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Abstract

Hot spot volcanism may originate from the deep mantle in regions exhibiting the Earth’s most pronounced lateral S-wave
velocity gradients. These strong gradient regions display an improved geographic correlation over S-wave velocities to surface
hot spot locations. For the lowest velocities or strongest gradients occupying 10% of the surface area of the core–mantle
boundary (CMB), hot spots are nearly twice as likely to overlie the anomalous gradients. If plumes arise in an isochemical lower
mantle, plume initiation should occur in the hottest (thus lowest velocity) regions, or in the regions of strongest temperature
gradients. However, if plume initiation occurs in the lowest velocity regions of the CMB lateral deflection of plumes or plume
roots are required. The average lateral deflections of hot spot root locations from the vertical of the presumed current hot spot
location ranges from∼300 to 900 km at the CMB for the 10–30% of the CMB covered by the most anomalous low S-wave
velocities. The deep mantle may, however, contain strong temperature gradients or be compositionally heterogeneous, with
plume initiation in regions of strong lateral S-wave velocity gradients as well as low S-wave velocity regions. If mantle plumes
arise from strong gradient regions, only half of the lateral deflection from plume root to hot spot surface location is required
for the 10–30% of the CMB covered by the most anomalous strong lateral S-wave velocities. We find that strong gradient
regions typically surround the large lower velocity regions in the base of the mantle, which may indicate a possible chemical,
in addition to thermal, component to these regions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Seismic evidence for mantle plumes

Morgan (1971)first proposed that hot spots may
be the result of thermal plumes rising from the
core–mantle boundary (CMB). This plume hypothe-
sis has gained widespread appeal, yet direct seismic
imaging of whole mantle plumes through travel-time
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tomography or forward body wave studies have not
yet resolved this issue (e.g.,Ji and Nataf, 1998b;
Nataf, 2000). Plume conduits are predicted to be on
the order of 100–400 km in diameter, with maximum
temperature anomalies of roughly 200–400 K (Loper
and Stacey, 1983; Nataf and Vandecar, 1993; Ji and
Nataf, 1998a). Global tomographic models typically
possess lower resolution than is necessary to detect
a plume in its entirety.Table 1 lists the resolution
for several recent whole mantle tomographic models.
However, a few higher resolution tomographic stud-
ies have inferred uninterrupted low velocities from
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Table 1
S-wave velocity models analyzed in this study

Model Lateral parameterization Lateral dimensions Radial parameterization Reference

SAW12D Spherical harmonics Up to 12◦ (∼1800 kma) Legendre polynomials Li and Romanowicz (1996)
S14L18 Equal area blocks 4◦ × 4◦ (∼240 kma) 200 km thick deepest layer Masters et al. (2000)
Kuo12 Spherical harmonics Up to 12◦ (∼1800 kma) One layer 250 km thick Kuo et al. (2000)
S20RTS Spherical harmonics Up to 20◦ (∼1000 kma) 21 Vertical splines Ritsema and van Heijst (2000)
S362C1 Spherical B splines Roughly 18◦ (∼1200 kma) 14 cubic B splines Gu et al. (2001)
TXBW Equal area blocks ∼2.5◦ × ∼2.5◦ (∼150 kma) 240 km thick deepest layer Grand (2002)

a Approximate resolution at CMB.

the CMB to the base of the crust. For example, the
models of Bijwaard and Spakman (1999)(65–200
and 150–400 km lateral resolution in upper and lower
mantle, respectively) andZhao (2001) (5◦ lateral
resolution) both show uninterrupted low P-wave ve-
locities beneath Iceland, which have been interpreted
as evidence for a whole mantle plume in the region.
In addition, the tomographic model S20RTS (Ritsema
et al., 1999; Ritsema and van Heijst, 2000) shows
a low S-wave velocity anomaly in the upper mantle
beneath Iceland that ends near 660 km depth. High
resolution (e.g., block sizes of 75 km×75 km×50 km
(Foulger et al., 2001)) regional tomographic studies
have also been used to image plumes in the upper
mantle and have shown that some plumes extend at
least as deep as the transition zone, but the full depth
extent of the inferred plumes remains unresolved
(Wolfe et al., 1997; Foulger et al., 2001; Gorbatov
et al., 2001). Resolution at even shorter scale lengths
is necessary to determine with greater confidence any
relationship between continuity of low velocities in
the present models and mantle plumes.

Several body wave studies have focused on
plume-like structures related to hot spots at the base
of the mantle. For example,Ji and Nataf (1998b)used
a method similar to diffraction tomography to image
a low velocity anomaly northwest of Hawaii that rises
at the base of the mantle and extends at least 1000 km
above the CMB.Helmberger et al. (1998)used wave-
form modeling to show evidence for a 250 km wide
dome-shaped, ultra-low velocity zone (ULVZ) struc-
ture beneath the Iceland hot spot at the CMB.Ni
et al. (1999)used waveform modeling to confirm the
existence of an anomalous (approximately up to−4%
�Vs) low velocity structure beneath Africa extend-
ing upward 1500 km from the CMB, which may be

related to one or more of the hot spots found in the
African region. Several seismic studies have shown
evidence for plumes in the mantle transition zone
(410–660 km), suggesting that hot spots may feed
plumes at a minimum depth of the uppermost lower
mantle (Nataf and Vandecar, 1993; Wolfe et al., 1997;
Foulger et al., 2001; Niu et al., 2002; Shen et al.,
2002). These plumes are not necessary to explain the
majority of hot spots on Earth’s surface (Clouard and
Bonneville, 2001), but suggest that some hot spots
may be generated from shallow upwelling as implied
by layered convection models (e.g.,Anderson, 1998).

1.2. Indirect evidence: correlation studies

The inference that the deepest mantle seismic
structure is related to large-scale surface tectonics has
been given much attention in the past decade (e.g.,
Bunge and Richards, 1996; Tackley, 2000). Several
studies suggest that past and present surface subduc-
tion zone locations overlay deep mantle high seismic
wave speeds (Dziewonski, 1984; Su et al., 1994; Wen
and Anderson, 1995), which are commonly attributed
to cold subducting lithosphere migrating to the CMB.
Recent efforts in seismic tomography have revealed
images of planar seismically fast structures resem-
bling subducting lithosphere that may plunge deep
into the mantle (Grand, 1994; Grand et al., 1997; van
der Hilst et al., 1997; Bijwaard et al., 1998; Megnin
and Romanowicz, 2000; Gu et al., 2001). The final
depth of subduction has far reaching implications
for the nature of mantle dynamics and composition
(Albarede and van der Hilst, 2002). This finding, cou-
pled with the spatial correlation of hot spots and deep
mantle low seismic velocities, are main constituents of
the argument for whole mantle convection (Morgan,
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1971; Hager et al., 1985; Ribe and Devalpine, 1994;
Su et al., 1994; Grand et al., 1997; Lithgow-Bertelloni
and Richards, 1998).

With present challenges in direct imaging of mantle
plumes or the source of hot spots, comparison stud-
ies of hot spots and deep mantle phenomena have
yielded provocative results. Surface locations of hot
spots have been correlated to low velocities (e.g.,Wen
and Anderson, 1997; Seidler et al., 1999) and UL-
VZs (Williams et al., 1998) at the CMB. It has also
been noted, however, that the locations of hot spots at
Earth’s surface tend to lie near edges of low-velocity
regions, as shown by tomographic models at the CMB
(Castle et al., 2000; Kuo et al., 2000). This correla-
tion has been used to imply that mantle plumes can be
deflected by more than 1000 km from their proposed
root source of the deepest mantle lowest velocities to
the surface, perhaps by the action of “mantle winds”
(e.g.,Steinberger, 2000).

1.3. Other mantle plume studies

The wide variability of observed and calculated hot
spot characteristics implies that several mechanisms
for hot spot genesis may be at work. Modeling of
plume buoyancy flux has been carried out for sev-
eral hot spots (Davies, 1988; Sleep, 1990; Ribe and
Christensen, 1994), revealing a wide range in the
volcanic output of plumes possibly responsible for
many hot spots. Geodynamic arguments suggest some
hot spots may be fed by shallow-rooted (e.g.,Albers
and Christensen, 1996) or mid-mantle-rooted (e.g.,
Cserepes and Yuen, 2000) plume structures. Geo-
chemical evidence suggests that different hot spot
source regions may exist (Hofmann, 1997), as shown
by isotopic studies that argue for either transition
zone (e.g.,Hanan and Graham, 1996) or CMB (e.g.,
Brandon et al., 1998; Hart et al., 1992) source regions.
Further tomographic evidence has been used to argue
that several hot spots may be fed by a single large
upwelling from the deep mantle (e.g.,Goes et al.,
1999). Hence, the original mantle plume hypothe-
sis (Morgan, 1971), that long-lived thermal plumes
rise from the CMB, has expanded to include a wide
variety of possible origins of hot spot volcanism.

In this study, we explore statistical relationships be-
tween the surface locations of hot spots and seismic
heterogeneity observed in the deep mantle. Specifi-

cally, we compare hot spot surface locations to low
S-wave velocity heterogeneities and strong S-wave lat-
eral velocity gradients. We evaluate the origin of hot
spot related plumes, and examine the implications for
deep mantle composition and dynamics.

2. Calculation of lateral shear-wave velocity
gradients

We analyzed gradients in lateral S-wave velocity at
the CMB for six global models of S-wave velocities.
Table 1summarizes the parameterizations of each of
the models analyzed. Using bi-cubic interpolation, we
resampled models originally parameterized in either
spherical harmonics or blocks onto a 1◦ × 1◦ grid.
Additionally, we smoothed block models laterally by
Gaussian cap averaging with a radius of 4◦ or 8◦ for
comparison with the smoother structures represented
by spherical harmonics. We calculated lateral S-wave
velocity gradients for the deepest layer in each model
at every grid point as follows: (a) great circle arc seg-
ments were defined with 500–2000 km lengths cen-
tered on each grid point for every 5◦ of rotation in
azimuth; (b) seismic velocity was estimated at 2, 3, 5,
7, or 9 equally spaced points (by nearest grid point in-
terpolation) along each arc; (c) a least squares best fit
line through arc sampling points was applied for each
azimuth; and (d) the maximum slope, or gradient, and
associated azimuth was calculated for each grid point.
This approach proved versatile for computing lateral
velocity gradients for the variety of model parameter-
izations analyzed (Table 1).

In order to compare S-wave velocities and lateral
S-wave velocity gradients between different models,
lower mantle S-wave velocities and lateral S-wave
velocity gradients were re-scaled according to CMB
surface area. For example, for model S20RTS, S-wave
velocities at or lower than�Vs = −1.16, 10% of
the surface area of the CMB is covered (herein after
referred to as “% CMB surface area coverage”). Sim-
ilarly, the most anomalous velocities occupying 20%
CMB surface area coverage, are lower than�Vs =
−0.59. Lateral S-wave velocity gradients are scaled in
the same manner, where 10% CMB surface area cov-
erage corresponds to the most anomalous strong gra-
dients. The number of hot spots located within a given
percentage of CMB surface area coverage for low
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Table 2
Hot spots used with locations (afterSteinberger, 2000)

Hot spot Latitude Longitude Hot spot Latitude Longitude

1. Azores 38.5 −28.4 23. Kerguelen −49.0 69.0
2. Balleny −66.8 163.3 24. Lord Howe −33.0 159.0
3. Bowie 53.0 −135.0 25. Louisville −51.0 −138.0
4. Cameroon 4.2 9.2 26. Macdonald −29.0 −140.2
5. Canary 28.0 −18.0 27. Marion −46.9 37.8
6. Cape Verde 15.0 −24.0 28. Marquesas −11.0 −138.0
7. Caroline 5.0 164.0 29. Meteor −52.0 1.0
8. Cobb 46.0 −130.0 30. New England 28.0 −32.0
9. Comores −11.8 43.3 31. Pitcairn −25.0 −129.0
10. Darfur 13.0 24.0 32. Raton 37.0 −104.0
11. East Africa 6.0 34.0 33. Reunion −21.2 55.7
12. East Australia −38.0 143.0 34. St. Helena −17.0 −10.0
13. Easter −27.1 −109.3 35. Samoa −15.0 −168.0
14. Eifel 50.0 7.0 36. San Felix −26.0 −80.0
15. Fernando −4.0 −32.0 37. Socorro 18.7 −111.0
16. Galapagos −0.4 −91.5 38. Tahiti −17.9 −148.1
17. Guadelupe 27.0 −113.0 39. Tasmanid −39.0 156.0
18. Hawaii 19.4 −155.3 40. Tibesti 21.0 17.0
19. Hoggar 23.0 6.0 41. Trindade −20.5 −28.8
20. Iceland 65.0 −19.0 42. Tristan −38.0 −11.0
21. Jan Mayen 71.1 −8.2 43. Vema −33.0 4.0
22. Juan Fernandez −34.0 −82.0 44. Yellowstone 44.6 110.5

S-wave velocity or strong lateral gradient are tabulated
into hot spot hit counts. In this manner, the spatial
distribution of the most anomalous low seismic ve-
locities and strong gradients can be equally compared
and correlated to hot spots. For example, the first two
columns ofFig. 2show velocities and gradients of the
model S20RTS (Ritsema and van Heijst, 2000), with
contours drawn in green around the 10, 20, and 30%
most anomalously low shear velocities and strongest
lateral S-wave velocity gradients scaled by CMB sur-
face area coverage. In the third column (Fig. 2), the
% CMB surface area coverage contours are filled in
solid, with hot spot positions drawn as red circles
and hot spot hit counts listed beneath the respective
globes.

In order to compare shear velocities and our com-
puted lateral S-wave velocity gradients to hot spot
surface locations, we used a catalog of 44 hot spots
(Steinberger, 2000). We used this catalog because it
imposed three stringent conditions to qualify as a hot
spot. First, each hot spot location must be associated
with a volcanic chain, or at least two age determina-
tions must exist indicating a volcanic history of several
million years. Second, two out of four of the follow-

ing conditions must be met: (i) present-day or recent
volcanism (ii) distinct topographic elevation (iii) asso-
ciated volcanic chain, or (iv) associated flood basalt.
Third, all subduction zone related volcanism was ex-
cluded as being related to hot spots.Table 2andFig. 1
show the hot spots and their respective locations used
in this study.

This is not a comprehensive list of all possible hot
spots (e.g., compare with 19 hot spots ofMorgan
(1972), 37 of Sleep (1990)or 117 of Vogt (1981)).
Also, we do not presume that plumes rooted in the
CMB necessarily produce each of these hot spots. As
noted bySteinberger (2000), this list does not include
any hot spots in Asia due to difficulty in recogni-
tion. Therefore,Table 2gives a representative group
of Earth’s most prominent hot spots.

3. Results

For the 10% of the CMB surface area covered by
lowest velocities or strongest gradients, nearly twice as
many hot spots are found within 5◦ of strong gradients.
For example, this observation is apparent in the third
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Fig. 1. Locations of hot spots used in this study are plotted as closed circles. Numbers correspond to the number listed next to each hot
spot in Tables 2–4.

column of Fig. 2 for model S20RTS. In this model,
23 hot spots—over half of all hot spots—overlie the
strongest gradients, compared to 12 hot spots for low
velocities. At 20% CMB surface area coverage 22 hot
spots (50%) are found over low velocities, whereas 35
(∼80%) are found over strong gradients. Increasing
the coverage to greater than one-fourth of the CMB
decreases this disparity. For example, for 30% of the
CMB covered by lowest velocities or strongest gradi-
ents, model S20RTS has∼61% of all hot spots over
the lowest velocities and∼84% over the strongest gra-
dients. The most striking disparity in hot spot hit count
is seen in the 10–40% CMB surface area coverage
range, which holds for all models analyzed.

Fig. 3displays the six models analyzed in this study.
The first column ofFig. 3 displays the S-wave veloc-
ity perturbations, while the second and third columns
show low S-wave velocity and strong lateral gradi-
ent, respectively, contoured and shaded on the basis
of CMB surface area coverage. The number of hot
spots located within a surface area contour for low
shear velocity or strong lateral gradient are tabulated
into hot spot hit counts, incrementing CMB surface
area coverage in 1% intervals. In computing hot spot
correlations to these distributions, we allowed for hot
spot root lateral deflections by experimenting with a
variable radius search bin centered on each hot spot to
tabulate lowest velocity or strongest gradient within.
Fig. 4 displays the hot spot hit counts for the model
S20RTS, for a 5◦ radius search bin (approximately

300 km radius centered on each hot spot).Steinberger
(2000)determined hot spot root locations due to man-
tle winds using three tomographic models, and es-
timated average lateral deflections from present day
hot spot surface locations averaging∼12◦ (∼734 km)
at the CMB. A 5◦ radius search bin is the largest
used in our calculations, which corresponds to less
than half of this. However,Steinberger (2000)as-
sumed a thermal origin to seismic heterogeneity, with
the result of hot spot roots being located near the
hottest temperatures and thus near the lowest veloc-
ities. We will first address the statistical correlations
between hot spots and low S-wave velocities and then
hot spots and strong gradients, and further discuss pos-
sible scenarios that relate to the origin of lower mantle
heterogeneity.

4. Discussion

The number of hot spots nearest the strongest veloc-
ity gradients is significantly greater than for the lowest
velocities in the deep mantle. This is demonstrated in
Fig. 2 for model S20RTS, and is also seen inFig. 4
which shows hot spot hit counts for either velocities
or gradients versus percent coverage of the CMB for
this model.Fig. 4 also displays the disparity seen in
the range of 10–40% CMB surface area coverage be-
tween low velocities and strong gradients. That is, the
correlation between hot spots and velocity gradients is
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Fig. 2. Hot spot counts are shown for model S20RTS. The first column shows contour lines (green) drawn around 10, 20, and 30% CMB
surface area coverage for the most anomalous low velocities. The second column has contour lines drawn around 10, 20, and 30% CMB
surface area coverage for lateral S-wave velocity gradients for a 1000 km arc length with five sample points. The third column shows the
CMB percent surface area coverage, contoured in the first two columns, with lowest velocities filled in red and strongest gradients filled in
green. The surface locations of hot spots are plotted as red circles. The numbers beneath each drawing show for both S-wave velocity and
gradient, the hot spot count and, in parenthesis, the percentage of the total amount of hot spots and the percentage of randomly rotated
hot spot locations having a weaker correlation within the CMB percent surface coverage contour. All numbers are obtained using a 5◦
radius bin centered on the hot spot.

highest for the strongest gradients in this surface area
coverage range.

In our analysis of velocity gradients, variations in
hot spot hit count occur for ranges of arc length and
search radius. We explored up to 2000 km arc lengths
for gradient estimations.Fig. 4 shows a slightly bet-
ter hot spot count for gradient calculations with a
500 km arc length than for 1000 km, however there is
no significant difference between them. Gradient esti-
mations over dimensions larger than 1000 km result in
more similar hot spot hit counts between low veloc-
ities and strong gradients, which is expected because
short wavelength heterogeneity is smoothed out rela-
tive to shorter arc length calculations. Hot spot counts

also depend on the size of the radius search bin used
to collect the gradient and velocity values. Decreas-
ing the search radius size reduces hot spot counts for
both the velocity and gradient calculations. In partic-
ular, gradient hot spot counts decrease disproportion-
ately relative to velocity hot spot counts, as gradients
naturally possess smaller wavelength features than the
velocity data from which they are derived. Conversely,
increasing the size of the radius search bin, in accor-
dance with the hot spot plume deflection calculations
of Steinberger (2000), increases hot spot counts for the
strongest gradients rather than the lowest velocities.

Overall hot spot hit counts for the six S-wave mod-
els analyzed are given inTables 3 and 4. For example,
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Fig. 3. The first column displays the raw S-wave velocity perturbations of the six models analyzed. The second column shows the S-wave
velocity models contoured by surface area coverage of the CMB, where the most anomalous low velocities are represented by the lowest
percentages. The third column shows lateral S-wave velocity gradients contoured by surface area coverage of the CMB, where the strongest
gradients are represented by the lowest percentages. Lateral velocity gradients shown here are calculated for a 1000 km length of arc with
five sample points used in the least square approximation. Hot spot surface locations are plotted as red circles in the second and third
columns. Models are as inTable 1.

a value of 5 inTable 3 signifies that the hot spot
overliesD′′ S-wave heterogeneity with the magnitude
ranked at 5% of the lowest velocities on Earth (i.e.,
0% corresponds to the lowest velocity inD′′ and 100%
corresponds to the highest velocity inD′′). Similarly,

a value of 5 inTable 4signifies the hot spot overlies
D′′ S-wave velocity lateral gradient with the magni-
tude ranked at 5% of the strongest gradients on Earth.
(Again, 0% corresponds to the strongestD′′ lateral ve-
locity gradients, and 100% corresponds to the weakest
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Fig. 4. The number of hot spots falling within the percentage
of CMB surface area coverage are shown for model S20RTS.
The triangles show the number of hot spots for a lateral velocity
gradient calculation with a 500 km arc length, while the squares
show the number of hot spots for a gradient calculation with a
1000 km arc length. Both gradient calculations were done with five
points used in the least square approximation. The circles show
the number of hot spots within the percentage of CMB surface
area coverage for velocity.

gradients.) These values are presented inFig. 5 for
percent CMB surface area coverage’s between 10
and 30%. This range displays a higher number of hot
spots above strong gradients than for low velocities.
The 10% coverage cutoff shows the greatest differ-
ence between gradient and velocity counts with an
average over all models showing 49 and 46% of all
hot spots falling within the gradient cutoff for 500
and 1000 km gradient measurement arcs, respectively.
In comparison, only 26% of all hot spots are within
5◦ of the 10% of the CMB occupied by the lowest
velocities.

Using theSteinberger (2000)hot spot root locations,
we also calculated correlations between hot spots and
either low velocities or strong gradients. As expected,
hot spot roots lie closer to the lowest S-wave velocities
than to strong gradients, since the roots were obtained
using the assumption of a density driven flow model,
where shear-wave velocities were linearly mapped to
densities. The mantle wind estimates using this as-
sumption place the source of mantle plumes near the
lowest densities, corresponding to the lowest seismic
velocities.

We compared the strength of correlation to hot spot
buoyancy flux estimates (Sleep, 1990; Steinberger,
2000). It has been argued that flux should relate to
depth of plume origin (e.g.,Albers and Christensen,
1996). However, we did not observe a clear depen-

Fig. 5. The number of hot spots (hot spot hit count and percentage
of total amount of hot spots) that fall within 10, 20, and 30%
CMB surface area coverage for all six S-wave velocity models.
The solid and open symbols show the number of hot spots falling
inside the CMB percent surface area coverage for velocity and
lateral S-wave velocity gradient respectively. Hot spot hit counts
are shown using a 5◦ radius bin centered on the hot spot. Gradient
calculations were done using a 500 km arc length.

dence on flux in the correlations for either S-wave
velocities or lateral S-wave velocity gradients. This is
not surprising, because hot spots with relatively weak
flux estimates, as compared to the Hawaiian hot spot
(hot spot #18 inFig. 1), also display hot spot traces
that accurately follow plate motions. For example,
Duncan and Richards (1991)pointed out that the East
Australia, Tasmanid, and Lord Howe hot spots (hot
spots #12, #39, and #24,Fig. 1), each with volume
flux estimates of 900 kg/s (compared with 6500 kg/s
for the Hawaiian hot spot (Steinberger, 2000)), accu-
rately represent the Australian–Indian plate motion,
suggesting a common source for each of them. Addi-
tionally, in theSteinberger (2000)calculation of hot
spot lateral deflections, the smallest hot spots (vol-
ume flux<2000 kg/s) show a fairly even distribution
of deflections ranging from 200 to 1400 km. Some of
the largest hot spots (Tahiti, Marquesas, and Pitcairn,
hot spots #38, #28, and #31,Fig. 1) show relatively
little deflection, yet Hawaii and Macdonald (hot spot
#26, Fig. 1) show as much as 700–800 km of lateral
deflection.
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Table 3
S-wave velocity percent coverage of CMB surface area overlain by each hot spot

Hot spot % CMB coverage�Vs

SAW12D Kuo12 S362C1 TXBW S20RTS S14L18 Average S.D.

1. Azores 10.00 22.00 43.00 28.00 32.00 16.00 25.17 11.81
2. Balleny 29.00 71.00 59.00 70.00 64.00 55.00 58.00 15.49
3. Bowie 48.00 62.00 82.00 49.00 65.00 64.00 61.67 12.47
4. Cameroon 26.00 20.00 15.00 3.00 3.00 18.00 14.17 9.37
5. Canary 14.00 3.00 13.00 3.00 4.00 3.00 6.67 5.32
6. Cape Verde 16.00 7.00 10.00 3.00 8.00 11.00 9.17 4.36
7. Caroline 5.00 10.00 11.00 3.00 1.00 1.00 5.17 4.40
8. Cobb 47.00 19.00 43.00 48.00 77.00 47.00 46.83 18.44
9. Comores 44.00 28.00 40.00 23.00 26.00 22.00 30.50 9.25
10. Darfur 18.00 20.00 12.00 5.00 10.00 24.00 14.83 7.05
11. East Africa 4.00 45.00 18.00 8.00 15.00 28.00 19.67 14.95
12. East Australia 34.00 31.00 58.00 59.00 43.00 69.00 49.00 15.27
13. Easter 17.00 5.00 18.00 14.00 15.00 9.00 13.00 5.02
14. Eifel 66.00 27.00 83.00 34.00 31.00 39.00 46.67 22.56
15. Fernando 16.00 41.00 20.00 35.00 25.00 33.00 28.33 9.58
16. Galapagos 9.00 29.00 26.00 26.00 47.00 26.00 27.17 12.09
17. Guadelupe 14.00 10.00 35.00 48.00 42.00 49.00 33.00 17.06
18. Hawaii 15.00 38.00 7.00 17.00 13.00 10.00 16.67 11.04
19. Hoggar 24.00 15.00 33.00 11.00 14.00 28.00 20.83 8.80
20. Iceland 5.00 24.00 31.00 26.00 22.00 29.00 22.83 9.33
21. Jan Mayen 14.00 29.00 33.00 28.00 30.00 33.00 27.83 7.08
22. Juan Fernandez 58.00 13.00 35.00 40.00 56.00 28.00 38.33 17.10
23. Kerguelen 13.00 7.00 2.00 2.00 6.00 19.00 8.17 6.68
24. Lord Howe 5.00 19.00 24.00 24.00 36.00 37.00 24.17 11.82
25. Louisville 54.00 35.00 17.00 28.00 18.00 22.00 29.00 13.97
26. Macdonald 66.00 41.00 56.00 27.00 45.00 50.00 47.50 13.34
27. Marion 13.00 14.00 23.00 14.00 16.00 17.00 16.17 3.66
28. Marquesas 10.00 10.00 6.00 4.00 4.00 7.00 6.83 2.71
29. Meteor 22.00 17.00 15.00 5.00 23.00 19.00 16.83 6.52
30. New England 39.00 28.00 28.00 15.00 19.00 14.00 23.83 9.62
31. Pitcairn 7.00 6.00 18.00 5.00 5.00 7.00 8.00 4.98
32. Raton 65.00 24.00 79.00 64.00 40.00 62.00 55.67 19.95
33. Reunion 16.00 19.00 24.00 7.00 16.00 21.00 17.17 5.85
34. St. Helena 5.00 1.00 4.00 2.00 1.00 2.00 2.50 1.64
35. Samoa 14.00 3.00 4.00 17.00 2.00 2.00 7.00 6.69
36. San Felix 65.00 22.00 33.00 58.00 46.00 32.00 42.67 16.61
37. Socorro 14.00 15.00 47.00 49.00 46.00 55.00 37.67 18.22
38. Tahiti 15.00 6.00 12.00 6.00 1.00 3.00 7.17 5.34
39. Tasmanid 14.00 27.00 48.00 45.00 48.00 81.00 43.83 22.76
40. Tibesti 24.00 28.00 26.00 17.00 18.00 22.00 22.50 4.37
41. Trindade 25.00 31.00 14.00 25.00 31.00 23.00 24.83 6.27
42. Tristan 7.00 7.00 10.00 4.00 16.00 13.00 9.50 4.42
43. Vema 35.00 4.00 4.00 1.00 2.00 2.00 8.00 13.28
44. Yellowstone 68.00 22.00 78.00 47.00 62.00 87.00 60.67 23.37

Statistical significance testing of our correlations
were performed by comparing the correlation between
hot spot locations and the strength of the velocity
or gradient anomaly within the radius search bin be-

neath them. The correlation with hot spots in their
current location was compared with the correlation
calculated for 10,000 pseudo-random rotations of the
hot spots about three Euler angles, with the relative
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Table 4
Lateral gradient percent coverage of CMB surface area overlain by each hot spot

Hot spot % CMB coverage∇ (�Vs)

SAW12D Kuo12 S362C1 TXBW S20RTS S14L18 Average S.D.

1. Azores 4.00 44.00 24.00 6.00 13.00 10.00 16.83 15.05
2. Balleny 20.00 29.00 2.00 15.00 17.00 58.00 23.50 19.02
3. Bowie 56.00 2.00 48.00 29.00 38.00 18.00 31.83 19.86
4. Cameroon 18.00 13.00 8.00 1.00 2.00 7.00 8.17 6.49
5. Canary 13.00 7.00 20.00 4.00 3.00 7.00 9.00 6.42
6. Cape Verde 8.00 5.00 7.00 1.00 4.00 3.00 4.67 2.58
7. Caroline 64.00 41.00 47.00 38.00 2.00 8.00 33.33 23.80
8. Cobb 52.00 2.00 7.00 46.00 62.00 15.00 30.67 25.69
9. Comores 3.00 26.00 11.00 12.00 13.00 9.00 12.33 7.58
10. Darfur 17.00 3.00 8.00 3.00 2.00 22.00 9.17 8.42
11. East Africa 20.00 36.00 6.00 7.00 3.00 8.00 13.33 12.55
12. East Australia 1.00 54.00 63.00 6.00 18.00 31.00 28.83 25.37
13. Easter 12.00 12.00 35.00 9.00 4.00 5.00 12.83 11.37
14. Eifel 6.00 19.00 27.00 5.00 27.00 16.00 16.67 9.69
15. Fernando 3.00 36.00 18.00 19.00 5.00 26.00 17.83 12.51
16. Galapagos 2.00 17.00 1.00 2.00 1.00 1.00 4.00 6.39
17. Guadelupe 1.00 3.00 18.00 43.00 16.00 34.00 19.17 16.68
18. Hawaii 5.00 4.00 5.00 32.00 8.00 2.00 9.33 11.27
19. Hoggar 66.00 10.00 59.00 3.00 12.00 10.00 26.67 28.01
20. Iceland 14.00 2.00 36.00 23.00 9.00 28.00 18.67 12.64
21. Jan Mayen 12.00 2.00 31.00 3.00 8.00 22.00 13.00 11.42
22. Juan Fernandez 68.00 8.00 43.00 9.00 35.00 11.00 29.00 24.16
23. Kerguelen 41.00 13.00 2.00 6.00 6.00 75.00 23.83 28.78
24. Lord Howe 7.00 5.00 7.00 8.00 7.00 2.00 6.00 2.19
25. Louisville 61.00 47.00 2.00 6.00 8.00 34.00 26.33 24.61
26. Macdonald 1.00 61.00 57.00 2.00 66.00 7.00 32.33 31.96
27. Marion 5.00 6.00 3.00 2.00 3.00 54.00 12.17 20.55
28. Marquesas 2.00 53.00 13.00 9.00 21.00 17.00 19.17 17.83
29. Meteor 7.00 7.00 7.00 0.00 3.00 18.00 7.00 6.10
30. New England 4.00 9.00 5.00 1.00 2.00 2.00 3.83 2.93
31. Pitcairn 20.00 12.00 14.00 13.00 7.00 5.00 11.83 5.34
32. Raton 11.00 6.00 12.00 46.00 9.00 12.00 16.00 14.87
33. Reunion 1.00 18.00 1.00 1.00 2.00 20.00 7.17 9.20
34. St. Helena 38.00 2.00 35.00 7.00 5.00 11.00 16.33 15.92
35. Samoa 26.00 1.00 47.00 16.00 16.00 15.00 20.17 15.38
36. San Felix 57.00 3.00 47.00 25.00 16.00 5.00 25.50 22.23
37. Socorro 1.00 3.00 21.00 13.00 11.00 34.00 13.83 12.24
38. Tahiti 34.00 38.00 43.00 10.00 21.00 56.00 33.67 16.28
39. Tasmanid 6.00 11.00 40.00 6.00 52.00 10.00 20.83 19.96
40. Tibesti 52.00 5.00 15.00 28.00 4.00 29.00 22.17 18.15
41. Trindade 3.00 56.00 29.00 28.00 17.00 29.00 27.00 17.47
42. Tristan 14.00 16.00 7.00 5.00 12.00 25.00 13.17 7.14
43. Vema 26.00 17.00 34.00 3.00 27.00 18.00 20.83 10.76
44. Yellowstone 36.00 2.00 3.00 25.00 19.00 9.00 15.67 13.44

position between hot spots maintained. For the 10%
of the CMB overlain by strongest gradients averaged
over all six models tested, the percentage of random
hot spot locations that show a lower correlation than

current hot spot locations is 94.3%. The final number
in each row ofFig. 2shows the percentage of random
hot spot locations with lower correlations than cur-
rent hot spot current locations for model S20RTS. For
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example, at 10% CMB surface area coverage,∼89%
(∼11%) of randomly rotated hot spot locations show
lower (higher) correlations than hot spot present lo-
cations over low velocities. Similarly, 99.8% (0.2%)
of randomly rotated hot spot locations show lower
(higher) correlations than hot spot present locations
over strong gradients. This statistical significance
testing shows that spatial grouping of current hot spot
locations does not bias our results.

Our calculations for lateral S-wave velocity gra-
dients display some model dependency, especially
at shorter length scales. In order to characterize the
variability of the tomographic models used, the stan-
dard deviation of the magnitude of S-wave velocities
at each latitude and longitude (as scaled by CMB
surface area coverage) was calculated (Fig. 6). There
is good agreement between each of the models for
the most anomalous low and high velocities. Model
discrepancy is highest in regions with the lowest am-
plitude of heterogeneity. Overall, the CMB surface
percent coverage (shown inTables 3 and 4) under-
lying each hot spot displays consistency across all
velocity models. These averages show high standard
deviations for several hot spots, indicating the degree
to which the tomographic models differ in these loca-

Fig. 6. The standard deviation of the six S-wave models analyzed
is shown, where the magnitude of S-wave velocities are scaled by
CMB surface area coverage. The number of hot spots overlying
the ranges of standard deviation 0–10, 10–20, and 20–30% is
indicated above the scale-bar. All standard deviation values greater
than 30% (corresponding to<1% CMB surface area coverage)
are shaded the darkest. Hot spots are drawn as black circles.

tions, and may provide indication of an upper mantle
source.

As arc lengths ranging from 500 to 1500 km yield
the same result for a given model, our gradient cal-
culations are most reliable at this length scale. Calcu-
lations of gradients over smaller arc lengths tend to
display more incoherency, and may only serve to high-
light the small-scale differences between the different
tomographic models. Longer arc lengths smooth out
short wavelength heterogeneity producing more simi-
lar hot spot counts between velocity and gradient. For
500–1500 km arc lengths, all of the models display
strong gradients surrounding low velocity regions,
as well as coherence between the different models
(Fig. 6). Nevertheless, some uncertainty exists due to
variability in model resolution.

While we do not attempt to reconcile the many is-
sues present regarding hot spot genesis, our results
show that hot spot locations are better correlated with
lateral S-wave velocity gradients than with S-wave ve-
locities. This correlation does not mandate that mantle
plumes feeding hot spots originate from the CMB, but
it does call for further discussion regarding the possi-
ble scenarios relating to the CMB-source hypothesis.
In this light, we discuss briefly several possibilities and
corresponding implications of our results for plumes
possibly originating at the CMB in either an isochem-
ical or chemically heterogeneous lower mantle.

4.1. Plumes rising from an isochemical lower
mantle

Hot spots may be the result of whole mantle plumes
rooted at the CMB in an isochemical lower mantle.
The lowest velocities in an isochemical lower mantle
should be associated with the highest temperatures,
with the consequence of mantle plume formation in
those locations. If the tomographic models evaluated
in this study are of high enough resolution to resolve
CMB plume roots, several observations may be made
in light of our results.

Some plumes may be rising vertically from low
velocity regions detected by tomography, which may
be associated with a ULVZ structure with partial melt
origin (Williams and Garnero, 1996). Our results in-
dicate that all hot spots are not necessarily located
over low S-wave velocities; therefore, not all hot spots
may be the result of vertically rising plumes from a
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dynamically static isochemical lower mantle. How-
ever, plumes may be deflected in the mantle under the
action of mantle winds. Alternatively, if lower mantle
viscosity is too low to keep plume roots fixed, they
may wander, or advect, in response to the stress field
induced by whole mantle convection (Loper, 1991;
Steinberger, 2000). Steinberger’s (2000)calculations
show density driven horizontal flow in the lower man-
tle that is directed inward with respect to the African
and Pacific low velocity anomalies. This flow field
allows for plume roots based in the lowest velocities,
but through lower mantle advection are no longer
underlying the surface hot spot locations. Our results
are reconcilable with the possibility of upper or lower
mantle advective processes shifting the plume root or
surface location to non-vertical alignment. However,
in the six models we analyzed the average amount of
lateral deflection of all hot spot roots is∼300–900 km
(∼5–15◦) for the 10–30% lowest S-wave velocities at
the CMB (Fig. 7, top panel). The large uncertainties
in the time for a plume to rise from the CMB makes it
difficult to quantify the uncertainties in the magnitude
of lateral plume deflection calculations.

Tomographic models may lack the resolution to
detect lower mantle plume roots in an isochemical
lower mantle, unless all plumes originate from the
degree 2 low velocity features. These degree 2 low
velocity features are linked to large low velocity
structures rising from the CMB under Africa and the
south-central Pacific, and may generate observed hot
spot volcanism in those regions (Romanowicz and
Gung, 2002). However, unmapped localized ULVZ
structure of partial melt origin may relate to plume
genesis, which would also go undetected in current
tomographic studies. The observations of ULVZs
(Garnero and Helmberger, 1998) and strong PKP pre-
cursors in regions not associated with anomalously
low velocities in tomographic models (Wen, 2000;
Niu and Wen, 2001) supports the possibility that
plumes are generated at currently unmapped ULVZ
locations. The recent observation of strong PKP scat-
terers underneath the Comores hot spot (hot spot #9,
Fig. 1) (Wen, 2000) also supports this idea. ULVZs
and strong PKP precursors have been found in regions
of strong lateral S-wave gradients. However, spatial
coverage of either ULVZ variations or PKP scatterers
is far from global, which precludes comparison to
global lower mantle velocities or gradients.

Fig. 7. The top panel shows, for each of the six tomographic
models analyzed, the average distance on the CMB for all hot spots
to the specified percentage of CMB surface area coverage for low
S-wave velocities. The bottom panel shows the average distance
on the CMB for all hot spots to the specified percentage of CMB
surface area coverage from strong lateral S-wave velocity gradients.

An isochemical lower mantle cannot be completely
ruled out, however, as plumes may also be initiated
at strong, short-scale, lateral temperature gradients in
an isochemical lower mantle (Zhao, 2001; Tan et al.,
2002). Tan et al. (2002)suggests that if subducting
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slabs are able to reach the CMB, then they will push
aside hot mantle material and plumes will prefer-
entially be initiated from their edges. Tomographic
models may currently lack the resolution needed to
characterize such short-scale variations. Nonethe-
less, strong short-scale temperature gradients in an
isochemical lower mantle should be associated with
strong lateral S-wave gradients.Tan et al. (2002)sug-
gest that lateral temperature anomalies of∼500◦C
may exist between subducted slabs and ambient
mantle material, which is comparable to temperature
anomalies that may be inferred across our gradient
estimation calculations (Stacey, 1995; Oganov et al.,
2001). One challenge is that the strongest velocity
gradients surround the lowest velocities, which are
typically well separated from the high velocityD′′
features typically associated with subduction. How-
ever, it is an intriguing possibility, especially consid-
ering the work ofSteinberger (2000), who suggests
that the lower mantle flow field is being directed
inward towards the Pacific and African low velocity
anomalies. It is conceivable that this lower mantle
flow field could be the result of ancient subduction,
and is suggested for hot spots east of South America
(Ni and Helmberger, 2001). We further discuss lateral
deflection of hot spot roots in the next section.

4.2. Plumes rising from a compositionally
heterogeneous lower mantle

Evidence for deep mantle compositional variations
has also been proposed using a variety of seismic
methods at a number of spatial scales (e.g.,Sylvander
and Souriau, 1996; Breger and Romanowicz, 1998;
Ji and Nataf, 1998a; Ishii and Tromp, 1999; van der
Hilst and Karason, 1999; Wysession et al., 1999;
Garnero and Jeanloz, 2000; Masters et al., 2000;
Breger et al., 2001; Saltzer et al., 2001) as well as from
mineralogical (e.g.,Knittle and Jeanloz, 1991; Manga
and Jeanloz, 1996) considerations. Dynamical simu-
lations have also argued for either thermo-chemical
boundary layer structure inD′′ (e.g., Gurnis and
Davies, 1986; Tackley, 1998; Kellogg et al., 1999) or
argued for deep mantle compositional variation (Forte
and Mitrovica, 2001). As discussed above, however,
isochemical slab penetration into the deep mantle can
result in plume initiation (Zhong and Gurnis, 1997;
Tan et al., 2002). If lateral velocity variations are

solely thermal in origin, then these strong lateral gra-
dient regions may imply implausibly strong thermal
gradients, with peak-to-peak variations possibly near-
ing 2000 K (Oganov et al., 2001). This observation
raises the possibility that the degree 2 low velocity
features in the deep mantle have a compositional,
as well as thermal, origin. To a first approximation,
the strongest lateral gradients are associated with the
perimeter of the lowest velocity regions, as exhibited
in Fig. 2 by the strongest gradients surrounding the
Pacific and southern Africa low velocity anomalies. In
a compositionally heterogeneous lower mantle, many
possibilities are present that relate to plume genesis.

One possibility is that compositionally distinct
lower mantle material of reduced density will rise
due to increased buoyancy, which may relate to
plume initiation (e.g.,Anderson, 1975). If the mineral
phases present near the edges of such composition-
ally distinct features allow for eutectic melting or
solvus formation, then a new post-mixing composi-
tion, if less dense, may trigger instabilities that lead to
plumes. Alternatively, compositionally distinct bod-
ies of higher thermal conductivity may increase heat
transfer from the outer core, with plume formation
occurring above it. Another possibility is that plume
initiation may be triggered near the lowermost mantle
edges of higher thermally conductive bodies. In this
model, adjacent mantle material will be heated both
from the CMB and the conducting chemical anomaly.
However, the topography of the conductive body may
extensively modify where plume conduits rise (e.g.,
Kellogg et al., 1999; Tackley, 2000).

Jellinek and Manga (2002)performed tank experi-
ments indicating that a dense, low viscosity layer at the
base of the mantle can become fixed over length scales
longer than the rise-time of a plume. Flow driven by
lateral temperature variations allows for buoyant ma-
terial to rise easiest along the sloping interfaces of
topographic highs of the dense, low viscosity layer.
However,Jellinek and Manga (2002)suggest the topo-
graphic highs where plume initiation is easiest would
to some extent be evenly distributed across an area
such as the Pacific low velocity anomaly. Future dy-
namics experiments should further address possible
scenarios that give rise to plume initiation near edges
of anomalous layers.

Although our results suggest that surface locations
of hot spots are more likely to overlie regions of strong
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lateral S-wave velocity gradients, our results do not
preclude other plume source origins. The second panel
in Fig. 7 shows the average lateral deflections from
vertical ascent required to explain all hot spot root lo-
cations from the strongest gradients. An average of
all hot spots suggests that∼150 to ∼450 km (∼2.5
to ∼7.5◦) of lateral deflections are required if plume
roots originate at the 10–30% of the CMB covered by
the strongest gradients. Although this amount of de-
flection is considerably less than that required by de-
flections from the lowest velocities, some hot spots are
found far from either low S-wave velocity or strong
gradient regions (e.g., the Bowie and Cobb hot spots,
hot spots #3 and #8,Fig. 1), indicating that some
plumes may also be initiated in upper or mid-mantle
source regions, or that estimations of lateral deflection
are grossly underestimated.

We have also compared hot spot counts at the CMB
to three other depths in the mantle: 605, 725, and
1375 km. These depths were chosen as being repre-
sentative of the mantle transition zone, and of the up-
per and mid-lower mantle.Fig. 8 shows the number
of hot spots overlying the 20% strongest gradients or
lowest velocities, by surface area coverage of each
of these three depth zones. The results are averaged
across each of the models explored in this study (with
the exclusion of theD′′ model Kuo12). The highest

Fig. 8. Average hot spot hit counts for four zones in the mantle are
shown. The circles and triangles, respectively, show the number of
hot spots that overlie the most anomalous low S-wave velocities
and strongest lateral S-wave velocity gradients that cover 20% of
the surface area of the indicated zone. The hit counts were averaged
over all models analyzed, with the exception of theD′′ model
Kuo12 that is only used in the deepest zone. The bars represent
the standard deviation of the hot spot hit counts in each zone.

correlation is seen for hot spot surface locations and
lateral gradients in the deepest layer. Additionally, the
greatest disparity between hot spot counts for gradients
and low S-wave velocities is also seen for the deepest
layer. However, for S-wave velocities, the mid-lower
mantle appears to have the highest correlation to hot
spots.Fig. 8 shows that more hot spots overlie lower-
most mantle low S-wave velocities than low S-wave
velocities in the upper part of the lower mantle or in
the transition zone.

5. Conclusions

We have shown that hot spots are more likely to
overlie strong S-wave velocity lateral gradients rather
than low S-wave velocity regions in the lower mantle.
Nearly twice as many hot spots overlie strong gradi-
ents than low velocities occupying 10% of the surface
area of the CMB. An isochemical lower mantle source
to plume formation requires the presence of mantle
winds and/or lower mantle advection to reconcile our
correlations, unless plumes are being initiated at the
edges of subducted slab material. If plumes are initi-
ated in the lowest S-wave velocity regions of the CMB,
average lateral deflections of hot spot root locations
from ∼300 to 900 km at the CMB for the 10–30% of
the CMB covered by the most anomalous low veloc-
ities are required. If this model of plume formation
is correct, continuing improvements in whole mantle
travel-time tomography and forward body wave stud-
ies will further elucidate the fine structure of such
plumes. Challenges remain, however, to better docu-
ment ULVZ structure, which may be related to par-
tial melt (Williams and Garnero, 1996), as the source
of mantle plumes. Further efforts to provide a more
global coverage of ULVZ locations will help to re-
solve this issue.

On the other hand, we find that the strongest lat-
eral S-wave velocity gradients tend to surround the
large-scale lower velocity regions, with the strong
gradient regions possibly signifying lateral boundaries
in the deepest mantle between large-scale chemically
distinct bodies, or thermal slabs. One possible origin
to a compositionally distinct lower mantle is iron
enrichment, which may create compositionally dis-
tinct features, resulting in a few percent reductions in
velocity (Duffy and Ahrens, 1992; Wysession et al.,
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1992; Williams and Garnero, 1996) and produce a sta-
ble dense feature with relatively sharp edges around
its perimeter. Plumes arising from strong gradient re-
gions would require average lateral deflections from
the vertical of hot spot root locations of∼150 to
450 km at the CMB for the 10–30% of the CMB cov-
ered by the most anomalous strong gradients. This
amount of lateral deflection is significantly less than
that required if plumes initiate at the lowest velocities
at the CMB, however, many hot spots may not have
a lower mantle source.

Plume source regions may also be located in the
mid- or upper-mantle (Albers and Christensen, 1996;
Anderson, 1998; Cserepes and Yuen, 2000), which
may or may not be coupled to lower mantle dynam-
ics. The number of possible plume genesis scenarios
in the upper or mid-mantle is as varied as they are for
the lower mantle. We have presented a better corre-
lation between present surface locations of hot spots
and deep mantle lateral S-wave velocity gradients
than with S-wave velocities, and have discussed pos-
sible scenarios as to the origins of plumes that may
arise from the deep mantle. However, given the wide
range of uncertainties it is still impossible to ascertain
the true depth origin of mantle plumes that may be
responsible for surface hot spot volcanism. This issue
may not be resolved until complete high-resolution
images of plumes from top to bottom are successfully
obtained.
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