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Hunting for oceanic island Moho
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S U M M A R Y
The structure of the oceanic crust conforms in general to a very simple model. However,
fine-scale variations of this structure in anomalous regions (such as beneath oceanic islands)
remain poorly resolved. Here we examine teleseismic receiver functions (RFs) computed at
four permanent broadband seismic stations on islands in the Pacific region. The RF method is
ideal for examining the fine structure of the crust because it is sensitive to the interfaces between
layers, though less sensitive to average wave speed. RFs at these oceanic island stations are
characterized by a train of Ps conversions from shallow depths, rather than the isolated Moho
conversion typically seen at continental stations. We find that a simple three-layer structure (the
old oceanic crust sandwiched between an extruded volcanic layer and an underplated layer)
explains the main features of the RFs. Our data indicate that oceanic islands share a common
structure, a principal feature of which is crustal underplating, with a total crustal thickness of
11–20 km.
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1 I N T RO D U C T I O N

Though the general properties of the oceanic crust are well known
(e.g. Mutter & Mutter 1993; White et al. 1992), there are many
details that remain unresolved. These details include fine struc-
ture underneath anomalous regions, such as oceanic islands. It is
critical to understand the crustal structure in these regions, not
least because they host many permanent seismic stations in ocean
basins. The principal goal of this study is to investigate the crustal
structure under several oceanic island stations using teleseismic
receiver functions (RFs). For this purpose, we consider the seis-
mic stations RAR (Rarotonga, Cook Islands), PPT (Tahiti, Society
Islands), XMAS (Kiribati, Line Islands) and POHA (the island of
Hawaii) (Fig. 1). These stations were chosen due to their broad ge-
ographical distribution and the availability of broadband seismic
data.

Previous studies of crustal thickness underneath oceanic islands
(e.g. Caress et al. 1995; Grevemeyer & Flueh 2000; McNutt &
Bonneville 2000; Wolfe et al. 1994) have found evidence for crustal
underplating in the Pacific. An underplated layer lies beneath pre-
existing crust, and exhibits seismic velocities lower than expected for
the mantle but higher than expected for the crust. Crustal underplat-
ing is often inferred to occur as a by-product of plume–lithosphere
interaction, a mafic intrusion from which oceanic island basalts are
derived. We evaluate evidence for this phenomenon at the islands we
consider, to determine if this is merely a local feature or a widespread
characteristic of hotspots in general.

Conventional wisdom tells us that seismic data from oceanic is-
land stations are noisy and must be used with great caution. In ad-
dition, arrivals of converted phases from interfaces near the surface

arrive very close to the direct arrival and may be difficult to detect.
Nevertheless, signals can be extracted with careful data process-
ing. Using the method of Park & Levin (2000), we compute RFs
with multiple-taper cross-correlation (MTC). The multiple-taper
RF operates in the frequency domain, allowing practical applica-
tion at the higher frequencies demanded by the shallow oceanic
interfaces.

A simple model for crustal structure would predict a clean and
easily identifiable Ps conversion from the Moho as seen at continen-
tal stations. However, a more sophisticated model for oceanic island
crustal structure including possible underplating and extruded vol-
canics would predict a more complicated RF trace. In this paper
we show how failure to represent oceanic island RFs with a simple
crust led us to hypothesize a crustal model containing three layers
(a volcanic layer, the old oceanic crust and an underplated layer) to
explain the main characteristics of observed RFs at four permanent
mid-ocean seismic stations. We do not parametrize very fine-scale
layers in the old oceanic crust associated with marine refraction
studies (sediment, pillow basalts and gabbros). We also ignore fine
structure in the volcanic layer (such as subaerially extruded layers
and those extruded above water).

Resolution of fine layering is limited by the need to reconstruct
two closely spaced Ps converted waves from the top and bottom of a
distinct layer. If both Ps pulses have identical polarity, resolution is
limited by the relation H = (pPSf )−1 where H is the layer thickness,
f is the frequency of the receiver function and pPS = v−1

s − v−1
p

is the differential slowness of the Ps converted phase. For igneous
crustal lithologies, pPS ≈ 0.125, so that f = 8 Hz must be resolved
in the RF to retrieve H = 1 km layering. Because multiple-taper
RF processing involves a tapered cut-off in the frequency domain,
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Figure 1. The Pacific Ocean. Plotted are stations (triangles) and events
(circles) considered in this study.

the nominal frequency cut-off f c of the MTC RF should be at least
30 per cent greater than the frequency one wishes to resolve. Res-
olution of a low-velocity layer is more forgiving, because the Ps
converted phases from its upper and lower interfaces have oppo-
site polarity, and therefore can be distinguished by half of a seismic
period.

2 DATA A N A LY S I S

We compiled 491 teleseismic P codas, of which 166 were recorded
at RAR, 182 at PPT, 67 at XMAS and 76 at POHA. Seismic events
were selected based on epicentral distance (� > 20◦), magnitude
(6.3 M s or greater), signal-to-noise ratio and availability. The ma-
jority of the data fall into the range 50◦ < � < 90◦. A broad variety
of backazimuths are present, though there are some gaps due to the
geometry of the Pacific Plate.

We compared RFs with cut-off frequencies f c between 2.5 and
5 Hz (3 Hz shown in the figures) at each station. When stacked and
plotted versus epicentral distance, the bin-averaged RFs have a strik-
ing coherence. The averaging scheme uses a 10◦ moving window to
compute an average RF every 5◦ (for both backazimuth and epicen-
tral presentations). This means that RF traces separated by at least
10◦ are independent. The RFs at POHA, PPT, RAR and XMAS all
share similar features on the radial component (Figs 2, 3, 4, 5, 6, 7,
8 and 9): a train of sharp positive-amplitude pulses arriving within
the first 4 s (at all stations) which we attribute to Ps conversions
from crustal layers. These are followed by a complex crustal rever-
beration, mostly with negative amplitude. At low frequencies (less
than 1 Hz), our RFs agree with a recent study by Li et al. (2003).
However, accurate identification of converted phases is difficult at
these low frequencies.

The transverse RFs also demonstrate similar consistency, both
versus epicentral distance and between stations. Polarity flips on
the transverse components correlate with some interfaces proposed
below, and perhaps may indicate anisotropic lithology.

RAR Receiver Functions vs. Backazimuth
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Figure 2. Radial and transverse receiver functions for RAR (Rarotonga).
The RFs are plotted versus backazimuth for an epicentral range 50◦ <

� < 90◦. Individual RFs from each event are averaged using a 10◦ mov-
ing window centred every 5◦. This means that RF traces separated by 10◦
contain independent data.

RAR Receiver Functions vs. Epicentral Distance
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Figure 3. Radial and transverse receiver functions for RAR (Rarotonga).
The RFs are plotted versus epicentral distance for a backazimuth range
265◦–300◦. Individual RFs from each event are averaged using a 10◦ moving
window centred every 5◦. This means that RF traces separated by 10◦ contain
independent data.
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XMAS Receiver Functions vs. Backazimuth
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Figure 4. Radial and transverse receiver functions for XMAS (Kiribati).
The RFs are plotted versus backazimuth for an epicentral range 50◦ < � <

90◦. See Fig. 2 for stacking details.

XMAS Receiver Functions vs. Epicentral Distance
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Figure 5. Radial and transverse receiver functions for XMAS (Kiribati).
The RFs are plotted versus epicentral distance for a backazimuth range
225◦–270◦. See Fig. 3 for stacking details.

3 R E S U LT S

In order to focus the interpretation of our results, we first used
the stacking method of Zhu & Kanamori (2000) to guide our

PPT Receiver Functions vs. Backazimuth
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Figure 6. Radial and transverse receiver functions for PPT (Tahiti). The
RFs are plotted versus backazimuth for an epicentral range 50◦ < � < 90◦.
See Fig. 2 for stacking details.

PPT Receiver Functions vs. Epicentral Distance
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Figure 7. Radial and transverse receiver functions for PPT (Tahiti). The
RFs are plotted versus epicentral distance for a backazimuth range 265◦–
300◦. See Fig. 3 for stacking details.

calculations of crustal thickness. This method sums the contribu-
tions of four different phases (Ps, PpPs, PpSs and PsPs) in the
RFs at times predicted by a simple single-layer geometry. The op-
timal layer thickness and vp/vs ratio are chosen to be those which
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POHA Receiver Functions vs. Backazimuth
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Figure 8. Radial and transverse receiver functions for POHA (Hawaii). The
RFs are plotted versus backazimuth for an epicentral range 50◦ < � < 90◦.
See Fig. 2 for stacking details.

POHA Receiver Functions vs. Epicentral Distance
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Figure 9. Radial and transverse receiver functions for POHA (Hawaii). The
RFs are plotted versus epicentral distance for a backazimuth range 225◦–
270◦. See Fig. 3 for stacking details.

maximize the stacking. However, we found that for the oceanic
stations, varying the vp/vs ratio has little effect on the predicted
crustal thickness. The inferred layers are too thin to constrain the
velocities using this technique.

In addition, the application of the Zhu and Kanamori method to
our RFs assuming a single-layered crust resulted in three different
solutions for crustal thickness. This indicates the presence of three
well-defined interfaces below the surface with physical differences
(potentially compositional or fabric related) significant enough to
spawn Ps conversions. We interpret this result to indicate three pri-
mary layers in the crust under islands (Fig. 10): a volcanic layer
extruded on top of normal (old) oceanic crust, both of which are
underlain by a layer of underplated material.

Using this slightly more sophisticated model for crustal struc-
ture, we attempt to fit the predicted arrival times of 10 direct and
reverberated phases in the crust. Because the Zhu and Kanamori
method yielded poor constraints on layer velocity, we parametrized
our model using the crustal velocities of Crust2.0 (Laske et al. 2003)
for the old oceanic crust, gabbroic velocities for the underplated
layer (7.1 km s−1, Mutter & Mutter 1993), and typical extruded
basalt velocities for the volcano (4.5 km s−1, Watts et al. 1985).
We set the shear velocity for the volcanic layer to be 2.9 km s−1,
calibrated from fitting the first-arriving Ps delay to estimated local
bathymetry. Though our choices for vp do not alleviate the ambi-
guity associated with velocity versus layer thickness trade-offs, we
can use this model to estimate layer thickness. We performed a
grid-search in three variables (the thicknesses of the three layers)
for the structure that minimizes the predicted arrival times of the
phases with pulses observed in the data. The RF traces that we at-
tempt to fit are the station averages for all events between 50◦ and
60◦ epicentral distance. Most features in these station-averaged RF
are visible over broad sectors of backazimuth in the bin-averaged
RF sweeps, which lends some support to our interpretation of them
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Figure 10. Modelled phases. Our model for the crust under oceanic islands
is composed of three layers: a volcanic layer, the old crust and an underplated
layer. We model the travel times of 10 phases in this study. Phases A–E are Ps
conversions and reverberations in the top two layers—the old oceanic crust
and the volcanic layer. Phases F–J are Ps conversions and reverberations
in the whole crust. Phases diagrammed correspond to phases identified in
Fig. 11.
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as Ps reverberations. However, a 1-D model for Ps reverberations
beneath a 3-D oceanic island is far from ideal, so the accuracy of
our models of layer thickness is probably poorer than formal error
analysis would suggest.

3.1 Rarotonga (RAR)

Previous seismic studies in the Cook Islands (Hochstein 1967) did
not directly observe crustal thickness under Rarotonga. However,
they found at a nearby island a crust of standard thickness (6.4 km)
underlain by what was reported as ‘anomalously slow upper mantle’
with P-wave velocity less than 7.7 km s−1. We interpret this to be
indicative of an underplated layer rather than slow upper mantle.

Using traveltime constraints, we identify the first three pulses in
the RAR RFs as direct Ps conversions from the base of the vol-
cano, the base of the old crust (old Moho) and the base of the
underplated layer (Moho) (Fig. 11c). In addition, a fourth positive-
amplitude phase appears to be a reverberation in the old oceanic
crust. Subsequently arriving phases are less clear, but Ps polarity in
the data appears to match the theoretical predictions (blue positive;
red negative). For Rarotonga, we find that the data are best fitted by a
5 km thick volcanic layer, 6 km of old crust and 8 km of underplated
material (Fig. 12c).

3.2 Kiribati (XMAS)

The Kiribati RFs show structure that resembles RFs estimated for
Rarotonga (Fig. 11d). The XMAS data cannot, however, be inter-
preted in an identical fashion. The Ps conversion from the base of the
volcano is not readily apparent in the range of epicientral distances
considered (50◦ and 60◦) as it cancels in the RF averaging. Because
we can identify the ‘volcano’ pulse in RFs averaged over narrow
sectors of backazimuth, we attempt to fit the data with a volcanic
layer that equals the ocean depth. A layer structure with a 4.5 km
volcano, 4.5 km of old oceanic crust and a 5 km underplated layer
(Fig. 12d) fits the direct Ps conversions and reverberated phases. If
we were to (mistakenly) identify the first visible positive Ps pulse as
from the base of the volcano, we would infer that an 8 km volcanic
layer is required, and the arrival times of reverberated phases would
not correspond to those seen in the RFs.

3.3 Tahiti (PPT)

Crustal thickness underneath Tahiti was found to be 13 km by Patriat
et al. (2002), confirming previous refraction studies (e.g. Talandier
& Okal 1987). Talandier & Okal (1987) model the crustal structure
as a 4.2 km thick volcanic layer underlain by 8.8 km of oceanic crust.
Grevemeyer et al. (2001) argue that late-stage volcanics in the region
have modified the lower crust and may contribute to underplating.

Similar to station XMAS, the station-average RF traces do not
show a Ps conversion from the bottom of the volcano, though a Ps
with variable polarity and time delay τ < 1 s is visible in the RFs
averaged over narrow backazimuth sectors. If we do not take this
variable-amplitude Ps as the base of the volcano, PPT would require
an extruded layer that is over 8 km thick in order to interpret the first
station-averaged Ps conversion as from the volcano’s base. This is
not consistent with local bathymetry. We found that the predicted
timing of direct and reverberative Ps phases are best matched by the
station-averaged PPT RFs if we assume a volcanic layer thickness
comparable to local bathymetry (Fig. 11a). The results of our analy-
sis yield a thin old oceanic crust (3 km) and a thin underplated layer
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Figure 11. Phase identification (for a diagram of modelled phases see
Fig. 10). Shown are RF averages for all events between 50◦ and 60◦ epi-
central distance at each station. (a) PPT. The first three positive amplitude
pulses are identified as Ps conversions from the bottom of the old crust and
the underplated layer (arriving together, C and H), a PpPs phase reflecting
off the sea floor (in the top two layers, A), similar phase that travels through
all three layers (F). The first negative amplitude pulse corresponds to PsPs
and PpSs phases arriving together (B). Though not apparent in this RF trace,
other RF traces at PPT contain a Ps conversion from the base of the volcano.
(b) POHA. In this RF we can identify Ps conversions from the bottom of
each layer (V, volcano; C, old crust; H, underplated layer), and subsequent
reverberated phases. (c) RAR. In this RF we can identify Ps conversions from
the bottom of each layer (V, volcano; C, old crust; H, underplated layer), and
subsequent reverberated phases. (d) XMAS. We do see a clear Ps conversion
from the base of the lower two layers. The Ps conversion from the base of
the volcano (V) does not appear on this averaged RF; however, it is visible
in other records.

(3 km) (Fig. 12a). The velocity trade-off could be used to create a
two-layer model similar to that of Talandier & Okal (1987), where
the bottom layer is just the standard, old oceanic crust. A model of
this type would then have to explain why a mid-crustal interface
(such as between layer 2 and layer 3 type materials) would result
in such strong Ps conversions. In either case, our total predicted
crustal thickness of about 11 km approaches the results of previous
researchers.

3.4 Hawaii (POHA)

Studies underneath the Hawaiian Islands have proposed the exis-
tence of a subcrustal plutonic unit (Watts et al. 1985), though sub-
sequent studies have yet to provide conclusive evidence for this
(e.g. ten Brink & Brocher 1987; Watts & ten Brink 1989; Lindwall
1988). Under the island of Hawaii, James & Savage (1990) pre-
dicted a crustal thickness of 13–14 km from seismic reflection data.
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Figure 12. Preferred models of crustal thickness at (a) PPT (11 km), (b)
POHA (15 km), (c) RAR (19 km), (d) XMAS (14 km). At RAR, the esti-
mated range of thicknesses for the underplated layer based on the uncertainty
in the velocity of the underplated layer is represented by the grey shaded
area (c).

A receiver function study was recently completed (Li et al. 2004) at
POHA that found the lithosphere under the island to be thermally
rejuvenated.

Though the data from POHA do not appear initially to show the
same pulse-train features as the other three islands, careful mod-
elling identifies the same four phases seen at RAR: Ps conversions
from the base of the volcano, the old ocean crust and the Moho, as
well as a reverberated phase in the old crust (Fig. 11b). The more
complex reverberations are not modelled as well as at RAR, which
may be an indication of significant topography on the interfaces.
Our simple model considers only flat layers, though one clearly
would anticipate flexure in the underlying plate due to loading and
buoyancy forces (e.g. ten Brink & Brocher 1987; Watts & ten Brink
1989; Lindwall 1988) to complicate this issue. Also, the differences
could be due to the fact that our model neglects the sediment layer
at the ocean floor (underneath the extruded volcanic layer), which
could have a large effect on the impedance contrast at the base of
the volcano and thus the seismic signature. The station POHA is

far from the Kilauea volcano, and therefore the receiver functions
should not be affected by the magma body there.

Our preferred model predicts a total crustal thickness of about
15 km, which is in fairly good agreement with previous studies
(Fig. 12b). This is composed of a large volcanic layer (almost
6 km—POHA is located at 2 km elevation above sea level) a thinner
(4 km) old crust and about 5 km of underplated material.

4 S U M M A RY

Our preferred crustal model underneath the stations of POHA, PPT,
RAR and XMAS consists of three dominant crustal waveguides: an
extruded volcanic layer, the original Pacific crust and new under-
plated crust. Oceanic island receiver functions are defined princi-
pally by Ps conversions from the base of each layer and by a series
of complex reverberations in this layer.

Our model leads to total crustal thicknesses that correlate well
with other studies but do depend on the input velocity model. Our
conservative use of Crust 2.0 (Laske et al. 2003) allows us to image
the general characteristics of these islands, but more accurate esti-
mates will require better knowledge of lower crustal velocity (partic-
ularly shear velocity) structure. More representative shear velocities
for the volcanic layer (vp/vs of about 1.8) result in smaller volcanic
layers. This could be due to the fact that the lower portions of the
volcano, though above the ocean floor, are primarily characterized
by intrusive volcanism. The interface we interpret as the base of
the volcano would then correlate with the transition from intrusive
to extrusive igneous rock. In our model, this would require a thin
volcanic layer and a thicker ‘old crust’ layer to compensate.

More sophisticated waveform modelling would place greater con-
straints on layer velocities. However, this type of analysis would need
to address the effects of likely anisotropic velocity jumps between
layers. Variations in Ps amplitude and polarity are strong indicators
of anisotropy beneath the four hotspot islands in this study. (Because
anisotropy resides in layers of thicknesses of 10 km or less, its influ-
ence on shear wave splitting is likely to be negligible.) Additionally,
better constrained velocities would not significantly influence the
results of our analysis. This can be shown by a simple estimate of
the uncertainty in our model layer thicknesses due to the velocity
trade-off. At Rarotonga, we vary the velocity of the lower layer to
span a range of previous observations (6.5–7.5 km s−1 Mutter &
Mutter 1993). This results in thickness variations in the underplated
layer from 7.7 to 9.1 km (Fig. 12c, shaded region).

It is interesting to note that the 19 km thick crust at RAR does
not correspond to a significant surface swell as is seen at other
islands. Though previous results from the Marquesas (McNutt &
Bonneville 2000) show that the chemical effects of underplating
can reproduce the bathymetric swell far from the volcanic edifice,
it seems unlikely that our observations could be associated with
the hotspot and yet have no surface expression. This may indicate
that underplating is not necessarily limited to an island’s imme-
diate neighbourhood, but instead extends more broadly in the old
Pacific.
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