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Broad plumes rooted at the base of the Earth’s mantle

beneath major hotspots

Scott W. French't & Barbara Romanowicz"*3

Plumes of hot upwelling rock rooted in the deep mantle have been
proposed as a possible origin of hotspot volcanoes, but this idea is
the subject of vigorous debate">. On the basis of geodynamic com-
putations, plumes of purely thermal origin should comprise thin
tails, only several hundred kilometres wide’, and be difficult to
detect using standard seismic tomography techniques. Here we
describe the use of a whole-mantle seismic imaging technique—
combining accurate wavefield computations with information con-
tained in whole seismic waveforms*—that reveals the presence of
broad (not thin), quasi-vertical conduits beneath many prominent
hotspots. These conduits extend from the core-mantle boundary to
about 1,000 kilometres below Earth’s surface, where some are
deflected horizontally, as though entrained into more vigorous
upper-mantle circulation. At the base of the mantle, these conduits
are rooted in patches of greatly reduced shear velocity that, in the
case of Hawaii, Iceland and Samoa, correspond to the locations of
known large ultralow-velocity zones®~”. This correspondence clearly
establishes a continuous connection between such zones and mantle
plumes. We also show that the imaged conduits are robustly
broader than classical thermal plume tails, suggesting that they
are long-lived®, and may have a thermochemical origin®"'. Their
vertical orientation suggests very sluggish background circulation
below depths of 1,000 kilometres. Our results should provide con-
straints on studies of viscosity layering of Earth’s mantle and guide
further research into thermochemical convection.

More than 40 years ago, Morgan' proposed that hotspot volcanoes
are the surface expression of narrow plumes of hot material that ori-
ginate in a boundary layer in the deep mantle, as one would expect of a
convecting fluid that is heated from below®. Whether deep mantle
plumes exist, and how deep their roots are, has been the subject of
lively debate, which continues to this day. The idea that hotspots may
be anchored at the core-mantle boundary (CMB) is supported by
several observations: the relative fixity of hotspots with respect to
global mantle circulation'; the correlation of hotspot locations with
the large low shear velocity provinces (LLSVPs) at the base of the
mantle'?; and a suggestion from geodynamic modelling™? that hotspots
might preferentially occur above ultralow velocity zones (ULVZs). A
radically different origin for hotspots has also been proposed, in which
these features are the consequence of melting owing to shallow con-
vective processes, with their morphologies controlled by stresses and
cracks within the lithosphere®.

In the classical view’, a mantle plume is composed of a large head
and a thin tail, which connects it to a root deeper in the mantle. If such
plumes were to originate at the base of the mantle, we would expect the
lower mantle to contain narrow (less than 200 km in diameter, accord-
ing to relevant scaling relations'*), continuous, vertically oriented col-
umns of hotter-than-average (and therefore of low seismic velocity)
material, located in the vicinity of presently active hotspots.

In the deep mantle, short-wavelength, low-velocity anomalies are
difficult to image with standard seismic tomographic techniques, which
typically rely on travel times of body waves (seismic waves that travel

through the interior of Earth); such anomalies can be hidden from view
by wavefront healing effects". Also, most hotspot volcanoes, and poten-
tially any associated plumes, are located in the middle of oceans, where
they are difficult to image owing to the lack both of dense seismic net-
works and of earthquakes with the appropriate geometry.

Thus, while various tomographic studies have hinted at the pres-
ence of plume-like features in the lower mantle associated with some
subset of the major hotspots'®'¥, ambiguity remains as to the vertical
continuity of these features, how distinct they are from other low-
velocity ‘blobs’ in the lower mantle, and whether they represent detec-
tion of the narrow type of plumes typically associated with purely
thermal convection". To improve the resolution of low-velocity fea-
tures of limited lateral extent such as plumes, two ingredients are
needed: first, better illumination of Earth’s interior; and second,
improved theoretical description of the interaction of the seismic
wavefield with the three-dimensional Earth structure.

Here we present robust evidence for large, vertically continuous,
low-velocity columns in the lower mantle beneath many prominent
hotspots, from our recent global, radially anisotropic, whole-mantle
shear-wave velocity model, SEMUCB-WMI (ref. 4). This model was
constructed by inversion of a large data set of full, long-period seismo-
grams, including first- and second-orbit fundamental mode and over-
tone surface waves down to 60 s, as well as body waveforms down to
32 s. Because it includes surface-wave overtones, shear waves diffracted
along the core-mantle boundary (Sgr) and multiply-reflected waves
between the surface and the CMB, this data set provides considerably
better illumination of the whole-mantle volume than can be obtained
with a standard set of travel times alone. In addition, accurate numer-
ical computation of the forward wavefield using the spectral element
method™ at each iteration of the model construction allows us to better
resolve regions of lower-than-average shear-wave velocity, as prev-
iously illustrated for the upper mantle*’. The construction of this
model is briefly summarized in the Methods.

In model SEMUCB-WMI1 (ref. 4), broad, dome-like plumes that
show a reduction of shear-wave velocity by more than 1.5%-2% are
present in the lower mantle beneath Samoa, Hawaii and the Pacific
Superswell volcanoes. These plumes are clearly distinct from other,
more isolated and weaker low-velocity features that appear in cross-
sections spanning half of Earth’s circumference (Fig. 1). The plumes
are rooted in patches of more strongly reduced shear-wave velocity
near the CMB, and extend vertically up to depths of at least 1,000 km,
above which their character changes. A three-dimensional view of the
central Pacific region (Fig. 2) shows that the cores of these plumes are
well separated from each other across most of the lower mantle,
embedded in the lower-than-average-velocity background of the
Pacific LLSVP. This is particularly clear in the depth range 1,000 km
to 1,500 km, where there is a one-to-one relationship with the corres-
ponding hotspot volcanoes, although the plumes are not always
located exactly beneath the volcanoes. Comparison with previous glo-
bal models (Extended Data Fig. 1) indicates general agreement on the
background long-wavelength features, while in SEMUCB-WMI the
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Figure 1 | Whole-mantle depth cross-sections of relative shear-velocity
variations in model SEMUCB-WM1*, in the vicinity of major hotspots. The
sections are shown in the inset maps, with the direction of the projection
indicated by the position of the purple dot in both map and cross-section views
(black boxes correspond to the three-dimensional rendering regions in Fig. 2).
Green dots and triangles mark the locations of hotspots”. The reference
model is the corresponding global one-dimensional average shear-wave
velocity (V) profile of SEMUCB-WMLI. The colour scale has been chosen to
emphasize lower-mantle structures, resulting in substantial saturation in

the upper mantle. Broken lines indicate depths of 410 km, 660 km and

1,000 km. Focused, quasi-vertical, broad plumes extend continuously from

plumes stand out as continuous features confined to well defined
vertically oriented columns.

In particular, the Hawaiian plume appears as a separate vertical
conduit of varying width (Fig. 2a-c), with a weaker zone at around
500 km above the CMB, rooted in its own patch of strongly reduced
shear velocity at the base of the mantle. In the transition zone, this
plume appears to be strongly deflected towards the west-southwest
(Fig. 3). This morphology is compatible with evidence for a hot upper
mantle to the west of Hawaii, based on the analysis of converted waves
(that is, receiver functions)®. The presence of bodies with higher-than-
average velocity southwest and northeast of the Hawaiian chain is in
agreement with regional studies®**. However, in the lower mantle, the
associated conduit is more vertically oriented in SEMUCB-WMI.
Similar broad, vertically oriented low-velocity conduits are found in
the vicinity of some hotspots lying on the border of the African LLSVP
(Figs 1e, f and 3d, e and Extended Data Fig. 2).

The lower-mantle plume conduits described above are rooted in
wide patches (of diameter 500-800 km) of strongly negative velocity
reduction near the CMB. In at least three cases, these patches coincide
in location with large ULVZs previously detected in the vicinity of the
corresponding hotspots: near Hawaii (detected through observations
of post-cursors to diffracted S waves®), and beneath Iceland® and
Samoa’ (found through the study of waveform distortion in the phase
SP4iKS).
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patches of strongly reduced V at the base of the mantle to depths of at least
1,000 km in the vicinity of: a, Samoa; b, Tahiti, the Marquesas, the Galapagos
and Samoa; ¢, Pitcairn; d, MacDonald; e, Cape Verde; and f, the Canary Islands.
These plumes stand out from other low-velocity features in these cross-
sections, which span nearly half of Earth. d, Note the absence of a noticeable
anomaly in the lower mantle immediately beneath the Yellowstone hotspot.
However, a faint low-velocity conduit appears to the southwest (offshore of
North America), anchored by a low-velocity patch in the D" mantle region. It is
beyond the resolution of our study to verify whether this feature is related to the
Yellowstone or the Guadalupe (c) hotspot.

Because of the computational challenges of whole-mantle imaging
using full waveforms and numerical simulations, the resolution of our
model is limited by our choice of parametrization and maximum
frequency. However, resolution tests (Methods; Extended Data Figs
4-8) clearly indicate that our approach can resolve the vertical con-
tinuity of plumes without ray-like smearing or erroneous deflection,
and that the variations of the shape and amplitude of the plumes with
depth are likely to be robust features. These tests also indicate (see
Supplementary Information section S1 and Supplementary Figs 1
and 2) that our modelling approach can distinguish between hypo-
thetical broad superplume-like features and the distinct vertical con-
duits that are shown in Fig. 1. Numerical experiments (Supplementary
Information section S2 and Supplementary Figs 5-9) demonstrate that
plumes of the same scale as are seen in Fig. 1 and used in our tests
should be readily detectable in the waveform data used by our inver-
sion. Furthermore, on the basis of relative amplitude recovery alone,
our resolution tests also show that in order to obtain a velocity reduc-
tion of 2% or more over the major part of the lower mantle—as seen in
our model—a narrow plume would have to be very strong (that is,
>10% reduction in shear-wave velocity for a plume of width <200 kmy;
see Methods and Extended Data Fig. 4). Such a strong velocity contrast
would translate into unrealistically high® effective temperature
excesses of 1,500-2,000 °C. In contrast, for a 2% velocity anomaly over
a width of 800-1,000 km, as imaged in SEMUCB-WM1 under Hawaii
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Figure 2 | Three-dimensional rendering of shear-wave-velocity structure in
the Pacific Superswell region. Relative velocity perturbations are shown with
respect to the global average at each depth. For each panel, the location of the
box is shown in the inset map of Fig. 1. The region is shown from above, with
cuts at increasing depths: a, 410 km; b, 660 km; ¢, 1,000 km; d, 1,500 km;

e, 2,000 kmy; £, 2,500 km. The following hotspot locations, projected down from
the surface, are indicated by green cones in each box: Hawaii (top; north),
Samoa (left; west), and the four Superswell hotspots: Tahiti, Pitcairn,
Marquesas and MacDonald. Well defined vertically oriented conduits with
central cores of velocity lower than —1.5% can be associated with each of the
hotspots, particularly clearly in ¢ and d. The low-velocity conduit beneath
Hawaii stands out in b-d. In f, patches of much lower-than-average velocity
start appearing within the Pacific LLSVP, continuing down to the CMB. On the
other hand, at a depth of 410 km, the low-velocity conduits start spreading
horizontally and merge into the depth range in which low-velocity fingers have
previously been observed in the upper mantle?'.

(Fig. 3), effective temperature excesses of 400-500 °C (estimated in a
similar manner) are plausible, if one considers that the plumes are
rooted in a chemically dense layer’. Whether or not these plumes
entrain much chemical heterogeneity to the upper mantle is beyond
the resolution of this study; however, their width and vertically varying
shapes are compatible with models of thermochemical plumes'*".
Clearly resolved plumes with similar characteristics are found
beneath 11 major hotspots (Fig. 4 and Extended Data Table 1).
Visual inspection of the SEMUCB-WM1 model suggests the presence
of weaker conduits extending from the CMB through most of the
lower mantle beneath several other hotspots. Taken together, this
ensemble of hotspots includes all of those classified as ‘primary’ in
ref. 26. Interestingly, all of the plumes we detected are located within
or at the borders of the African and Pacific LLSVPs. In contrast, we
found no deep-mantle expression of those hotspots*>* that are located
above faster-than-average shear-wave velocities in the mantle region
next to the CMB (the D” region). This may indicate either that the
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corresponding plumes are below the detection capabilities of our
current modelling approach in the lower mantle, or that they originate
in the upper mantle or the uppermost lower mantle. This is the case, in
particular, for the Yellowstone hotspot (Fig. 1d). In the case of the
Bowie/Juan de Fuca hotspots, the low-velocity anomaly can be fol-
lowed to the base of the upper mantle*®, but not below. Likewise, most
of the North African hotspots (except Afar and the neighbouring
East African Rift system, particularly beneath Tanzania) have no
clear lower-mantle expression. Instead, they appear to derive from a
very broad lower-mantle dome, much further south, associated with
the African LLSVP (Fig. 3d and Extended Data Fig. 3). The difference
in morphology of the Pacific (bundle of plumes) and African
(broad dome) LLSVPs, which has been suggested previously”, is
now very clear.

Our results confirm the presence of broad plume-like conduits in the
lower mantle, located in the vicinity of major hotspots*'”. For the first
time, to our knowledge, our study establishes their quasi-vertical con-
tinuity from about 1,000-km depth down to the CMB, where they are
rooted in patches or domes of much lower-than-average shear velocity,
atleast some of which (in Iceland, Hawaii and Samoa) coincide with the
location of known ULVZs. These plumes exhibit other common char-
acteristics. They are remarkably vertical, indicating that they are not
strongly affected by a lower-mantle wind”, and may represent the
primary upwellings in the lower mantle. They often have a pinched
zone between 500 km and 1,000 km above the CMB—a shape that is
similar to what may be expected for thermochemical plumes'*'.

Interestingly, the character of the anomaly appears to change at a
depth of around 1,000 km: some plumes are shifted horizontally (for
example, Pitcairn and St Helena); others become thinner (such as
Samoa and Tabhiti); and yet others cannot clearly be tracked to shal-
lower depths (for example, Cape Verde), indicating that they may have
split into narrower conduits*'® that, in some cases, are below the
resolution of our model. In Iceland and Hawaii (Fig. 3), horizontally
elongated arms branch out from the plume stem just below 1,000 km,
suggesting that the flow may have encountered resistance to direct
continuation into the upper mantle. Similarly, we observe what
appears to be ponding of low-velocity material beneath 1,000 km
(for example at the Canary Islands; Fig. 1f). This is also the depth range
in which some slabs appear to stagnate®. Those plumes that we can
track to shallower depths appear to meander through the upper mantle
and, in many cases, connect to the previously observed low-velocity
channels in the depth range 200-400 km (ref. 21; see, for example,
Pitcairn in Figs 1 and 2).

The observed characteristics of these seismically imaged plumes
should provide improved constraints on our understanding of the
viscosity structure and dynamics of the mantle. The direct connection
of these plumes with ULVZs on the one hand, and with prominent
hotspots on the other, suggests that the plumes are long-lived and
contain material originating in the D" region that is of lower viscosity
than the bulk lower mantle®. The change of character at a depth of
1,000 km—taken together with the stagnation of some subducted
slabs®*—suggests the presence of a notable change in viscosity around
that depth. The variation in amplitude and width of these velocity
anomalies in the lower mantle may be related to the stage of develop-
ment of the plumes'®", or to variations of the viscosity structure with
depth®"*?, or to a combination of viscosity structure and density con-
trast owing to chemical heterogeneity at the base of the mantle''. The
dominantly vertical character of the plumes in the lower mantle indi-
cates that circulation may be very sluggish away from the plumes. The
often-invoked mantle wind”” would be largely confined to the upper
mantle, where plumes may indeed become entrained with a substantial
non-vertical component (for example, at Pitcairn and Hawaii) into the
more vigorous secondary-scale convection that is probably driven by
plate motions™".

Our study demonstrates the potential of combining waveform
tomography with accurate modelling of wave propagation in
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Figure 3 | Hawaii, Iceland, St Helena and the African superplume. a, Three-
dimensional rendering of the Hawaiian plume, viewed from the southeast. In
the lower mantle, the plume conduit is vertically oriented, rooted in a patch of
very low V5 at the base of the mantle, with a weak zone in the depth range
2,300-2,600 km. Above approximately 1,000 km, the conduit is deflected
towards the west into the transition zone, and appears to interact with the low-
velocity finger oriented in the Pacific plate absolute plate motion direction®!
visible in cross-section above a depth of 500 km. b-e, Two-dimensional vertical
cross-sections along planes as indicated in the inset maps and corresponding
broken green lines in a, represented in the same way as in Fig. 1. In ¢, in the

SEMUCB-WM?1 at 2,800-km depth

O Somewhat resolved
© Not associated with any hotspot

@ ‘Primary’ plumes
© Clearly resolved

Figure 4 | Locations of plumes detected in the lower mantle in model
SEMUCB-WM1*. The background map represents the relative V; variations at
2,800 km in this model, with respect to the global average at that depth. We
identify three categories of plumes. ‘Primary’ plumes are those for which 6 V,/V;
is lower than -1.5% for most of the depth interval 1,000-2,800 km. These 11
plumes also correspond to regions of the lower mantle where the average
velocity reduction over the depth range 1,000-1,800 km is significant at the 2¢
level (see, for example, Supplementary Figs 3 and 4). Clearly resolved

plumes correspond to vertically continuous conduits with 6V/Vy greater than
—0.5% in the depth range 1,000-2,800 km. Somewhat resolved plumes have
vertically trending conduits with 6V/Vy greater than —0.5% for most of the
depth range 1,000-2,800 km, albeit not as clearly continuous. Plumes are
numbered as listed in Extended Data Table 1. Green dots represent the
global hotspot distribution according to ref. 27. Note that none of the plumes
detected falls within a region of faster-than-average velocity at the base of
the mantle, and that long-wavelength structure in this model agrees with that of
previous tomographic models (see, for example, Supplementary Fig. 10).
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lowermost mantle between the two westernmost reference white dots, we see
the edge of the plume associated with the Caroline hotspot. Subduction zones
are well imaged in the western Pacific (b, ¢), spreading above the 1,000-km
horizon, and in south America (d); in ¢ and e, the fossil Farallon subduction
extends through the lower mantle. Blue zones in the vicinity of Hawaii in

the lower mantle may potentially be downwellings corresponding to other fossil
slabs, although this warrants further study. In e, we note the particularly broad
African plume, one lobe of which extends to the mantle transition zone, the
other giving rise in the mid lower mantle to a thinner, weaker plume beneath
St Helena.

order to advance our understanding of the upwelling part of deep
mantle flow and its relationship to surface observations. While
thin ‘classical’ plume tails may exist in the mantle, they remain
below the resolution of global tomography at present. However,
our robust confirmation of the existence of broad, possibly ther-
mochemical, plumes—associated with prominent hotspots and
rooted in the D" region (at least some of them in ULVZs)—
should provide important constraints for further geodynamical
modelling of present-day mantle circulation, and for Earth’s
heat-flux budget®®.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Waveform inversion technique. As was the case for models SEMum®* and
SEMum?2 (ref. 21), model SEMUCB-WMI1* was developed using a time-domain
waveform inversion technique that combines highly accurate spectral-element
forward wavefield modelling® with efficient sensitivity kernel computation using
nonlinear asymptotic coupling theory (NACT)*. This approach allows us to take
advantage of both the accuracy of computing the misfit function with spectral-
element modelling, and the efficiency of NACT-based kernels, which furthermore
allow us to use a quickly converging Gauss—-Newton scheme. Because the approx-
imate Hessian matrix cannot easily fit in computer memory when considering
whole-mantle scale inversions such as SEMUCB-WMI, we designed a high-per-
formance distributed-memory abstraction®” for its assembly from parallel NACT
computations. As with other tomographic approaches, care must be taken in
selecting the starting model owing to the strong nonlinearity of the inverse prob-
lem. In ref. 34, we explain how the present line of successive tomographic models
(SEMum, SEMum?2, and now SEMUCB-WM1) started from a one-dimensional
earth model, and progressively incorporated more and more waveform data and
shorter periods as iterations proceeded and three-dimensional structure became
stronger.

Parameterization and starting model. Model SEMUCB-WMI is constructed
starting from model SEMum?2®' above about 800-km depth and model
SAW24B16™ from below this depth (also used in the SEMum and SEMum? inver-
sions to account for lower-mantle structure). We invert for three-dimensional varia-
tions in Voigt-average isotropic shear-wave velocity (V;) and the radially anisotropic
parameter & = (V,/Vy,)? with respect to a one-dimensional mean reference model
that evolves throughout the inversion. In contrast, the one-dimensional attenuation
model is fixed to a smoothed version of QL6 (ref. 39). We express perturbations to
mantle Vand € in 20 cubic b-splines® with variable spacing radially and in spherical
splines® laterally, with lateral spacing of nodes of less than 2° for V; and 8° for £.
Source parameters for each event are kept fixed to those reported in the Global CMT
catalogue (http://www.globalcmt.org). Tests indicate' that allowing source perturba-
tions should not measurably affect the resulting structure at the current resolution.
From our SEMum2 + SAW24B16 starting model, three inversion iterations were
performed, while incrementally incorporating more and shorter-period data (see
‘Data selection and inversion’). We note that the upper-mantle part of the model
(down to 400 km) has not significantly changed in this process, further validating the
results described in ref. 4.

Data selection and inversion. Our approach is described in detail in ref. 4 and
includes discussions of how we calibrate our crustal model, introduce prior
information in the data and model space, and assess model performance and
uncertainties (including resolution and statistical resampling tests). Here we
briefly recall details of the iterative inversion process, including the addition of
new waveform data and tests of convergence.

While SEMum and SEMum?2 included only fundamental and overtone mode
surface waveforms at long periods (T > 60 s), here we include body-waveform data.
To this end, we assembled a data set comprising full three-component teleseismic
waveforms, filtered in multiple passbands, allowing us to incrementally incorporate
higher-frequency body-waveform data: 1, surface-wave passband: cut-off at 400's
and 60 s (corners at 250 s and 80 s); 2, body-wave passband (filter I): cut-off at 300 s
and 36's (corners at 180 s and 45 s); and 3, body-wave passband (filter II): cut-off at
300s and 32s (corners at 180s and 38s). In addition to incorporating shorter
periods, we also expanded our data set by incorporating additional events: starting
from the 203 events used in developing upper-mantle models SEMum and
SEMum?2, we added 70 new events with moment magnitude M,, = 5.8-7.3, chosen
to be spatially distributed in a complementary manner to the original set.

The inversion comprised three phases. In phase I, we performed one iteration of
inversion for whole-mantle structure using the 60-s surface-waveform and 36-s
body waveform data sets (filter I) picked from the 203 events used in developing
SEMum and SEMum?2, and constraints from surface-wave group-velocity maps
between 25 s and 150 s to enforce consistency with our crustal modelling scheme®.
Because upper-mantle structure changed very little in this first iteration, aside
from slightly larger amplitudes following the introduction of the body-waveform
data, we chose to invert for structure only at depths greater than 300 km in the
remaining iterations (after first recalibrating the crustal model one last time; see
ref. 4 for details). In phase II, we introduced the 70 new events. This step involved
picking the new-event data, as well as reprocessing the older-event data, using the
spectral-element synthetics from the previous iteration (our waveform-data-pick-
ing approach selects data on the basis of their similarity to the spectral-element
synthetics computed in the most recent iteration model). We then performed
another inversion iteration, again using the 60-s and 36-s filter passbands, but
now including the new-event data and inverting for structure below 300-km depth
only. In phase III, we again reprocessed the data from the complete 273-event data

set, but now using a new shorter-period body-wave passband (filter IT). We then
inverted for structure below 300 km using the 60-s and 32-s data passbands.

To ensure that our inversion was converging, we determined, after each
iteration, whether more waveform windows were selected in the subsequent
data-reprocessing round than would have been selected using spectral-element
synthetics from the previous-iteration model. By the final iteration, we found only
small gains in the numbers of selected windows, indicating that the inversion had
probably converged for the particular passbands considered. We also assessed
convergence by testing fits to held-out waveforms from ten events not included
in the inversion, and found that these validation data exhibited fits quite similar to
that seen for the inversion data®.

Computational cost. For the four rounds of spectral-element simulations
required to complete these three phases of inversion (including a last round to
assess the final fit to the data), the present study required about three million CPU
(central processing unit) hours, performed on Hopper, a Cray XE6 supercomputer
at the National Energy Research Scientific Computing Center (NERSC). The
NACT-based Hessian estimation and Gauss—Newton model update computations
were performed on NERSC Edison, a Cray XC30.

Resolution and model uncertainties. It is well known that standard linear reso-
lution analyses are strictly valid only for linear problems (or potentially near the
optimum of a nonlinear problem®) and may also yield misleading results*.
However, these remain useful techniques for assessing certain aspects of a tomo-
graphic inversions, providing insight into potential issues related to data coverage
(for example, uneven sensitivity or smearing), the role of a priori information in
constraining model smoothness, and limitations of the chosen model basis. We
provide an extensive discussion of these aspects of SEMUCB-WMI in the context
of resolution analysis in ref. 4; here we focus on analyses specifically relevant to the
types of conduit-like structures discussed in the main text.

Recovery of whole- and partial-mantle plumes. One obvious question that can
be probed using resolution analysis is whether we can reasonably expect to resolve
the plume-like conduits of the amplitude and scale observed in SEMUCB-WM1.
In Extended Data Figs 4 and 5, we examine the recovery of synthetic whole- and
partial-mantle plumes of diameter 1,000 km and 600 km, beneath Hawaii and
Iceland. These synthetic test models have a peak amplitude of —2%, comparable
to many of the conduits observed in our model, and a cosine-cap lateral amplitude
profile (which means that the ‘core’ of each plume, exhibiting anomaly strength
>1%, is only half of its diameter—500 km and 300km, respectively). We also
examine recovery of plumes truncated at successively greater depths (1,000,
1,500 and 2,000 km) to assess vertical smearing. Artefacts above the truncation
depth in the synthetic i models are due to aliasing phenomena associated with the
radial b-spline basis used to parameterize our model (see above). Overall, we find
that all whole- and partial-mantle input plumes are recovered quite well beneath
both Hawaii, with denser data coverage, and Iceland, with comparatively sparser
coverage (there is a slight difference in amplitude recovery beneath the two). We
see no evidence of lateral smearing, or (in the case of the truncated plumes) radial
smearing, nor do we detect notable gaps in recovery. Recovered amplitudes vary as
a function of depth, with comparatively weaker, but still satisfactory, recovery in
the less well sampled mid-mantle (about half of the input anomaly strength).
Furthermore, as noted in the main text, the pattern of amplitude variation with
depth seen in Extended Data Figs 4 and 5 does not match that of our imaged
plumes, which often show local amplitude maxima in the mid-mantle (not
minima, as suggested by these tests). Thus, while we cannot rule out that spatial
variation in sensitivity contributes in some way to the imaged amplitude distri-
bution, these results give us confidence that plumes of similar dimension and
amplitude to those seen in SEMUCB-WMI1 should be recoverable.

In Extended Data Fig. 6, we consider a narrower plume (400 km in diameter)
spanning from the CMB to 1,000-km depth, with a peak amplitude of —2%. We
observe that the output structure is at least 800 km in width, but is also significantly
weaker than the input, exhibiting a maximum amplitude of —0.6% near its base,
while only reaching —0.3% or —0.4% elsewhere in its core, indicating that an
actual plume of width less than 400 km would have to be much stronger to be
properly detected in our model (see further discussion in ‘Estimated excess tem-
peratures and actual width of plumes’).

Recovery of ‘hanging’ plume structures. To supplement these analyses, we also
explored tests using synthetic ‘hanging’ plumes—columnar anomalies extending
down from the surface into the upper mantle and transition zone. These plumes
have a diameter of 600 km and again a cosine-cap cross-section, as well as —2%
maximum amplitude, but are now truncated at depths of 410km or 1,000 km
(Extended Data Figs 7 and 8). This experiment is designed to further assess the
effect of depth smearing, and again examines two geographic locations: Hawaii,
with denser, and Iceland, with sparser, data coverage. In general, the retrieved
output structures are remarkably symmetrical and exhibit the correct depth extent,
with the exception of the plume truncated at 1,000-km depth beneath Hawaii,
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which shows a slight eastward-trending band extending to the CMB. We note that
this artefact is very weak, everywhere less than 0.1% amplitude (that is, at least 20X
weaker than the —2% input amplitude). Furthermore, this artefact in no way
resembles the plume we image beneath Hawaii in SEMUCB-WML, it has a very
different trend and amplitude profile. Turning now to the results beneath Iceland,
we again see that retrieved amplitudes are comparatively weaker, presumably
because of the sparser data coverage, but at the same time we find no anomalous
band. This observation suggests that while Hawaii is expected to have denser data
coverage, the data coverage beneath Hawaii might also be more anisotropically
distributed. Indeed, this would be consistent with the eastward or east-southeast
trending streaks seen at mid-mantle depths in some travel-time-based local tomo-
graphic studies in this region. Overall, these results give us further confidence that
the depth extensions of the plumes we image in SEMUCB-WMI cannot be attrib-
uted to smearing.

Estimated excess temperatures and actual width of plumes. Our resolution tests
indicate that we can easily resolve a synthetic columnar velocity anomaly over a
width of 1,000 km and maximum amplitude of 2% (Extended Data Fig. 4). This is
indeed comparable to the maximum amplitudes of the plume conduits imaged in
the mid- and lower mantle in our model. If the actual width of a plume is instead
significantly smaller than 1,000 km, then the average velocity anomaly should be
correspondingly larger to attain the same imaged amplitudes. For example, if the
actual plume diameter is 600 km (Extended Data Fig. 5), then the actual velocity
anomaly would have to be on the order of 4%-5% (as the recovered amplitudes
in the 600-km-width case are on the order of =0.5 times those obtained for the
1,000-km-width case). Similarly, an even narrower plume, with a diameter of
400 km or less (Extended Data Fig. 6), should require a velocity contrast within
the plume of more than 10% to be detected in our inversion.

Assuming the velocity anomaly is due to temperature alone, a 2% increase in V;
translates into about 200K excess temperature (AT) in the upper mantle**.
However, partial derivatives of shear velocity with respect to temperature greatly
decrease with pressure (that is, with depth in the mantle). While they are not
precisely known at lower mantle conditions, a factor-of-two reduction at mid-
to-lower mantle depths is a reasonable assumption***', translating a 2% increase in
V,into AT = 400 K, and 10% into a most unrealistic AT in excess of 2,000 K. Thus,
assuming that the relative amplitude recovery in our resolution analyses is rep-
resentative of reality, and that plumes are purely thermal, it is far more plausible
that we are correctly resolving broader weaker plumes in the lower mantle than
poorly resolving very strong narrower ones.
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Extended Data Figure 1 | Intermodel comparisons. These figures correspond
to the cross-sections in Fig. 1c and d, oriented normal to the direction of Pacific
absolute plate motion®. As in Fig. 1, sections are indicated in the inset

maps, while white and purple circles indicate position along section and
orientation. Shown are relative shear-wave velocity (V) anomalies in models
SEMUCB-WMI (this study), S40RTS (ref. 46), PRI-S05 (ref. 47), HMSL-S06
(ref. 48) and GyPSuM (ref. 49), each plotted with respect to its own one-
dimensional reference (where the latter notion is well defined: see for example
ref. 48; where defined, the one-dimensional reference is often the global

LETTER

average). Panels a—e correspond to the MacDonald-hotspot-centred view of
Fig. 1d; panels f-j correspond to the Pitcairn-centred view of Fig. 1c. This
comparison shows that the five models are broadly compatible with each
other at long wavelengths. However, in the lower mantle, the MacDonald and
Pitcairn plumes are much more clearly defined as vertical conduits in
SEMUCB-WM], and stand out as the strongest and most continuous low-
velocity features in the lower mantle in these cross-sections (which span
almost half of Earth’s circumference).
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Extended Data Figure 2 | Intermodel comparisons. These comparisons SEMUCB-WMLI. Furthermore, while we do observe some degree of
correspond to Fig. 1e, f, presented in a similar manner to those in Extended correspondence between the two plumes imaged in SEMUCB-WM!1 and some
Data Fig. 1. We again find that models SEMUCB-WM1, S40RTS, PRI-S05, anomalies also present in PRI-S05 or HMSL (for example, the plume root at
HMSL-S06 and GyPSuM are broadly compatible with each other at long the CMB beneath Cape Verde, or the lateral translation of the plume
wavelengths. However, in the lower mantle, the plumes beneath both Cape around 1,000 km beneath Canary), the unambiguously columnar nature of the

Verde and Canary are more clearly defined as well isolated vertical conduitsin ~ anomalies imaged in SEMUCB-WML1 stands in stark contrast.
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Extended Data Figure 3 | Inter-model comparisons. These cross-sections African LLSVP is more massive, and therefore better resolved in S40RTS,

are similar to those in Extended Data Fig. 1, but now feature two approximately ~ PRI-S05, HMSL-S06 and GyPSuM than are other plumes. As in Extended Data
orthogonal sections through the African LLSVP: a-e, traversing from Fig. 2, we again note some degree of similarity between SEMUCB-WM1
northwest to southeast; f—j, traversing from southwest to northeast. The (a), PRI-S05 (c) and HMSL-S06 (d) below the Cape Verde plume.
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Max: -1.9%
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Extended Data Figure 4 | Linear resolution analysis, examining recovery of
synthetic whole- and partial-mantle plumes of width 1,000 km beneath
Hawaii and Iceland. Synthetic plume input models, shown in the upper row of
panels, have a peak amplitude of —2% and a cosine-cap lateral amplitude
profile (thus, the effective width above 1% anomaly strength is only 500 km). In
addition to looking at a whole-mantle plume, we also examine recovery of
plumes truncated at successively greater depths (1,000 km, 1,500 km and
2,000 km) to assess vertical smearing. Artefacts seen above the truncation depth
in the synthetic input models are due to slight aliasing phenomena associated
with the radial b-spline basis functions used to parameterize our model.

We find that all four input plumes are recovered quite well beneath both Hawaii

Max: -1.7% Max: -1.6%

Max: -1.5%

Max: -1.5%

(centre row), with relatively denser data coverage, and Iceland (bottom row),
with comparatively sparser coverage—although there is a slight difference in
amplitude recovery beneath the two (maximum amplitude recovered is shown
for each panel). Importantly, we see no evidence of lateral (or, in the case of
the truncated plumes, radial) smearing, nor do we detect significant gaps in
recovery. However, recovered amplitude does vary as a function of depth, with
comparatively weaker, although still satisfactory, recovery in the less well
sampled mid-mantle (of the order of half of the input anomaly strength). For a
more thorough discussion of the caveats implied by linear resolution analysis in
the context of our inversion, as well as additional resolution tests, see ref. 4.
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Extended Data Figure 5 | Linear resolution analysis. Similar to that in
Extended Data Fig. 4. This analysis again features whole- and partial-mantle
plumes of peak strength —2%, but now of width 600 km (meaning the effective
width above 1% anomaly strength is only 300 km). We again find that the
synthetic input plumes are recovered quite well, with no evidence of lateral or
radial smearing, as well as no gaps in recovery. At the same time, we find that
recovered amplitude is poorer than for the larger, 1,000-km-width plumes,

Max: -1.0% Max: -1.0%

Max: -0.8% Max: -0.8%

in some cases recovering amplitudes of the order of one-quarter of the input,
and we note that there is again a slight disparity in amplitude recovery between
Hawaii and Iceland. Furthermore, we note that tests using synthetic plumes
at or below widths of 600 km push the limits of the spherical-spline lateral basis
functions used in our model—particularly in the upper mantle, where the inter-
spline absolute distance is larger (although the angular distance remains
constant).
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Extended Data Figure 6 | Further linear resolution analysis. This analysis is
of a 400-km-width plume-like conduit extending from the CMB to 1,000-km
depth, with a similar lateral profile (a cosine cap) and maximum amplitude
(—2%) as the test structures in Extended Data Figs 4 and 5. The inherent limits
of our spherical spline basis prohibit us from representing this narrow conduit
with sufficient fidelity for the purposes of this test above 1,000 km. Upper
panel, conduit-like input structure; lower panel, output structure resulting
from resolution test. We observe that the output structure is at least 800 km in
width, but is also significantly weaker than the input, exhibiting a maximum
amplitude of —0.6% near its base, while only reaching —0.3 or —0.4%
elsewhere in its core. As such, we can infer that the input-structure amplitudes
would need to be increased by atleast 10X in order to maintain amplitudes near
—2.0% throughout the majority of the lower mantle. This latter observation
has implications for effective excess temperature (see Methods).
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Extended Data Figure 7 | Linear resolution analysis for synthetic hanging’  the structures retrieved are quite symmetrical and exhibit the appropriate

plume input structures in the upper mantle and transition zone. Like depth extent, with the exception of the plume truncated at 1,000 km, which
those in Extended Data Figs 4 and 5, these plumes have an overall width of shows a weak eastward-trending band extending to the CMB. We note that this
600km and a cosine-cap lateral cross-section, as well as —2% maximum artefact is very weak, generally less than 0.1% amplitude, as illustrated in the
amplitude, but are now cut at 410-km (left panels) or 1,000-km (right panels)  bottom panel, where structure below 0.1% is masked (that is, the band is at least
depth. This experiment is designed to assess the effect of depth-smearing in 20X weaker than the —2% input structure). Furthermore, we note that this
SEMUCB-WML. Upper panels, hanging-plume input models. Lower panels,  feature is not at all like the plume we image beneath Hawaii, as it possesses a

output models when inputs are placed beneath Hawaii. We note that in general  very different trend and amplitude profile.
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Extended Data Figure 8 | Linear resolution analysis for synthetic ‘hanging’  models when inputs are placed beneath Iceland. The retrieved structures are

plume input structures in the upper mantle and transition zone. This again quite symmetrical and exhibit the appropriate depth extent, although
figure is similar to Extended Data Fig. 7, but now examines recovery beneath ~ amplitude recovery is slightly less impressive than that observed beneath
Iceland. Upper panels, hanging-plume input models. Lower panels, output Hawaii (consistent with the results of Extended Data Figs 4 and 5).
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Extended Data Table 1 | Plumes detected in the lower mantle in model SEMUCB-WM1*, and corresponding hotspots

Index of Hotspot name | Ranking by | Buoyancy | *He/*He *
plume (Fig. 4) Courtillot® flux’®
Category 1: "Primary Plume"
| Afar 4 | high
2 Canary 2 1 low
3 Cape Verde 2 1.6 high
4 Comores 0+ ? ?
5 Hawaii 4+ 8.7 high
6 Iceland 4+ 1.4 high
7 Macdonald 2+ 33 high?
8 Marqueses 2+ 33 low
9 Pitcairn 2+ 33 high?
10 Samoa 4 1.6 high
11 Tahiti/Society 2+ 3.3 high?
Category 2: "Clearly resolved"
12 Cameroon 0+ ? ?
13 Caroline 3 2 high
14 Easter 4+ 3 high
15 Galapagos 2+ 1 high
16 Louisville 3+ 0.9 ?
17 Reunion 4 1.9 high
18 St Helena 1 0.5 low
19 Tristan 3 1.7 low
20 Kerguelen 2+ 0.5 high
Category 3: "Somewhat resolved"
21 Ascension 0+ 1 ?
22 Azores 1+ 1.1 high?
23 Bouvet 1+ 0.4 high
24 Crozet/Pr.Edw/ 0+ 0.5 ?
25 Hoggar 1 0.9 2
26 Juan Fernandez 2+ 1.6 high
27 San Felix 1+ 1.6 ?
Not associated with any known hotspot

| Indonesia | | |

The numbering (column 1) and categories correspond to those in Fig. 4. Plumes are categorized as primary if the corresponding low-velocity conduit in the lower mantle has 3V./V; less than —1.5% for most of the
depth interval 1,000-2,800 km. These 11 plumes also correspond to regions of the lower mantle where the average velocity reduction over the depth range 1,000-1,800 km is significant at the 2¢ level (see, for
example, Supplementary Figs 3 and 4). Clearly resolved plumes correspond to vertically continuous conduits with 8Vs/Vs <—0.5% in the depth range 1,000-2,800 km. Somewhat resolved plumes have vertically
trending conduits with §V/Vs <—0.5% for most of the depth range 1,000—2,800 km, albeit not as clearly continuous. The only clearly resolved plume in the lower mantle that is not near a hotspot is in Indonesia,
possibly because itis rising beneath a broad slab. However, it occurs close to a location where high 3He/*He ratios have been observed*®. For comparison, we list the corresponding hotspot ranking (column 3)2¢, as
well as the buoyancy flux (column 4) and 3He/*He ratios (column 5)?¢. Question marks indicate no value given in ref. 26. Note that in this previous ranking of hotspots, these estimates of buoyancy fluxand 3He/*He
ratios were used together with the velocity anomaly values in the transition zone (500-km depth) from an older tomographic shear-velocity model**. In contrast, our ranking is based entirely on the continuity of
broad vertically oriented low-velocity structures across the major part of the lower mantle. Hotspots that do not have any clear expression in the lower mantle in model SEMUCB-WM1 are not listed, namely
Yellowstone, Juan de Fuca/Cobb and Bowie (see also Fig. 4).
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