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S U M M A R Y
We present models of the 3-D shear velocity structure of the lithosphere and asthenosphere
beneath the Hawaiian hotspot and surrounding region. The models are derived from long-period
Rayleigh-wave phase velocities that were obtained from the analysis of seismic recordings
collected during two year-long deployments for the Hawaiian Plume-Lithosphere Undersea
Mantle Experiment. For this experiment, broad-band seismic sensors were deployed at nearly
70 seafloor sites as well as 10 sites on the Hawaiian Islands. Our seismic images result from
a two-step inversion of path-averaged dispersion curves using the two-station method. The
images reveal an asymmetry in shear velocity structure with respect to the island chain, most
notably in the lower lithosphere at depths of 60 km and greater, and in the asthenosphere. An
elongated, 100-km-wide and 300-km-long low-velocity anomaly reaches to depths of at least
140 km. At depths of 60 km and shallower, the lowest velocities are found near the northern
end of the island of Hawaii. No major velocity anomalies are found to the south or southeast
of Hawaii, at any depth. The low-velocity anomaly in the asthenosphere is consistent with an
excess temperature of 200–250 ◦C and partial melt at the level of a few percent by volume, if
we assume that compositional variations as a result of melt extraction play a minor role. We
also image small-scale low-velocity anomalies within the lithosphere that may be associated
with the volcanic fields surrounding the Hawaiian Islands.

Key words: Mantle processes; Surface waves and free oscillations; Seismic tomography;
Oceanic hotspots and intraplate volcanism; Pacific Ocean.

1 I N T RO D U C T I O N

Hawaii and its associated chain of islands and seamounts have long
been regarded as the archetypal example of an intraplate hotspot
that is located above a deep-rooted mantle plume (Wilson 1963;
Morgan 1971). In the classical plume model, hot mantle material
ascends nearly vertically within a more viscous surrounding mantle,
before stagnating and ‘pancaking’ beneath the rigid lithosphere. By
this hypothesis, buoyant plume-fed asthenosphere heats and uplifts
the overlying lithosphere and gives rise to an elongated bathymetric
swell as shallow plume material is dragged downstream by the
overriding plate (Davies 1988; Olson 1990; Sleep 1990; Wessel
1993; Phipps Morgan et al. 1995). Alternative explanations for the
Hawaiian hotspot have challenged the plume hypothesis. Foremost
among these is the suggestion that a plate moving on an oblate

Earth experiences extensional stresses (Turcotte & Oxburgh 1973)
that cause the plate to fracture, allowing for the passive ascent
of magma from the asthenosphere and age-progressive volcanism
(Natland & Winterer 2005).

Hawaii’s isolated location, far from plate boundaries, provides a
unique opportunity to test basic hypotheses for the origin of hotspot
volcanism (e.g. Ribe & Christensen 1999). But its midplate loca-
tion, surrounded by a deep-ocean environment, has also proven an
obstacle to the collection of diagnostic geophysical observations.

Identifying the dominant cause of the Hawaiian bathymetric
swell has also remained elusive. Proposed mechanisms include
thermal rejuvenation (Detrick & Crough 1978), dynamic sup-
port (Watts 1976), thermal erosion (Li et al. 2004), compositional
buoyancy (Jordan 1979), and hybrids of these ideas (Laske et al.
2007). Early heat flow measurements along the Hawaiian Swell
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Figure 1. Site locations of the two one-year deployment phases of the Hawaiian PLUME project. Also shown are sites of permanent stations of global seismic
networks relevant to this study. Station KIP (Kipapa, Oahu) is jointly operated by GEOSCOPE and the U.S. Geological Survey (USGS), POHA (Pohakuloa,
Hawaii) by the USGS, and MAUI by GEOFON. Phase 1 (left-hand side) operated from 2005 January through 2006 January and phase 2 (right-hand side) from
2006 April through 2007 June. Only the recovered OBSs are shown; a total of 11 OBSs were lost. The complete deployment layout can be found in Laske et al.
(2009a). Open numbered circles mark instruments with a loss of data for the differential pressure gauge (DPG) and/or vertical-component seismometer. Green
stars mark the sites of the 1997–1998 SWELL pilot array (Laske et al. 1999).

appeared to support the thermal rejuvenation model (von Herzen
et al. 1982), but subsequent measurements across the swell did
not show the high heat flow values expected near the center of the
swell. It was suggested by von Herzen et al. (1989) that dynamic
support must also play a role. More recently, Harris & McNutt
(2007) found that some heat flow data may be biased low as a
result of hydrothermal circulation in the crust, so that any sig-
nal from thermal rejuvenation may be muted along the Hawaiian
chain.

Regional seismic studies have so far yielded conflicting results.
Single-path surface wave studies using the two-station method along
the Hawaiian Islands found no evidence for lithospheric thinning
(Woods et al. 1991; Woods & Okal 1996; Priestley & Tilmann
1999). Maupin (1992) argued, however, that single-path ray-theory
methods fail to account for effects caused by surface waves trapped
along a narrow low-velocity channel that may exist along the chain,
if the Pacific Plate drags hot plume-derived asthenosphere material
downstream. Among the proposed mechanisms for the Hawaiian
Swell, only compositional buoyancy predicts high seismic velocities
in the upper mantle near Hawaii. Katzman et al. (1998) reported
such an anomaly near the end of a corridor between Fiji/Tonga and
Hawaii. Their result, however, is not consistent with more recent
regional studies around Hawaii that provided images of upper mantle
low-velocity anomalies (Tilmann et al. 2001; Wolfe et al. 2002;
Laske et al. 2007). Regional receiver-function studies suggested a
thinning of the transition zone to the southwest of the island of
Hawaii (Li et al. 2000; Collins et al. 2002), a zone of very low
shear velocities beneath the island of Hawaii at 130 km and greater
depth (Li et al. 2000; Wölbern et al. 2006), and a thinning of the

lithosphere downstream of Hawaii (Li et al. 2004). Most of these
studies relied solely on land seismic stations, and data coverage was
lacking at key locations in all of these studies to fully assess upper
mantle structure.

The Hawaiian Plume-Lithosphere Undersea Mantle Experiment
(PLUME) (Laske et al. 2009a) involved a large deployment of
ocean-bottom and land seismometers to address these questions.
The experiment drew upon the experience gained during the PE-
LENET experiment (Wolfe et al. 2002), the Seismic Wave Explo-
ration in the Lower Lithosphere (SWELL) pilot experiment (Laske
et al. 2007), and the Ocean Seismic Network pilot experiment
(Collins et al. 2002). During the field campaign, which involved
two year-long deployments of broad-band seismometers between
2005 January and 2007 June, 73 sites were occupied on the ocean
floor and 10 on the Hawaiian Islands (Fig. 1). Seafloor instruments
were provided and deployed by the Woods Hole Oceanographic
Institution (WHOI) and the Scripps Institution of Oceanography
(SIO) ocean-bottom seismometer (OBS) groups, both of which are
institutional operators of the national OBS Instrument Pool (OB-
SIP) supported by the U.S. National Science Foundation. Land in-
struments were deployed and operated by the Carnegie Institution
of Washington (CIW). The PLUME network was complemented by
permanent seismic observatory stations KIP (Kipapa, Oahu), POHA
(Pohakuloa, Hawaii) and MAUI (Maui). All seismic data collected
during the PLUME field campaign are now available at the In-
corporated Research Institutions for Seismology (IRIS) Data Man-
agement Center. This study presents results from the analysis of
Rayleigh waves recorded across the PLUME network at frequen-
cies between 10 and 50 mHz.
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Figure 2. Backus–Gilbert resolving kernels for Rayleigh waves over three frequency ranges and for a given model error of 1 per cent. The eight kernels display
the recovery of a δ-function at eight given target depths in kilometres (indicated by the numbers on the right). Rayleigh-wave phase velocity data at frequencies
10 mHz and above are capable of recovering structure down to 250 km depth.

2 T H E P LU M E F I E L D C A M PA I G N,
I N S T RU M E N TAT I O N A N D P H A S E
M E A S U R E M E N T S

A 500-km-wide OBS network of 35 sites, with station spacing of
about 80 km, recorded continuously from 2005 January through
2006 January (PLUME phase 1), whereas an OBS network of 38
sites, over 1000 km wide and with station spacing of about 220 km,
recorded from 2006 April through 2007 June (PLUME phase 2).
Most of the 10 portable broad-band land stations on the islands op-
erated for the entire duration of the field campaign. All stations were
equipped with wide-band or broad-band sensors: the PLUME land
stations featured a broad-band Wielandt-Streckeisen STS-2 (triaxial
components, corner period at 120 s), the WHOI OBSs had a Güralp
CMG-3T (orthogonal components, corner period at 120 s), and the
SIO OBSs had a wideband Nanometrics Trillium 40 during phase
1 (triaxial components, corner period at 40 s) and a broad-band
Nanometrics Trillium 240 (corner period at 240 s) during phase 2.
Each OBS included a Cox-Webb differential pressure gauge (DPG)
(Cox et al. 1984). The observatory stations operated a broad-band
STS-2 (MAUI), a very broad-band STS-1 (KIP) and a very broad-
band Geotech/Teledyne KS54000 borehole seismometer (POHA).
Vertical-component seismometer data comprise the primary data
set for this study.

All stations recorded continuously at a variety of sampling rates:
the WHOI instruments recorded at 1 Hz, in addition to 40 Hz
(seismometers) and 20 Hz (DPG). The SIO instruments recorded
at 31.25 Hz, and the CIW land stations recorded at 20 Hz. The
observatory stations provide data at 1 Hz as well as other sampling
rates. For this study, we bandpass filtered and resampled all data to
0.992 Hz (SIO) and 1 Hz (all other stations).

Of the 32 OBSs recovered from phase 1, 27 instruments pro-
vided vertical-component data. The Güralp seismometer at station
PL26 did not unlock, and the central processing unit (CPU) on
the SIO instruments PL04, PL12, PL19 and PL28 reset to record
only two horizontal components. The equipment at PL02 experi-
enced an unintended channel swap involving the vertical compo-
nent that was not detected until after data analysis for phase 1 was
complete. Of the 30 recovered OBSs from phase 2, 27 provided
useful vertical-component data. Station PL40 also experienced an
unintended channel swap, which was detected and rectified during
data processing. Two of the three remaining sites (PL45, PL50,
PL51) provided seismic signals on the DPGs but not on the ver-
tical seismometer components. These stations are excluded from
analysis.

A Backus–Gilbert resolution analysis (Backus & Gilbert 1968)
reveals that Rayleigh wave phase velocity measured between 10
and 70 mHz is adequate to constrain shear velocity, VS , to depths
of at least 200 km (Fig. 2). Such an analysis explores how well the
data can recover an anomaly in the shape of a δ-function placed
at a target depth using the optimal linear combination of data. We
chose to perform this test with the condition that the model errors be
no larger than 1 per cent. The trade-off between the desired model
error and the width (or spread) of the recovered δ-function controls
the minimum depth range over which a structure is smeared by the
modelling. Rayleigh wave sensitivity reaches deeper than 200 km
(Fig. 3), but recovered δ-functions tend to spread over a depth range
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Figure 3. Left-hand side: Rayleigh-wave phase velocity sensitivity to shear
velocity structure, V S , as function of depth, z, shown at five frequencies. At a
given frequency, the corresponding kernel is multiplied by the shear velocity
structure and integrated over depth to obtain local phase velocity. The kernel
for 10 mHz peaks at 140 km depth, but the combination of all frequencies
gives the data set sensitivity to structure at much greater depths (see text
for details). The kernels are normalized for better display. The maximum of
the 50 mHz kernel is about 20 times larger than that of the 10 mHz kernel.
Right-hand side: Geometry of the 17-layer velocity model used to represent
shear velocity structure. The top and bottom layers are used to reduce the
effects of bias from unresolved structure above and below our target depth
range.
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larger than ±50 km. A condition for good recovery in this test is
that the data errors are consistently small across all frequencies,
but in the data analysed here the errors at frequencies less than
20 mHz tend to become larger, so that the test results for deep
structure somewhat overestimate resolution. Although it is straight-
forward to attain good depth resolution with observations on land, it
has been questioned whether ocean noise hampers the observation
of 10 mHz surface waves on the seafloor (e.g. Webb 1998). Even
with data restricted to frequencies of 20 mHz and above, recovery
of structure to depths near 150 km is possible, though imaging ca-
pabilities at depths much greater than 100 km deteriorate notably
when the bandwidth is limited to frequencies of 30 mHz and above.
Fortunately, such restrictions on bandwidth are rarely found in our
PLUME data set. To suppress sensitivity to crustal structure, we
limit our data analysis to frequencies less than 50 mHz.

Following the methodology of our SWELL pilot study (Laske
et al. 1999, 2007), we selected moderately large, shallow tele-
seismic earthquakes (surface wave magnitude MS ≥ 5.3; source
depths h0 < 200 km; epicentral distance � > 20◦). The 1997–1998
SWELL pilot experiment provided a rich database, but the years
of the PLUME field campaign, 2005–2007, provided even more
suitable earthquakes. For phase 1, we analysed 194 events, more
than twice as many as for the SWELL study. For phase 2, we in-
cluded only the 164 largest events with MS ≥ 6.0. Although many
of these events are associated with the great 2004 December 26
Sumatra–Andaman earthquake, the increased seismicity during the
PLUME deployments was not restricted to the Indonesian subduc-
tion zone, and the azimuthal coverage easily reaches that of the
SWELL study.

For the Rayleigh wave dispersion analysis, we employed the mul-
titaper transfer-function technique of Laske & Masters (1996) to
measure the frequency-dependent, path-averaged Rayleigh wave
phase velocity between station pairs. This procedure involves the
manipulation of spectra for which the phase typically changes
quickly as a function of frequency. Due to the different sampling
rates, the SIO phase spectra must be interpolated in a joint anal-
ysis with the spectra from the other stations, which can introduce
a systematic bias. We therefore analysed these stations separately.
Because only three phase-1 SIO stations (PL06, PL21 and PL32)
provided vertical-component data and so contribute with only three
dispersion curves to a data set using the two-station method, we
did not include these in this initial study. The data from all other
stations were corrected for nominal instrument responses prior to
analysis. Transfer function measurements were taken between 10
and 50 mHz, with 0.5 mHz increments, giving 81 phase veloc-
ity data for each dispersion curve. We applied the multitaper ap-
proach of Thomson (1982), and used a set of orthogonal Slepian
tapers (Slepian 1978) that provide an optimal compromise between
frequency resolution and bias from noise contamination. Used in
a jackknife procedure (Efron 1987), these tapers allow us to ob-
tain formal measurement errors. In combination with a wealth of
crossing paths, the two-station approach lets us best assess lateral
variations across the PLUME network without having to resort to
modelling structure outside of it. However, this approach restricts
the use of earthquakes to those for which the source azimuth does
not deviate greatly from the associated two-station great circle. Path-
averaged phase velocities were determined for events for which this
deviation is no more than 10◦. Each dispersion curve was corrected
for nominal off-great-circle deviation, as uncorrected velocities are
biased high (a 10◦ deviation leads to a 1.5 per cent velocity bias).

3 R AY L E I G H WAV E P H A S E V E L O C I T Y
A C RO S S T H E P LU M E N E T W O R K

Since along-path dispersion can be affected by off-path heterogene-
ity, we prefer to interpret dispersion in the context of 3-D velocity
structure and therefore refrain from in-depth interpretations of sin-
gle two-station dispersion curves. It is nevertheless useful to out-
line the range of dispersion curves in the PLUME data set of 614
paths as is shown in Fig. 4. The phase velocities along two-station
path PL34–PL03 are anomalously low, indicative of deep-seated
low shear velocities. We can find a 1-D velocity model that fits
these data adequately, though it exhibits extremely low velocities of,
3.85 km s−1 at depths greater than 150 km. The phase velocities
along path PL27–PL17 are much higher. At frequencies above 15
mHz, they resemble predictions for old oceanic lithosphere, though
data at frequencies above 40 mHz appear to require modifications
to the crustal structure. Relatively low velocities at frequencies less
than 25 mHz require anomalously low velocities in the astheno-
sphere to be well fit.

For initial consistency checks, it is useful to display the results
for all two-station pairs in map view, as a function of frequency.
Fig. 5 reveals adequate overall internal consistency of the data set,
although there are some outliers with extremely high or low veloc-
ities. Measurement errors tend to become larger with decreasing
frequency but largely remain below 0.05 km s−1 (approximately
1 per cent; Fig. 6). It is notable that two-station paths crossing a
region to the west of the island of Hawaii tend to exhibit unusually
low velocities, especially at around 20 mHz. This tendency in also
evident in the data for 10 mHz, but that data set appears less in-
ternally consistent. At higher frequencies, this feature disappears.
This observation indicates that a pronounced low-velocity anomaly
exists at depths well greater than 50 km but does not continue to the
surface.

Two principal strategies lead from here to a 3-D shear velocity
model. The first strategy (approach A) follows the methodology
of Laske et al. (2007) in which path-averaged 1-D velocity pro-
files are obtained from inversions of each path-averaged dispersion
curve. In a second inversion for maps at a set of given depths,
these 1-D models are then inverted for 3-D structure. This tech-
nique was applied in the SWELL pilot study (Laske et al. 1999,
2007) and was also used in the presentation of initial PLUME mod-
els (Markee et al. 2008; Laske et al. 2009b; Strader et al. 2009).
It finds wide usage, in particular in waveform modelling such as
the partitioned waveform modelling by Nolet (1990). Though lead-
ing relatively quickly to a 3-D model, and with overtone disper-
sion included implicitly in waveform modelling, this approach has
several disadvantages: (1) it is somewhat cumbersome to propa-
gate errors through the two inversions; (2) meaningful resolution
and hypothesis tests are difficult to implement; (3) so, too, are
data quality and misfit checks; and (4) corrections for bathymetry
and crustal structure have to be applied to each of the 614 disper-
sion curves individually by integration over the two-station paths.
In our preferred approach B, frequency-dependent maps of local
phase velocity anomalies are constructed from the path-averaged
dispersion curves. These maps are then inverted for 3-D shear ve-
locity structure. It is nonetheless useful to inspect results from
both approaches to identify the most robust features in the de-
rived models. We therefore present the results from approach A
in the Supporting Information but proceed with approach B from
here on.
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Figure 6. Errors for the path-averaged phase velocities shown in Fig. 5. Errors tend to increase with decreasing frequency.

4 M A P S O F L O C A L P H A S E V E L O C I T Y
A N O M A L I E S

The 614 path-averaged dispersion curves were used as input in
Occam’s smoothed inversions (Constable et al. 1987) to solve for
phase velocity maps at each of the 81 frequencies between 10 and
50 mHz. The phase velocity maps were defined in 13 × 13 1◦ cells,
and we applied second-derivative smoothing in the inversions. In an
Occam’s smoothed inversion, we attempt to minimize the weighted
sum of data misfit and model roughness (see Supporting Informa-
tion for details). There is a trade-off between the two, with smoother
models fitting the data less well. We found that properly weighting
the data by the inverse of their squared errors is important. Drawing
from our experience with global inversions, we also chose a min-
imum error threshold, because a minority of data with very small
errors would otherwise dominate the inversions (see also Laske &
Masters 1996). This problem also occurs in approach A but is more
difficult to explore and control with that method. Resulting maps of
local phase velocity anomaly are shown in Fig. 7 at four frequencies.
These maps provide a much clearer initial picture of local structure
than the maps of path-averaged phase velocities (Fig. 5). The cor-
responding maps of uncertainty estimates are shown in Fig. 8. The
latter were obtained from inversions of the standard deviations of
the path-averaged phase velocity curves. Cells not occupied by any
paths have very small but non-zero uncertainties as a result of the lat-
eral smoothing constraint imposed by the inversion (compare with
Fig. 9). Despite relatively high hitcounts for cells around the island
of Hawaii, uncertainties are relatively small for frequencies higher
than 10 mHz, thereby documenting good internal consistency for
paths crossing this region.

A pronounced low-velocity anomaly that is centred to the west
of the islands is found in the 10 mHz map (Fig. 7). The mag-
nitude of this anomaly lessens quickly with increasing frequency.
This anomaly appears to be robust as the corresponding errors are
relatively small. Consulting the sensitivity kernels in Fig. 3, we

infer that the associated anomaly in V S must reach deep into the
asthenosphere but cannot continue to the surface, because other-
wise this anomaly would be visible in the 50 mHz map. Relatively
high velocities are found to the southeast of the islands. Small-scale
features emerge in the 40 and 50 mHz maps that sample primarily
the lithosphere and crust. Some of these anomalies coincide with
past volcanism (Section 7). Some anomalies appear to collocate
with seismic stations, which may suggest artefacts caused by mal-
functioning stations. For example, a small low-velocity anomaly is
found to the south of Oahu, near station PL73 (Fig. 1), particularly
in the low-frequency maps. Repeat inversions without data from
this station yield virtually identical maps, however, indicating that
this anomaly is not the result of a problematic station. Similarly, a
high-velocity anomaly near station PL17 to the southeast of Hawaii
persists in the high-frequency maps after removing the data from
that station. In this case, the amplitude is reduced by a factor of
approximately two but remains in place. Somewhat intriguing is the
large low-velocity region to the northeast of the island chain seen
in the maps at higher frequencies. Data coverage is relatively poor
in this area because of a lack of stations, but all paths crossing this
region consistently exhibit low phase velocities (Fig. 5).

5 3 - D S H E A R V E L O C I T Y F RO M P H A S E
V E L O C I T Y M A P S

The resulting phase velocity maps were used as ‘data’ in an inver-
sion for 3-D V S structure (see Supporting Information for technical
details). We performed Occam’s smoothed inversions for 1-D V S

models in each of the 13 × 13 one-degree cells applying radial
smoothing. Each 1-D model was parameterized by 17 layers of
constant velocity, where the layer thickness increases with depth to
reflect the degrading resolution (see Figs 2 and 3). As a starting
model, we used a modified Nishimura & Forsyth (1989) (N&F)
model for 52–110-Myr-old lithosphere (Laske et al. 2007) (see
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52–100-Myr-old oceanic lithosphere. The complete collection of phase velocity maps comprises 81 maps at frequencies between 10 and 50 mHz. Different
symbols mark the PLUME phase 1 (blue) and phase 2 (red) OBS sites. For reference and comparison with later figures, the sites of the SWELL pilot experiment
are also shown (white).

Fig. 15). No lateral smoothing was used, since this was already
applied in the inversions for phase velocity maps. As ‘data errors’
we used the uncertainties shown in Fig. 8. Formally, the data errors
should be retrieved from the covariance matrices constructed in the
inversions for phase velocity maps. This covariance approach yields
larger errors for poorly sampled regions. Using such errors in the
1-D inversions allows resulting models to deviate markedly from
the starting models at locations where no data constraints would
justify such deviations. In contrast, with the approach chosen here,
resulting models stay close to the starting model in poorly sampled
regions. The final 3-D shear velocity model is presented in Fig. 10.
Overall, features in the model are quite similar to those found in
the model from approach A (Fig. A8), for which variations appear
laterally smoother at shallow depths but rougher at greater depths.

A stable feature in the models from both approaches is the pro-
nounced low-velocity anomaly to the west of Hawaii, at depths
greater than 60 km. The bulk of this anomaly is laterally confined to
lie within an area 100 by 200 km that is elongated in the north–south

direction. The anomaly appears to connect with a smaller anomaly
near a depth of 60 km that is centred between the islands of Hawaii
and Maui. A weak, north–south-trending low-velocity anomaly to
the northeast of the islands (at 152.5 ◦ W) is confined to depths less
than 60 km. As discussed below, this particular anomaly finds sup-
port in the two-station dispersion data, but its large lateral extent is
likely a result of imaging effects in a poorly resolved region. Small-
scale low-velocity anomalies visible at a depth of 40 km extend
downward but fade out quickly at depths greater than 60 km.

Although we restricted our data set to frequencies at and less than
50 mHz, some remaining sensitivity to crustal structure may affect
the imaging of features to a depth as great as 80 km. To estimate the
extent of these effects, we also performed inversions of maps that
were corrected for crustal structure and bathymetry. The changes in
the resulting models are very minor (compare to Fig. 11 and figures
in the Supporting Information). In such models, features deeper
than 40 km remain largely unchanged, though the amplitude of the
large deep anomaly is somewhat reduced. This difference can likely
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Figure 8. Estimates of uncertainty in local phase velocity, at the four frequencies shown in Fig. 7, obtained from inversions of the path-averaged phase velocity
errors (Fig. 6). Percentage perturbations to the same reference velocities as in Fig. 7 are shown.

be offset by choosing the next rougher model along the trade-off
curve between data misfit and model roughness.

5.1 Adding data from the SWELL pilot experiment

The shear velocity models obtained from inverting PLUME data
(e.g. Fig. 10) exhibit low-velocity anomalies that reach well into the
area covered by the SWELL pilot experiment (Laske et al. 2007)
that used DPGs as sensors. There, we imaged lower shear velocities
beneath the Hawaiian Swell that reached across the northeastern
half of the SWELL network. The anomaly was apparent at all depths
greater than 40 km, but the contrast between low on-swell and high
off-swell velocities was most pronounced in the asthenosphere at
depths near 100 km. In the V S model shown here, the low-velocity
anomalies in the asthenosphere appear to wrap around the centre of
the SWELL network instead of spreading into it. We could argue
that this may be the result of uneven path coverage (Fig. 9), but the
maps from the SWELL V S model also hint such a split (Laske et al.
2007).

We infer from this comparison that the data from these exper-
iments are consistent despite the use of different sensors, and we

include the SWELL data in a final set of inversions. As discussed
in the next section, synthetic tests confirm that the 22 dispersion
curves from the SWELL pilot study improve recovery of structure
in the southwestern corner of the PLUME study area, at frequen-
cies above 10 mHz (the SWELL data set includes frequencies at
and above 11 mHz). The final model is displayed in Fig. 11. The
addition of the SWELL data somewhat enhances the western extent
of the low-velocity anomaly at depths between 60 and 120 km. The
most notable change is that high-velocity anomalies to its west ap-
pear more pronounced and continuous, thereby forming an apron of
high velocities around the island of Hawaii. These high velocities
approximately coincide with off-swell deep seafloor (water depth
greater than 5000 m).

6 S Y N T H E T I C T E S T S

Synthetic tests are useful tools to evaluate the imaging fidelity of our
data set and inversion technique. The ability to resolve subsurface
structure depends on the path geometry, data errors, parameteriza-
tion, and smoothing applied in the inversions. Since the resolution
in the final V S model is controlled by geometries and errors in
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Figure 9. Two-station path coverage for phase velocity data at 40 mHz: (a) for the 614 paths of the PLUME network; (b) for the 636 paths including both
the PLUME and the 1997 SWELL pilot networks. The contribution of each path to a 1◦ cell is determined by the length of the path segment within that cell.
The value in each cell is the sum of the contributions of all paths to this cell. The absolute numbers on the colour scale are somewhat arbitrary and depend
on how finely the paths are sampled (we chose 0.02◦). Because of the large number of (crossing) paths from the phase-1 deployment, cells around the island
of Hawaii are particularly well covered. Coverage diminishes toward the perimeter of the network and is relatively poor to the northeast of the islands, where
several OBSs were not recovered (see Laske et al. 2009a, for details).
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Figure 10. Model of shear velocity anomaly, dV S /V S , obtained from the inversion of PLUME data. For clarity in the panels, the subscript is omitted. The
six panels show percentage perturbations to the reference model at depths between 40 and 140 km. The reference model is the modified N&F model for
52–100-Myr-old lithosphere (see text for details). The reference velocity at each depth is given above each panel. Different symbols mark the PLUME phase 1
(blue) and phase 2 (red) OBS sites. For reference, the sites of the SWELL pilot experiment are also shown (white). The phase velocity maps were not corrected
for effects caused by bathymetry and crustal structure prior to the inversion.
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Figure 11. Model of shear velocity anomaly obtained from the inversion of both PLUME and SWELL data. See Fig. 10 for details. The input phase velocity
maps were corrected for effects caused by bathymetry and crustal thickness prior to the inversion (see Supporting Information). The three numbers in the panel
for 60 km mark the locations of the 1-D models of absolute shear velocity shown in Fig. 15. In the two middle panels, black dashed lines at 5000 m seafloor
depth outline the Hawaiian Swell. Areas of reduced resolution are shaded over.

the input phase velocity maps, we present synthetic tests for these
maps. We used the same constraints in the tests that we used in the
inversions of the observations. The choice of suitable input models
is a somewhat subjective process. Checkerboard tests are useful to
obtain a quick overview. Here, we show results for the combined
PLUME and SWELL data sets. Tests that include only PLUME data
are presented in the Supporting Information.

The recovery of three input patterns, with a 5 per cent anomaly
and different cell sizes, is shown in Fig. 12. The spatial recovery
is best at frequencies between 35 and 45 mHz and degrades for
lower and higher frequencies as the errors increase (see also Fig. 8).
Large input squares, with dimensions of 300 km (upper row in
Fig. 12), are recovered in most areas that are well-sampled by data
(compare to Fig. 9). At frequencies of 30 mHz and higher, the
amplitude of the recovered anomaly is typically above 4 per cent in
cells with a relative hit count of 7 or higher. This corresponds to an
amplitude recovery of 80 per cent or better in well-sampled regions.
Even at 20 mHz, some cells in the output pattern have amplitudes
greater than 4 per cent though the typically recovered amplitudes
stay near 3 per cent (60 per cent amplitude recovery). At 10 mHz,
the spatial recovery of larger input structures is possible out to at
least 500 km from the islands, on both sides of the island chain,
but the recovered amplitudes exceed 3 per cent in relatively few
cells.

The area of best recovery of structure with dimensions of
200 km is within approximately 500 km of the island chain (middle
row in Fig. 12), where the better recovery to the southwest than to the
northeast reflects the better data coverage. Imaging fidelity is also
high to the southeast of the island of Hawaii. Recovered amplitudes
are slightly lower than for the larger input pattern, but most well-
sampled cells have an amplitude recovery of 70 per cent or better.
In some areas, it is numerically possible to recover structures on the
scale of 1◦ (bottom row in Fig. 12). For 10-mHz waves, this scale is
smaller than half the wavelength (λ/2 � 200 km), so finite-frequency
theory may be needed to interpret these data. Since a 1◦ cell also
reflects the model parameterization, the recovery of structure of this
dimension is penalized most in our smoothed inversions, and it is
not surprising that amplitude recovery typically does not exceed
50 per cent.

Tests with isolated anomalies confirm that an anomaly close to the
islands can be recovered spatially quite accurately at all frequencies
(Fig. 13, bottom row). The highest recovered amplitude is 4.3 per
cent (86 per cent amplitude recovery), with all four cells in the
central anomaly of the output map having values of 3.3 per cent
or higher (66 per cent amplitude recovery). An anomaly placed
upstream from Hawaii (middle row) can also be recovered spatially,
but signal is lost in the map at 10 mHz for distances markedly greater
than 400 km. Amplitude recovery for the centre of this anomaly is
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Figure 12. Checkerboard recovery tests for three input phase velocity maps with squares of varying size (left column), shown at four frequencies (the other
four columns). Ray paths include those of the PLUME and SWELL data. The magnitude of the input anomaly is ±5 per cent. The size of the squares in
the model on the bottom is 1◦, which is the grid size in the parameterization. In the middle row of panels, dashed lines at 5000 m seafloor depth outline the
Hawaiian Swell.

reduced, with an 80 per cent recovery in only one of the four central
cells involved. An anomaly placed near the western edge (top row)
appears to be recovered incompletely, particularly at 10 mHz, where
its amplitude is grossly underestimated. At frequencies of 30 mHz
or higher, the amplitude recovery of the center of this anomaly is
80 per cent or better in five of the nine involved cells.

The synthetic tests indicate that spatial recovery of small,
200-km-wide features is possible in well-sampled regions, with
an amplitude recovery of 70 per cent or better. Slightly larger fea-
tures have an amplitude recovery of 80 per cent or better. Amplitude
recovery is markedly reduced at frequencies near 10 mHz, so veloc-
ity anomalies at depths greater than 150 km may be underestimated
(compare with Figs 2 and 3). Since we limit the interpretation of our
model to depths less than 150 km, we expect an amplitude recovery
of 70 per cent or better in well-sampled regions, even in the up-
per asthenosphere, and for relatively small features. The amplitude
recovery for larger features should be above 80 per cent.

7 D I S C U S S I O N

7.1 Robust features in the VS model

Relative to 52–110-Myr-old lithosphere, a broad region of anoma-
lously low shear velocities beneath the Hawaiian Swell stands out
in our images (Figs 11 and 14). Within this region, a strong, nar-
row low-velocity anomaly at depths greater than 80 km to the
west of Hawaii is the most robust feature in our images. This fea-

ture continues well into the asthenosphere, to a depth of at least
140 km, as was partly evident in the prior SWELL study (Laske
et al. 2007). Such an asymmetric low-velocity anomaly with re-
spect to the island chain was also suggested by body-wave tomog-
raphy (Wolfe et al. 2009, 2011). This region likely marks the supply
route of hot, melt-rich and/or compositionally altered asthenosphere
material. In their receiver function study, Wölbern et al. (2006) in-
ferred a strong low-velocity anomaly at depths greater than 100 km
directly beneath the island of Hawaii, which appears inconsistent
with our results.

We can also rule out with confidence that strong low-velocity
anomalies exist upstream from Hawaii within the lithosphere or
asthenosphere. Instead, the Hawaiian Swell is surrounded by an
area of high velocities at asthenospheric depths. Wolfe et al. (2009,
2011) interpreted this zone of high velocities as the parabola-shaped
signature of downwelling mantle flow that surrounds a strong plume
centre, as predicted by some mantle geodynamical models.

Anomalies shallower than 60 km tend to be isolated small-scale
features. At these depths, the strongest anomaly is a low-velocity
anomaly near the northern end of the island of Hawaii. This anomaly
appears to shift westward with depth and likely connects to the
deeper low-velocity anomaly to the west. Some of this shallow
anomaly may be the result of enhanced magmatism and crustal
thickening where the Molokai Fracture Zone intersects the island
axis (Van Ark & Lin 2004). This scenario may also apply to the
Maui Fracture Zone; see also Natland’s and Winterer’s comments
following Laske et al. (2007). Including or ignoring corrections for

C© 2011 The Authors, GJI, 187, 1725–1742

Geophysical Journal International C© 2011 RAS



1736 G. Laske et al.

10 mHz

dc/c [%]

20 mHz 40 mHzinput

14 

16 

18 

20 

22 

24 

26 

-3.00 -2.25 -1.50 -0.75 0.00 0.75 1.50 2.25 3.00

14 

16 

18 

20 

22 

24 

26 

-162 -158 -154 -150 -162 -158 -154 -150 -162 -158 -154 -150 -162 -158 -154 -150 
14 

16 

18 

20 

22 

24 

26 

50 mHz

-162 -158 -154 -150 

Figure 13. Recovery tests for isolated input anomalies at three different locations in a phase velocity map, shown at four frequencies. Ray paths include those
of the PLUME and SWELL data. The magnitude of the input anomaly is 5 per cent, and the anomaly is surrounded by a 2.5 per cent anomaly of opposite sign.

Figure 14. Two maps of the shear velocity model shown in Fig. 11, overlaid on grey-shaded bathymetric relief. White lines denote contours of crustal age in
Myr from Müller et al. (2008). Colour-coded squares mark heat flow sites of von Herzen et al. (1982). Black lines mark the locations of the cross-sections
shown in Fig. 16. The labels ‘V.F.’, ‘S.M.’ and ‘F.Z.’ stand for ‘volcanic field,’ ‘seamount’ and ‘fracture zone.’ See Fig. 7 for station symbols.
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crustal effects and bathymetry does not move this anomaly notably
(compare Figs 10 and 11). In a local body-wave study using data
collected on the island of Hawaii, Tilmann et al. (2001) found low
values of V P at depths to 80 km beneath the entire island, but the
lowest velocities were reported toward the northern end.

7.2 Possible causes for VS anomalies

A number of factors affect seismic velocities, including temper-
ature, partial melt, mineral composition and volatile content. We
first attempt to identify and estimate effects caused by variations
in composition. Some geodynamical models predict that melt ex-
traction leaves behind a mantle residuum that is less dense but has
higher seismic velocities than the ambient mantle (Jordan 1979;
Phipps Morgan et al. 1995). A high-velocity anomaly was identified
within the plume conduit in the asthenosphere beneath Iceland (Li &
Detrick 2006) and in the lower lithosphere beneath the Galápagos
Islands (Villagómez et al. 2007). For Iceland, eclogite melting and
dehydration were proposed as possible mechanisms to increase the
melting depth and ultimately seismic velocities of the residuum in
the asthenosphere. Our images lack regions of anomalously high
velocities in the lithosphere and the asthenosphere that can be as-
sociated with a melt residuum as predicted by Jordan (1979) and
Phipps Morgan et al. (1995). This appears in puzzling contrast to
studies in Iceland (Li & Detrick 2006) and the Galápagos Islands
(Villagómez et al. 2007). There is a high-velocity anomaly to the
east of Hawaii, but this location seems an unlikely location for
anomalously high melt extraction.

Melt extraction need not result in increased seismic velocities,
however. Under the Yellowstone hotspot, it has been suggested that
melt extraction leaves behind a less dense mantle residuum, but seis-
mic velocities may be reduced (by 0.5 per cent for V P) or unchanged
(for V S) (Schutt & Lesher 2006). Seismic velocities in dry eclogite
are about 5 per cent higher than in peridotite (Connolly & Kerrick
2002). For Hawaii, Hauri (1996) estimated the amount of eclogite
in the upwelling mantle at 5 per cent by mass. A related velocity
increase of no more than 0.3 per cent is probably on the order of our
model errors. The melting and extraction of eclogite would lower
seismic velocities in the mantle residuum. In our seismic model the
strong low-velocity anomaly in the asthenosphere appears to branch
toward the west and the south where many seamounts are located
(Fig. 11). Because the seamounts are Cretaceous in age, however,
the −1.5 per cent velocity anomaly in these branches is proba-
bly not related to recent thermal history. The lower velocities may
therefore result from variations in composition, but it is not clear
whether the seismic anomaly is principally the result of excess melt
extraction.

To set a lower bound on a temperature anomaly associated with
the peak-to-peak 6.2 per cent velocity-anomaly that we imaged
in the asthenosphere to the west of Hawaii, we assume initially
that 1.5 per cent is contributed by compositional variations, as just
discussed. We then attribute the remaining anomaly (i.e. 4.7 per
cent) to thermal effects (partial melt is discussed below). Wolfe
et al. (2009) found that a purely thermal plume with a temper-
ature anomaly of �T = 250 ◦C is consistent with peak-to-peak
shear velocity variations of 3 per cent imaged at 300 km depth.
Anharmonic effects alone contribute with a temperature deriva-
tive ∂(ln V S)/∂T = −0.76 × 10−4 K−1 (Anderson & Isaak 1995).
We use the formulation of Karato (1993) and Goes et al. (2000)
to estimate the contributions from anelasticity. Global reference
models represent the asthenosphere as a strongly attenuating, low-

Qμ zone, for example, the shear quality factor, Qμ, is only 70 in
model QL6 (Durek & Ekström 1996), compared with Qμ = 191
in the lithosphere above. A recent 3-D attenuation model appears
to confirm this value beneath mid- to old-age ocean basins (Dalton
et al. 2008). Given a geotherm for old oceanic mantle, we estimate
the Q-adjusted temperature derivative to be ∂(ln V S)/∂T = −1.8 ×
10−4K−1, a value also derived from studies in North America (e.g.
Godey et al. 2004) and for 20-Myr-old oceans at 150 km depth
(Kreutzmann et al. 2004). A V S anomaly of 4.7 per cent then results
in a temperature anomaly of 260 ◦C, a value in good agreement
with that obtained from PLUME body-wave tomography. There is
evidence of reduced Q in a broad region around Hawaii (e.g. Gung
& Romanowicz 2004; Dalton et al. 2008), but the reduction is likely
less than 30 per cent. To obtain a realistic lower bound on the tem-
perature anomaly, a lower Qμ = 50 would bring the temperature
anomaly down to 215 ◦C, which approaches the value inferred from
a magnetotelluric (MT) study that was conducted concurrently with
the SWELL pilot study (Constable & Heinson 2004); see further
discussion below.

Using our preferred derivative of ∂(ln V S)/∂T = −1.8 ×
10−4K−1, and assuming that the 6.2 per cent peak-to-peak velocity
anomaly is purely thermal, we obtain �T = 350 ◦C as an upper
bound. The fact that the lithosphere is of nearly normal shear ve-
locity directly above the pronounced low-velocity anomaly in the
asthenosphere implies that much of the heat causing this anomaly
may still be trapped below the lithosphere, as suggested by Li et al.
(2004). On the other hand, in the lithosphere, Qμ is likely larger, even
around the Hawaiian hotspot, so that the same temperature anoma-
lies cause smaller velocity anomalies: with ∂(ln V S)/∂T = −1.0 ×
10−4K−1 in the upper lithosphere (Kreutzmann et al. 2004), the
2.5 per cent-velocity anomaly found in the lithosphere would then
correspond to a temperature anomaly of 250 ◦C. This ambiguity
allows for the possibility that some of the heat has indeed already
conducted into the upper lithosphere.

Partial melt causes a reduction in V S , but its impact depends
strongly on the geometry (e.g. the aspect ratio) of the embedded
melt pockets. The partial derivative for ln V S per 1 per cent melt
fraction ranges between −0.8 × 10−2 and −8.5 × 10−2 at 50 km
depth and between −0.6 × 10−2 and −7.1 × 10−2 at 200 km
depth (Goes et al. 2000), depending on melt geometry (see also,
Hammond & Humphreys 2000). For 20-Myr-old mantle beneath
Iceland, Kreutzmann et al. (2004) inferred a value of −2.0 × 10−2.
Constable & Heinson (2004) found that a 100-km-wide plume con-
duit at 150 km depth, with a bulk melt fraction of likely 5–10 per
cent, is required to fit their MT data collected across the SWELL
pilot array, and a 200 ◦C temperature anomaly alone is inconsistent
with their data. If the thermal anomaly is indeed around 250 ◦C,
as suggested by body-wave tomography, and if we can assume that
the 1.5 per cent anomaly initially attributed to compositional varia-
tions is actually due to partial melt near the conduit, then our shear
velocity model can accommodate a partial melt fraction between
0.75 per cent, taking Kreutzmann et al. (2004) as a high estimate
for the partial derivative, and 2 per cent, taking −0.7 × 10−2 as a low
estimate for the partial derivative. If we assume that the smoothing
constraints applied in our inversions can lead to an underestimation
of V S anomalies by as much as 1.0 per cent (see synthetic tests),
then we could accommodate another 1.5 per cent of melt, for a total
of 3.5 per cent. This amount would make the seismic model shown
here marginally consistent with the results of the MT study. As
noted above, a temperature anomaly of only 200 ◦C was assumed
in the interpretation of the MT data, and a higher �T may require
less melt to fit the MT observations as well.
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It is tempting to associate a strong, 3.5 per cent low-velocity
anomaly at depths less than 60 km in the north with the relatively
young North Arch Volcanic Field and the Kauluakalana seamount
(Fig. 14). A smaller anomaly to the southwest of Oahu seems to co-
incide with the Southwest Oahu Volcanic Field, and a larger anomaly
southwest of Hawaii with the South Arch Volcanic Field. The North
and South Arch Volcanic Fields contain widespread sheet flows. The
seismic anomalies, some of which may reach into the asthenosphere,
do not correlate well with the distribution of major seamounts in
the area. Little is known of the crustal structure in these areas, but
given our stringent frequency limits on the seismic data set we can
assume that effects from variations in crustal structure are negligi-
ble. The seamounts, including Kauluakalana, are Cretaceous in age
(H. Staudigel, personal communication, 2010; see also Sager 1987),
and there should not be any remaining thermal signature (D. A.
Clague, personal communication, 2009). The North Arch Volcanic
Field, on the other hand, is extensive and formed more recently
than 1.5 Myr ago (Frey et al. 2000; Clague et al. 2002), whereas
the Southwest Oahu Volcanic Field, although also young (Hanyu
et al. 2005), is smaller. The South Arch Volcanic Field is estimated
to be younger than 20 000 years (Lipman et al. 1989). Because
lava production in the North Arch Volcanic Field was widespread,
the lithosphere was probably altered substantially, resulting in well-
developed thermal and compositional signatures.

We also imaged a shallow, weak low-velocity anomaly to the far
east of the island chain. Unfortunately the path coverage is low in
this area, so the resolution is quite poor. However, several nearly par-
allel but crossing paths all trace anomalously low phase velocities
at higher frequencies (Fig. 5), supportive of an anomaly confined to
the lithosphere. We speculate that this anomaly is associated with
narrow shear velocity anomalies along the Molokai and Maui Frac-
ture Zones that are likely smeared out in our tomographic images.
Complementary data are available from differential pressure gauges
at one or two stations in this area, which may enhance the resolution
of this feature.

7.3 Pacific plate rejuvenation

The existence and extent of lithosphere rejuvenation over the Hawai-
ian hotspot have long been debated, and our results provide impor-
tant new constraints. Two processes have been suggested to con-
tribute to lithosphere rejuvenation: (1) reheating of the lithosphere
and (2) replacement of the lower lithosphere with asthenospheric
material (Detrick & Crough 1978), a process also termed mechani-
cal erosion (Li et al. 2004). Rejuvenation and thinning of the litho-
sphere are often used as synonyms though the degree of actual
mechanical erosion is not known.

To assess the extent of lithosphere rejuvenation, we view the im-
aged mantle anomalies in the context of the strong vertical velocity
gradients across the lithosphere and asthenosphere. Figs 15 and 16
show 1-D and 2-D absolute-velocity profiles through the V S model
of Fig. 11. The southwest–northeast (SW–NE) section emphasizes
the asymmetry of the strong anomaly in the asthenosphere (100–
180 km depth) about the axis of the island chain. Compared with
52–110-Myr-old oceanic mantle, velocities at location 1 within the
strong low-velocity anomaly west of Hawaii (Fig. 11) are markedly
reduced at depths greater than 75 km. In fact, velocities at depths
greater than 100 km are even less than beneath young, 4–20-Myr-old
oceanic lithosphere and approach some anomalously low velocities
found beneath Iceland (Li & Detrick 2006), though the lowest veloc-
ities of about 4.0 km s−1 in our model are still higher than the lowest
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Figure 15. 1-D models of absolute shear velocity obtained at three locations
marked by numbers in Fig. 11. Also shown are the models for age-dependent
Pacific mantle by Nishimura & Forsyth (1989) as well as the starting model
for this study.

velocities found beneath Iceland (3.8–3.9 km s−1). Rejuvenation of
the lithosphere above this anomaly is also asymmetric, with ‘thin-
ner’ than normal 100-Myr-old lithosphere found to the west of the
islands. The ‘thinning’ of the lithosphere discussed here should be
understood primarily as a velocity reduction in the lower lithosphere
and not necessarily mechanical thinning, as it is difficult to define the
lithosphere–asthenosphere boundary from a velocity model alone.
Moderately anomalous velocity structure at on-swell location 3 is
marked by slightly reduced velocities at depths between 75 and 170
km, whereas velocities at greater depths appear to return to normal
values. By comparing bathymetry and the geoid with predictions
from the seismic model, Laske et al. (2007) provided evidence that
the lithosphere beneath the SWELL network experienced rejuve-
nation, but the approximately 100-km-thick lithosphere has likely
not been mechanically eroded. Erosion may have occurred closer to
the islands, northeast of the SWELL network, but meaningful es-
timates of the mechanical thickness of the lithosphere may require
more detailed knowledge of the local attenuation structure than cur-
rently available. In their receiver function study, Li et al. (2000)
did not find evidence of mechanical thinning beneath the island of
Hawaii.

The low-velocity anomaly in the asthenosphere beneath the
Hawaiian Swell appears to continue deeper. Our data lose resolu-
tion below the lower asthenosphere, and the anomalies may become
larger in extent than shown here and continue deeper, as suggested
by the PLUME body-wave studies (Wolfe et al. 2009, 2011). The
northwest–southeast (NW–SE) cross-sections through our model
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Figure 16. Cross-sections through the V S model of Fig. 11, now displayed as absolute velocities. The locations of the sections are marked in Fig. 14. Structure
near the ends of the profiles is poorly resolved and therefore has been shaded out. The projections of stations POHA, KIP and KCCH on the islands of Hawaii,
Oahu and Kauai onto the sections are also marked (see Fig. 1).

(Fig. 16) show that the lithosphere has been altered downstream of
the island of Hawaii, but the signal varies substantially across the
swell, and a seismically near-normal lithosphere is found above the
largest anomaly in the asthenosphere (section nw2 in Fig. 14). Li
et al. (2004) argued for a thinning of the lithosphere from 100–
110 km under the island of Hawaii to 50–60 km under Kauai, but
our model indicates that the lower lithosphere beneath the island
of Hawaii is itself affected by the underlying thermal anomaly. Li
et al. (2004) speculated that a ‘re-aging’ of the lithosphere could
start beneath Kauai, but they lamented their lack of suitable data.
Our model is consistent with such a process, if the V S anomalies at
60 km depth are an indicator of such a recovery (Fig. 11), though
our data coverage becomes poor far downstream from the islands.
In their receiver function analysis, Li et al. (2004) found that the
rise of the lithosphere–asthenosphere boundary is likely confined
to within ±150 km of the island chain, which is broadly consistent
with our findings.

A narrow low-velocity feature in the lithosphere, no wider than
150 km, appears to connect to the surface near the islands and likely
includes the pathways through which Hawaiian magmas reach the
surface. As discussed above, the anomaly in the lithosphere to the
far northeast of Hawaii may be associated with the Molokai and
Maui Fracture Zones, but its extent is likely exaggerated as a result
of poor path coverage.

An intriguing question remains whether rejuvenation of the litho-
sphere beneath the Hawaiian Swell is accompanied by a measurable
heat flow signal. Early heat flow data collected along the swell mar-
gin from Hawaii to Midway (von Herzen et al. 1982) appeared to
confirm the idea that a heat anomaly rejuvenates the lithosphere
within 5 Myr, the time after which a significant heat flow anomaly
can be observed at the surface. However, subsequent data from a

profile crossing the seamount chain at about 170 ◦ W were incon-
clusive (von Herzen et al. 1989), and it has been suggested that
measurements in some areas with hydrothermal circulation are bi-
ased to lower values (Harris & McNutt 2007). For the along-swell
heat flow profile of von Herzen et al. (1982), sites A, B and C shown
in Fig. 14 exhibit no significant heat flow anomaly relative to that
of a cooling oceanic plate. All remaining sites along that profile,
which are outside our study area except for site E, returned signifi-
cantly high heat flow anomalies. Site D was too close to the Molokai
Fracture Zone to be reliably assessed. Sites A and C were located in
areas of high seismic velocities in the asthenosphere, whereas B sits
over a low-velocity anomaly. If we assume that the heat flow data at
sites A, B and C are unaffected by hydrothermal circulation, and the
low-velocity anomaly below site B is of thermal origin, then the fact
that B shows normal heat flow suggests that heat associated with the
seismic anomaly in the asthenosphere has not yet been conducted
to the top of the lithosphere. The heat flow data do not correlate
with our deep seismic anomaly, but there is good agreement with
shallower structure. Sites A, B and C are located either within or
near high-velocity anomalies at 40 km depth in the lithosphere,
and only anomalous heat flow site E is located atop a low-velocity
region that could carry a thermal anomaly. If the correspondence
between shallow seismic anomalies and release of heat through the
lithosphere holds, then cooling of the lithosphere may be uneven,
and the collection of a heat flow data set that fully represents the first
order along-axis cooling of the Pacific Plate may be a complex task.
It would be of interest to know the seismic structure beneath the
other heat flow measurement sites downstream. Unfortunately, no
regional data sets are available, and global data sets have yet to at-
tain the resolution needed to ascertain even the sign of anomalies in
this area. Embedding the PLUME data set in a global tomographic
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inversion or a follow-up OBS experiment halfway between Kauai
and Midway could help resolve this open question.

8 S U M M A RY A N D C O N C LU D I N G
R E M A R K S

The most robust feature imaged by Rayleigh-wave phase velocity
tomography is a pronounced low-velocity anomaly in the astheno-
sphere that is centred to the west of the island of Hawaii. The most
anomalous area is quite narrow, 100 km in east–west extent and
200 km in its long direction (Figs 14 and 16). Because path cov-
erage is best near the island of Hawaii, it is rather unlikely that
this anomaly extends beneath the island. At depths shallower than
∼60 km, a low-velocity anomaly is strongest between the islands
of Hawaii and Maui. With an alternative inversion approach, this
anomaly is spread over a 200-km-wide region centred on Hawaii.
We interpret these anomalies as the signature of the thermal reju-
venation of the Pacific lithosphere. Rejuvenation can occur in the
form of upward migration of heat and melt as a result of either
fracturing of the plate or transport from the top of an underlying
hot mantle plume. Evidence from PLUME body-wave tomography
(Wolfe et al. 2009, 2011) lends support for the latter interpretation.
The excess temperature in the asthenosphere is likely between 200
and 250 ◦C, and the degree of partial melting may be as high as
several percent but likely no more than 3.5 per cent.

In this study, we have used ray theory, and it will be impor-
tant to test the robustness of our model using other approaches
such as finite-frequency theory (Zhou et al. 2006). We expect that
the general locations of anomalies are robust, but their amplitudes
may increase somewhat, because ray theory does not account for
wavefront healing effects after passage through small anomalous
regions. Finite-frequency modelling has found its way into regional
surface wave analyses (e.g. Villagómez et al. 2007; Chevrot & Zhao
2007; Chen et al. 2007) though others still use the ray approach
(Li & Detrick 2006). There is still considerable debate over which
finite-frequency approach (e.g. 2-D, fat-ray, single-Born scattering
or full 3-D kernels) yields the best model to describe true struc-
ture. Finite-frequency theory also introduces a dependence on the
seismic source, and its uncertainties, adding a layer of complexity.
Depending on how the kernels are averaged over frequency, discrep-
ancies between models resulting from different finite-frequency ap-
proaches may reach the same magnitude as those between these and
a model obtained with ray theory. Also, to more accurately assess
the causes of the velocity anomalies found here, we will likely need
accurate images of attenuation, as higher attenuation increases the
sensitivity of seismic velocities to variations in temperature. It may
turn out that the benefits of using finite-frequency theory instead of
ray theory are offset by properly taking into account effects of at-
tenuation on the velocities–temperature scaling, and ignoring both,
as we have done here, may leave the interpretation little affected.
At the very least, the model presented here serves as benchmark.

Because azimuthal anisotropy in the region varies and its magni-
tude can be as much as 5 per cent (Laske et al. 2007; Chojnacki et al.
2009), a study of how anisotropy affects the imaged distribution of
the isotropic velocities is also warranted. It is premature to quantify
the effects from ignoring azimuthal anisotropy around Hawaii, but
we should stress that many of the cells in our maps are illuminated
from a wide range of azimuths. Of all oceanic regions worldwide,
the area surrounding Hawaii is probably the region with the best az-
imuthal coverage of large teleseismic events, and misestimation of
shear velocity anomalies should probably amount to no more than

0.5 per cent. The horizontal seismometer components were often
sufficiently quiet to allow the measurement of Love wave disper-
sion. Incorporating such data into the inversions will further help
to constrain mantle-flow patterns beneath and around the Hawaiian
Swell.
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APPENDIX A: ADDITIONAL MATERIAL ON PHASE VELOCITY DATA

For each two-station path, a particular earthquake was considered only if its source azimuth was no more

than 10◦ from the two-station great-circle azimuth. The number of suitable events varied greatly among two-

station paths. Of the 614 paths analyzed, 124 paths were constrained by only up to five events each, but more

than half of the paths (358) were constrained by more than 10 events (Fig. A1). For each path, the final path-

averaged phase velocity curve was then given by the weightedaverage over all suitable events, and the final

errors were typically ten times smaller than those of single-event data. Figs. 5 and 6 show the path-averaged

phase velocities and their uncertainties along each of the 614 paths at four frequencies.

A summary of the misfit,χ2/N , of theVS model to the phase velocity maps is given in map view in Fig.

A2. The misfit was calculated for each of the13 × 13 one-degree cells in the map, and the ”data” to be fit

were the 81 phase velocity values between 10 and 50 mHz. For misfitsχ2/N = 1 the model fits the data.
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Figure A1. Event statistics for all two-station paths used in this study. The histograms show the number of dispersion

curves that are constrained by a given number of events. A higher number of events typically leads to more precise

dispersion curves. Histograms are shown for different groups in the dataset: 237 paths for the phase-1 deployment, 188

paths for the phase-2 deployment that involve only OBS sites, and 190 paths from phase 2 that involve one OBS and

one land site. No paths involving only land sites were included in this analysis.

For χ2 < 1 the model overfits the data, which is the case in most of the cells, except for two locations. The

misfit is relatively large near station PL38 on the western edge of the maps, where data coverage is relatively

poor (see the path coverage map in Fig. 9). Because of early failure, PL38 did not produce many reliable

constraints. The large misfit found north of Maui, where datacoverage is good, suggests that the data there

are slightly internally inconsistent.
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Figure A2. Misfit map displaying the ability of theVS model of Fig. 10 to fit the phase velocity maps of Fig. 7. The

data misfit trades off with the model roughness, whereby a laterally rougher model provides a better overall fit to the

phase velocity data for most of the13 × 13 one-degree cells. For some cells, the fit to the data may change very slowly

when a different model is chosen along the trade-off curve between roughness and misfit.
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Figure A3. Predictions of phase velocity anomaly resulting from variations in bathymetry and crustal thickness at four

frequencies between 10 and 50 mHz. Top row: effects from variations only in bathymetry. Middle row: effects from

variations only in crustal thickness for a fixed seafloor depth of 5 km. Bottom row: effects from the combined variation

of both. Because of their opposite effects, signals from bathymetry and crustal thickness variations partially cancelone

another, except at the highest frequencies. The maps show percentage perturbations to a frequency-dependent reference

velocity, which is given in the upper right corner of each column of maps. Crustal thickness was estimated to be 20 km

beneath the island of Hawaii and up to 15 km beneath the other islands. Oceanic crust was assumed to be 6.5 km thick.

Island and oceanic crustal thickness were weighted in each 1◦
×1◦ cell by their fractional area. The contribution from

seamounts was not considered, as little is known about theircrustal structure.

Lateral variations in bathymetry and crustal structure affect variations in local phase velocity, particularly

at higher frequencies. For the frequencies considered, these effects are relatively minor, except near 50 mHz

(Fig. A3). To estimate the effects caused by variations in bathymetry and crustal structure on the finalVS

model, we repeated our inversion using local phase velocitymaps that were corrected for these effects (Fig.

A4). A model resulting from inverting phase data up to only 40mHz to further reduce sensitivity to crustal

structure is shown in Fig. A5. The resulting models are nearly identical to the model shown in Fig. 10.
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Figure A4. Model of shear velocity anomaly,dVS/VS , after the phase velocity maps were corrected for effects caused

by bathymetry and crustal thickness (Fig. A3). For clarity in the panels, the subscript is omitted. The six panels show

percentage perturbations to the reference model at depths between 40 and 140 km. The reference model is the modified

N&F model for 52–100-Myr-old lithosphere. The reference velocity at each depth is given above each panel. Different

symbols mark the PLUME phase 1 (blue) and phase 2 (red) OBS sites, as well as those of the SWELL pilot experiment

(white).

Synthetic tests when only the PLUME data are included in the inversions are shown in Figs. A6 and A7.

Recovery in the area covered by the SWELL pilot array is somewhat reduced compared to tests when the

SWELL data are included (Figs. 12 and 13).
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Figure A5. Same as Fig. A4, but using data only between 10 and 40 mHz. Sensitivity of the modeling to bathymetry

and crustal structure is reduced over this frequency band. See Fig. A4 for details.

APPENDIX B: APPROACH A – THREE-DIMENSIONAL SHEAR VELOCITY F ROM

PATH-AVERAGED 1-D MODELS

This section describes the parameterization and inversions for approach A. We used the same methodology

as for approach B, with the main difference that the inversions for vertical and lateral structure are switched.

Surface waves are sensitive to shear velocity,VS , as well as compressional velocity,VP , and density,ρ,

but the most dominant and best-resolved parameter isVS (see online supplement of Laskeet al. 2007). To

limit the number of model parameters for a well-conditionedinverse problem, tomographers often ignore

sensitivity toVP andρ. Such a strategy could lead to biased models where, e.g., shallow VP structure can be

mapped into deeperVS structure. We prefer to scale the kernels forVP , K̃P , andρ, K̃R, and include them in

a single kernel forVS , K̃S , using the following scaling:
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Figure A6. Checkerboard recovery tests for three input models with input squares of varying size (left column). These

tests include the PLUME data only. The magnitude of the inputanomaly is±5%. The size of the squares in the model

on the bottom is 1◦, which is the grid size in the parameterization.

K̃P · δVP = (1/1.7)K̃S · δVS

K̃R · δρ = (1/2.5)K̃S · δVS

(B.1)

The scaling factors come from both theoretical and experimental studies (e.g., Andersonet al. 1968;

Anderson & Isaak 1995) under the conditions of high temperatures and low pressures found in the upper

mantle as well as from globally observedSS − S andPP − P differential travel-time data (Masters et al.

2000). These factors are applicable as long as strong compositional changes or large quantities of partial melt

(e.g.,> 10%) are not present.

As a starting model, we used a modified Nishimura & Forsyth (1989) model (N&F) for 52–110-Myr-

old lithosphere (Laskeet al. 2007). The crustal layer was adjusted to reflect results fromseismic sounding

experiments in the surrounding ocean (for details see Laskeet al. 2007). The model was parameterized in 17

layers of constant velocity; the layer thickness is 7 km nearthe top and increases with depth, acknowledging

the degrading resolution with depth (Fig. 3). Because the 10mHz data are sensitive to structure deeper than
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Figure A7. Recovery tests for isolated input anomalies at three different locations for four frequencies. These tests

include the PLUME data only. See Fig. A7 for details.

200 km, the bottom layer in the model is 50 km thick and ends at 245 km depth. Velocities retrieved at

these depths are uncertain, and we do not interpret them, butincluding such a layer in the inversion avoids

artificial mapping of deep structure into shallower layers.The two top layers at depths less than 20 km are also

excluded from interpretation. These two layers are intended to absorb unmodelled variations in bathymetry

and crustal structure. By inspecting Fig. A3, we verify thateffects from bathymetry and crustal structure are

nearly negligible except at frequencies of 50 mHz and above.

In an Occam’s smoothed inversion (Constableet al. 1987), we seek vertically smooth perturbations to the

starting model that fit our data to within an acceptable misfit, χ2/N , whereχ = xd − xt, xd is the datum,xt

the prediction, andN the number of data. Formally, we seek to minimize the misfit function, M.F., which is

the weighted sum of data prediction error,χ2, or the misfit, and model roughness,∂m

M.F. = χ2 + µ
∣

∣

∣
m

T∂T∂m

∣

∣

∣
(B.2)

wherem is the model vector,µ the smoothing or regularization parameter, andT denotes transpose. Data
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Figure A8. Model of shear velocity anomaly,dVS/VS , obtained with approach A. See Fig. A4 for details.

and corresponding rows in the kernel matrix are weighted by the inverse squared data errors. In practice,

models that are very close to the minimum of equation B.2 are highly oscillatory, and we chose smoother

models. Model errors can be obtained from the data errors through a formal singular value decomposition,

by Monte Carlo forward modeling, or by evaluation of the models along the data misfit–model roughness

trade-off curve (see Laskeet al. 2007, for details). We performed inversions for each of the 614 two-station

paths.

In a set of 17 laterally smoothed Occam’s inversions, one foreach layer, we used the 614 path-averaged

shear velocities to solve for maps of local shear velocity anomalies. The maps are defined in13 × 13 1◦

cells. We weighted the ”data” in this inversion (the path-averaged 1-D profiles) by the inverse of the squared

average error in the corresponding dispersion curve. Formally, a more appropriate weight would make use

of the actual model error resulting from the initial inversion. Experiments with different weighting schemes,
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including one that weights all data equally, indicated thatall schemes appear to produce models that are

similar to the one shown here.

Six of the resulting shear velocity maps are displayed in Fig. A8. As is the case with the inversion for 1-D

profiles, there exists a trade-off between model smoothnessand data misfit, where the data are now the values

from all 1-D profiles at a given depth. The anomalies stay largely in place as we explore the maps along

the trade-off curve, but their amplitudes can change markedly, particularly in areas of less data coverage.

However, for models near the minimum of the expression in equation B.2, this inversion scheme produces

very smooth, small-amplitude models in areas having littleor no data coverage.

In the resulting model, a low-velocity anomaly is found at 60km depth centered on the island of Hawaii.

It diminishes rapidly within±15 km above and below. At greater depth, anomalies are strongly asymmetric

with respect to the island chain, and a pronounced low-velocity anomaly is located to the west of the island

of Hawaii. A smaller anomaly is found to the southwest of Oahu. Both anomalies persist throughout the

asthenosphere, to depths greater than 140 km. Comparable anomalies are not found to the east of the island

chain even though Fig. 9 suggests that data coverage is adequate to detect such anomalies should they exist.

The velocity anomalies to the west coincide approximately with the low-velocity anomalies found in the

SWELL pilot study (Laskeet al. 2007). Not considering the larger amplitudes, a strong anomaly at 60 km

depth in the SWELL model appears to connect to the anomaly in the PLUME model that is centered on

Hawaii. At greater depth, the anomalies in the SWELL model appear somewhat stronger than in the PLUME

model. A possible explanation for stronger anomalies in theSWELL model could be that, notwithstanding

the apparently adequate data coverage for the PLUME model, the relatively coarse 1◦ parameterization may

lead to underestimates of some anomalies.
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