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The Hawaiian hotspot is often attributed to hot material rising from depth in the mantle, but
efforts to detect a thermal plume seismically have been inconclusive. To investigate pertinent
thermal anomalies, we imaged with inverse scattering of SS waves the depths to seismic
discontinuities below the Central Pacific, which we explain with olivine and garnet transitions in
a pyrolitic mantle. The presence of an 800- to 2000-kilometer-wide thermal anomaly (DTmax ~300
to 400 kelvin) deep in the transition zone west of Hawaii suggests that hot material does not
rise from the lower mantle through a narrow vertical plume but accumulates near the base of
the transition zone before being entrained in flow toward Hawaii and, perhaps, other islands.
This implies that geochemical trends in Hawaiian lavas cannot constrain lower mantle
domains directly.

Anopen question in studies of Earth’s deep
interior concerns mantle plumes, and as
the archetype for plume-related hotspot

activity, Hawaii has long been central to the de-
bate. The canonical view of a narrow thermal
plume rising from the lower mantle below the
moving Pacific plate (1–5) has been used in
studies of Hawaiian lavas (6, 7), plume-plate
interaction (8), and effects of convective mantle
wind on plume morphology and seamount chain
development (9, 10). The deep-plume paradigm
has been questioned, however, and alternative
explanations include upwelling from a thermal
boundary near the base of the transition zone (11)
and shallow-mantle processes (12). Tomographic
evidence for the existence, location, and depth of
origin of the purported plume is still ambiguous
(13–17) (SOM text 1).

Temperature anomalies associated with a deep
plume influence the depth to (pressure-induced)
mineral phase boundaries, which can be deter-
mined from reflections or conversions of seismic
waves (18). Important imaging targets are the
olivine-wadsleyite and post-spinel transitions in
(Mg,Fe)2SiO4 near, respectively, 410- and 660-km
depth (19). Because of their opposite Clapeyron
slopes, high temperatures would deepen the
former and elevate the latter (SOM text 2). Re-
ceiver functions (P-to-S conversions) reveal a thin
transition zone southwest of Hawaii (20–22) and
beneath the Hawaii chain (23). This suggests high
temperatures, but the lateral extent of the anom-
alies is not constrained because of the small
footprint of seismograph networks on and near
the islands.

Transition zone discontinuities can bemapped
beyond the reach of receiver functions with un-
derside reflections—SdS, with d reflector depth—

which arrive as precursors to surface-reflected
SS waves at sensors far from the study region
(Fig. 1). Conventional methods enhance theweak
signals by stacking specular (mirror-like) SS re-
flections across large (10° to 20° wide) geo-
graphical bins (24–28). This averaging yields low
spatial resolution, however, and has not yet yielded
robust 410 and 660 images beneath Hawaii (SOM
text 1). Here we use three-dimensional (3D) in-
verse scattering of the SSwavefield, with amethod
(adapted from hydrocarbon exploration) known
as a generalized Radon transform (GRT) (29)
(SOM text 3). This also exploits data redundancy,
but instead of stacking stationary phases over
spatial bins, it integrates signal associated with
waves scattered from single image points. The

feasibility of GRT imaging with SS precursors
was first demonstrated for an oceanic region far
away from known thermal down- and upwell-
ings (30).

We image the transition zone beneath and
around Hawaii with ~170,000 broadband (20 to
50 s) records of the SS wavefield, from ~4800
earthquakes (magnitude mb > 5.2; focal depth <
75 km) recorded at one or more of a total of
~2250 seismographic stations around the Pacific
(Fig. 1, SOM text 3.1). Data coverage is adequate
in most of the study region but degrades toward
the southwest (SOM fig. S6, C and F). The GRT
produces 1D profiles of elasticity contrasts be-
tween 250- and 950-km depth at a 0.5° by 0.5°
latitude-longitude grid (SOM text 3.2 and 3.3).
These images, which are corrected for 3Dmantle
heterogeneity (using different tomographic mod-
els) and for regional variations in SS reflection
point depth, constrain interfaces at a radial reso-
lution comparable to that of receiver functions.
The closely spaced reflectivity profiles showdepth
variations (topography) of the 410 and 660 and
elucidate structure at other depths that could oth-
erwise be dismissed as noise. We used bootstrap
analysis to gain insight into the robustness of
the images (SOM text 3.5).

Cross sections through the 3D image volume—
for example, across Hawaii (Fig. 2)—reveal mul-
tiple scatter horizons. In addition to reflectors
near 410-km depth and between 650- and 700-km
depth, scattering occurs near depths of 350, 500
to 550, and 800 to 900 km. Most are continuous
and have substantial topography, but some ap-
pear intermittent or split. We focus here on the
traditional boundaries of the transition zone. In
Fig. 2B we track the 410 and 660 in cross-
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Fig. 1. Left: (Top) Map of study region (175° to 214°E; 12° to 26°N; Mercator projection, perspective
view); (middle) geographical distribution of ~170,000 surface mid-points of SS waves (the darker the
shading, the denser the coverage (SOM text 3.2); (bottom) path geometry of underside reflections at the
surface (SS) and an upper-mantle discontinuity (S410S or S660S); precursor stack showing signal associated
with S660S, S410S, and SS waves [after (27)]. Right: (Top) Geographical distribution of ~4800 sources (red
symbols) and ~2250 receivers (blue) from which data are used, and which produces the data coverage
shown on the left; (bottom) schematic view of ray geometry of SS, S410S, and S660S sampling the upper-
mantle transition zone below the imaging area (UM, upper mantle; TZ, transition zone; LM, lower mantle).
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section, and depth picks for all grid points yield
maps of discontinuity depth (Fig. 3, A and B),
transition zone thickness (Fig. 3C), and depth
correlation (Fig. 3D).

The depth to 410 varies (on a lateral scale of
500 to 750 km) between 395 and 430 km, and
that to 660 varies (more smoothly) between 640
and 705 km. Below and east of Hawaii (region I),
the 660 is slightly shallower than the global
average (~650 km). Between Hawaii and 165°W
(region II) the 660 is more anomalous (~640 km),
which confirms results from P-S conversions
(20–23) but extends the anomaly further west
than first thought. Between 167° and 179°W (re-
gion III), the 410 reaches 430 km and the 660
appears anomalously deep (~700 km). West of
180° the interfaces are near global average depths
(29). The regional average depths of 410 and 660
are 413 km and 665 km, respectively, with the
latter biased by large values in region III. The
transition zone is thin beneath and northwest of
Hawaii and thick in region III (Fig. 3C). The
correlation between 410 and 660 is negative in
regions I and II and positive in region III (Fig. 3D).

Two types of artifact can influence image
quality and accuracy. First, interface depths will
be biased if volumetric wave speeds differ from
the values that we use for travel-time calculations
(SOM text 3.4). This effect is too small to explain
the large depth variations across regions II and
III, but some trade-off is likely. Spatially coherent
depth variations of 10 km or larger are considered
meaningful (30), but for a conservative interpre-
tation the estimates of interface depths are con-
sidered upper bounds. Second, sparse sampling
(for instance, west of Hawaii) can degrade noise
reduction and spatial resolution. Visual inspec-
tion shows that image gathers (SOM text 3.3) are
reliable throughout most of the study region, and
bootstrapping suggests that the first-order obser-
vations in regions I, II, and III are robust at 95%
(2s) confidence level (SOM text 3.5). Parts of the

deep structures west of Hawaii are, however, at
the edge of what is resolved with currently avail-
able data.

Even with these uncertainties, the first-order
observations suggest that Hawaii is located above
the eastern margin of a large-scale topographic
feature comprising an anomalously deep 410 and
660 and a thick transition zone (region III), sur-
rounded by a shallow 660 and a thinner transition
zone (regions I, II). This unexpected structural
complexity suggests large variations in temper-
ature (and, perhaps, composition) near the upper-
lower mantle boundary beneath Hawaii and its
environs. To estimate in situ mantle temperatures
near the top (DT410) and bottom (DT660) of the
transition zone, we use pressure-temperature de-
pendencies (that is, Clapeyron slopesG) of olivine
and garnet transitions in amantle of pyrolitic bulk
composition (SOM text 2). Nonpyrolitic compo-
sitions are not needed to explain the first-order
observations discussed here.

We first interpret the observations in terms of
transitions in (Mg,Fe)2SiO4 olivine: i.e., olivine-
wadsleyite [~410 km, G410 ≈ 2.5 MPa/K (31)],
wadlseyite-ringwoodite [~520 km, G520 > 0
(32)], and ringwoodite-perovskite+ferropericlase
(post-spinel) [~660 km, Gp-sp ≈ –2.7MPa/K (33)].
Temperature maps obtained with these slopes
(SOM text 4) reveal a weak perturbation (DT410 ≈
DT660 ≈ 150 K) below and east of Hawaii (region
I) but larger anomalies further west. Interpreting
the shallow 660 in region II as updoming of the
post-spinel boundary yields DT660 ≈ 300 K, in
accord with previous estimates (20, 21), whereas
the small DT410 suggests that the broad anomaly
is confined to the base of the transition zone. The
3D structure is complicated, however, and further
north a deep 410 and shallow 660 suggest high
temperatures in the upper mantle beneath the
Hawaii chain (23).

The deep 660 (region III) is enigmatic. For
Gp-sp as above, a change in post-spinel depth

from 640 to 700 km would imply a temperature
difference of ~850 K. Such a large gradient is
unrealistic far away from plate margins. The 660
depth could be overestimated if wave speeds
above (below) 660 are lower (higher) than the
tomographically inferred values used for 3Dman-
tle corrections. Some trade-off is likely, but ex-
plaining all signal in this way requires implausible
seismic and (probably) thermal anomalies (SOM
text 3.4). For realistic values of Gp-sp, DT660, and
upper mantle velocities, the post-spinel transition
does not seem a plausible explanation of the in-
terface near 700-km depth.

Large 410 and 520 depths suggest elevated
transition zone temperatures in region III. Multi-
anvil experiments have shown (34–36) that at
high temperatures, different phase relations and
Al partitioning increase the (seismic) impedance
contrast at post-garnet transitions. Such experi-
ments are challenging, however, and important
aspects of the phase relations, such as the mag-
nitude of the positive Clapeyron slope (Gp-gt) and
the effects of composition on the location and
seismic detectability of the post-garnet transition
(relative to post-spinel), are still uncertain (SOM
text 2). The possibility that the post-garnet tran-
sition occurs deeper in hot (and, perhaps, Al2O3

rich) mantle than does post-spinel in normal
mantle has been invoked to explain geographi-
cally isolated findings of a deep 660 (24, 27), and
our images may depict a lateral change from
post-spinel (in region II) to post-garnet (in III).
Given the possible trade-offs and uncertainties in
Clapeyron slope and Al2O3 content (in pyrolite),
estimating DT660 at the post-garnet transition is
fraught with uncertainty, but Gp-gt = 3.0 MPa/K
(37) would yield an upper bound of 450 K (with
a lower bound set by the temperature at the post-
spinel transition in region II).

The inference that the mantle near 660-km
depth is hot west of Hawaii, over a region that is
at least 800 kmwide (if restricted to region II) but

Fig. 2. Seismic section
(E-W) across Hawaii (see
Fig. 3 for section location).
(A) Seismic image super-
imposed on tomographically
inferred wave-speed varia-
tions (13). (B) Enlargement
of image between 370- and
760-km depth, with inter-
pretation of 410 (dashed
green line), 520 (blue), and
660 (red) discontinuities.
The depth profiles are cor-
rected for 3D mantle heter-
ogeneity (from tomography)
and for the depth to the
ocean floor where SS reflec-
tions occur. Inverse scattering
does not assume contiguous reflectors (SOM text 3.2), but alignment suggests
lateral continuity. Interfaces appear as a pulse with sidelobes, the width of which
depends on frequency of the data and the angle at which image points are sam-
pled (30). Horizontal resolution (which depends on illumination) is estimated to

be on the order of a few hundred kilometers in the center of the study region
(degrading to~500 km toward the southwest owing to reduced sampling). I, II, and
III mark regions discussed in themain text. The image gathers at 190°E and 200°E
(highlighted in section on the right) are discussed in SOM text 3.3 and fig. S7).
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possibly as broad as 2000 km (if it includes re-
gion III), suggests that hot material accumulates
and spreads near the top of the lower mantle and
that hotspot volcanism may be fueled by second-
ary upwellings (5, 38) (SOM text 5) from the base
of the transition zone (Fig. 4). This is not con-
sistent with tomographic views of a lower mantle
plume southeast of Hawaii (16, 17), but currently
available travel-time data may not be able to re-
solve between a continuous plume-like structure

and separate anomalies at different depths in the
mantle (SOM text 1).

Discontinuity topography reflects local con-
ditions and cannot, by itself, constrain the origin,
longevity, and depth extent of the thermal anom-
aly. However, the temperature contrast and the
sustained flux required to feed volcanism at the
surface (if, indeed, they are related) indicate that
it is not an isolated, ephemeral structure but that it
is rejuvenated from below—for instance, by a

thermal plume or a larger-scale (thermochemical)
mantle dome (5). If there is a connection, the tran-
sient nature of instabilities rising from the transition
zone can help explain irregularities in the evolution
(age progression) of the Hawaii-Emperor sea-
mount chain (10). Furthermore, the lateral changes
of dominant phase transition systems may influ-
ence mass exchange between upper and lower
mantle. Depending on the combined effects of the
width of the post-garnet transition, the density

Fig. 3. Discontinuity depths, transition zone thickness,
and depth correlations in the study region. (A) Topo-
graphic map of 410 (regional average 413 km) and (B)
660 (regional average 665 km). Thick black solid line
depicts location of E-W cross section in Fig. 2, and thin
black line in (B) indicates the location (at 700-km depth)
of the mantle plume identified in (16); see also fig. S2B.
I, II, and III mark the regions discussed in the main text.
(C) The difference between 410 and 660 depths suggests
that a relatively thin transition zone (passing through
Hawaii) surrounds a thick transition (between 180° and
195°E, Region III). (D) Correlation between 410 and 660
depth variations (in regions where 410 and 660 topog-
raphy exceeds 2.5 and 5 km, respectively). Interface
depths are (weakly) negatively correlated beneath
Hawaii, but conspicuous positive correlation appears in
region III. In (A) to (C), regions where the 410 or 660
could not be identified unambiguously are left blank,
and light shading indicates areas of relatively poor data
coverage.

Fig. 4. Cartoon of broad anomaly near base of the
transition zone west of Hawaii, superimposed on a
scattering image (Fig. 2). Green, blue, and red lines
depict interfaces near depths of 410, 520, and 660 km.
The deep 410 and 520 west of Hawaii suggest
higher-than-average temperatures (DT410 ≈ 200 K)
in the upper mantle and transition zone, but with
current data coverage we cannot distinguish be-
tween a large single anomaly and multiple smaller
ones. Updoming of the 660 beneath region II is
consistent with elevation of post-spinel transition
in hot mantle regions (with DT660 ≈ 300 K), where-
as deepening to ~700 km beneath III (red dashed
line) may indicate change of dominant transition
system to garnet (with DT660, max ≈ 450 K). The
positive Clapeyron slope of the latter may aid flux
of lower mantle material into the transition zone
(thin red arrows). Pathways of flow from the deep
anomaly to Earth’s surface are not resolved by the
data used, but Hawaii volcanism may result from upwellings from the (edge of the) broad anomaly (for instance, just east of Hawaii, region I, Fig. 3).
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contrasts at each of the high-temperature transi-
tions (i.e., spinel ↔ garnet+magnesiowüstite ↔
perovskite+magnesiowüstite), the value of Gp-gt,
and composition, post-garnet transitions may fa-
cilitate the formation of secondary upwellings
and thus contribute to the elevated upper-mantle
temperatures in region III, a positive geoid anom-
aly, and, perhaps, the richness of bathymetric
features away from seamount chains. Finally, any
temporary ponding of lower-mantle flow at 660
suggests that pipe flow or zonation of mantle
plumes (7, 39–41) must be shallow-mantle phe-
nomena, and that isotope signatures of surface
lavas cannot be used to map geochemical do-
mains in the lower mantle.
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Computational Design of Virus-Like
Protein Assemblies on Carbon
Nanotube Surfaces
Gevorg Grigoryan,1* Yong Ho Kim,2* Rudresh Acharya,1 Kevin Axelrod,3 Rishabh M. Jain,3

Lauren Willis,3 Marija Drndic,3 James M. Kikkawa,3 William F. DeGrado1,2†

There is a general need for the engineering of protein-like molecules that organize into
geometrically specific superstructures on molecular surfaces, directing further functionalization
to create richly textured, multilayered assemblies. Here we describe a computational approach
whereby the surface properties and symmetry of a targeted surface define the sequence and
superstructure of surface-organizing peptides. Computational design proceeds in a series of
steps that encode both surface recognition and favorable intersubunit packing interactions.
This procedure is exemplified in the design of peptides that assemble into a tubular structure
surrounding single-walled carbon nanotubes (SWNTs). The geometrically defined, virus-like
coating created by these peptides converts the smooth surfaces of SWNTs into highly textured
assemblies with long-scale order, capable of directing the assembly of gold nanoparticles into
helical arrays along the SWNT axis.

Denovo protein design has historically been
used to test the principles governing pro-
tein folding and assembly (1–3). These

principles have also been extended to the design
of structures capable of binding metal ions (4, 5),
peptides (6–8), DNA (9, 10), inorganic materials
(11), and proteins that catalyze reactions similar
to those found in nature (12–15). However, pro-
tein designmight have greater impactwhen applied
to the engineering of controllable, structurally de-
fined molecular assemblies (16). A solution to this
problem would enable the manipulation and orga-
nization of objects on the molecular and atomic
levels, a major challenge of modern nanoscience.

We describe a general approach for designing
molecules that assemble along geometrically
specific surfaces into a predefined superstructure.
Earlier studies focused on amphiphilic peptides
that encourage binding and assembly at soft
interfaces (17–19), but without explicit consider-
ation of interpeptide packing geometry that de-
fines the nano- to macrostructure of the overall
complex. A good design strategy for encoding a
specific mode of assembly is to engineer a pro-
tein structural unit that presents functional groups
compatible with the targeted surface and asso-
ciates into a periodic superstructure with a geo-
metric repeat matching that of the targeted
substrate (Fig. 1A). However, an infinite con-
tinuumof such symmetry-matching arrangements
can be generated out of common protein struc-
tural units. Thus, the most challenging aspect
of designing such a surface-organizing assembly
is the identification of a reasonable superstructure
geometry, a problem we address in this study.
Here, we apply our approach to design peptides
thatwrap single-walled carbonnanotubes (SWNTs)
in a structurally specific manner, creating a rich-
ly textured molecular surface. Previously studied
biomolecules that interact with SWNTs include
single-strandedDNAmolecules (20, 21), nanotube-
binding peptides selected by phage-display (22),
and synthetic peptides with chemical features
that favor SWNT binding (23, 24). Beyond in-
teracting with and solubilizing SWNTs, a unique
and relatively unexplored potential offered by
biomolecules is the ability to program structural-
ly specific modes of surface assembly, enabling
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