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Abstract

Ultra-low velocity layering at the Earth’s core-mantle boundary (CMB) has now been
detected using a variety of seismic probes. P- and S-wave velocity reductions of up to
10’s of percent have been mapped in a thin (5-50 km) layer, which commonly underlies
reduced seismic shear wave speeds in the overlying few 100 km of the mantle. Ultra-low
velocity zones (ULVZ) contain properties consistent with partial melt of rock at the very
base of the mantle. Strong evidence now exists for a significant density increase in the layer
(~5-10% greater than reference models), which must be included in dynamical scenarios
relating ULVZ partial melt to deep mantle plume genesis. 3-D geodynamical calculations
involving an initially uniform dense layer in the lowermost few 100 km of the mantle result
in thermo-chemical piles that are geographically well-correlated with seismic tomography
low velocities, when past plate motions are imposed as a surface boundary condition. The
hottest lower mantle regions underlay edges of the dense thermo-chemical piles. A scenario
is put forth where these piles geographically correlate with ultra-low velocity zones, and
subsequent mantle plume genesis.

INTRODUCTION

In the past decade increasing evidence has been put forth linking the seismic struc-
ture of the deepest mantle to overall mantle dynamics and chemistry on a variety of
scale lengths (e.g., 100-3000 km, see Wysession, 1996; van der Hilst and Karason;
1999; Wysession et al., 1999; Masters et al., 2000; Garnero, 2000; Deschamps and
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Table 1. Seismically observed lower mantle layering features

Deep mantle feature Thickness at base Velocity perturbation (%) Notes
of mantle (km) Vg oVp

D" discontinuity 200-300 2t03 ~< 1 5Vp discontinuity
difficult to detect

D" anisotropy 200-300 1to2 Unconstrained ~ Mechanism still
poorly resolved

ULVZ 5-30 —10to —30 —5to —10 ULVZ density an
important parameter

Large low velocity 500-1500 —3to —12 —1to -3 Sharp sides, likely

provinces chemically distinct

Trampert, 2003; Lay et al., 2004; Lay and Garnero, 2004). It has been known for over
50 years that the structure of the lowermost few hundred km of the mantle, the D”
region (Bullen, 1949) differs from overlying mantle structure. Recent studies using
regional forward modeling of seismic waveforms and travel times reveal complex
structure on a variety of both radial and lateral scale lengths, in contrast to the bulk
of the lower mantle. Features detected in D” include evidence for a seismic velocity
discontinuity (the D” discontinuity) some 200-300 km above the CMB (e.g., see
Wysession et al., 1998), anisotropy in the lowermost few 100 km of the mantle (e.g.,
Kendall and Silver, 1998; Lay et al., 1998; Kendall, 2000), as well as thin ultra-low
velocity layering in the deepest 5-50 km of the mantle (e.g., see Thorne and Garnero,
2004). The seismic characteristics of these features are summarized in the Table 1. A
principal challenge is to constrain the origin of these features, as well as their possible
connection to the evolution and dynamic behavior of the lower mantle. In this regard,
incorporating information from other geophysical disciplines will be crucial.

For decades, the general presence of two long wavelength low velocity regions
at the base of the mantle has been noted (e.g., Dziewonski, 1984; Romanowicz,
1991). This degree-two pattern of velocity reductions is particularly evident for shear
velocities (Vs). These low velocity regions generally underlie the locations of surface
hot spot volcanism, and do not underlie regions of past or present subduction (e.g.,
Morgan, 1971, 1972; Hager et al., 1985; Duncan and Richards, 1991), suggesting an
interaction between the shallowest and deepest mantle. The large-scale low velocities
detected through seismic tomography have been dubbed “super™ or “mega™ plumes
(e.g., Tackley, 2000). However, it has not been demonstrated that these low-velocity
regions actually constitute a plume (as in upwelling) as opposed to a pile (as in some
form of dense and possibly stable dreg).

One challenge in distinguishing between a plume upwelling and stable dense pile
lies in the difficulties of seismically resolving the detailed nature of high- or low-
velocities in the mid-mantle. Tomographic imaging typically resolves structure on the
order of 1000+ km laterally (see Fig. 1), while plumes may be an order of magnitude
smaller. For example, a plume conduit in the mid mantle could have a diameter
of roughly 100400 km (e.g., Ji and Nataf, 1998). Although tomographic imaging
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(a) TXBW (b) S20RTS  (c)SI4L18  (d)S362C1  (e) SAWI2D

Figure 1. lso-contoured shear velocity heterogeneity in the lower mantle from five different tomographi-
cally derived models: (a) TWBX (Grand, 2002), (b) S20RTS (Ritsema and van Heijst, 2000), (c) S14L18
(Masters et al., 2000), S362C1 (Gu et al., 2001), and SAW (M¢gnin and Romanowicz, 2000). Iso-velocity
surfaces are shown, where the low velocity (red) and high velocity (blue) surfaces represent at —0.8
and +0.8%, respectively, relative to global 1-D reference velocity structures. Longitude of the viewing
perspective is shown to the left of each row. The —180° and 0° views display the degree 2 low shear veloc-
ity anomalies beneath the Pacific Ocean and southern Atlantic Ocean/Africa, respectively. Iso-velocity
contours are shown for the bottom 1800 km of the mantle. The core-mantle boundary is shown in yellow.

has typically been unabie to resolve structures with length scales as small as plume
conduits, recent finite frequency based tomographic imaging of Montelli et al. (2004)
reports mapping of low compressional velocities (Vp) from the Earth’s surface to large
mantle depths beneath several hot spots. At the time of this writing, tomographic
imaging of Vg structure has not yet corroborated this result.

Body wave studies are able to provide a greater level of detail in seismic imaging
than tomography, especially near the core-mantle boundary (CMB) where various
reflections, refractions, and diffractions of seismic energy occur. However, a main
restriction in high-resolution body wave studies is the geographic coverage limitations
imposed by earthquake-to-seismic recording network configurations. It 1s particularly
challenging if high numbers of seismometers (e.g., >20) are desired over small sur-
face spatial scales (e.g., <100-300 km). Nonetheless, recent body wave analyses
have complemented the earlier findings from tomographic inversions of global travel
time data sets, adding detail to some of the long wavelength features observed in
tomographic models (see recent discussions by Lay et al., 2004; Lay and Garnero,
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2004: Garnero, 2004). One notable example is the evidence for multi-pathing (i.e., the
presence of two distinct seismic arrivals) in broadband data that sample near the edge
of the African low-Velocity anomaly (e.g., Helmberger and Ni, 2005). Multi-pathing
is consistent with a sharp (i.e., 10’s of km) transition from ambient mantle into the
low velocity region. Similar evidence now exists for the Pacific Ocean low velocity
anomaly (Ford et al., 2006; To et al., 2005).

In the remainder of this chapter, we discuss scenarios that relate these large-scale
low velocity provinces to ultra-low velocity zone (ULVZ) structure and whole mantle
plumes. At present, considerable uncertainty exists in precisely constraining elas-
tic properties through seismic imaging, and hence propagations uncertainties to the
geodynamic modeling. However, several possibilities can be discussed that form a
self-consistent dynamical and chemical system.

2 DEEP MANTLE SEISMIC AND GEODYNAMIC STRUCTURES
2.1 Long wavelength deep mantle patterns

As displayed in Figure 1, large-scale features dominate tomographically derived
S-wave velocity perturbations in the lower mantle. Many regional seismic stud-
ies have documented structure at scales much smaller than those seen in Figure |
(see review by Garnero, 2000). It is still unresolved whether tomography accurately
depicts the general shape of deep mantle heterogeneity or a smoothed version of much
smaller scale, higher amplitude heterogeneity. Nonetheless, several higher resolution
studies using waveform and travel time information have recently documented sharp
edges to the low velocity patterns seen in tomography (Wen, 2001; Ni et al., 2002;
Ni and Helmberger, 2003a,b; Helmberger and Ni, 2005; Ford et al.. 2006:; To et al.,
2005). Thus, the general shapes of the degree-two lows seen in tomography may
in fact approximate a smoothed version of Earth’s large-scale velocity reductions n
the deepest mantle. Though it is important to emphasize that regional studies do not
mandate this possibility.

[t is instructive to compare various available deep mantle seismic and geodynamic
findings, in order to better understand possible dynamical implications of the detected
seismic structures, particularly as they relate to ULVZ’s. Figure 2a shows D" shear
velocity perturbations (§Vg) for the TXBW model (as in Fig. 1a). Only heterogeneities
with amplitudes stronger than 4-0.5% are shown. The edges of the degree two low
velocity anomalies in this tomographic study contains the strongest lateral gradients in
shear wave speeds (as shown in Fig. 2b); these regions of strongest S-wave velocity
lateral gradients show a strong correlation to surface hot spot volcanism locations
(Thorne et al., 2004), and are detected far from predicted deep mantle locations of
subducted material (Fig. 2¢). This suggests a connection between subduction and
lower mantle structure, that is, whole mantle convection. Furthermore, the strong
lateral velocity gradients at the edges of the lowest-velocity regions of the lower
mantle point towards the existence of thermo-chemical heterogeneity as source for
the detected low velocities.
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Figure 2. Comparison of several deep mantle data sets and models: (a) D" shear velocity perturbations
according to the TWBX model (Grand, 2002). The values between —0.5 and 40.5% have been omitted to
emphasize the stronger heterogeneity signals. (b) The lateral gradients in 8Vg of panel (a), as measured in
Thorne et al. (2004), The colors correspond to the 30% of the CMB’s surface area occupied by the strongest
lateral gradients. These patterns, when compared with panel (a), indicate the strongest gradients in D” sur-
round the low shear velocities, i.e., the edges of low velocities. (¢) Hotspots (red), plate boundaries (green),
and predicted deep mantle locations of subducted dense material (from Lithgow-Bertelloni and Richards,
1998). (d) Dense thermo-chemical piles from the numerical geodynamics calculations of McNamara and
Zhong (2005). The highest temperatures in these simulations are shown in (e), which dominate the edges
of the dense piles in (d), along with some lineations within piles that demark internal convection cells.
(f) Predicted lower mantle density anomalies of Trampert et al. (2004). (g) ULVZ thickness, assuming
(8Vp, 8Vg, 8p) = (—10%, —30%, 0%), adapted from the modeling of Thorne and Garnero (2004). The
thickest ULVZ regions are red. (h) PKP scattering strength from Hedlin and Shearer (2000). The strongest
scattering occurs for the red colors.

Thermochemical mantle models are geodynamically attractive to explain the large
degree two negative seismic anomalies in the lower mantle because geodynamical
modeling of isochemical systems has revealed that hot upwellings tend to form more-
globally ubiquitous small scale structures (e.g., Bunge et al., 1998, 2002). In other
words, past studies have demonstrated the difficultly in generating two large ther-
mal anomalies by thermal convection alone. Several geodynamical studies have been
performed that investigate the 3-D morphology and size of possible thermochem-
ical structures in the deep mantle (Olson and Kincaid, 1991; Tackley 1998, 2002;
Davaille 1999; Davaille et al., 2002, Jellinek and Manga, 2002, 2004; McNamara
and Zhong, 2004a,b, 2005). Depending on the thermochemical parameters used,
a dense mantle component will take the form of either rounded, rising, unstable
superplumes or linear, stable piles. Under the assumption that stable, dense piles
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exist in the lower mantle, McNamara and Zhong (2005) have performed fully 3-D
spherical numerical thermochemical convection calculations which incorporate the
Earth’s 120 My tectonic plate history (from Lithgow-Bertelloni and Richards, 1998)
as surface boundary conditions. Starting with initially uniform dense layers of various
thicknesses and density contrasts (~2—-5%), the final shape and distribution (repre-
senting the present day) of thermochemical piles as a function of this plate history
forms tends to resemble to first order the large, negative seismic anomalies observed
in tomography. It is found that resultant thermochemical piles form a NW-SE trending
linear African pile. In contrast, dense material forms a superposition of linear piles in
the Pacific resulting in a more-rounded structure there. Also, thermochemical piles
tend to have a low cooling efficiency and are therefore large thermal anomalies in
addition to being compositional anomalies.

In addition, the geodynamical models predict internal convection within the Pacific
anomaly in which upwellings form inside the pile along the edges, likely guided by
viscous coupling with the less-dense mantle component. As a result, the internal
edges of thermochemical piles are expected to be the hottest regions in the mantle,
and if there is any partial melting in the lower mantle, it would certainly be expected to
occur inside thermochemical piles at their edges. It is interesting to note the conceptual
agreement between the spatial correlation of the strongest lateral velocity gradients in
8Vg (Fig. 2b) occurring near the edges of the low §Vg piles (Fig. 2a), and the highest
deep mantle temperatures (Fig. 2e) occurring near the edges of the high density
thermo-chemical piles (Fig. 2d).

As observed in the previous geodynamical modeling studies, upwellings are pro-
duced at the highest peaks of thermochemical piles or superplumes. The modeling of
McNamara and Zhong (2005) predicts a Pacific anomaly which is actually a super-
position of linear ridges. The ridges form the external edges of the complete anomaly,
and as a result, the modeling predicts mantle plumes to form along the tops of these
ridges. Therefore, the highest number of mantle plumes in the Pacific is expected to
form near the edges of the large Pacific anomaly.

Several further lines of evidence exist for the large scale 8V depressions shown in
Figure 1 and Figure 2a having a chemical origin that is distinct from the surrounding
lower mantle material (e.g., see arguments by Samuel et al., 2005). The Vp and Vg
velocity perturbation maps appear to be decoupled; including portions of the degree
2 low 8Vg having anomalously high P wave speeds (Masters et al., 2000; Deschamps
and Trampert, 2003; Ishii and Tromp, 2004; Trampert et al., 2004). It seems unlikely
that the decoupling of P and S-wave velocities could solely be the result of thermal
perturbation in an isochemical lower mantle. Furthermore, it seems unlikely that sharp
lateral transitions (e.g., probably near or less than 100 km) in the low Vg anomalies
can be maintained over extended periods of time by thermal effects. On the other
hand chemical variations can easily explain the observed structure as some form
of iron enrichment may relate to the lowered shear wave speeds, increased density,
and hotter temperatures in this region. We note though that at present no consensus
on the origin and constitution of the potentially dense, low-velocity piles has been

reached.
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Several groups have put forth evidence for density perturbations in the deep mantle
(e.g., Masters et al., 2000; Ishii and Tromp, 1999, 2004, Trampert et al., 2004), though
some controversy exists regarding the details (Kuo and Romanowicz, 2002; Masters
and Gubbins, 2003). Figure 2f shows a density perturbation model of Trampert et al.
(2004), which is appropriate for the lowest 1000 km of the lower mantle. The pat-
tern seen in this particular density map roughly correlates well with the geographical
locations of the 8Vg reductions, though trade-offs in density modeling have been
highlighted in previous modeling (e.g., Deschamps and Trampert, 2003; Trampert
et al., 2004). Better constraint on the density structure of the degree 2 low veloc-
ity anomalies is important, as it relates to a fundamental question regarding the
nature of these structures. They have been characterized as “superplumes” for over a
decade now (e.g., Su and Dziewonski, 1997), but if they are dense and stable at the
base of the mantle and not actively upwelling (as buoyant plumes would do), they
may be more appropriately characterized as “piles”, or “megapiles” (e.g., Tackley,
1998, 2002; McNamara and Zhong, 2004a). In this chapter, we further explore the
megapile possibility, since dynamical calculations have shown the necessity of high
densities (along with elevated viscosity) in order to reproduce the long wavelength
shape of the degree 2 8Vg reductions (e.g., Tackley, 1998, 2000; McNamara and
Zhong, 2004a). We are nonetheless aware that the existing seismological data are
presently not sufficient to constrain the detailed internal structure of the low-velocity
features. We note an additional inherent shortcoming in seismic imaging of Earth’s
interior that restricts its application to geodynamical problems: at best, a present
day snapshot in time is all that is available. Thus, unfortunately, we are not able to
constrain the temporal evolution or specific time signatures of the different seismic

features.

2.2 Short wavelength deep mantle patterns

A variety of phenomena have been seismically mapped in the deep mantle at scale
lengths much shorter than tomographically derived heterogeneity. These include
strong variability in horizontal layering and anisotropy (e.g., see Wen, 2001; Rokosky
et al., 2004; Thomas et al., 2004; Garnero et al., 2004), and highly variable ULVZ
and CMB properties (e.g., Shearer et al., 1998; Rost and Revenaugh, 2001, 2003;
Niu and Wen, 2001; Koper and Pyle, 2004; Rondenay and Fischer, 2003; Thorne
and Garnero, 2004; Wang and Wen, 2004; Rost et al., 2005). The lateral gradient
map in Figure 2b shows small-scale features that cannot be observed in the 8Vs
maps. Nonetheless, this is expected for a derivative of the data, rather than actual
detected small-scale structure. Figure 2g displays ULVZ thickness, from the model-
ing experiments in Thorne and Garnero (2004) using diffracted phases as probes to
ULVZ structure. Roughly one-third of the CMB is sampled, and these results argue
that the ULVZ is not globally contiguous as a relatively thick layer (e.g., >5 km).
[n fact, it appears that the ULVZ structure is most anomalous in relatively localized
regions. For example, very localized, anomalous (i.e., thick ULVZ) regions exist in
the Indian Ocean and between New Zealand and Australia with lateral dimensions
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of 100-200 km. The Australian location was imaged as having a ~50 km lateral
dimension ULVZ 1n a recent study by Rost et al. (2005) using short period seismic
array recordings of hundreds of Fiji-Tonga earthquakes. It is obvious that significant
heterogeneities exist at scales more than an order of magnitude less than presently
resolvable by tomography, which nonetheless can be resolved by high resolution,
regional studies.

Another expression of small-scale heterogeneity found in the seismic wavefield 1s
scattering of seismic energy. It has been appreciated for some time that the D” region
has an exceptionally strong scattering potential for short period seismic energy (e.g.,
Bataille et al., 1990; Bataille and Lund, 1996; Flatté and Wu, 1988; Vidale and Hedlin,
1998; Hedlin and Shearer, 2000; Cormier, 1999, 2000). Figure 2h displays the results
of a study imaging D” (or CMB) scattering strength, using PKP precursors (Hedlin
and Shearer, 2000). An important point 1s that the variations are much smaller (~3500
km) than in global tomography (~1000-3000 km), although the exact magnitudes
of scattering strength depend on several factors in the inversion. Strong scattering
regions (red colors) are difficult to correlate to specific features in the other maps.
A comparison with global features found in the other geophysical studies shown in this
figure is not possible since the scatterer map is not globally continuous Nonetheless,
comparison with ULVZ thickness (Fig. 2g) suggests the thickest ULVZ zones are
closer to high scattering zones than not. This suggests that the possibly partially molten
ULVZ may be related to small scale stirring, that give rise to effective scattering at
short seismic wavelengths (~1 Hz).

It 1s instructive to view ULV Z structure in a well-sampled region in the southwest
Pacific. Figure 3 shows the combined findings of different ULVZ studies. Figure 3a
displays the Vg tomography map of Grand (2002), along with CMB sampling of ScP
data with or without precursors, which have been used to map a very localized ULVZ
(~50 km in lateral dimension, 8.5 km thick, and Vp and Vg drops of 8 and 25%,
respectively, and density increase of 10%) (Rost et al., 2005). This ULVZ 1s located
close to the edge of the low shear velocities mapped by tomography (Figs. 3a, and 2a).
This ULVZ location is also in a region of strong lateral 8Vg gradients (Fig. 2b), and
where the temperatures in the geodynamical calculation (Fig. 2e) are predicted to
be the highest (beneath the edge of the thermochemical dense pile, Fig. 2d). This
isolated ULVZ location 1s corroborated by the anomalous waveform behavior of
SPAKS data (Fig. 3b) (from Thorne and Garnero, 2004). These data commonly vary
on the lateral scales of 10’s of km at the CMB. At a scale intermediate to this fine
scale variability and that seen in tomography, Fresnel zones of SPAKS can be used to
represent ULVZ likelihood, a simple measure of records requiring a ULVZ structure
versus records best explained in the absence of a ULVZ (Fig. 3¢); this general region
displays high variability in ULVZ likelihood. Thus, if ULVZ are indeed related to
very local thermal and chemical anomalies in the dense thermo-chemical piles, it 1s
natural to expect high variability at the shortest scales in the ULVZ structure. It is
noteworthy that even finer scale CMB structure may exist. For example, a region a
few 100 km to the north has been mapped with a core-side localized anomaly (Rost
and Revenaugh, 2001). Thus we further allow for the possibility that the core-mantle
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(a) ScP precursors and D" 8Vs perturbations (b) ULVZ modeling with SPAKS and ScP
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Figure 3. ULVZ behavior in the southwest Pacific (the region shown includes New Zealand and eastern-
most Australia). (a) 8Vg of Grand (2002) with ScP sampling of Rost et al. (2005) also shown, indicating a
CMB zone possessing a very localized ULVZ (red circles). (b) The same ScP data, displayed with SPdKS
data of Thorne and Garnero (2004), which also show strongly anomalous behavior in this general region.
Line segments correspond to the P ;g arcs in SPAKS. Paths are color-coded for: PREM (fpr the Prelimi-
nary Reference Earth Model, Dziewonski and Anderson, 1981, shown as blue lines, indicating no ULVZ),
PLVZ (Probable Low Velocity Zone, based on a statistical measure of the improvement of fit to the data
from ULVZ predictions compared to PREM, light green), ULVZ (red), and ELVZ (Extreme Low Velocity
Zone, where records were more anomalous than any of our tested ULV Z structures, colored black). (¢) ScP
data as in (a), superimposed on top of Fresnel zone estimations of the Pgigr arcs in SPAKS, color-coded
for ULVZ likelihood, as measured by a simple ratio of the number of records requiring ULVZ models to
match the data divided by the total number of records, in every 5° x 5° region.
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transition (and not just fine layering above it) is extremely anomalous, especially in
regions as depicted in Figure 3, which may include chemical reactions between the
mantle and core material (e.g., Knittle and Jeanloz, 1989, 1991).

Synthetic seismograms computed for the ScP waveform data used in imaging the
SW Pacific ULVZ by Rost et al. (2005) required an increase in density (+10%) of
the ULVZ in order to fit the waveforms. Further evaluation of data used by Thorne
and Garnero (2004), summarized in Table 2, also suggest that anomalous SPAKS
data are best fit by models containing density increases. Density increases affect the
impedance contrast between the ULVZ and the overlying mantle, which (a) increases
the relative amplitude ratio between the reflection off the top of the ULVZ and ScP, and
(b) increases the amplitude of an internal ULVZ multiple that constructively interferes
with SPAKS relative to SKS. The Thorne and Garnero (2004) study did an exhaustive
model space search to characterize constraints, trade-offs, and uncertainties in global
ULVZ modeling. To assess general ULVZ model fits to the data, one can tabulate the
number of data that are well fit by any particular model category, such as including
(or not) an elevated density in the ULVZ, mantle or core-side ULVZ, and so on.
Table 2 shows that 154 individual records were best fit by synthetic seismograms
computed for ULVZ models. Of these 154 records, 106 were best fit by synthetics
for ULVZ models with a density increase. Furthermore, these ULVZ models with
density increases display the best data-to-model fit as indicated by the normalized
cross-correlation coefficient in Table 2. Although tradeoffs exist in modeling ULVZ

Table 2. ULVZ modeling misfit statistics. Misfit is represented by
the average (for all observations) difference between the cross-
correlation coefficient (CCC) of each observation and its best fit
(bf) synthetic seismogram (CCCY) and the CCC of the same
observation and models of the model class categories (m) listed
below (CCC™). Thus larger misfit numbers indicate poorer perfor-
mance of this model or class of models in comparison to models
best fitting the whole data set. Only observations for which the
best-fit model had a CCC = 0.85 were included. This yielded a
total number of records (NR) of 273

Model type Misfit (< CCC =% HRE}‘
PREM 4.85 47
ULVZ (6p = 0) 0.72 48
ULVZ (8p = 0) 0.30 106
ULVZ (8Vg = 8Vp) 0.52 119
ULVZ (8Vg = 36Vp) 1.16 35
CRZ 0.59 57
CMTZ 1.47 15

S (c:-:?c?j?f —cccmjcec? )* 100%

2 .CCC> = . .
B NRys — Number of records best fit by this model space.
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properties such as density (e.g., Garnero and Helmberger, 1998), these ScP and SPAKS
data sets both indicate that to adequately model ULVZ structure elevated densities

are typically necessary.

3 THERMO-CHEMICAL AND GEODYNAMICAL POSSIBILITIES

A connection between dense thermo-chemical piles in the deep mantle and depressed
seismic shear wave speeds has been suggested (McNamara and Zhong, 2005). Here,
we have raised the possibility that ULVZ may be more likely to occur near the edges
of such lower mantle features, as the highest deep mantle temperatures may be located
there (Fig. 2). In this section, we further explore the possible origins of generating a
ULVZ, and how this might relate to other important mantle processes.

For nearly a decade, it has been argued that the 3 to 1 reduction of dVg to 8Vp
in the ULVZ indicates a partial melt origin, based on mineral physics grounds (e.g.,
Williams and Garnero, 1996; Berryman, 2000; Akins et al., 2004), and that this relates
to plume genesis from the ULVZ layer, which is manifest in the high correlation of
surface hotspots and ULVZ structure (Williams et al., 1998). A recent revisiting of
this topic has revealed that hotspots are in fact more likely to overlie the strongest
lateral gradients in Vs (Thorne et al., 2004). Thus, ULVZ structure can indeed be
related to plume initiation at or near the CMB. Though it is important to acknowledge
that plumes are likely be perturbed from vertical conduits due to mantle convection
(e.g., Steinberger, 2000); exactly to what extent is unresolved at present.

Several possible relationships between ULVZ and lower mantle structures are
explored in Figure 4. Important considerations are: (1) is the ULVZ partial melt of
some principle D” component, such as post-perovskite structure silicate (Murakami
et al., 2004; Tsuchiya et al., 2004; Oganov and Ono, 2004; Shim et al., 2004), or
dense thermo-chemical piles (Tackley, 1998; 2000; McNamara and Zhong, 2004a)
or layering (Lay et al., 2004; Lay and Garnero, 2004); (i1) is the ULVZ some dis-
tinct material, such as chemical reaction products between the mantle and core (e.g.,
Poirier, 1993; Song and Ahrens, 1994; Manga and Jeanloz, 1996); or (1), 1s the
ULVZ regionally localized, or global, being imperceptibly thin in regions. The sce-
narios in Figure 4 are meant to be provocative, illustrating some of the end-member
possibilities, though certainly not exhaustive, mainly owing to the lack of solid con-
straints on elastic structure that would help to distinguish between scenarios. Though
it is important to note that present methods would not be able to detect a ULVZ layer
less than a few km thick, unless its properties were exceedingly anomalous (e.g., see
Garnero and Helmberger, 1998; Thorne and Garnero, 2004; Rost and Revenaugh,
2003; Rost et al., 2005).

While there has been a suggestion that partially molten ULVZ material may relate
to plume genesis, it is perhaps premature to seismically constrain the connectivity of
whole mantle (or nearly whole mantle) plumes to deep mantle superplumes. The work
of Montelli et al. (2004) has mapped low velocity conduits throughout the mantle in
key locations, but do not show evidence for large scale deep mantle superplumes (or
megapiles) underlying the conduits. Shear velocity tomography models (e.g., Fig. 1)
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(a) ULVZ = partially molten DTCP material (b) ULVZ = regional chemically distinct material

\

(e) ULVZ = chemically distinct material at base of TCBL  (f) ULVZ = partial melt of TCBL material
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Figure 4. Schematic representation of ULVZ in relationship to dense thermo-chemical piles, or “DTCP”,
global thermo-chemical layering, and a purely thermal possibility. The different panels are intended to
highlight the various possibilities of ULVZ as either chemically similar or distinct from its surrounding
rock. (a) ULVZ is partially molten DTCP material, and thus is geographically restricted to DTCP regions.
(b) As in (a), but the ULVZ material is distinct from DTCP. (¢) ULVZ is a global chemically distinct (and
dense) layer, it is thickest (and detectable) in the hottest deep mantle regions. (d) As in (c), except the
ULVZ is detectable owing to partial melt of the dense layer. (e) ULVZ is chemically distinct, and ponds
beneath the hottest regions in a global thermo-chemical deep mantle layer. (f) The ULVZ is partial melt of a
global thermo-chemical lower mantle layer. In this panel the partial melt is portrayed as mixing throughout
the layer. (g) ULVZ is partial melt of the post-perovskite material. (h) The possibility of multiple ULVZ
sources is portrayed, combining (a) with dense melt from former harzburgitic oceanic crust delaminating
from descending slabs.

show evidence for the degree 2 anomalies, but resolution is not quite high enough to
track smaller scale plumes from these features up through the mantle. We anticipate
important advances in this area over the next several years as data coverage increases
in important areas, such as the central Pacific.

Nonetheless, insight from geodynamical numerical calculations and laboratory
experiments provide important starting points for synthesizing the seemingly diverse
results from seismic studies. Plumes appear to most easily generate from topograph-
ical ridges or points (e.g., Jellinek and Manga, 2002, 2004; McNamara and Zhong,
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Lower mantle

Central America

Outer core

Figure 5. Hypothetical west-to-east cross-section (viewing to the north, approximately equatorial) of the
lower mantle that incorporates dense thermo-chemical piles (DTCP), ultra-low velocity zones (ULVZ),
and the perovskite (Pv) to the post-perovskite (PPv) structure solid-solid phase change (dashed line 1s the
implied phase boundary). ULVZ are within the DTCP, which contain the hottest lower mantle temperatures;
overlying ridge like topography atop the DTCP is the most likely location for mantle plume initiation.

20044a; 2005). Thus, ridges near the edges of dense thermo-chemical piles that overly
the hottest deep mantle areas and possibly ULVZs (see Fig. 2), may be the most likely
zones for mantle plume initiation. Figure 5 reiterates this possibility for a hypothet-
ical cross-section across the equator from the Pacific through Central America and
through to Africa. Extensive evidence exists for ULVZ beneath portions of the Pacific
low-velocity anomaly, but ULVZ underplating of the African anomaly is less clear.
The work of Ni and Helmberger (2003a, b) and Helmberger and Ni (2005) argue for
the absence of any ULVZ layering, while Wen (2001) and Wang and Wen (2004)
(for example) argue that the base of the large African anomaly has shear velocity
reductions up to —12%, which is essentially a mild ULVZ structure. Thus, Figure 5
leaves open the possibility that the African anomaly may be distinctly different from
the Pacific anomaly.

4 DISCUSSION

Other important possibilities exist for the nature of large scale upwellings in the man-
tle, i.e., superplumes, which potentially have far reaching consequences (Maruyama,
1994; Maruyama et al., 1994). Several shapes to upwellings are possible, and include
the possibility of only a weak seismic signature of the excess plume temperature (e.g.,
Farnetani and Samuel, 2005). The recent important discovery of the post-perovskite
phase (see summary by Lay et al., 2005) must also be considered in relationship to
ULVZ, as this is potentially the dominant lower mantle mineral on the mantle side of
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the CMB. While significant seismic and geodynamic evidence exists for the presence
of lowermost mantle thermochemical anomalies, at large and short scale lengths (e.g.,
see Masters et al., 2000; Lay et al., 2004; Saltzer et al., 2004; Van Thienen et al.,
2005; Samuel et al., 2005), a significant portion of the deep mantle (i.e., away from
the degree 2 low velocities) may indeed be the post-perovskite structure. The partially
molten post-perovskite may indeed be consistent with the seismic velocity reductions
imaged for ULVZ structure. Though it is important to reiterate that ULVZ structure is
more commonly detected in association with the lower velocity regions of the deep
mantle. The possibility of a double crossing of the post-perovskite phase boundary
(Hernlund et al., 2005) due to the thermal boundary layer right at the CMB raises an
interesting question: if the temperature right at the CMB is hot enough to partially
melt perovskite or post-perovskite, should seismic detection of a high and low veloc-
ity reflector within D” (e.g., as in Thomas et al., 2004, which Hernlund et al., 2005,
argue for support of the phase boundary double crossing) be accompanied by ULVZ
structure? If yes, this has not been detected as of yet, but future work should target
better resolution of this possibility. We clarify that the post-perovskite structure in
solid phase does not contain any known significant velocity reduction that matches
those seen in ULVZ modeling (8Vp ~ —10%, 8Vs ~ —30%).

5 CONCLUSIONS

In this chapter, we have discussed ultra-low velocities at the CMB, and their possible
relationship to deep mantle megapiles or superplumes. Certainly, ULVZ structure
may have far reaching effects in Earth’s global cycles (Muller, 2002; Dobson and
Brodholt, 2005). Though important uncertainties still exist in the seismic modeling.
Forexample, in the SPAKS and PKP modeling, the CMB interacts with waves entering
and exiting the core. Thus in many cases, large uncertainties exist regarding the exact
location of anomalous structures. This can be improved by adding topside CMB
reflection probes, like PcP or ScP precursors (e.g., Mori and Helmberger, 1995; Rost
etal., 2005), as well as devising new ULVZ probes, like PKKP‘ﬁg (Rost and Garnero,
2006). Another important point is that most ULVZ modeling to date has utilized 1D
wave propagation tools (except for a few notable studies, like Wen and Helmberger,
1998a, b). Future studies need to incorporate improvements in this area.

In this chapter we have summarized recent ULVZ findings in relationship to
possible dense thermochemical piles in D”, which may be intimately related to
superplumes. The large dense piles may explain the degree 2 low shear velocity
heterogeneity reveal by seismic tomography, and help to explain several seismic
observations, including sharp sides to these structures and marked differences (even
anticorrelation) between P and S heterogeneity—neither of which can be explained
by thermal anomalies alone. Geodynamical calculations suggest that the hottest deep
mantle temperatures are beneath the edges of the dense piles, which is the most likely
region to develop ULVZ with origin of partial melt. Topographical ridges to the
dense piles near these edges are the most likely geographical regions to form mantle
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plumes. While this scenario presents a self-consistent story for ULVZ, large scale
low velocities in the deepest mantle, and plume genesis, several important uncer-
tainties are noted, primarily relating to resolution issues in the seismic imaging and
geodynamic modeling.
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