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Plate tectonics and mantle plumes explain most volcanism on earth, but there are numerous actively forming
linear volcanic chains in the middle of tectonic plates that are not explained by these theories. Using the mul-
tidisciplinary geophysical dataset of the MELT and GLIMPSE experiments, we show that associated with 3
volcanic chains west of the East Pacific Rise there are low seismic velocities and densities in the astheno-
sphere that extend to the East Pacific Rise spreading center. Analogous to the Hawaiian swell, the low-density
anomalies produce swells beneath the volcanoes on young seafloor. The associated gravity anomalies are part
of a set of gravity lineaments that have been previously interpreted as being due to thermo-elastic cracking of
the lithosphere or small-scale convection. The correlation between the surface volcanism and subsurface
density and velocity anomalies and their extension to the spreading center suggest that pre-existing, buoyant
or fertile asthenospheric mantle heterogeneities are stretched in the direction of plate motion by shear be-
tween the plate and the underlying mantle. These heterogeneities seed small-scale convection, producing
upwelling and pressure release melting, forming volcanic chains that extend nearly to the ridge axis.
.
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1. Introduction

Volcanism at plate boundaries, such asmid ocean ridges and volcanic
arcs, is well explained by decompression melting of upwelling mantle
caused by large-scale convection in the earth and melting temperature
depression caused by hydration of the mantle wedge due to devolatili-
zation of the subducting slabs. While decompression melting of actively
upwelling, hot material explains intraplate hot spots such as Hawaii.
Outside of these tectonic settings, particularly in the middle of plate in-
teriors on the oceanfloor, significant volcanism is not expected but often
observed. Where these volcanoes and seamounts form, alternative
models, such as cracking of the lithosphere and tapping ambient as-
thenospheric melt (e.g. Cormier et al., 2011; Gans et al., 2003; Sandwell
and Fialko, 2004) or sublithospheric small-scale convection (Buck and
Parmentier, 1986; Haxby and Weissel, 1986), with shallow upwelling
and decompression melting, are often invoked to explain the origin of
the volcanism. Differentiating between these models is often hampered
in the deep ocean basins by the remoteness of the seamounts, yet the or-
igin of the volcanismhas important implications for the nature of the as-
thenosphere and convection in the Earth's interior.
On the Pacific plate there are actively forming linear intraplate volca-
nic ridges (Winterer and Sandwell, 1987) such as the Puka Puka, Sojourn
and Hotu Matua ridge systems that clearly do not have an age progres-
sion consistent with formation over a fixed hotspot (Forsyth et al.,
2006; Sandwell et al., 1995). Rather, these seamounts in some cases
have near synchronous ages over hundreds of kilometers that
could be consistent with either rapid, channelized return flow from
the Pacific Superswell (Janney et al., 2000; Phipps Morgan et al.,
1995; Weeraratne et al., 2003), or hotline volcanism caused by lith-
ospheric cracking (Gans et al., 2003; Sandwell and Fialko, 2004), dif-
fuse extension (Sandwell et al., 1995) or the onset of small-scale
convection (Ballmer et al., 2009, 2010). The volcanic chains are linear,
comprising seamounts and en echelon ridges of various length, some-
times rising N1 km above the rest of the seafloor, and extending for hun-
dreds of kilometers (Forsyth et al., 2006;White et al., 2006) or thousands
of kilometers, in the case of the Puka Puka ridges (Sandwell et al., 1995).

These volcanic ridges are coincident with an enigmatic basin-wide
pattern of banded free air gravity lows and highs on the Pacific plate
(Haxby and Weissel, 1986) (Fig. 1) aligned in the direction of absolute
plate motion, in some cases cross cutting fossil fracture zones obliquely.
The free air gravity lineaments are nearly absent beneath the East Pacific
Rise axis, which begin within a hundred kilometers west of the East Pa-
cific Rise (EPR) with amplitudes of 5–10 mGal and wavelengths of
150–200 km, then grow in amplitude to 10–20 mGal and shift to
somewhat longer dominant wavelengths further away from the
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Fig. 1. The band-pass filtered (50bwavelengthb600 km) free air gravity anomaly from satellite altimetry (Sandwell and Smith, 2009) shows the broad region over which the grav-
ity lineaments exist in the Pacific Ocean. The lineaments exist on the Pacific plate and are less well developed on the Nazca plate. The thick black lines indicate the plate boundaries;
black regions indicate areas of seamount volcanism superimposed on the filtered gravity field. The black arrow indicates the direction of absolute plate motion of the Pacific plate in
a hotspot reference frame. The red box highlights our study area and encloses the eastern end of the Puka Puka ridge, Sojourn Ridge, and Hotu Matua volcanic complex.

307N. Harmon et al. / Earth and Planetary Science Letters 311 (2011) 306–315
axis, extending westward thousands of kilometers (Haxby and
Weissel, 1986; Marquart et al., 1999).

Themantle beneath the Pacific plate near the southern EPR from5 to
20°S appears to be heterogeneous with respect to temperature, compo-
sition and melt, which may contribute to the underlying process that
causes the lineaments and intraplate volcanism. For example, subsi-
dence of the Pacific plate from 5°S to the Easter microplate (~23°S) is
slower with respect to seafloor age than the adjacent Nazca plate
(Cochran, 1986; Forsyth et al., 2006; Scheirer et al., 1998). The variation
in subsidence can be explained by higher temperatures beneath the Pa-
cific plate, with a thermal gradient fromwest to east of 0.05–0.10 °C/km
(Cochran, 1986). Higher temperatures beneath the Pacific plate have
also been inferred from across-axis resistivity profiles near 17°S on
the EPR, which show lower resistivity by up to an order of magnitude
beneath the Pacific plate, relative to the Nazca plate in the upper
150 km (Baba et al., 2006a; Evans et al., 2005). The low resistivity may
also be consistent with higher water contents at 60–150 km depth in
the mantle (Baba et al., 2006a; Evans et al., 2005).

Seismically, there is a pronounced asymmetry across the EPR in the
compressional and shear velocity structures of the mantle observed in
both body and surface waves, with significantly lower velocities ob-
served beneath the Pacific plate in both the fast lid and the low velocity
zone (Forsyth et al., 1998a,b; Gu et al., 2005; Hammond and Toomey,
2003; Harmon et al., 2009; Toomey et al., 1998; Weeraratne et al.,
2007). On the Pacific plate, beneath the Sojourn andHotuMatua volcanic
chains, shear velocities are lower than the surroundingmantle to a depth
of at least 150 kmasdetermined fromRayleighwaves (Weeraratne et al.,
2007) and with late (slow) P wave arrivals observed at stations within
the free air anomaly (FAA) gravity lows (Harmon et al., 2007). The
very low shear velocities observed in the seismic models have been
attributed to increased temperatures beneath the Pacific plate and
the presence of partial melt in the mantle (Forsyth et al., 1998a,b;
Gu et al., 2005; Hammond and Toomey, 2003; Harmon et al., 2007,
2009; Toomey et al., 1998; Weeraratne et al., 2007). Seismic azimuth-
al anisotropy measurements from SKS splitting show fast directions that
are roughly parallel to the direction of plate motion for the Pacific and
Nazca plates, with 1 s split times observed on the Nazca plate (Wolfe
and Solomon, 1998) and N5 Ma seafloor on the Pacific plate (Harmon
et al., 2004), and 2 s split times on the 0–5 Ma Pacific plate (Harmon
et al., 2004; Wolfe and Solomon, 1998). The same pattern of variation
in the magnitude of anisotropy across the axis and on older Pacific sea-
floor has been observed in 16–40 s period Rayleighwave anisotropy, sug-
gesting that the variation in the strength of anisotropy and by inference
the pattern of mantle flow, is probably in the upper 100 km of themantle
(Harmon et al., 2009).

The geochemistry along strike of the southern EPR and the off axis
volcanism on b10 Ma seafloor on the Pacific plate shows evidence for
an enriched mantle component relative to normal mid ocean ridge ba-
salt (NMORB). Particularly striking along axis for the longest ridge seg-
ment is a dramatic increase in 3He/4He ratio at 17°S, and a broad
regional high from 16 to 20°S in 87Sr/86Sr, 206Pb/204Pb ratios and a re-
gional decrease in εNd, suggesting mixing of deeper mantle inputs
from either the Easter (to the south) or Marquesas (west) hotspot into
the ridge (Kurz et al., 2005; Mahoney et al., 1994). Off axis volcanism
in the Rano Rahi seamounts and Puka Puka ridges show significantly in-
creasing 87Sr/86Sr, 206Pb/204Pb ratios, and decreasing εNd with increas-
ing age of seafloor on which they were erupted, suggesting mixing
with an increasingly enriched component from the Superswell region
(Janney et al., 2000). Heavy rare earth element data indicate relatively
shallow melting relative to plume fed hotspots with increased depth
of melting to the west (Janney et al., 2000). Unpublished data from the
Sojourn and Hotu Matua seamounts also suggest the lavas that make
up the seamounts are the result of relatively shallowmelting of isotopi-
cally enriched material with similarities to the Easter hotspot (Donnelly
et al., 2003). All of the observations suggest that there is a fundamental
difference between the mantle beneath the Pacific plate and the
Nazca plate, and that there is some along-strike variability that is associ-
ated with the formation of these linear volcanic chains on the Pacific
plate.

Observations of asymmetric subsidence, seamount production, geo-
chemical and seismic heterogeneity have been explained by passive
models in which there is a west-to-east thermal gradient in the deeper
mantle with higher temperatures beneath the Pacific plate (Cochran,
1986) andwestwardmigration of the ridge axis over a passively upwell-
ing mantle containing relatively easily melted heterogeneities that pro-
duce more abundant off-axis volcanism on the leading Pacific plate
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(Scheirer et al., 1998; Wilson, 1992). The question remains whether or
not this heterogeneous material is just embedded ubiquitously in the
mantle (Katz, 2010; Scheirer et al., 1998; Wilson, 1992) or it originates
as Pacific Superswell plume material that is rapidly driven back to the
ridge by return flow (Conder et al., 2002; Phipps Morgan et al., 1995;
Toomey et al., 2002; Weeraratne et al., 2003).

We explore the origin of the Sojourn, HotuMatua and easternmost
Puka Puka volcanic chains and their associated FAA on young
(b10 Ma), anomalously subsiding Pacific lithosphere using seismic,
bathymetry and gravity data from the Mantle Electromagnetic and
Tomography (MELT) (Forsyth et al., 1998a) experiment and the Grav-
ity Lineations Intraplate Melting Petrologic and Seismic Expedition
(GLIMPSE) experiment. These two experiments were located near
the East Pacific Rise at 12 to 18°S, deploying ocean bottom seismo-
graphs for 6 and 11 months respectively, and compiling nearly 100%
bathymetric and gravimetric coverage over the major volcanic edi-
fices in the region. We present an improved regional shear velocity
model from Rayleigh wave tomography, which jointly inverts the
MELT and GLIMPSE data sets and uses finite frequency kernels to im-
prove lateral resolution. We also extend the analyses of the mantle
density structure and dynamic topography of Harmon et al. (2006)
to the MELT study region and the Rano Rahi seamounts and the east-
ernmost Puka Puka ridges. With our improved shear velocity model,
gravity and topography analyses, we synthesize previous findings
with our own to investigate 3-D flow in the mantle beneath the Pacif-
ic plate driven by heterogeneity.

2. Gravity and topography analysis

2.1. Residual Mantle Bouguer anomaly and residual topography

The seafloor topography and free air gravity anomaly are produced
by the superposition of seamount loading of the seafloor, the flexural
response of the lithosphere to loading, and any subsurface loading, as-
suming lateral variations in the oceanic crustal density are small. At
short wavelengths, the seafloor topography and FAA are dominated
by the volcanic loading at the seafloor, which obscures smaller topo-
graphic and density anomalies due to dynamic behavior coming from
greater depths. To examine possible density contributions to the free
air gravity anomaly, and possible dynamic seafloor topography from
mantle heterogeneity, we calculate two quantities, the residual Mantle
Bouguer gravity anomaly (rMBA) and the residual topography. We de-
fine the residual Mantle Bouguer anomaly as the FAA corrected for sub-
sidence with age and the gravity anomaly contributions from surface
volcanic loading and crustal thickening associated plate flexure, which
is in contrast to the usual Mantle Bouguer anomaly that assumes a
-120˚ -118˚ -116˚ -114˚ -112˚

-19˚

-18˚

-17˚

-16˚

-15˚

-14˚

-13˚

-12˚

A

-120˚ -118˚ -116˚ -114˚ -112˚

-19˚

-18˚

-17˚

-16˚

-15˚

-14˚

-13˚

-12˚

800 1600 2400 3200 4000

bathymetry m

-120˚ -118˚ -116

B

-120˚ -118˚ -116

-20 0 20 40

FAA m

Fig. 2. (A) Swath bathymetry, (B) satellite Free Air gravity ano
constant thickness crust. The residual topography is the seafloor topog-
raphy corrected for subsidence with age and the effects of surface volca-
nic loading of seamount chains. We remove the subsidence with age
trend in the gravity and bathymetry data assuming a polynomial of the
form: c0+c1x+c2√x, where x is age and c0−2 are the estimated coeffi-
cients.We solve for the trend for each of the Pacific andNazca plates. The
rMBAprovides amap of thegravity anomalies arising due tomantle den-
sity anomalies,while the residual topographyprovides amapof dynamic
topography caused by the mantle density anomalies. We follow the
method of Harmon et al. (2006) to calculate these maps, extending the
analysis to the Rano Rahi seamounts, using the satellite FAA (Sandwell
and Smith, 2009) and shipboard swath bathymetry (Forsyth et al.,
2006; Scheirer et al., 1996) as our data (Fig. 2A, 2B). We refer the reader
to the original work, Supplementary material Section 1, and Fig. 2C for
more details.

2.2. Regional residual topography map

The residual topography represents dynamic topography due to
subsurface loading. The dominant trend we see in Fig. 3B is topography
swells beneath the Sojourn Ridge, Hotu Matua, and the Rano Rahi Sea-
mounts with bathymetric lows in between oriented in the direction of
plate motion. These swells have amplitudes of ~100 m above the back-
ground with a wavelength of ~200 km (Fig. 3B). The swell amplitudes
are N150 m beneath the peaks of the largest seamounts.

The swell topography continuity varies across the Pacific plate.
The swell beneath Sojourn is continuous along the length of the
ridge system extending from the western edge of our mapped region
to the East Pacific Rise. Similarly, the broad swell topography beneath
the Rano Rahi seamounts extends westward from the East Pacific Rise
at 17–18°S to the Puka Puka ridges. At the EPR this swell appears to
bifurcate in another swell lineament that is aligned with the trend
of Hotu Matua swell, but there is a hiatus in this swell lineament cen-
tered at 116°W. The swell topography does not appear to extend fur-
ther westward from Hotu Matua.

The swell topography extends 100 km east of the EPR. The residu-
al topography either falls off to a background value of ±30 m or goes
to a negative value. The region of the Nazca plate near 17–18°S on the
EPR does maintain some swell topography, but decays to the back-
ground values at ~100 km from the ridge. This section of the EPR
also has the highest residual topography for the entire segment.

The undulating swell topography is a robust feature of the original
bathymetry and is not an artifact of our processing. The strongest ev-
idence for this is in regions with smaller seamount loads such as the
Rano Rahi seamount field, which do not flex the plate significantly
but have strong swell lineaments. In these regions, we have only
˚ -114˚ -112˚˚ -114˚ -112˚

60 80 100

Gal

-120˚ -118˚ -116˚ -114˚ -112˚

-19˚

-18˚

-17˚

-16˚

-15˚

-14˚

-13˚

-12˚

C

-120˚ -118˚ -116˚ -114˚ -112˚

-19˚

-18˚

-17˚

-16˚

-15˚

-14˚

-13˚

-12˚

600 1200 1800 2400 3000

height m

maly, and (C) isolated seamount load for the study region.



-19˚

-18˚

-17˚

-16˚

-15˚

-14˚

-13˚

-12˚

-19˚

-18˚

-17˚

-16˚

-15˚

-14˚

-13˚

-12˚

-19˚

-18˚

-17˚

-16˚

-15˚

-14˚

-13˚

-12˚ C

240˚

240˚

241˚

241˚

242˚

242˚

243˚

243˚

244˚

244˚

245˚

245˚

246˚

246˚

247˚

247˚

248˚

248˚

-19˚

-18˚

-17˚

-16˚

-15˚

-14˚

-13˚

-12˚

-40-35-30-25-20-15-10 -5 0 5 10 15 20 25 30 35 40

mGal

D
2 s

240˚

240˚

241˚

241˚

242˚

242˚

243˚

243˚

244˚

244˚

245˚

245˚

246˚

246˚

247˚

247˚

248˚

248˚

-19˚

-18˚

-17˚

-16˚

-15˚

-14˚

-13˚

-12˚

3.8

3.9

4.0

4.1

4.2

4.3

4.4

4.5

s
h
e
a
r

v
e
l
o
c
i
t
y

k
m
/
s

-17˚

B

240˚ 241˚ 242˚ 243˚ 244˚ 245˚ 246˚ 247˚ 248˚

-19˚

-18˚

-16˚

-15˚

-14˚

-13˚

-12˚

-300

-250

-200

-150

-100

-30

30

100

150

200

250

300

R
e
s
i
d
u
a
l

B
a
t
h
y
m
e
t
r
y

m

Sojourn

Hotu

Puka Puka

E
as

t 
P

ac
if

ic
 R

is
eMatua

Brown

SC

Rano Rahi

A

240˚ 241˚ 242˚ 243˚ 244˚ 245˚ 246˚ 247˚ 248˚

-19˚

-18˚

-17˚

-16˚

-15˚

-14˚

-13˚

-12˚

Fig. 3. The maps of (A) age detrended free air anomaly, (B) residual bathymetry, (C) residual Mantle Bouguer anomaly and (D) shear velocity (10–100 km depth) illustrate the
spatial correlations between all four and the volcanic edifices in the region shown in black 800 m contours. The gray masked areas in B and C indicate regions where there is no
bathymetric control within 5 km. The unmasked region in D shows where the seismic velocities are well constrained. Symbols in D show station locations of the MELT and GLIMPSE
seismic deployments in the region: red circles are the MELT stations, blue circles are GLIMPSE stations. Vectors indicate the magnitude and direction of SKS splitting in the region. In
all maps, except the shear velocity map, a linear and square root of age trend has been removed from the anomalies. SC in A is Southern Cross seamount.

309N. Harmon et al. / Earth and Planetary Science Letters 311 (2011) 306–315
removed the subsidence with age trend and the seamount load, so the
undulation of the seafloor of the same age is highlighted.

2.3. Residual Mantle Bouguer anomaly (rMBA) map

The rMBA is due to density anomalies arising from mantle sources
or crustal underplating or thinning, assuming small lateral variation
in crustal density. The features in the rMBAmap shown in Fig. 3C par-
allel the features observed in the residual topography. The largest
anomalies visible are the ~200 km wavelength banded pattern with
a strike roughly perpendicular to the ridge axis on the Pacific plate.
The amplitude of these bands is 5–10 mGal. Low gravity anomalies
are located beneath the major seamount chains (Hotu Matua, Raho
Rahi/Puka Puka, and Sojourn).

The rMBA lineaments extend across the region from the west and
truncate near the EPR. For the Sojourn and Rano Rahi groups, the gravity
anomaly lows are continuous across the Pacific plate while the Hotu
Matua low is discontinuous, with a gap at 116°W longitude. In the
western portion of the map, where there is little seamount loading,
the rMBA is equal to the lows visible in the free air anomaly (Fig. 3A).
On the Nazca plate, the rMBA goes to positive values within 50 km of
the EPR.

The rMBA lows near the EPR on the Pacific plate show that the re-
sidual topography swells are compensated features. The compensa-
tion is also evident in the free air gravity anomaly, which is nearly
zero near the EPR after we have removed the trend with age. This is
particularly apparent in the region of the Rano Rahi seamount field.

Our choice of ~4 km effective elastic thickness for estimating the ef-
fects of flexural loading by the seamount chains, based on the average
of the best fitting independent estimates of thickness from the individual
volcanic edifices (Harmon et al., 2006) and density structure, affects the
amplitudes of the observed patterns in both the rMBA and residual to-
pography. However, for a reasonable range of effective elastic thick-
nesses, these features are robust and cannot be eliminated. For instance,
decreasing the effective elastic thickness to 2 km creates stronger swell
topographyover thepeaks of the edifices due tomore local compensation
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with positive peaks up to 300 m. The pattern in the rMBA is nearly the
same, within ±3mGals of the rMBA shown in Fig. 3C. In addition, there
may be some error in the rMBA caused by lateral density heterogeneity
within the crust or by unaccounted for variations in crustal thickness or
underplating. Except for the seamount edifices themselves, variations in
crustal thickness along a 350-km-long north–south refraction profile
across the Sojourn Ridge and the Hotu-Matua trend found less than
400 m variation in crustal thickness, not enough to explain the gravity
anomalies (Holmes et al., 2007).

The presence of gravity lows and swells beneath the volcanic chains
suggests that there is buoyant low-density material beneath the edifices
in themantle.We interpret the residual topography and rMBA anomalies
as being due tomantle density anomalies due to the strong correlation of
these anomalies with the seismic anomalies presented in Section 3. We
discuss the geodynamic implications of this interpretation along with
the implications of our seismic results in Section 4.

3. Rayleigh wave tomography

3.1. Rayleigh wave phase velocity and 3-D shear velocity
inversion methods

We performed Rayleigh wave phase velocity tomography using
the method of Forsyth and Li (2005) as modified by Yang and Forsyth
(2006), which accounts for deviations from great circle path propaga-
tion of Rayleigh waves using a 2 plane wave approximation for each
incoming wavefield and accounts for scattering of Rayleigh waves
by velocity heterogeneities using 2-D finite frequency kernels. The in-
version for shear velocity is a two-step process. Initially, we invert
amplitude and phase data at each period to generate phase velocity
maps, and then invert local phase velocity dispersion curves at each
location in the phase velocity maps for shear velocity structure, pro-
ducing a 3-D shear velocity model. The nodal parameterization for
the phase velocity inversion and earthquakes are shown in Fig. 4,
and the starting shear velocity model and example shear velocity
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Fig. 4. Map of MELT station locations (green triangles), GLIMPSE station locations (red
triangles), and node parameterization (gray circles). Gray lines show ray path cover-
age. Inset map shows earthquake locations (white MELT, black GLIMPSE events).
model outputs and sensitivity kernels we used for the shear velocity
inversion are shown in Fig. 5. We refer the reader to Forsyth and Li
(2005) and Yang and Forsyth (2006) and the Supplementary material
Section 2 for more information about the method.
3.2. Phase velocity maps

We present 2-D phase velocity maps in Fig. 6 at selected periods. In
these inversions we use a starting model that is the best fitting phase
velocity as a function of age (Harmon et al., 2009). The velocity models
are clipped using the approximate contour of the 2σ error of 0.05 km/s
at our best-resolved period shown in Fig. 6 (22 s).

We observe a velocity gradientwith increasing distance from the EPR
in the phase velocity maps at the shortest periods of 16–22 s, with the
lowest velocities at the EPR, which is also visible in inversions that
have a uniform startingmodel. There are two focused zones of lowveloc-
ities on the EPR in this period range, one at the eastern end of the Sojourn
ridge system at 14°S, and another zone centered at 18°S, with higher ve-
locities in between. The phase velocities along the spreading center are
very low; at 16 s, the lowest on-axis velocities are b3.5 km/s, resulting
in a 6–8% velocity decrease relative to the average velocity for the region.

In this period range, phase velocities at the threemajor volcano chains,
Sojourn, Hotu Matua, and Rano Rahi, are lower than normal seafloor of
similar age. This is particularly apparent in the 22 s period phase velocity
map, where the velocity gradient from the EPR to the west has a finger-
like pattern, with low velocities extending out beneath the trends of the
three ridge systems, and higher velocity “fingers” extending in towards
the ridge. The wavelength of these low velocity regions is approximately
200 km. The Rano Rahi finger is broadened relative to the Hotu Matua or
Sojourn. These low velocity regions appear to extend to thewestern edge
of the map. This pattern of low velocities beneath the Sojourn and Hotu
Matua lines persists through the longer periods (25–50 s).

At longer periods, (25–50 s), the regional velocity low is locatedwest
of the EPR axis. The largest velocity lows are focused under the eastern
end of the Sojourn ridge approximately 100 km west of the EPR. There
is also a broad off axis velocity low in this period range approximately
100 km west of the EPR at 17°S. We also note that at 40–50 s period
range there is a small velocity low east of the EPR beneath the Nazca
plate at 17°S.
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We observe low velocity regions beneath the center of the So-
journ ridge system and beneath the Rano Rahi seamount chain for
periods N67 s. These anomalies are broader and lower amplitude
(1% anomaly) than at shorter periods. At the longer periods, N67 s, the
resolution decreases, and although our models show velocity gradients
with respect to distance from the EPR, they are not well resolved and
do not appear in inversions in which the starting model is laterally uni-
form in phase velocity.

To describe the resolution of ourmodels, we present the diagonals of
formal resolutionmatrix, resolution length and anomaly amplitude bias
(after Barmin et al., 2001) for the phase velocity map at 22 s period in
Fig. 7A, B and C respectively. The formal resolution within the region is
generally very good, with typical values of about 0.6 per node on a 0.5°
grid, indicating that typically about 2 nodal values would have to be av-
eraged to yield one well-resolved piece of information about the lateral
velocity variation, Resolution lengths within most of the array are less
than 150 km, suggesting that the 200 km wavelength features we ob-
serve are robust. The anomaly amplitude bias is the percentage differ-
ence between the input and output anomalies including the effects
from adjacent nodes. The anomaly amplitude bias shows that the ampli-
tudes recovered are typically within ±5% of the input anomaly, howev-
er in some regions, particularly near the Garrett fracture zone and the
nearby EPR, this formal analysis indicates amplitudes of the velocity
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Fig. 7. For 22 s period, A) formal resolution matrix diagonal values for velocity parameters, B
indicate station locations; black lines 1000 m bathymetry contours.
anomaliesmay be 20%weaker than the true velocity anomaly. However,
the formal analysis can be misleading, especially outside the arrays, be-
cause it only considers uncertainties assuming that the parameterized
part of the world is the only source of variation. Delays from outside
the model realm can map into the model realm to some extent and
those effects will tend to be concentrated in poorly constrained parts
of the model. So waves that are delayed propagating down the EPR
might amplify the apparent anomaly in the vicinity of the Garrett/EPR
intersection near the edge of our model area.

3.3. 3-D shear velocity model

We present the 3-D shear velocity model as a series of 3 depth aver-
ages, which are depth ranges that are well resolved according to the for-
mal resolution analysis in our shear velocity inversion. This provides the
minimum structure for interpretation, and we are confident in the fea-
tures we observe. The depth averages are 10–45 km, 30–75 km, and
60–175 km depth and are shown in separate panels in Fig. 8.

The main feature observed in the 3-D shear velocity structure at
the shallowest depths (10–45 km) is a strong gradient in velocity
with distance from the ridge, which corresponds to increasing thick-
ness of a high velocity lid reaching a maximum of about 45–50 km at
10 Ma (Harmon et al., 2009). The lowest shear velocities are found at
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the ridge, with a minimum velocity of 3.76 km/s, increasing to just
over 4.55 km/s at the western edge of the map. Along most of the
ridge axis, velocities are 3.95–4.00 km/s in agreement with previous
studies of the East Pacific Rise. The lowest velocities mapped are at
the intersection of the Sojourn Ridge and the EPR. It should be
noted that this location is outside both the MELT and GLIMPSE arrays.
Although crossing rays and broad finite frequency response kernels
provide some control on velocities outside the array, it is likely that
the magnitude of the velocity anomaly is not well constrained, based
on the formal amplitude anomaly bias for the phase velocity inversions
presented in Fig. 7C. There is another low velocity region beneath the
ridge at 18°S on the EPR.

There is a low velocity zone beneath the high velocity lid across
the entire region in the 30–75 km and 60–175 km depth average.
The velocities are on average 3% slower in the 30–75 km depth aver-
age than the 10–45 km depth average. The 60–175 km depth average
velocity is 4% slower than the shallowest depth average. The lateral
gradients are also smaller in this depth range, with maximum veloc-
ities of 4.39 km/s and a minimum velocity of 3.88 km/s.

In the 30–75 km depth average, the lowest velocities in the region
are located ~100 kmwest of the EPR axis in an elongated region parallel
to the EPR. The velocity increases in both directions perpendicular to
the strike of the EPR axis. The strongest low velocities anomalies are
centered beneath the Brown ridge and extending to the easternmost
Sojourn ridge. At greater depths (60–175 km) the off axis low velocity
region persists, but splits into two anomalies, one in the north, located
beneath the Sojourn ridge system, and one in the south, with the lowest
velocities beneath the Rano Rahi seamount field.

Relative to lithosphere of the same age, the velocity is slower be-
neath the length of the Sojourn, Hotu Matua and Rano Rani lines at
all depths in a region about ~100 km wide. At 10–45 km depth,
these lower velocities can be seen as a smaller velocity gradient
with distance from the EPR axis, with the anomalies beneath the
EPR axis being connected to these reduced gradients. At 30–75 km
there is a strong low velocity region beneath the eastern edge of So-
journ ridge, which extends westward continuously increasing in ve-
locity with increasing distance from the EPR. Beneath the Hotu
Matua ridge system, there are isolated zones of low velocity directly
beneath the edifices, and another small low velocity zone ~200 km
west of the Hotu Matua volcanic complex. There is a small extension
of the off-axis low velocity zone westward beneath the northern Rano
Rahi. Relative to the surrounding seafloor, the velocities beneath the
intraplate volcanic chains can be up to 3% lower. Deeper, the low ve-
locity zones beneath seamount chains become less focused, broaden-
ing, although some of the lack of focus may be attributed to reduced
horizontal resolution caused by increased wavelengths and decreased
numbers of observations at the longer periods that are sensitive to
greater depths.
3.4. Comparison of shear velocity model to rMBA and
residual topography

We highlight several features that are spatially coincident between
the rMBA, residual topography and our shear velocity model averaged
over 10–100 km depth (Fig. 3B, C, D). First, beneath Sojourn Ridge,
there is good agreement between the location of the low velocity region,
the rMBA gravity low and the swell topography. In all three data sets the
anomaly exists near the EPR axis and extends beneath the length of the
Sojourn system to the Southern Cross seamount. Immediately south of
Sojourn, the velocities increase, while the rMBA become positive and
the residual topography becomes negative. NearHotuMata,we see a dis-
continuous anomaly beneath the volcanic complex in the shear velocity
model, the rMBA, and residual topography. Finally, we see a broadened
seismic low velocity anomaly west of the EPR at 17–18°S, where the
trends of the Hotu Matua and Rano Rahi chains converge.

The lowvelocities in the shear velocitymodel at 30–75 kmdepth are
not well correlated with the gravity and topography data at the south-
ernmost edge of the Rano Rahi seamount chain. Here the shear velocity
model is near the background average, while the rMBA is negative and
there is significant swell topography. The correlation improves in this
area at greater depth in the shear velocity model (60–175 km), when
the shear velocity low beneath the Rano Rahi broadens to include
most of the seamount field.

4. Discussion

4.1. Interpretation of seismic and marine geophysical results

The low gravity anomalies and swell topography indicate low-
density buoyant material exists beneath the volcanic ridges in the re-
gion. The 5–10 mGal rMBA anomalies require a density contrast of
20–50 kg/m3 assuming density variation occurs over a large depth
range, e.g., the upper 40–100 km of the mantle. In addition, the low-
est velocities beneath the Pacific plate are 5–7% slower than the sur-
rounding mantle within the resolution of our study. The correlation
of the rMBA lows and residual topography swells with low seismic
velocities beneath the volcanic edifices in the 30–175 km depth aver-
ages suggests that some of these density anomalies are located at as-
thenospheric depths and are not due solely to crustal underplating.

A combination of increased temperature and subsequent melt re-
tention can explain the observed asthenospheric low density and seis-
mic velocity anomalies beneath the volcanic chains. A purely thermal
explanation does not work because a ~200 °C thermal anomaly, assum-
ing a coefficient of thermal expansion of 3×10−5 K−1, can account for
the density anomaly, but produces only a 1–2% velocity anomaly using
either the partial derivative of shear modulus with respect to tempera-
ture (Schutt and Lesher, 2006) or the parameterization of Stixrude and
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Lithgow-Bertelloni (2005) with anelastic effects included (e.g. Harmon
et al., 2009). Alternately, 4% melt volume assuming melt density of
2800 kg/m3 could produce the density anomaly, but would result in too
great a reduction in shear velocity, given 7.9% shear velocity reduction
for 1% melt fraction (Hammond and Humphreys, 2000). Using a linear
combinationofmelt and temperature,we estimate that to simultaneously
fit the seismic and gravity data we require a thermal anomaly of ~150 °C
with 0.5–0.6% retainedmelt. These estimates are in line with the thermal
anomaly required to explain the asymmetry in subsidence in the Pacific in
the region (Cochran, 1986), thinning of the elastic lithosphere beneath
the seamounts (Goodwillie, 1995; Harmon et al., 2006), thinning of the
seismically fast lid (this study, Weeraratne et al., 2007) body wave
delays (Harmon et al., 2007), and recent estimates for equilibrium
silicate-carbonate melt fractions of over 0.3% in the asthenosphere be-
neath 0–10 Ma seafloor (Hirschmann, 2010). A thermal anomaly and
partial melt might also explain the increase in themagnitude of seismic
azimuthal anisotropy on 0–5 Ma Pacific seafloor (Fig. 3D, Harmon et al.,
2004; Wolfe and Solomon, 1998); a temperature increase of ~100 °C
can increase the strain rate of dislocation creep by an order of magni-
tude due to its Arrhenius temperature relationship, while b1% partial
melt can increase the strain rate of the mantle by one to two orders of
magnitude relative to a dry melt-free mantle (Faul and Jackson, 2007).

We do not favor other mechanisms such as mantle depletion or
water as a crystallographic defect in olivine to explain the seismic
and gravity anomalies. Water as a crystallographic defect in olivine
cannot produce density anomalies, and the resistivity data suggest
that the uppermost 60 km of the upper mantle region is dry (Baba
et al., 2006a,b; Evans et al., 2005), so we do not think that enhanced
water content is directly responsible for the anomalies we observe.
However, enhanced water content may help to lower the viscosity of
themantle, enhancing flow (Hirth and Kohlstedt, 1996) and aid inman-
tle melting in the region, especially if water is heterogeneously distrib-
uted in the mantle. Bulk composition is expected to have a small effect
on density and seismic velocity in the upper 67 km of the mantle, e.g.
20% depletion is required to produce 0.42–0.46% density decrease
(~15 kg/m3) (Schutt and Lesher, 2006).We expect that the range of de-
pletion is much smaller in the upper mantle especially off-axis after it
has been melted at the EPR.

4.2. Implications for geodynamic models

The low densities and seismic velocities indicate that the thermal
structure in general is hotter beneath the Pacific plate than beneath
the Nazca plate. Beneath the Pacific plate the thermal structure varies
laterally, with higher temperatures and melt fractions beneath the in-
traplate volcanic ridges. The lateral variation in temperature is not
predicted by simple half-space cooling models and therefore requires
dynamic behavior, upwelling hotter mantle material beneath the in-
traplate volcanic ridges in the asthenosphere.

Thermal contraction and cracking of the lithosphere have been
suggested to explain the linear seamount chains and the free air grav-
ity anomaly (Cormier et al., 2011; Gans et al., 2003; Sandwell and
Fialko, 2004), but this process does not predict the observed anoma-
lies in the sub-lithospheric mantle. These models also predict residual
topography lows beneath the seamount chains caused by downward
flexure of the crack walls and normal fault scarps. Forsyth et al.
(2006) did not observe normal faulting perpendicular to the spread-
ing center in the region, while Harmon et al. (2006) and this study
found topography highs beneath the seamount chains after correcting
for the downward flexure under the weight of the seamounts. In ad-
dition, the gravity anomalies and seismic anomalies presented in this
study and previous studies are at odds with a purely lithospheric pro-
cess. Diffuse lithospheric extension (Sandwell et al., 1995), has been
ruled out because there is no evidence for increased spacing of fracture
zones on lithosphere of increasing age (Gans et al., 2003; Goodwillie,
1995; Neumann and Zuber, 1994). Cracking of the lithosphere may be
necessary to tap the melt generated in the asthenosphere to create
the linear seamount chains (e.g. Sandwell et al., 1995) but does not pro-
vide a means of generating the melt in the first place and would prefer-
entially remove melt from the asthenosphere beneath the seamount
chains, producing high velocity anomalies rather than the low velocity
anomalies that are observed.

Purely thermally driven small-scale convection (Ballmer et al., 2009;
Buck and Parmentier, 1986; Korenaga and Jordan, 2003; Richter and
Parsons, 1975) does not explain all of our and previous observations
of the Pacific plate in our study region. First, thermal small-scale con-
vection requires several million years to generate convective instabil-
ities (Ballmer et al., 2009; Buck and Parmentier, 1986; Korenaga and
Jordan, 2003; Richter and Parsons, 1975), and therefore cannot explain
our observations of seismic and density anomalies that extend to zero
age lithosphere. Edge driven convection (King and Anderson, 1998),
due to juxtaposition of older lithosphere with zero age lithosphere at
the Garrett fracture zonemight explain the volcanism at Sojourn. How-
ever, this becomes less likely in the case of the Hotu Matua and Rano
Rahi trends, which are not located near fracture zones. Second, the
purely thermal small scale convection models do not explain the
enriched mantle mixing trend of the intraplate volcanism and along
axis variation on the EPR (Janney et al., 2000; Kurz et al., 2005;Mahoney
et al., 1994) other than through melting of preexisting entrained,
enriched plume material (Ballmer et al., 2010). Finally, the thermally
driven small-scale convection model should be applicable to both the
Pacific and Nazca plates, thus not explaining the marked asymmetry
in subsidence, seamount production, seismic structure and the termina-
tion of anomalies on the Nazca plate side within 100 km of the EPR in
our study region.

However, mantle heterogeneity can create small-scale convection on
young seafloor through melt buoyancy effects rather than through ther-
mal instabilities (e.g. Hernlund et al., 2008; Katz, 2010; Raddick et al.,
2002; Tackley and Stevenson, 1993) providing a better explanation of
our observations. Off axis melt buoyancy driven mantle flow may arise
in a homogenous mantle at fast spreading rates (Barnouin-Jha et al.,
1997), but variable melting of heterogeneous mantle material aids the
efficiency of the process and can explain the geochemical trends. Insta-
bilities from heterogeneities could arise beneath the thermal boundary
layer if large-scalemantle convection of a heterogeneousmantle, viscous
fingering or return flow beneath a thinning plate causes upwelling and
increased melting of more fertile mantle (schematic shown in Fig. 9).
Higher degrees ofmelting on the Pacific plate side of the EPR ofmore fer-
tile mantle could produce greater melt buoyancy effects adding to the
asymmetric melting and subsidence beneath the westward migrating
EPR at 17°S (Katz, 2010). These heterogeneities may be stretched out
by the motion of the overriding plate and be organized into small-scale
convection. Locally enhanced upwelling created by melt-enhanced
buoyancy can produce both the thermal and melt anomalies we infer
from our seismic and gravity data. We prefer melt buoyancy over deple-
tion buoyancy because in the upper 67 km (2 GPa) the density difference
due to depletion is relatively small (Schutt and Lesher, 2006) and thus is
not expected to contribute significantly to upwelling.

Theheterogeneous, enrichedmantlematerial needed for ourmodified
small-scale convectionmodel could have a variety of sources. Isotopically,
the heterogeneities represented in the off-axis lavas of the Puka-Puka,
Rano-Rahi, Hotu-Matua and the Sojourn seamounts and ridges and in
the along-strike variations on the EPR represent a mixture between an
N-MORB source and a “C”-like endmember (Donnelly et al., 2003; Hall
et al., 2006; Janney et al., 2000; Kurz et al., 2005; Mahoney et al., 1994).
The C-type or “common” endmember is not very diagnostic, being
found inmany places in the South Pacific, including theMarquesas, Easter
Island and the Tuamotus. Janney et al. (2000) and Hall et al. (2006), pre-
ferred an origin in the Superswell to the west based on west-to-east de-
crease in strength of the C endmember, easterly elongations of apparent
C concentrations in the seamount basalts, and the paucity of seamounts
on the Nazca plate to the east, but the heterogeneities could also be



Fig. 9. Schematic model of mantle flow in the region. In our idealized model shown here, the lithosphere thickens by conductive cooling away from the spreading center and be-
comes more rigid. Mantle heterogeneities pulled up by the upwelling generated by the separating, thickening plates may result in enhanced melting off axis, triggering small-scale
convection and further upwelling. Shear between the plate and the deeper mantle may elongate the heterogeneities and suppress small-scale convection aligned with the spreading
center. Viscous fingering in return flow from the Pacific Superswell region from the west to East Pacific Rise could also elongate the heterogeneities. Near the mid ocean ridge, the
plate is flexible enough to create swell topography above the heterogeneous melting regions. Above the upwelling regions, higher temperatures may locally thin the lithosphere
further increasing flexibility of the lithosphere and local uplift.
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ubiquitously, albeit irregularly, distributed in the Pacific mantle. Migra-
tion of the EPR to the west could preferentially melt the heterogeneities
on the Pacific side of the EPR, a tendency that would be enhanced by re-
turn flow from the Superswell region to the EPR (Conder et al., 2002;
Gaboret et al., 2003; Phipps Morgan et al., 1995; Toomey et al., 2002).
Elongation of the heterogeneities could be generated either by shear be-
tween the Pacific plate and deeper mantle or by Saffman–Taylor instabil-
ities (viscous fingering) in the return flow (Weeraratne et al., 2003).

Return flow from the Superswell is predicted from global models of
mantle flow beneath the Pacific, with significantly higher azimuthal an-
isotropy at all ages of the Pacific plate relative to theNazca plate (Gaboret
et al., 2003), while SKS splitting measurements in the region decrease to
the samemagnitude as the Nazca plate (1 s split times) on N5Ma Pacific
plate seafloor (Harmon et al., 2004; Wolfe and Solomon, 1998). With
small scale convection in the return flow, we expect a decrease in azi-
muthal anisotropywith increasing seafloor age as small-scale convection
flow disrupts the laminar flow caused by the overriding plate (Hall et al.,
1999), in agreement with the observed anisotropy.

Heterogeneity induced small scale convection may also explain the
short wavelength gravity lineaments observed near the axis on both
the Pacific and Nazca plate at 5–10°S on the EPR (Fig. 1). In this region,
heterogeneities may upwell beneath either side of the axis and be orga-
nized by the overriding plate. Farther off-axis, thermally driven small-
scale convection may explain the banded pattern observed in the FAA
across the Pacific basin (Fig. 1) especially in the central Pacific away
from the Superswell region.

The implication of thiswork is the pattern ofmantle convection in the
region is more complicated than passive upwelling driven by plate
spreading and conductive cooling of the lithosphere away from the
ridge. We have shown there is an active component of upwelling off-
axis beneath the intraplate seamounts, which has changed the thermal
structure of the lithosphere and asthenosphere. Many uncertainties re-
main that could be resolved by examining the structure beneath the grav-
ity lineaments in regions not affected by seamount topography, to test for
the presence of swell topography, low seismic velocities and changes in
resistivity at depth. Additional measurements of seismic anisotropy in
these regions would help to better constrain mantle flow at depth.

5. Conclusions

We show that beneath three volcanic intraplate seamount chains
and their associated free air gravity lineaments there are low shear
velocities, topographic swells and low-density anomalies in the man-
tle that extend to zero age seafloor. In addition, we show that beneath
the anomalously subsiding Pacific plate there is an elongated region
of low seismic velocity parallel to the EPR centered 100 km off axis
in the shallowest asthenosphere. The correlation between the seismic
velocity anomalies at 30–175 km depth and the rMBA suggests that
some part of the gravity lineament anomaly is due to density anoma-
lies in this depth range. We interpret the seismic and density anoma-
lies in the asthenosphere as arising from the combined effects of a
small thermal anomaly (b150 °C) and b0.6% retained melt.

To generate the gravity lineaments and intraplate volcanic ridges, we
prefer a model in which small-scale convection is triggered by heteroge-
neity in the mantle rather than by instability of the lower lithosphere.
Purely lithospheric processes such as thermal bending and cracking
models do not predict thermal anomalies in the asthenosphere, so we
rule out this family ofmodels as being the dominantmechanismproduc-
ing the linear volcanic chains and gravity anomalies.

Appendix A. Supplementary data

Supplementary data to this article can be found online at doi:10.
1016/j.epsl.2011.09.038.
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