of lateral motion was not compared to that of changing
downwelling patterns, so it is unclear whether they were effectively
stationary (meaning very slow) with respect to surface motions. More
recently, Ballmer et al. (2017) investigated how differences in intrinsic
viscosity due to variable SiO, content in the mantle can lead to the
preservation of viscously strong, long-lived regions in the mantle
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Fig. 9. Trace element geochemistry of MORBs and OIBs.

a. Concentration of incompatible elements as a function of compatibility for MORB, several OIBs, and continental crust. Taken from Hofmann (1997). b. Global
distribution of 3He/4He ratios of MORBs (blue) and OIBs (red), relative to atmospheric values, RA. Compiled from the GEOROC, PetDB, and USGS noble gas
databases. Taken from Williams et al. (2015). e¢. Nd versus Pb isotopic data from MORB and OIB, illustrating multiple, possibly independent compositional com-
ponents. Taken from White (2015a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(named bridgmanite-enriched ancient mantle structures, or BEAMS for
short) (Fig. 11). Furthermore, these BEAMS appear to have a stabilizing
effect on mantle convection patterns. Future geodynamics work is
needed to better investigate more-general intrinsic viscosity hetero-
geneities that are likely to exist in the mantle.

Conrad et al. (2013) performed a geodynamical calculation which
used shear-wave tomography model S20RTS (Ritsema et al., 2004) to
construct the density field, in order to model present-day, instantaneous
flow patterns in the mantle. From these flow patterns, they computed
the dipole and quadrupole convergence/divergence poles of the driving
forces associated with slab pull and the basal tractions on the plates.
Dipole and quadrupole components are related to degree-1 and degree-
2 convergence and divergence. They then examined present-day plate
motions (Demets et al., 1994) and extracted the dipole and quadrupole
component poles from them and found that the poles match quite well
to those from the convection calculation. This provides evidence, for
the present-day at least, that plate motions and convection patterns
share similar dipole and quadrupole divergence/convergence char-
acteristics. However, it is unclear whether this dynamical linkage holds
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for all times in the past or whether it is a special case for the present
day. Of particular interest to this study, both the convection model and
the present-day plate motions agreed on quadrupole convergence be-
neath the western Pacific and South America and quadrupole diver-
gence over the eastern edges of the LLSVPs. In particular, this shows
that LLSVP regions are associated with an upwelling divergence of
global flow that is reflected in overall plate motions. Next, they ex-
amined the dipole and quadrupole convergence/divergence poles for
plate motions over the past 250 Ma (Seton et al., 2012; Steinberger and
Torsvik, 2008; Torsvik et al., 2008a; Torsvik et al., 2010b). Interest-
ingly, they found that the quadrupole divergence poles remained over
the LLSVP regions for all times (Fig. 12). If the plate motion quadrupole
divergence poles are indicative of quadrupole divergence in the mantle
(as they have shown for present day plate motions), this provides evi-
dence (although perhaps inconclusive) that mantle convection has re-
tained a quadrupole divergence over LLSVPs, meaning that these re-
gions have remained upwelling regions for several hundred million
years. Combined with mapping the paleo-locations of LIPs and kim-
berlites, this provides additional evidence for LLSVP lateral stability
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Fig. 10. Locations of present-day hotspots and pa-

IS @ 25 reconstructed large leolocations of ancient hotspots, large igneous pro-
-~ igneous provinces, vinces, and kimberlites.

15-297 Myr ago Figure is taken from Torsvik et al. (2010a). Back-
@ 1,395 kimberlites, ground color map is an average of shear-wave

O 27-320 Myr ago -
4 ) ) seismic tomography models at 2800km depth,
' ® gm'vep:?ms m‘h a SMEAN (Becker and Boschi, 2002). The red line is a
R st 9 contour of —1% of velocity anomaly. Present-day

J

-2.50

hotspots with a suggested deep source are shown as
yellow circles and stars. Paleolocations of large ig-
neous provinces are shown as green circles with
black dot inside. Paleolocations of kimberlites are
shown as white and black circles. (For interpretation
of the references to color in this figure legend, the
reader is referred to the web version of this article.)

2.50

High
(o]
2 3
g 3
£ ~
§ <
g €

Low
3,000
(S o
£ g
e -
8 3
[a) o

T T - YTy ‘I‘ T T T 1,200

1,500 3,000 4,500 6,000 7500 9,000 10,500 12,000 102
-
. 580 &
13 s
< 1160 a
= g 2 1 a.
§ 1,740 ! I8 ~:<:
o ~ el
—e : N - 3 a
Example case - 2 : Wt ol a1 -t 4.6 Gyr n

2,900 + T T T T T—r— T T v T - ey 10
0 1.500 3.000 4.500 6.000 7.500 9.000 10.500 12000 13500 15000 16.500

Fig. 11. Geodynamical calculation demonstrating how compositional rheology can stabilize mantle convection patterns.
Figure is modified from Ballmer et al. (2017). Top-panel: Compositional field, colored by Mg/Si ratio. Low Mg/Si ratio regions have a higher intrinsic viscosity.
Middle-panel: Potential temperature field. Bottom-panel: Viscosity field. Note the high viscosity cores within convection cells, caused by lower Mg/Si ratio there.

over hundreds of millions of year.

If LLSVPs have indeed been stationary beneath Africa and the
Pacific throughout the Phanerozoic, then they can provide a powerful
tool to constrain paleolongitude of the plates (e.g., Torsvik et al., 2010a;
Torsvik et al., 2014). For the past 100-200 million years, plate motions
through time can be directly determined by magnetic anomalies on the
sea floor (e.g., Scotese et al., 1988; Seton et al., 2012). Obviously, the
ability to use sea floor anomalies decreases as one goes back in time
because the amount of sea floor to work with decreases. Beyond that,
paleomagnetism of continental rocks can provide a paleolatitude and an
angular orientation with respect to the pole, but due to the symmetry of
the mostly-dipole magnetic field, the paleolongitude cannot be ob-
tained. In many cases, geology can then be used to determine whether
cratons were juxtaposed to each other, but the degree of freedom (in
longitude) significantly impedes our ability to reconstruct plate motions
throughout the Paleozoic and early Mesozoic. However, if we could
assume that LLSVPs are fixed (or even if they are relatively slow moving

with respect to tectonic plates) and if we assume that most hotspots,
LIPs, and kimberlites overlie them, then we have a mechanism to pin
cratons that contain these volcanic features to a longitudinal range. Of
course, if LLSVPs are completely fixed and plumes only rise from their
edges, this would make the mechanism to determine paleolongitude
more robust. However, even if we relax that assumption such that
LLSVPs are not fixed but are slow moving with respect to plates and
plumes may be formed anywhere above them (not just at their edges),
this still provides a powerful means, albeit with more uncertainty, to
constrain paleolongitude. In any case, it is the best (and perhaps only)
tool we have at our disposal to reconstruct global plate motions beyond
200 Ma.

3. Hypothesized causes of LLSVPs

We don't know what the LLSVPs are, but we have several com-
peting, candidate hypotheses to explain them. The main observations to



A.K. McNamara

Quadrupole

0 25 50 75 100 125 150

satisfy are the sharp edges (in elastic properties), the anti- or non-cor-
relation between shear-wave and bulk sound velocities, and the pre-
sence of numerous hotspots above them (which could be expressed as
mantle plumes stemming from them). We expect that their density
would not be too different from the surrounding mantle, but whether
they are more or less dense is unclear. It would be convenient, although
not strictly necessary, to relate LLSVPs to chemical heterogeneity, to
explain the differences in trace element chemistry between OIBs and
MORBs. At this time, it is perhaps too early to pose LLSVP stability over
hundreds of millions of years as a constraint on hypotheses, but it is
something that should surely be noted.

One can loosely categorize hypotheses for the cause of LLSVPs;
however, note that these are mostly end-member scenarios and reality
likely falls somewhere on the spectrum between them. At the top level,
we can divide hypotheses between (1) thermal (or effectively iso-
chemical) and (2) thermochemical. Effectively isochemical means that
convection is driven solely by thermal buoyancy, and although com-
positional heterogeneity is not excluded, it does not provide a driving
force for convection. Thermal models for LLSVPs can then be further
divided into megaplume and plume cluster end-members.
Thermochemical means that both thermal and compositional buoyancy
drive convection, leading to a rich variety of dynamical possibilities.
These hypotheses posit that LLSVPs are compositionally-distinct from
the surrounding mantle, and they can be further categorized based on
their time-averaged buoyancy and how much they stirred with the
surrounding mantle. Following is an outline of categories for the cause
of LLSVPs:

1) Thermal (or effectively isochemical)
a) Megaplumes
b) Plume clusters
2) Thermochemical
a) Primordial (i.e., formed early)
i) Domes and thermochemical superplumes (active, rising and
sinking structures)
ii) Primordial thermochemical piles (passive, negatively buoyant
structures)
b) Crustal accumulation (continually being created and destroyed)

Note that the above categorization is not unique, but it attempts to
divide hypotheses into categories having fundamentally different con-
sequences for long term thermal and chemical transport in the mantle.
Furthermore, these are end-members with a wide spectrum of valid
possibilities between them.
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Fig. 12. Quadrupole locations of numerous plate
reconstructions, spanning the past 250 million years.
Figure modified from Conrad et al. (2013). Back-
ground global map displays present-day plate
boundaries (dark purple) and the present-day loca-
tion of LLSVPs (striped purple regions). Super-
imposed are quadrupole locations from plate re-
constructions of various ages, displayed as colored
circles, with color representing age of the re-
construction as noted on the color bar. Plusses re-
present quadrupole convergence, and minuses re-
present quadrupole divergence. The main aspect to
point out is the persistence of quadrupole divergence
over the LLSVPs over the past 250 million years,
inferring stable locations of upwelling. (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
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3.1. Thermal hypotheses for the cause of LLSVPs

By definition, LLSVPs are the lower-than-average regions of shear-
wave velocity in the lower mantle. The most obvious cause of low
shear-wave velocities is increased temperature; therefore, the most
straightforward hypothesis is that LLSVPs are caused by large mega-
plumes of upwelling mantle. However, most geodynamical studies
predict that hot regions, because of their lowered viscosity, are ex-
pected to form thin, narrow plumes (e.g., Campbell and Griffiths, 1990;
Campbell et al., 1989; Griffiths and Campbell, 1990; Olson et al., 1993;
Schubert et al., 2004; van Keken, 1997). However, some geodynamical
studies have found the formation of large megaplumes when using high
temperature dependent viscosity (Thompson and Tackley, 1998) or
high thermal conductivity in the lowermost mantle (Matyska et al.,
1994), but it is unclear whether megaplume formation could be a
continuous process versus a “one-time event” in these cases. Because of
the difficulty of demonstrating (in geodynamical models) the feasibility
that megaplumes could exist over long geologic timescales, they are
generally not discussed as a satisfactory hypothesis for the cause of
LLSVPs. However, there is no ironclad evidence to exclude their pos-
sibility.

If LLSVPs are caused by thermal anomalies, it is more likely that
they could simply be the blurred images of smaller plumes. This idea
was first proposed by Schubert et al. (2004) and later demonstrated in
geodynamical studies that employed tomographic “filtering” (e.g., Bull
et al., 2010; Bull et al., 2009; Davies et al., 2012; Ritsema et al., 2007;
Schuberth et al., 2009). The global convective mantle flow field, driven
by subducting slabs, predicts that the African and Pacific parts of the
mantle should exhibit lateral convergence and general upwelling flow
(e.g., Bunge et al., 1998; McNamara and Zhong, 2005), and any mantle
plumes that develop are expected to be focused there. Incomplete and
heterogeneous raypath coverage (caused by the uneven and sparse
distribution of both earthquake sources and seismic stations) causes
seismic tomography to produce a blurred and distorted image of the
deep interior. This is exacerbated by the damping and smoothing that
occurs in the tomographic inversion itself. Therefore, it is possible that
large seismic structures, such as the LLSVPs, may actually be the
blurred images of smaller anomalies. Bull et al. (2009) explored this
idea by performing isochemical geodynamical calculations, using the
past 120 million years of plate motions (Lithgow-Bertelloni and
Richards, 1998) to guide the formation of downwellings in the proper
paleo-locations of subduction zones throughout that time. This resulted
in the formation of clusters of plumes beneath Africa and the Pacific.
They then applied a tomographic filter (from tomography models
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(Ritsema et al., 1999, 2004) (solid curve), temperature field from the geodynamical calculation (dark dashed line), and the synthetic tomography (light dashed line).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

S20RTS) to seismic velocities that were thermodynamically-derived
from their temperature field (using Stixrude and Lithgow-Bertelloni
(2005)) to blur it in the same manner that the tomographic inversion
would. They found that tomography does indeed significantly blur
thermal anomalies, making clusters of plumes appear as much larger
objects (Fig. 13). Although their study concluded that the resultant
filtered velocity field greatly enlarged thermal anomalies, the global
power spectrum lacked the high power in low harmonic degrees that
tomography exhibits. However, subsequent studies found much better
agreement to tomography (e.g., Davies et al., 2012; Schuberth et al.,
2009).

3.2. Thermochemical hypotheses for the cause of LLSVPs

There are several reasons that it is attractive to consider LLSVPs to
be caused by a composition different from the surrounding, background
mantle. Firstly, it provides a simple mechanism to explain the geo-
chemical observations at the surface (described earlier). If the LLSVPs
can act as geochemical reservoirs, it may help explain the difference in
MORB and OIB trace element chemistry. To first-order, mid ocean
ridges sample the background mantle to generate MORBs, whereas
mantle plumes tap entrained reservoir material (i.e., LLSVPs) at depth
and bring them to the surface to form OIBs (Fig. 14). Of course, this
simple geodynamical-geochemical story is simply a motivating factor,
not actual evidence. Therefore, the primary evidence pointing toward
LLSVPs being compositional in nature comes from the sharp contrasts in
elastic properties observed along their margins and the anti- or non-
correlation between bulk sound speed and shear wave velocities, as
described earlier. However, as convincing as these observations are,
they are not particularly strong enough to provide a conclusive con-
straint for thermochemical over thermal models. In fact, Davies et al.
(2012) demonstrate that thermal models can do an equally good or
perhaps better job at satisfying them.
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Fig. 14. Cartoon model of compositional reservoirs in the lower mantle and
possible relationship to geochemical observations of MORBs and OIBs.
Modified from Tackley (2000). Purple and light blue regions represent lower
mantle compositional reservoirs composed of more-primitive, high *He/*He
material and enriched recycled crust, respectively. Green represents depleted
mantle material which is the source for MORBs. Dark blue represents sub-
ducting slabs, and red represents a thermal plume, tapping the compositional
reservoirs and bringing some of that material to the surface to form OIBs. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

The simplest thermochemical model we can envision is the presence
of an ancient compositional reservoir that is clearly distinct from the
surrounding mantle. The compositional reservoir would need to be
intrinsically more-dense than the surrounding mantle to prevent
wholesale stirring within the mantle by mantle convection. There are
several hypotheses regarding the cause of this ancient reservoir, in-
cluding remnants of a basal magma ocean (Labrosse et al., 2007), ac-
cumulation of dense melts created early during Earth's history (Lee
et al., 2010; Nomura et al., 2011), accumulation of crust formed on the
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very early Earth (Tolstikhin and Hofmann, 2005; Tolstikhin et al.,
2006), and/or all of the above in what has been referred to as a “basal
mélange” (Tackley, 2012). A commonality between these hypotheses is
that they all invoke differentiation processes that occurred very early in
Earth's history and resulted in a well-defined and delineated basal layer,
which is why this type of model is often referred to as “primordial,”
which should be thought of as a physical term (not strictly chemical) in
this regard.

Perhaps one reason that primordial thermochemical models have
gained much attention over the years is because it is the most straight-
forward to investigate geodynamically; one initiates the model as a
layered system (with the more-dense layer on the bottom) and in-
vestigates the resultant dynamics as a function of the volume and
density of the more-dense layer and the material parameters employed
throughout the system. Starting with Tackley (1998) and Davaille
(1999), there has been a rich history of geodynamical modeling LLSVPs
as primordial compositional reservoirs (e.g., Bower et al., 2013; Bull
et al., 2009; Davaille, 1999; Davaille et al., 2003; Davaille et al., 2005;
Deschamps et al., 2011; Deschamps and Tackley, 2008, 2009; Flament
et al., 2017; Jellinek and Manga, 2002, 2004; Lassak et al., 2010; Lassak
et al., 2007; Le Bars and Davaille, 2004; Li et al., 2014a; Li et al., 2017;
Li et al., 2016; Li et al., 2014b; Li et al., 2015; McNamara et al., 2010;
McNamara and Zhong, 2004, 2005; Nakagawa and Tackley, 2004; Ni
et al., 2002; Tackley, 2002; Tan and Gurnis, 2005, 2007; Tan et al.,
2011; Zhang and Zhong, 2011; Zhang et al., 2010). One key outcome
from these studies is that the more-dense reservoir may take on dif-
ferent styles of dynamic morphology, largely depending on the re-
servoir volume and intrinsic density contrast compared to the sur-
rounding mantle (e.g., Le Bars and Davaille, 2004). Rayleigh number
and temperature-dependence of rheology play secondary, but still sig-
nificant, roles as well. For a given reservoir volume, if the intrinsic
density increase compared to background mantle is too small, the re-
servoir will get quickly stirred into global scale mantle currents and
therefore destroyed in short order. If the intrinsic density of the re-
servoir is too high, it will simply form a stable, flat layer in the low-
ermost mantle. Only for intermediate intrinsic density increases (on the
order of a few percent over that of background mantle) will the re-
servoir form a significant amount of topographic relief to it.

At this point, it is useful to differentiate between “intrinsic” and
“effective” density contrast of the reservoir with the background
mantle. Intrinsic density contrast refers to the difference in density
between the reservoir and background mantle under the same tem-
perature and pressure conditions. However, in thermochemical con-
vection, the more-dense reservoir always becomes significantly hotter
than the background mantle, effectively reducing its density due to
thermal expansion. Therefore, in thermochemical models that result in
dynamic structures (not a layer nor quickly stirred into the mantle), the
effective density of the reservoirs is very similar to that of the back-
ground mantle; in other words, they are near-neutrally buoyant. This is
apparent in studies that display the buoyancy structure, revealing a
complex distribution of both positive and negative buoyancy within
different parts of the reservoirs (e.g., Lassak et al., 2007; Tan and
Gurnis, 2005, 2007). Therefore, if LLSVPs are caused by compositional
reservoirs, it is not surprising that seismic normal mode studies have
mixed or unclear interpretations regarding LLSVP density, compared to
background mantle (Ishii and Tromp, 1999, 2001, 2004; Koelemeijer
et al., 2017).

For compositional reservoirs on the lower end of the intrinsic den-
sity spectrum, their overall, average effective density may become less
than that of the background mantle, causing them to become tem-
porarily buoyant. The reservoirs become dome- or plume-like and ac-
tively rise up through the mantle (e.g., Le Bars and Davaille, 2004)
(Fig. 15a). These structures are typically referred to as “domes” and
“thermochemical superplumes,” and their positive buoyancy con-
tributes momentum to global convection. Oftentimes, as they rise
through the mantle, they cool enough to obtain an overall average
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negative buoyancy again and consequently sink back into the deep
mantle, only to heat up again and repeat the cycle. These structures
tend not to survive long geologic timescales as they are partially stirred
into the mantle each time they rise and sink through it.

In contrast to the active domes and thermochemical superplumes,
on the higher end of the intrinsic density spectrum, the overall effective
density of the reservoirs remains slightly negative, leading to long-lived
“piles” that remain on top the core-mantle boundary. These structures
are commonly referred to as “primordial thermochemical piles”
(Fig. 15b). Although they have a slightly-negative buoyancy, they
weigh less than slabs (e.g., Lassak et al., 2010) and are therefore pushed
away from subduction regions and are easily swept around by changing
subduction patterns. They are shaped by mantle flow and accumulate
along the core-mantle boundary directly beneath global upwelling re-
gions (which for Earth, are the Pacific and Africa regions). Because of
this, they are also coincident with thermal mantle plumes which are
also pushed into these regions. Thermal mantle plumes are typically
rooted along the tops of piles, forming narrow upward cusps in the pile-
background mantle interface there via viscous stresses. At the plume
roots, on top of the piles, pile material is entrained into plumes and to a
lesser degree, background mantle is entrained into the piles adjacent to
the plume (e.g., Deschamps et al., 2011; Li et al., 2014a; Williams et al.,
2015). Under some conditions, plumes may form along the margins of
piles instead of along their tops (e.g., Steinberger and Torsvik, 2012).
Away from plumes, the pile-background mantle interface is clearly
distinct with no mass exchange across it. Therefore, the only mass ex-
change that primordial thermochemical piles have with the background
mantle is through the limited amount of entrainment at plume roots,
the amount of which depends largely on the intrinsic density contrast
between the piles and background mantle, but also the viscosity con-
trast between pile material and background mantle and the plume ra-
dius (e.g., Zhong and Hager, 2003). All thermochemical pile models are
in a time-dependent state (they never reach equilibrium), in which the
mass exchange at plume roots (albeit small in most cases) always acts to
reduce the intrinsic contrast between piles and background mantle,
which in turns increases the entrainment rates in a positive feedback
process. Therefore, piles are always getting smaller in size, and their
longevity may range from millions to many billions of years, largely
depending on the initial intrinsic density contrast and viscosity contrast
at the interface. Furthermore, primordial thermochemical piles heat up
from the decay of radioactive elements and thermal conduction from
the core below. Because heat escape from them is limited by thermal
conduction out of their no-mass-flow interface, primordial thermo-
chemical piles are always much hotter than the background mantle,
often only slightly cooler than the core-mantle boundary itself.

Another style of thermochemical convection is characterized by
compositional heterogeneity accumulating over geologic timescales.
The primary mechanism hypothesized for this is the accumulation of
subducted oceanic crust (e.g., Christensen and Hofmann, 1994; Davies
and Gurnis, 1986; Gurnis, 1986) (Hofmann and White, 1982), which is
motivated by mineral physics studies that indicate that subducted ba-
saltic crust should become denser than background mantle at lower
mantle pressures (Hirose et al., 1999; Hirose et al., 2005; Ringwood and
Irifune, 1988). This hypothesis has inspired a great deal of geodynamics
work through the years (e.g., Ballmer et al., 2015; Brandenburg et al.,
2008; Brandenburg and van Keken, 2007a, 2007b; Christensen and
Hofmann, 1994; Davies, 2008; Farnetani and Samuel, 2003; Huang and
Davies, 2007; Mulyukova et al., 2015; Nakagawa and Buffett, 2005;
Nakagawa and Tackley, 2005, 2006, 2011; Nakagawa et al., 2010;
Samuel and Farnetani, 2003; Tackley, 2011; Xie and Tackley, 2004a;
Xie and Tackley, 2004b). In general, the process entails the slab
package (basaltic crust and lithosphere) reaching the lowermost
mantle, followed by the separation of crust from the lithosphere. The
process of separating crust from the lithosphere is critical because
without it, most of the crust would easily get viscously stirred into the
background mantle (e.g., Li and McNamara, 2013; Li et al., 2014a);
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Fig. 15. Primordial thermochemical models of mantle convection.

a. Figure taken from Davaille et al. (2003). Results of a laboratory fluid dynamics experiment illustrating the development of thermochemical superplumes. An
intrinsically dense layer (dyed with a florescent tracer) is temporarily more buoyant than the surrounding, after 3 cycles of rising and sinking through the tank. b.
Snapshot from an unpublished geodynamical calculation performed by McNamara that leads to the formation of primordial thermochemical piles. The upper panel is
the compositional field. Black represents background mantle and green represents intrinsically more-dense material. The lower panel shows the temperature field,
with bluer and redder representing colder and hotter material, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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however, if post-perovskite is rheologically weak (e.g., Ammann et al.,
2010; Hunt et al., 2012) segregation of crust from lithosphere is greatly
enhanced (e.g., Li and McNamara, 2013; Li et al., 2014a; Nakagawa and
Tackley, 2011). Once crust is separated from the lithosphere, it is then
advected toward laterally convergent regions along the core-mantle
boundary (which is the base of global upwelling regions). Stirring with
background mantle is more prevalent in this kind of model, compared
to the primordial models discussed above. As a result, the composi-
tional fields in these models are visibly “messier” (Fig. 16). Even with
efficient segregation of crust from lithosphere, a significant fraction of
basaltic crust stirs into the background mantle. The heat and chemical

Fig. 16. Accumulated oceanic crust.

Figure modified from Brandenburg et al. (2008). Results
of a thermochemical geodynamics calculation which
employs a thin layer of basaltic crust (eclogite at higher
pressure) at the surface that later accumulates in the
lowermost mantle and also gets stirred into background
mantle. In this case, the intrinsic density of crust is 7%,
and the calculation is shown after 4.5 billion years. The
left panel displays composition (crust is white, back-
ground mantle is black). The right panel displays the
temperature field.

3000

transport within this type of thermochemical model is fundamentally
different from the primordial models. In the primordial models, the
compositional reservoirs have a clearly defined boundary with the
surrounding background mantle, whereas in these models, material is
always being advected into them from the sides and advected out
through the top. Their margins are not well defined, and because of the
mass flux into and out of them, heat is advected into and out of them as
well (not limited to only conduction, like the primordial models). As a
result, the mantle in these models tends to have less of a bimodal
temperature structures than in primordial models that are characterized
by very hot piles and a much cooler background mantle.
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Modeling thermochemical convection due to crustal accumulation
has historically had computational challenges and still retains some
conceptual difficulties. The thinness of oceanic crust (~6 km) requires
very high numerical mesh resolution, particularly in the lowermost
mantle where segregation of crust from the lithosphere occurs, which
was difficult to achieve until recently. Furthermore, it was difficult to
model asymmetrical subduction; instead, fluid dynamical models typi-
cally produce double-sided, symmetrical subduction which led to
oceanic crust being embedded within an envelope of higher viscosity,
cold lithosphere once it entered into the mantle. Recent developments
have made great strides toward resolving this issue (Crameri and
Tackley, 2014; Crameri and Tackley, 2015; Crameri et al., 2012).
Conceptually, we still have difficulty in that beyond several hundred
million years ago, we don't have any evidence that subduction pro-
cesses operated like they do today. For earlier times, we don't know the
global extent of subduction (the total length of subduction zones), plate
configurations and velocities, oceanic crust thicknesses, and whether
plate tectonics operated as it does today. Therefore, it is difficult to
approach this kind of modeling in an evolutionary context over geo-
logic time.

Finally, it is quite possible that the Earth's mantle is experiencing
multiple modes of thermochemical convection. We do know that
oceanic crust descends into the mantle, although it remains under de-
bate whether it can accumulate in the lowermost mantle to a significant
extent (e.g., Li and McNamara, 2013; Mulyukova et al., 2015). The
main question is whether ancient, primordial piles, domes, or super-
plumes exist. Several geodynamical studies have included both pri-
mordial reservoirs and accumulating oceanic crust, demonstrating a
wide complexity of possible thermochemical dynamics and geochem-
ical heterogeneity (Farnetani and Samuel, 2003; Li et al., 2014a;
Nakagawa and Tackley, 2004; Samuel and Farnetani, 2003; Tackley,
2011) (Fig. 17). Geodynamical modeling can provide great insight into
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Fig. 17. Primordial thermochemical piles and subducted oceanic crust.
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Fig. 18. Average seismic velocity reductions in Ultra Low Velocity Zones.
Figure provided by Ed Garnero, colorized from Garnero et al. (1998). Left and
right panels display average P- and S-wave velocities, respectively. The blue
curves represent the global average (PREM). The red curves illustrate reduc-
tions in a typical ULVZ. Note that the red curves also include the 2-3% re-
duction inherent in the D” layer within the lower couple hundred km of the
mantle. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

itude = 300 (non-dimensional)

Figure taken from Li et al. (2014a). Snapshot of a thermochemical geodynamics calculation of a three composition system: background mantle, primordial piles, and
subducted oceanic crust. a. Temperature field with velocity vectors superimposed. b. Composition field showing background mantle (black), primordial piles (cyan),
and subducted oceanic crust (yellow). c. Logarithm of non-dimensional viscosity, with contours marking every half-order-of-magnitude. The calculation employs a
viscosity increase from upper mantle to lower mantle and a weakened post-perovskite at the base of downwelling regions. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 19. Two different seismic methods to probe for ULVZs.

a. Modified from Thorne and Garnero (2004). Long-wavelength core diffracted
waves, SPAKS and SKPdS in this example. b. Figure provided by Ed Garnero,
colorized from Rost et al. (2006). Short-wavelength pre-cursors and post-cur-
sors to core-reflected phases, ScP in this example.

the possible processes that may be occurring and can allow us to make
predictions that can be tested by future seismic studies.

4. ULVZs

At a significantly smaller scale than the LLSVPs, Ultra Low Velocity
Zones (ULVZs) are tiny patches on the core-mantle boundary that ex-
hibit dramatic reductions of S- and P-wave velocity; up to 30% and
10%, respectively (e.g., Garnero and Helmberger, 1996; Garnero and
McNamara, 2008; Garnero et al., 1998; Garnero et al., 2007; Williams
and Garnero, 1996; Williams et al., 1998) (Fig. 18). ULVZs typically
range from 10 to 40 km high and up to 100s of km laterally, with a
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couple notable exceptions of unusually more-laterally-expansive “mega
ULVZs” extending up to 1000 km laterally (Cottaar and Romanowicz,
2012; Thorne et al., 2013). ULVZs are best modeled (seismically) as
having large increases in density, up to 10% (e.g., Rost et al., 2005).
ULVZs are not ubiquitous, and to the best of our understanding, they
occur as disparate patches on the core-mantle boundary.

Much of the core-mantle boundary remains un-sampled with respect
to ULVZs. There are several seismic methods used to detect ULVZs, each
with different pros and cons. Long-wavelength waves diffracted along
the core mantle boundary (for example, SPAKS and SKPdS) can provide
wide ULVZ search areas (Fig. 19a). Although diffracted waves provide
wide swaths of sampling area, they cannot geographically pinpoint
ULVZ locations with any reasonable certainty, let alone provide any
constraints on ULVZ size or shape. Instead, they can only provide in-
formation that reduced velocities are present somewhere along the
swath. If ULVZ is detected, it is impossible to determine the number of
individual ULVZs that may be present along the path. This is compli-
cated by the mirror symmetry of the phases. For example, SPdKS and
SKPdS (Fig. 19a) have identical travel times (for a given radial re-
ference model), yet they each sample different sides of the core-mantle
boundary. Therefore, it is unclear which side of the core the ULVZ
detection is located, or whether there are ULVZs on both sides. How-
ever, if no ULVZ detection is indicated, it informs the observer that the
mirrored swaths on both sides of the core are free of ULVZs. As a result
of all this uncertainty, studies using diffracted waves typically present
the results in terms of probability or “likelihoods” (e.g., Thorne and
Garnero, 2004). A better way to locate ULVZs with high precision in-
volves pre-cursors and post-cursors to core-reflected waves (e.g.,
Garnero and Vidale, 1999; Rost et al., 2006; Rost et al., 2005)
(Fig. 19b). For a ULVZ located along the core-mantle boundary, a small
fraction of the wave front energy is reflected off the top of the ULVZ
before reflecting off the core, which shows up as a pre-cursor on stacked
seismograms. Similarly, some energy from the core reflection will get
reflected off the top of the ULVZ (from below), bounce back to the core
and reflect again. This will show up as a post-cursor. By examining
many nearby core reflection points by using an array of seismic stations,
and correcting for near-surface structure, one can map out the size and
shape of a particular ULVZ with great precision. The downside to this
approach is that there is a very limited number of reflection points on
the core-mantle boundary to interrogate, due to the sparse and het-
erogeneous distribution of earthquake sources and seismic stations.
While this method provides excellent geographical resolution on

Fig. 20. Map of ULVZ detections and non-detections.
Figure modified from McNamara et al. (2010). Back-
ground image is shear-wave tomography of the low-
ermost mantle, model S20RTS (Ritsema et al., 1999,
2004). Superimposed are dark patches correlated to
seismic studies that search for ULVZs. Note that most of
the mantle remains unmapped with respect to ULVZ.
Dark blue patches represent regions interrogated and
no ULVZ found. Dark red patches represent regions
where ULVZ is found. Refer to McNamara et al. (2010)
Supplementary Material for listing of seismic studies.
Red circles with black outlines represent more recent
ULVZ detections (Cottaar and Romanowicz, 2012;
Thorne et al., 2013; Yuan and Romanowicz, 2017).
(For interpretation of the references to color in this
figure legend, the reader is referred to the web version
of this article.)
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Fig. 21. ULVZs at the base of mantle plumes.

a. Figure taken from Yuan and Romanowicz (2017). Cartoon motivated by
seismic observations of a ULVZ at the core-mantle boundary beneath Iceland.
Combined with recent, high-resolution tomography results (French and
Romanowicz, 2015), this ULVZ is interpreted to be a ULVZ at the base of a
proposed Iceland mantle plume. b. Unpublished geodynamics calculation,
performed by Mingming Li and related to research described in Li et al. (2017).
The calculation was performed in a partial sphere 3D geometry. Gray marks the
core-mantle boundary, and displayed in red are hotter-than-average isosurfaces
that outline mantle plumes. A small volume of very dense material (green)
naturally accumulates at the bases of the plumes. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

particular ULVZs, it does not provide much core-mantle boundary
surface area to search. A more computationally intensive method to
search for ULVZs involves waveform modeling (e.g., Cottaar and
Romanowicz, 2012; Yuan and Romanowicz, 2017).

As discussed above, most of the core-mantle boundary remains un-
sampled. Fig. 20 provides a map, illustrating the sampled regions. The
map background displays seismic tomography near the core-mantle
boundary, and the geographic locations of numerous ULVZ studies are
superimposed as dark blue and dark red patches. Dark blue and dark
red represent sampled regions that indicate the absence or presence of
ULVZ, respectively. One should use caution against overinterpreting the
sizes and shapes of detections shown on the map; these are the result of
different studies, with different methods, resolutions, and reliabilities.
Furthermore, most ULVZ seismic modeling is one-dimensional, which
can bias the estimates of height and width for the actual structures
(which have a three-dimensional morphology). From looking at the
image, it is easy to misread ULVZs as being “patches,” but note that

214

Tectonophysics 760 (2019) 199-220

these are study areas, not ULVZ shapes. Although some studies infer
ULVZs to have a patch-like shape (e.g., Rost et al., 2005), this is not
constrained by the majority of studies. Combined with the over-
whelmingly large un-sampled area of core-mantle boundary, one
should realize that our impression of ULVZ distribution is greatly
compromised. The big question is, what does that un-sampled area look
like? Is it mostly blue? Mostly red? Or is it a patchwork of both? If it is a
patchwork, what is its typical length-scale? By imagining these different
possible answers, one can get completely different outlooks on ULVZs
and interpretations of their cause. For now, given the lack of informa-
tion, most view ULVZs as patches, and many of our hypotheses re-
garding the cause of ULVZs somewhat assume this. But, we should use
great caution with this assumption; clearly, more seismic studies need
to be performed.

We don't know what causes ULVZs. Like with the LLSVPs, hy-
potheses can be loosely categorized as thermal (partial melt of hottest
regions) and compositional (some ultra-dense material). These are
idealized end-members that may not (in reality) exist in isolation be-
cause melting will change the composition and likewise, different
compositions will have different melting temperatures. Nonetheless,
they provide a good starting point for consideration. An early idea is
that they are simply regions of partial melting in an otherwise normal
mantle (e.g., Williams and Garnero, 1996). If this is the case, then we
would expect them to exist in the hottest mantle regions. One difficulty
with this idea is that dense melt would be expected to drain downward
and form a melt-layer along the core-mantle boundary (e.g., Hernlund
and Tackley, 2007). Perhaps there is such a ubiquitous melt-layer at the
base of the mantle; if it is thin enough, it would be difficult to distin-
guish it from the liquid core. One can get around this difficulty, how-
ever, if ULVZs are assumed to be compositionally-different from the
surrounding mantle. ULVZ material would then have a different
melting temperature and not be constrained to exist in the hottest
mantle regions. To survive viscous stirring into the surrounding mantle,
it would need to have a significantly higher density (about 10% greater,
consistent with observations) (e.g., McNamara et al., 2010). There are
numerous hypotheses for the source of compositional ULVZs, including
iron-enriched oxides (Bower et al., 2011; Wicks et al., 2017; Wicks
et al., 2010), subducted banded iron formations (Dobson and Brodholt,
2005), silicate sediments from the core (Buffett et al., 2000), iron-en-
riched post-perovskite (Mao et al., 2006; Mao et al., 2005), melt within
subducted oceanic crust (Andrault et al., 2014; Ohtani and Maeda,
2001; Pradhan et al., 2015), slab-derived metallic melt (Liu et al.,
2016), and FeO, in pyrite structure (Hu et al., 2016).

Unlike the large-scale LLSVPs, ULVZs are so small that it's unlikely
that they play a significant role in global mantle convection. However,
it is likely that they are related to the LLSVPs in some dynamical sense,
and therefore, the shape, sizes, and locations of ULVZs promise to
provide valuable insight into the cause of LLSVPs and the nature of
global convection. To best understand how ULVZs can be used to tell us
about LLSVPs, we need to consider an IF/THEN approach. In a loose
manner, we can consider the 4 end-member scenarios, each assuming
either a thermal or a compositional cause for LLSVPs and ULVZs.
LLSVPs (thermal) and ULVZs (thermal): If we consider LLSVPs to be
clusters of thermal plumes and ULVZs to be partial melt of an otherwise
normal mantle, then it is clear that ULVZs would be located in the
hottest regions of the lowermost mantle, which have been shown to be
at the base of thermal mantle plumes (e.g., Bull et al., 2009). In this
case, we'd expect ULVZs to have a relatively symmetrical shape (in
cross-section) at the roots of plumes (or perhaps only at the hottest
plumes). The recent seismic study of Yuan and Romanowicz (2017)
located a ULVZ beneath the Iceland Hotspot, which they infer to be
partial melt at the base of a plume (Fig. 21a). LLSVPs (thermal) and
ULVZs (compositional): If LLSVPs are clusters of thermal plumes, then
the base of each one would be a region of localized convergent flow. If
ULVZs are caused by an ultra-dense material, then we expect that
material to accumulate at convergent regions, therefore, at the roots of
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Fig. 22. Compositional ULVZs and LLSVPs.
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a. Figure taken from Hernlund and Tackley (2007). Schematic diagram showing general nature of convective flow in a mantle that contains primordial thermo-
chemical piles. The boundaries of piles are regions of convergent lateral flow. Any ultra-dense material in the lowermost mantle would accumulate in these regions.
b. Thermochemical calculation containing primordial thermochemical piles and a small volume of ultra-dense material (hypothesized to cause ULVZs). The main
image is a superposition of temperature and composition. Piles are marked by bright red and ultra-dense material is white. The inset shows a zoom-in at the base of a
pile edge where convergent flow occurs. ULVZ is marked as dark red in the inset. This image is unpublished, but comes from work completed in McNamara et al.
(2010). c. A similar thermochemical convection calculation, but performed in a 3D partial sphere geometry. The core is marked by gray. Primordial thermochemical
piles are shown as semi-transparent green. Ultra-dense material in the lowermost mantle is shown by red-yellow color (visible through the green piles). Figure taken
from Li et al. (2017). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

plumes (or at least the strongest plumes). The accumulations of ultra-
dense material are expected to be relatively symmetrical in cross-sec-
tion for an isolated plume (Fig. 21b). LLSVPs (compositional) and
ULVZs (thermal): If LLSVPs are primordial thermochemical piles,
geodynamical studies consistently find that they are the hottest regions
of the mantle, therefore, if ULVZs are thermal, they should exist within
them. The recent geodynamical study of Li et al. (2017) found that the
hottest regions within primordial thermochemical piles are well-inside
their interior, far removed from pile edges. The shapes of the hottest
regions are relatively symmetrical in cross-section view. Alternatively,
if LLSVPs are accumulations of subducted oceanic crust, it is difficult to
predict where the hottest regions would occur, and more work needs to
be done to investigate this. LLSVPs (compositional) and ULVZs
(compositional): If LLSVPs are primordial thermochemical piles, the
base of their margins would experience convergent lateral flow, and
therefore any ultra-dense material would accumulate there (Fig. 22a).
This has been observed in geodynamical calculations (e.g., Li et al.,
2017; McNamara et al., 2010). Interestingly, geodynamical calculations
reveal an asymmetrical shape to compositional ULVZs, thicker on the
outside of the pile than on the inside (Fig. 22b). The reason for this is
differential viscous stress on the ultra-dense material. The piles are
much hotter than background mantle; therefore, they have a lower
viscosity. Convection within the low viscosity pile cannot exert as much
viscous stress on the ultra-dense material, compared to the higher
viscosity background mantle. In other words, the background mantle on
the outside of the pile can exert a stronger viscous force on the ULVZ,
causing it to pile up higher there. The 3D geodynamical study of Li et al.

(2017) reveals that accumulations of ultra-dense material are expected
to form a patch-like distribution along the margins of primordial piles
(Fig. 22b). Alternatively, if LLSVPs are accumulations of oceanic crust,
then it is more difficult to generalize the locations of ultra-dense ma-
terial, given the advective, messy nature of the fuzzy pile boundary.
More geodynamical work needs to be performed to examine this.

In the above scenarios, it would be difficult to distinguish between
the first three. Each would predict relatively symmetrically-shaped
ULVZs throughout LLSVP regions. However, the asymmetry of ultra-
dense material in the final possibility provides a powerful hypothesis
test for future seismic studies. Such seismic studies would need to be
performed in two- or three-dimensional geometry, unlike the bulk of
previous studies that are performed in one dimension. Asymmetric
ULVZs along LLSVP margins would strongly argue for the accumulation
of ultra-dense material along the margins of a large compositional re-
servoir. Furthermore, ULVZs located outside of LLSVP regions are in-
triguing. Whatever LLSVPs are, we expect them to be the hottest regions
of the lower mantle and areas of convergent lateral flow. Outside of
LLSVPs, we expect temperatures to be cooler and flow to be directed
toward LLSVPs. Therefore, it is attractive to consider ULVZs outside of
LLSVPs to be compositional anomalies en route to LLSVPs. Perhaps they
are chunks of oceanic crust (with partial melt due to lower melting
temperature) that are in transit (e.g., Li et al., 2017), although this is
highly speculative at this time.
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5. Summary and future work

Discovering what the LLSVPs are is one of the most important
problems that the deep Earth community is pursuing. The answer to
that question will have profound implications for our understanding of
global mantle convection, and therefore, our understanding of Earth's
thermal and chemical evolution. It also has critical implications toward
our understanding of MORB/OIB trace element chemistry, hotspots,
and plate tectonic driving forces. Of particular recent interest is de-
termining LLSVP stability over geologic time. Are LLSVPs simply pas-
sive features of mantle convection, or do they have a fundamental role
in driving and stabilizing mantle flow patterns? Can they be used to
provide a geographic reference point through time, providing a me-
chanism to constrain paleolongitude? To answer these questions will
require continued additional observations from seismology. Each new
seismic observation provides a small piece to that puzzle.

One target for future seismological investigation is to better image
the tops of LLSVPs. Discerning sharp versus messy tops will provide key
information on their cause. If LLSVPs are thermochemical piles, ima-
ging their tops may allow us to distinguish between primordial piles
and accumulations of oceanic crust. Furthermore, if LLSVPs are caused
by clusters of plumes, they would have a very complicated, hard-to-
define top. Better imaging interior LLSVP structure will provide many
clues regarding whether LLSVPs are plumes or perhaps collections of
smaller piles. In addition, the lowermost mantle remains mostly un-
examined in terms of ULVZ presence. Because ULVZs may provide
important clues to the cause of LLSVPs, continued hunting for them is
critical, as well as developing new hunting methods to find them.
ULVZs are typically modeled, seismically, as simple one-dimensional
geometric structures, but by better discerning ULVZ shape, we can gain
insight into their cause and relationship with LLVSPs.

On the geodynamics front, there is much that should be done re-
garding rheology. Most studies assume that thermochemical piles have
the same rheology as background mantle. There is no reason to expect
this to be the case, in general. For example, even if primordial piles and
background mantle are composed of rheologically similar materials,
there is no reason to expect that they should have the same miner-
alogical grain size, which greatly influences the magnitude of diffusion
creep viscosity. Because we haven't explored alternative rheologies
and/or grain-sizes for LLSVPs, we've only just begun to get a sense of
the possible dynamical behaviors and resultant morphologies. New
discoveries from mineral physics on how grain size evolves with pres-
sure, temperature, and deformation history will be incredibly useful in
this regard, although challenging to employ. Better understanding how
polymineralic assemblages of mantle rock undergo deformation creep
under different conditions is also needed. Furthermore, better under-
standing how multiple compositions (e.g., crust, primordial, ultra-dense
ULVZ materials, etc.) interact together in a global mantle convection
context has been greatly unexplored. Increased computational ability
now allows us to model multi-scale compositional complexity at suffi-
cient resolutions. Continued higher resolution seismic observations,
combined with geodynamical modeling, will allow us to develop and
test improved hypotheses regarding the cause of LLSVPs. Combined
with new mineral physics results and geochemical observations, these
will allow us to better understand the cause and significance LLSVPs
and ULVZs.
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