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Waveform Tomography Reveals
Channeled Flow at the Base
of the Oceanic Asthenosphere
Scott French,1 Vedran Lekic,2 Barbara Romanowicz1,3,4*
Understanding the relationship between different scales of convection that drive plate motions
and hotspot volcanism still eludes geophysicists. Using full-waveform seismic tomography, we
imaged a pattern of horizontally elongated bands of low shear velocity, most prominent between
200 and 350 kilometers depth, which extends below the well-developed low-velocity zone.
These quasi-periodic fingerlike structures of wavelength ~2000 kilometers align parallel to the
direction of absolute plate motion for thousands of kilometers. Below 400 kilometers depth,
velocity structure is organized into fewer, undulating but vertically coherent, low-velocity plumelike
features, which appear rooted in the lower mantle. This suggests the presence of a dynamic interplay
between plate-driven flow in the low-velocity zone and active influx of low-rigidity material from
deep mantle sources deflected horizontally beneath the moving top boundary layer.
antle convection is responsible for driving plate motions on Earth, but the detailed morphology of convection patterns
remains unresolved. Because seismic velocities
are affected by temperature, and seismic anisotropy is affected by alignment of crystals, seismic
tomography can be used to map the patterns of
flow in the earth’s mantle. Global seismic mantle
tomography has provided important constraints
on the long-wavelength shear-velocity structure,
highlighting in particular the correlation of velocity patterns in the top 200 km with surface tectonics and documenting the widespread presence
of the low-velocity zone (LVZ) under ocean basins.
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Likewise, the presence of two antipodal large lowshear-velocity provinces (LLSVPs) at the base
of the mantle under the central Pacific and Africa
is a robust feature of all tomographic models (1).
Hotspots appear to be located preferentially above
the LLSVPs (2) or on their borders (3). There is
also a striking correlation at long wavelengths
between the location of the LLSVPs and high
attenuation in the mantle transition zone (4). However, plume conduits (5, 6) and roll-like secondary
convection patterns (7) remain difficult to image
tomographically.
We used full-waveform inversion, coupled
with synthetic seismogram computation using
the Spectral Element Method, to image global
radially anisotropic shear-velocity (VS) structure
at upper-mantle and transition-zone depths. This
approach is well suited to remedy the known limitations of classical tomographic techniques (8),
as already demonstrated at the local (9) and regional (10) scales. Our second-generation global
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model, SEMum2, refines an earlier one developed
by our group (11) and in particular includes a
more realistic crust (supplementary text and figs.
S1 to S4). Compared with other global shearvelocity models (figs. S5 to S8), SEMum2 more
accurately recovers both the depth and strength
of the low-velocity minimum under ridges. It also
shows stronger velocity minima in the LVZ, a more
continuous signature of fast velocities in subduction zones, and stronger, clearly defined, lowvelocity “conduits” under the Pacific Superswell
(12) while confirming the robust long-wavelength
structure imaged in previous studies (supplementary text S2.3 and figs. S7 and S8), such as the
progressive weakening and deepening of the
oceanic LVZ with overlying plate age.
Cluster analysis (13) of VS profiles in the depth
range 30 to 350 km in SEMum2 (supplementary
text S3) provides an objective way to analyze
the model and isolates an anomalously lowvelocity region—most prominent in the depth
range 200 to 350 km although also reflected in
the overlying LVZ (Fig. 1, A and B, and fig. S9),
organized in elongated bands, and clearest on
the Pacific plate (Fig. 1A), where it spans from
~100 million-year-old ocean floor to the East
Pacific Rise (EPR). In a map view of SEMum2
at a depth of 250 km (Fig. 2A), these prominent structures appear as fingerlike zones of
significantly slower-than-average VS (~3 to 4%).
They are also present under other plates: off
west Antarctica, in some parts of the North and
South Atlantic and western Indian Oceans, and
possibly in the southwestern part of the Australian plate (Fig. 2A and fig. S10). These fingerlike structures are not only well-resolved in the
SEMum2 model but also are robust with respect
to estimated model uncertainties, are compatible with independent waveform data, and cannot
be explained by unmapped azimuthal anisotropy in our inversion (supplementary text S4 and
figs. S13 to S17).
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Although the resolution of our modeling enables
the detection of the stronger mantle upwellings,
such as those beneath Hawaii and the Superswell,
the actual plume conduits could be narrower,

A

and other, weaker ones, may not yet be resolved
and will necessitate modeling at shorter periods
(6). The absence of a direct vertical correspondence between hotspot locations and the imaged
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We find that these low-velocity fingers (LVFs)
are oriented subparallel to the direction of absolute plate motion (APM) (Fig. 2B and supplementary text S5.1) (14). Perpendicular to the
APM, the alternating zones of very low and somewhat higher-than-average VS have a wavelength
of ~2000 km, as illustrated in depth cross-sections
on the Pacific Plate (Fig. 3, B and C). This wavelength corresponds to a peak in power in the
geoid, as determined with directional wavelet
analysis, which is also aligned with the direction
of the APM (fig. S11 and supplementary text 5.3)
(15). In cross-section parallel to the APM, the
contrast in structure at depth within and adjacent
to the LVFs is very clear (Fig. 3, D and E). The
LVFs extend for many thousands of kilometers
and reach beneath the conventional LVZ, which
bottoms at an approximately constant depth of
~150 to 200 km (Fig. 3D). Below 200 km, velocities are as low within the LVFs as they are
between fingers in the LVZ, despite the greater
depth (Fig. 3). In contrast, the EPR itself is a
shallow feature in isotropic VS (fig. S6) but stands
out in radial anisotropy as a zone where VSV >
VSH in the depth range 150 to 300 km (fig. S12C).
This indicates that dominantly horizontal flow
in the LVFs away from the ridge transitions to
dominantly vertical flow under the ridge. Although local minima in the LVZ are associated
with the LVFs, the strongest minima in the LVZ
appear under ridges (Fig. 3 and fig. S12).
Such alternating zones of high and low velocities have previously been found along the
Fiji-Hawaii corridor (16), and an elongate band
of low velocities, within a similar depth range to
the LVFs, has recently been imaged in the south
Atlantic (17). At a smaller scale, tomographic
maps based on the PLUME experiment (18, 19)
show a zone of fast velocities surrounding Hawaii,
particularly strong in VS to the southwest near
300 km depth. In our model, this corresponds to
a domain of higher velocities between LVFs. Our
study thus ties together these isolated observations, suggesting that they are manifestations of
a single, consistent, large-scale pattern of LVFs
(Figs. 2 and 3) aligned with the APM, present in
the oceans worldwide, and extending in a narrow depth range below the LVZ.
At the global scale, many of the fingers underlie regions associated with hotspot tracks or
seamount chains: for example, in the northwest
Atlantic, the New England seamount chain, in
the South Atlantic, the Walvis ridge, or the Cape
Verde track, and in the Indian Ocean, portions of
the Reunion hotspot track (Fig. 2 and fig. S10).
In contrast to the top 300 km, deeper VS structure
in the region spanning from the Pacific Superswell
to Hawaii is characterized by vertically elongated
plumelike conduits (Fig. 4). Not all LVFs are
connected to the conduits below, and the latter
are not straight, but meander with depth and appear to be rooted in the lower mantle. The main
hotspots in the central Pacific are located generally in the vicinity of the deep conduits but not
immediately above them (Fig. 4D).
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Fig. 1. Cluster analysis of oceanic upper-mantle shear velocity. (A) Pacific portion of a global
cluster analysis (13) of model SEMum2 assuming four regions in the oceans (supplementary text S3).
(B) Corresponding average depth profiles in each of the four regions (global average also shown, black
dashed line).
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Fig. 2. Shear-velocity structure and absolute plate motion. (A) Map view of relative isotropic VS
variations (percent) from the mean at 250 km. (B) Identical to (A) but with plate-motion streamlines
(broken lines) from the APM model of Kreemer (14). Green circles denote hotspot locations from
Steinberger (30).
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plumes suggests a complex interaction of the
upwelling flow with the lithosphere (20). Above
~350 km depth, two interacting structural patterns
appear to dominate: (i) the increasing depth and
decreasing strength of the LVZ as a function of
age in the depth range 50 to 200 km (Fig. 1B) and
(ii) the difference in velocity—and therefore likely temperature and/or composition, as well as
viscosity—within and outside of LVFs (Figs.
1B and 3 and supplementary text S5.2). In some
locations, the LVFs appear to feed from the quasivertical conduits, suggesting deflection and channeling in the asthenosphere of active upwelling
from low-viscosity plumes—similar to viscous
fingering experiments in which a low-viscosity fluid
is injected between two rigid horizontal plates
or stratified, higher-viscosity fluids (21). This horizontally deflected flow then aligns in the direction
of plate motion, driven by a combination of asthenospheric return flow (22, 23) and upwellinginduced flow directed toward pressure minima at
ridges (24–26). The pattern of radial anisotropy
in the vicinity of the ridge (fig. S12C) further supports active ridge-ward flow in these channels.

Active influx from deep upwellings deflected toward
the ridge may be enhanced by flow in a narrow
low-viscosity layer (27). The absence of any distinct
deeper low-velocity structure beneath ridges (fig.
S6), and the fact that some of the LVFs terminate
at ridges (such as the Antarctic plate), confirms the
passive nature of mantle upwelling beneath ridges.
Whether or not these observations can be explained by viscous fingering and channelization
alone or in combination with other phenomena,
such as secondary convection, is unknown. Other
studies have described evidence for viscous fingering on the Pacific plate, aligned with the plate
motion, albeit at an order-of-magnitude smaller
spatial scale than seen here (23). The width of the
fingers we observed (~1000 km) is large compared with the thickness of the channel (up to
350 km), whereas typical scaling in laboratory
or numerical fingering experiments obtain a
width-to-thickness ratio of ~2 (21). Secondary
convection in the form of Richter rolls occurs
with a horizontal-to-vertical scaling of 1 [albeit
in a constant-viscosity fluid (7), a condition
quite different from that in the Earth] but has

A

previously been sought in the upper mantle at
smaller scales than seen here (28). The LVFs
are observed both below the fast spreading Pacific
plate, where roll-like secondary convection may
be expected, and below slow-moving plates [for
example, the Antarctic plate (Fig. 2 and fig. S18)
and the Atlantic Ocean (fig. S19)], where Richter
rolls are unlikely to form. Comparison of the LVFs
and Pacific geoid undulations with the same orientation and wavelength (fig. S11) (15) may also
provide insight into causative dynamics. Indeed,
in a simple Richter-like secondary convection scenario one would expect the bands of quasi-APM
orientation in the geoid to be aligned vertically
with the up- (LVF) and down-welling (inter-LVF)
limbs. Instead, the LVFs fall at the edges or between
these features—an observation more consistent
with the presence of channelized flow (supplementary text S5.3). A further clue as to the nature
and origin of the global pattern of LVFs that we
document here might come from the geochemistry
of mid-ocean ridge basalts, whose long-wavelength
isotopic anomalies fluctuate with a similar pattern along the mid-Atlantic Ridge (29).
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Fig. 3. Low-velocity fingers in cross-section. (A) Map view of relative
isotropic VS variations at 250 km depth, with location of depth profiles shown
in (B) to (E). (B and C) Absolute variations in isotropic VS along two profiles
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perpendicular to the APM. (D and E) Same as (B) and (C) for profiles parallel
to the APM: (D) between two LVFs and (E) along an LVF. Green circles in (A)
denote hotspots of Steinberger (30).
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Fig. 4. Three-dimensional rendering of SEMum2 shear-velocity structure. Isotropic relative VS variations in the central Pacific region (from the
Superswell north to Hawaii) viewed from (A) the south, (B) the east and (C)
the north. Minimum and maximum isosurface levels are –3 and –1%, respectively. In (A), the LVZ becomes thinner to the west, and the LVF disappears at the Tonga-Fiji subduction zone. In (B), the LVFs appear clearly
separated from one another in the direction perpendicular to the APM. The
absence of pronounced horizontally elongated low velocities below 200 km
depth between fingers is visible in (C). Below 300 to 400 km, the low veReferences and Notes
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