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Mantle Seismic Structure Beneath the MELT
Region of the East Pacific Rise from P and S
Wave Tomography
Douglas R. Toomey,* William S. D. Wilcock, Sean C. Solomon,
William C. Hammond, John A. Orcutt
Relative travel time delays of teleseismic P and S waves, recorded during the Mantle
Electromagnetic and Tomography (MELT) Experiment, have been inverted tomographically for upper-mantle structure beneath the southern East Pacific Rise. A broad zone
of low seismic velocities extends beneath the rise to depths of about 200 kilometers and
is centered to the west of the spreading center. The magnitudes of the P and S wave
anomalies require the presence of retained mantle melt; the melt fraction near the rise
exceeds the fraction 300 kilometers off axis by as little as 1%. Seismic anisotropy,
induced by mantle flow, is evident in the P wave delays at near-vertical incidence and
is consistent with a half-width of mantle upwelling of about 100 km.
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the generation and transport of melt beneath
mid-ocean ridges (1) predict detectable differences in mantle seismic structure. The
travel times of body waves from distant earthquakes, recorded by an ocean-bottom array of
sensors, should be sensitive to the distribution of melt retained in the mantle and to
seismic anisotropy produced by flow-induced
finite strain (2). Here, we report an analysis
of body-wave travel time delays from the
MELT Experiment (3) on the southern East
Pacific Rise (EPR) and their implications for
the seismic structure and mantle flow pattern
beneath a fast-spreading oceanic ridge.
From a subset of the MELT network (3),

we measured 500 relative delay times of filtered P and S waves from 20 earthquakes at
epicentral distances greater than 30°. P
waves were easily identified on the vertical
seismometer at frequencies between 0.14 and
0.5 Hz, equivalent to an average seismic
wavelength in the mantle of about 35 km
(4). Shear waves were also observed on horizontal seismometers with good signal-tonoise ratios at frequencies of 0.05 to 0.1 Hz
(average upper-mantle seismic wavelength
of about 70 km). Because shear wave splitting is observed (5), S waves polarized in the
fast (Sfast) and slow (Sslow) directions, respectively subparallel and subperpendicular to
the spreading direction, were analyzed independently (6). For both types of body waves,
arrivals are coherent at nearby stations, allowing us to use cross-correlation methods
(7) to improve the accuracy of estimated
delay times (8). All delays, measured relative
to a standard Earth model (9), have had a
mean value removed for each event.
Mean P-wave delay times in the frequency band 0.14 to 0.5 Hz vary by ;0.7 s
across the network; the greatest delays are
on and near the rise axis (Fig. 1A). Along
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Fig. 1. Mean P and S wave delays versus cross-axis
distance. Circles and triangles denote sites along the
primary and secondary OBS arrays (3), respectively.
Vertical bars indicate standard deviations in observed delays at a given site; uncertainties in individual delays are considerably smaller, ;0.1 s for P and
0.3 s for S. (A) P delay; (B) Sslow delay; (C) Sfast delay.
The Sslow and Sfast directions, defined by the shear
wave splitting analysis (5), are approximately subparallel to the rise and spreading directions, respectively.
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array (3) because of the fewer stations.
Compared with the primary array, arrivals
on the western flank of the rise are generally earlier on the secondary array, along
which the sea floor is deeper at a given
crustal age. On the eastern flank, in contrast, average P delays are comparable on
the two arrays.
Mean delays for Sslow and Sfast vary across
the network by 2 to 3 s. As for the P wave
delays, the S wave delays are greater on and
near the axis and where the sea floor is
shallower (Fig. 1, B and C). The cross-axis
pattern of delays for Sslow (polarized along
the rise) is comparable in form to that
observed for P, though the magnitudes of
the S delays are larger. For similar crustal
ages, delays for Sslow to the west of the rise
are consistently greater than those to the
east by ;0.5 to 2 s. Similar to the pattern
for P wave delays, this asymmetry in delay
is evident within 5 to 10 km of the rise
axis and increases with crustal age. The
cross-axis pattern of delays for Sfast waves
(polarized in the spreading direction) is
notably different from that for P or Sslow
waves, in that the degree of asymmetry
with crustal age is less. Immediately adjacent to the rise, delays for Sfast are comparable to the east and west, whereas for
Sslow the delays to the west are greater, by
;0.5 s, than those to the east. With increasing distance from the rise axis, an
asymmetry in Sfast becomes evident; the
delay at the western end of the array is ;1
s greater than at the eastern end.
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Fig. 2. Results of tomographic imaging contoured in percent deviation from
a radial Earth model (9); the delay time observations do not constrain absolute velocities, so only relative variations are meaningful. Contour interval is
0.5%; zero contour not shown. Cross-axis direction is positive to the east. (A)
P image; (B) Sslow image; (C) Sfast image. Percent deviations more negative
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to depths shallower than Zs are consistent
with the delay time data.
Independent of the squeezing depth, the
results (Fig. 2) consistently show that the
most pronounced low-velocity anomaly is
less than 200 km beneath the sea floor and
that its center is offset by about 20 to 40 km
to the west of the rise axis. Plots of normalized variance reduction versus squeezing
depth (Fig. 3) show that the fits to the data
systematically improve for larger Zs. A component of this improvement in fit may be
attributed to modeling noisy data, because
an increase in Zs also increases the degrees
of freedom in the inversion.
To understand further the sensitivity of

200
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200

Fig. 3. Normalized variance reduction versus
squeezing depth Zs for inversions of observed
(solid curves) and synthetic (dashed curves) data.
Curves for P, Sslow, and Sfast are shown in green,
blue, and red, respectively.
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At horizontal length scales of several
tens to hundreds of kilometers, P and S
delay time patterns are consistent with a
low-velocity anomaly that is progressively
more pronounced nearer the rise axis and
where the rise is shallower, and that decreases in magnitude less rapidly with age
beneath the Pacific Plate than beneath the
Nazca Plate. At shorter length scales, within 50 km of the rise, P and Sslow delays are
notably asymmetric and display near-axis
trends that appear discontinuous about the
spreading center; a similar degree of asymmetry is not observed for Sfast delays. For
each component the mean delay of the
axial station is observed to be greatest,
which suggests that the vertically averaged
velocities are lowest directly beneath the
rise.
We inverted a total of 175 P, 154 Sslow,
and 171 Sfast delays measured along the primary OBS array to determine independently
the two-dimensional velocity structure in a
plane perpendicular to the ridge, using a
nonlinear method (10). As a first approximation, we inverted the data under the assumption that the structure is isotropic. We
limited the inverse problem to two-dimensional solutions that were smoothed to give
preference to long-wavelength (50 km and
greater) variations in structure and heavily
damped at depths greater than a squeezing
depth (11). The squeezing depth Zs, which
varied between 0 and 600 km beneath the
sea floor, was used to test the hypothesis that
models with lateral heterogeneity confined
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than – 0.5% and greater than 0.5% are shown by red and blue shades,
respectively. Projections onto the section of wave paths used are shown in
the top panel for each wave type. The squeezing depth Zs is indicated for
each panel; see text for details.
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the variance reduction to Zs, we conducted
a series of inversions for synthetic data calculated from a known velocity model, characterized by a triangular anomaly (velocity
5% less than normal) centered on the rise
axis and extending from the surface to 140
km depth (12). The results (dashed curves
in Fig. 3) yield a relation between variance
reduction and Zs that exhibits significantly
more curvature than that of the actual data.
For the synthetic data, when Zs is greater
than the depth extent of the input anomalous structure (140 km), the average slope
of the variance reduction curve is approximately zero. Comparison of the variance
reduction curves for the synthetic and observed data suggests that the gradual improvement in variance reduction with increasing Zs for the observed delays is consistent with the presence of anomalous
structures at depths as great as 200 to 300
km. For this reason, we prefer tomographic
results obtained with a squeezing depth of
300 km; the maximum depth of the anomalous structure is uncertain.
The low velocities revealed by tomographic imaging and the progressive increase
in P and S delay times toward the rise cannot
be fully explained by expected temperature
variations beneath the spreading center. The
lateral variations in seismic velocity contributed by the cooling of oceanic lithosphere,
including the effects of anelastic dispersion
(13), yield near-axis delays that are 0.1 and
0.4 s greater than at 400 km off axis for P and
S waves, respectively. These predicted variations are considerably smaller than the observed increase in delays toward the rise (Fig.
1). The proximity of the MELT site to the
South Pacific superswell (14) may also give
rise to lateral variations in deep-mantle thermal structure (15), but such temperature
variations should vary approximately linearly across each OBS array. After linear trends
are removed from each full set of mean delay
time data, the magnitude of the variation in
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Fig. 4. Delay times of P waves from three events
along the primary OBS array (shifted vertically for
clarity). At near-vertical angles of incidence (that
is, small values of the incidence angle i ), the gradual decrease in the delays toward the rise axis is
consistent with a near-vertical alignment of the
crystallographic a axis of upper-mantle olivine
crystals in an upwelling region with a half-width of
about 100 km.
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delays that cannot be explained by expected
temperature variations is ;0.5 s for P waves
and 2 s for S waves.
The lateral variations in seismic velocity
structure revealed by tomographic imaging
are thus dominantly caused by retained partial melt in the upper mantle beneath the
rise. For melt residing in randomly oriented,
film-like inclusions, the P and S velocity
reduction, per percent melt, is about 1.8%
and 3.3%, respectively (16). Given these
approximations, and neglecting the possible
effects of anisotropy, we can use the tomographic images to estimate relative variations in the melt fraction within about 300
km of the EPR. For squeezing depths of 300
and 600 km (see Fig. 2), the inferred variation in melt fraction is 1% or less. As the
squeezing depth decreases to 150 km, the
magnitude of the inferred variation in melt
fraction increases to more than 1%. Additionally, the decrease in near-axis P and S
wave delays between the primary and secondary OBS arrays is consistent with a decrease in the retained mantle melt concentration toward the north of as little as 0.5%.
We have chosen relations among temperature, melt fraction, and velocities that
would result in the smallest range in inferred melt concentrations; if anelasticity is
unimportant, or if melt is primarily stored in
tubules, then larger variations in melt fraction would be implied by the data (17).
Recent modeling studies suggest that anisotropy induced by upwelling can lead to
near-axis travel-time advances that exceed
the delays due to partial melt, such that P
waves and S waves polarized parallel to the
rise arrive early near the axis (2). We instead find that mean relative travel times
are most delayed at the axis (Fig. 1), indicating that at this site the influence of
partial melt is of greater magnitude than
that of flow-induced anisotropy. A signature of upwelling-induced seismic anisotropy is evident, however, in the delay times of
steeply incident P waves from individual
events. P waves from three events to the
west of the rise at angular distances of 146°
(PKP phase), 86°, and 56° (Fig. 4) arrived
along upper-mantle paths inclined approximately 10°, 20°, and 30° from the vertical,
respectively. Except for a site located atop
the axial high, the delays observed within
100 km of the EPR indicate that as the
incidence angle decreases, delay times observed at near-axis OBSs become progressively early relative to sites off axis; this
signal is characteristic of near-vertical
alignment of the crystallographic a axis of
upper-mantle olivine crystals beneath the
spreading center (2, 18). The variation in
delay time with incidence angle may be
attributed to two causes. First, for vertical
alignment of the crystallographic a axis of
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olivine, as expected for mantle upwelling,
the fastest propagation direction for P is
also vertical. Second, if the upwelling is
concentrated within a relatively narrow
zone beneath the axis of plate divergence,
OBS stations nearer the rise record the
signature of upwelling-aligned anisotropy
over longer portions of the P-wave travel
paths. By this argument, the pattern of delays observed at the steepest incidence angles (Fig. 4) is consistent with a half-width
of mantle upwelling of about 100 km.
The inferred width of mantle upwelling
and the lateral and vertical extent of anomalous seismic structure are consistent with
melt generation or retention over a region
perhaps several hundred kilometers in
width. The asymmetry in velocity anomaly
indicates a similar asymmetry in melt production or transport processes. Such an
asymmetry may arise from the proximity of
the southern EPR to the South Pacific superswell (14) or from asymmetric patterns
of mantle upwelling and melt generation
resulting from migration of the ridge relative to the lower mantle (19).
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Structure of the Upper Mantle Under the EPR
from Waveform Inversion of Regional Events
Spahr C. Webb* and Donald W. Forsyth
Waveform inversions of seismograms recorded at the Mantle Electromagnetic and
Tomography (MELT ) Experiment ocean bottom seismometer array from regional events
with paths following the East Pacific Rise (EPR) require that low shear velocities (,3.7
km/s) extend to depths of more than 100 km below the rise axis. Velocities increase with
average crustal age along ray paths. The reconciliation of Love and Rayleigh wave data
requires that shear flow has aligned melt pockets or olivine crystals, creating an anisotropic uppermost mantle.

Earthquakes on transform faults along the
EPR during the 6-month-long deployment
of ocean bottom seismometers (OBSs) of
the MELT Experiment provided ray paths
that closely follow the ridge crest and allowed direct observation of near-axis, upper
mantle structure (Fig. 1). Previous models
of ridge crest upper mantle structure (1–3)
derived with surface wave observations
from land have been limited in horizontal
resolution to scales of 1000 km or more (4).
Three transform earthquakes on the EPR
provided good records at the ocean bottom
array (Fig. 1). Noise levels varied substantially across the array, reflecting differences
among instruments and between sites. We
selected a subset of the MELT array waveforms with good signal-to-noise ratios
(SNRs) for each event (5). Horizontal component noise levels were higher and more
variable than vertical noise levels because of
current-induced tilt noise, but good-quality
horizontal records were obtained on a small
subset of the array (Fig. 2).
The vertical waveforms include both
Rayleigh surface waves and S phases that
are polarized with a radial and vertical
component (SV). These waves were also
recorded on the radial component of horizontal motion, but we used only the verS. C. Webb, Scripps Institution of Oceanography, University of California, San Diego, La Jolla, CA 92093, USA.
D. W. Forsyth, Department of Geological Science, Brown
University, Providence, RI 02912, USA.
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scwebb@ucsd.edu

tical component because the SNR was
better. Rayleigh wave velocities depend
on density and both compressional and
shear velocity, but the primary sensitivity
is equivalent to that of a vertically polarized, horizontal traveling S wave (6). Love
surface waves and the horizontal (SH)
component of S phases are polarized so
that they are transverse to the direction of
propagation and can be detected only on

Fig. 1. Location of the three regional events along
the EPR and the MELT Experiment OBSs used in
this study. Approximate ray paths are shown.
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the noisier, horizontal components (5).
Wave speeds in mantle rocks are anisotropic; shear and compressional wave velocities depend on the direction of travel, and
shear wave velocities depend on the sense
of polarization. The effects of weak anisotropy result in an apparently different model
for shear wave velocities for the Love wave
measurements than for the Rayleigh wave
observations. The ratio of the shear velocities in the two models provides an estimate
of the anisotropic component, although in
strongly anisotropic material, Love and
Rayleigh wave data are better modeled as
coupled modes (7, 8).
We fit the observed waveforms to synthetic seismograms calculated for laterally
homogeneous models with a reflectivity
code (9) modified by the incorporation of
the instrument responses into the code. We
applied a bandpass filter (0.008 to 0.06 Hz)
to suppress the long-period noise and the
short-period Rayleigh waves strongly affected by multipathing and horizontal refraction (10). The OBS instrument response in
this band is proportional to acceleration
(11). Models were iteratively modified to
best fit the data with the use linear inverse

Fig. 2. Love wave (tangential component, top five
traces) records and Rayleigh wave (vertical component, bottom eight traces) records for the 364/
95 event, with synthetic seismogram fits based on
the models shown in Fig. 3. Site number is shown
for each trace.
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