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Continuous Mantle Melt Supply
Beneath an Overlapping
Spreading Center on the East
Pacific Rise
Robert A. Dunn,1,2* Douglas R. Toomey,1 Robert S. Detrick,3
William S. D. Wilcock4
Tomographic images of upper mantle velocity structure beneath an overlapping
spreading center (OSC) on the East Pacific Rise indicate that this ridge axis
discontinuity is underlain by a continuous region of low P-wave velocities. The
anomalous structure can be explained by an approximately 16-kilometer-wide
region of high temperatures and melt fractions of a few percent by volume. Our
results show that OSCs are not necessarily associated with a discontinuity in
melt supply and that both OSC limbs are supplied with melt from a mantle
source located beneath the OSC. We conclude that tectonic segmentation of
the ridge by OSCs is not the direct result of magmatic segmentation at mantle
depths.
The discovery that fast-spreading oceanic
ridges are structurally (1, 2) and chemically
(3, 4 ) segmented between transform offsets
has led to competing hypotheses for the
origin of ridge segmentation (5, 6 ). Central
to this controversy is the question of the
cause of OSCs. OSCs are segment boundaries characterized by the overlap of two
ridge segments which offset the axial neovolcanic zone by 0.5 to 15 km. The larger
OSCs consist of two distinct ridge limbs
that surround a central basin (7 ). Unlike
transform offsets, which are stationary with
respect to the ridge, OSCs migrate along
axis and, in doing so, individual limbs may
propagate, recede, or be rafted off to the
side of the rise, leaving behind a distinctive
seafloor morphology and disrupted magnetic lineations (7–9). Studies of the wakes of
OSCs indicate that these ridge discontinuities are unstable on a time scale as short as
50,000 years (8, 9). The structural evolution of OSCs has led some to speculate that
their origin is the result of fluctuations in
axial magmatic processes (7, 10). By this
view, OSCs occur above regions of reduced
magma supply, perhaps at the boundary
between two widely separated regions of
mantle upwelling (11). This model asserts
that OSCs are the result of converging, but
1
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misaligned episodes of lateral (along the
ridge axis) magma injection, such that each
limb has a separate source of mantlederived magma. In contrast, an opposing
model states that OSCs are the result of
tectonic processes, such as those resulting
from changes in the kinematics of spreading (1, 12). In this hypothesis, mantle upwelling is approximately two-dimensional
or sheet-like, and the magma supply beneath the OSC is uninterrupted. Thus, the
morphologically distinct limbs of an OSC
share a common source of magma (1).
To test these competing models of magma supply to fast-spreading ridges, we conducted a seismic experiment along the East
Pacific Rise (EPR) between the Clipperton
and Siqueiros transforms (Fig. 1). Here, we
report on a subset of the data which allows
imaging of lateral variations in shallow
mantle P-wave velocity structure beneath
an 80-km-long section of the rise that includes the 9°03⬘N OSC. This OSC and
associated ridge segments have been well
studied by geophysical mapping (8, 9, 13,
14 ), petrologic and geochemical analysis of
seafloor basalts (3), and multichannel seismic (MCS) experiments (15–17 ). The OSC
consists of two north-south trending ridge
segments that overlap by 27 km, are offset
by 8 km, and enclose a central basin. In
general, normal (N-type) mid-ocean ridge
basalts (MORBs) have been recovered from
the northern segment of the rise, and enriched-type MORBs have been recovered
from the southern segment (3), leading
some to infer that this ridge discontinuity
separates two physically and chemically
distinct sources of magma.
The seismic experiment consisted of an
array of 15 ocean-bottom instruments that
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recorded the crustal and mantle travel times
of 1327 airgun shots (Fig. 1) (18). The
experiment geometry is designed to image
the velocity structure of the uppermost
mantle, within ⬃4 km of the Moho, in a
horizontal plane that extends ⬃15 km to
either side of the rise axis and 40 km to the
north and south of the OSC. Our analysis
includes the delay times of 2977 mantle
refractions (Pn), 2831 crustal refractions
(Pg), and 802 reflections from the Moho
(PmP) (19). The crustal phases constrain
the three-dimensional structure of the offaxis crust, including crustal thickness,
along the crustal portion of the Pn ray
paths.
To provide a starting model for tomographic inversions, we first constructed a
three-dimensional crustal model from the
results of Canales et al. (20), which constrain velocity variations in the crust and

crustal thickness beneath the outer refraction lines of our experiment (21). This
model was used as a starting model for a
three-dimensional inversion for crustal
structure that included Pg and PmP data
whose ray paths traveled both along and
between the inner and outer refraction
lines. The resulting crustal model (normalized 2 misfit of ⬃1), to which was added
a constant-velocity (7.8 km s⫺1) isotropic
mantle, then became the starting model for
inversions that included the crustal and
mantle Pn data. The starting model includes off-axis crustal structure but does
not include subaxial crustal structure,
which is not traversed by Pn waves.
The Pn travel-time delays, calculated
with respect to the starting model, indicate
the presence of a mantle low-velocity zone
(LVZ) and anisotropic wave propagation
beneath the rise. When plotted as a function

Fig. 1. Location and geometry of the seismic experiment. Bathymetry is contoured at 100-m
intervals, and the dashed lines indicate the location of the rise axis. The local full spreading rate is
⬃115 mm year⫺1. The area of seismic imaging is shown by the black-and-white dashed box. An
array of ocean-bottom instruments, depicted as white circles, recorded compressional-wave travel
times from airgun shots that occurred every 400 to 500 m along the heavy black lines. For mantle
imaging, the data set contains mantle refraction travel times, Pn, observed as first arrivals for
shot-receiver paths connecting instruments on one side of the rise axis and lines of shots on the
other side of the rise axis, and for paths that connect shots and receivers along the rise-parallel
refraction lines. The crustal legs of the Pn paths are situated well away from the axis of the rise,
thus avoiding the complex structure of the crustal magmatic system.
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of the point at which a Pn ray crosses the
rise axis, the Pn delays indicate that the
LVZ is continuous beneath the OSC but
varies in width and/or magnitude (Fig. 2).
When plotted as a function of ray-path
azimuth (), the Pn delays display a cos(2)
dependence (Fig. 2C), a signal consistent
with velocity anisotropy due to the alignment of the crystallographic a axes of olivine grains in the spreading direction (22,
23).
Images of the mantle seismic structure
are constructed using a nonlinear tomographic method (24–27 ) that allows the
user to explore the solution space and data
misfit by adjusting constraints on model
smoothness and the relative importance of
isotropic versus anisotropic parameters.
Purely isotropic solutions do not provide
adequate fits to the data (2Pn ⱖ 3) and
cos(2) trends remain in the data residuals.
Models with 5 to 7% mantle anisotropy,
with the fast axis of anisotropy everywhere
aligned within a few degrees of the spreading direction, provide the best fit to the Pn
data (2Pn ⬃ 1, ⬎95% variance reduction)
and remove the cos(2) trend from the residuals. In contrast to a similar study (25),
we found only moderate trade-off between
the magnitude of the anisotropy and the
average upper-mantle velocity (because of
the greater density and coverage of the Pn
rays used in this experiment versus the
earlier study). Small lateral variations in
the fast-axis azimuth or magnitude of anisotropy are permitted although not required by the data (28). Further tests (29)
indicate that reasonable errors in the crustal
thickness of the starting model produce a
negligible error (⬍0.05 km s⫺1) in the
mantle images.
The mantle velocity structure is characterized by a subaxial zone of low velocities
that is continuous beneath the OSC and
which underlies both ridge limbs (Fig. 3A).
The LVZ extends ⬃8 km to either side of
the rise axis and is up to 0.7 km s⫺1 slower
than off-axis mantle velocities. The width
of the LVZ (defined by the – 0.2 km s⫺1
contour line in Fig. 3A) and the absolute
velocities therein are similar to values for a
mantle LVZ beneath the EPR near 9°30⬘N
[⬃20 km north of this experiment (25)].
Synthetic checkerboard models with block
widths of ⱖ4 km are well reconstructed
beneath the OSC (Fig. 3, B and C), indicating that model resolution is sufficient to
discriminate between OSC limbs that are
underlain by a single LVZ versus those
with two distinct LVZs. In addition, the Pn
data require the LVZ to extend at least 4 km
beneath the Moho; otherwise, seismic
waves would simply propagate beneath the
LVZ and not be influenced by it (25).
Although the mantle LVZ to the south
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of the OSC is generally centered beneath
the rise axis, to the north it is located
westward of the rise axis by 3 to 5 km (Fig.
3A). This offset coincides with a westward
displacement of the upper crustal melt lens
observed in seismic reflection studies (16,
17 ) and with cross-axis asymmetries in
both the mantle Bouguer gravity anomaly
(30) and the morphology of the rise (13).
Along-axis variations in the mantle velocity structure are required by the data; models with no along-axis variation provide
poor data misfits (2Pn ⬃ 12). In the alongaxis direction, there are local peaks in the
magnitude and width of the LVZ which
correspond with peaks observed in the
trend of the delay-time data (Fig. 2B). The
largest of these peaks is situated just south
of the OSC and is coincident with a large
negative mantle-Bouguer gravity anomaly
(30) and the broadest and highest standing
section of the rise in our study area (13).
North of the OSC, a smaller peak is located
between the OSC and a small offset in the
ridge [a deviation in axial linearity, or deval (3), at ⬃9°17⬘N]. In addition, two adjacent peaks underlie the OSC.
Our results indicate that an axially continuous region of melt resides in the mantle
beneath the rise. The magnitude of the LVZ
is too large to be caused by temperature
alone [such a magnitude would require
temperature variations of 1500°C (26 )]. If
mantle temperature variations are ⬍200°C
(31), then most of the velocity anomaly is
due to melt. Assuming that melt resides in
randomly oriented pockets of which 25%
are tubules and 75% are thin disk shapes, as
suggested by laboratory studies (32), melt
fractions are ⬃2 to 3% by volume beneath
the rise axis and vary along the axis by a
factor of 1.5. There may be three times this
amount of melt if instead it resides in thickshaped pockets (26 ). These estimates represent an average over the scale of the
model resolution (⬃2 to 4 km) and are
similar in value to estimated melt fractions
beneath the 9°30⬘N area (25, 26 ).
North of the OSC, our results indicate
that the rise axis is displaced eastward of
the mantle melt supply by as much as 5 km.
We suggest that the plate boundary/neovolcanic zone has been displaced eastward of
the source of mantle melt by a recent
change in the spreading direction and an
associated counterclockwise rotation of the
northern plate boundary (8, 9). This displacement explains the relative westward
offset of the shallow crustal melt lens seen
in seismic reflection data (16, 17 ), and the
cross-axis asymmetries of the mantle-Bouguer gravity anomaly (30) and morphology
of the rise (13). As suggested by (16 ), the
increase in axial depth as the OSC is approached from the north, which has been

attributed to a decrease in magma supply
near the OSC (7 ), may instead be the result
of a southward increase in the offset between the locus of mantle melt and the
neovolcanic zone. By this view, some variations in the width of the shallow melt lens,

the morphology of the axial high, the axial
depth, and perhaps the degree of crystal
fractionation of MORB melts can be attributed to cross-axis misalignment between
mantle melt delivery and the neovolcanic
zone.

Fig. 2. (A) Pn ray paths in
map view illustrate density of coverage and angular distribution of rays. (B)
Pn delay times calculated
with respect to the starting model (effects of path
length, crustal structure,
and an isotropic mantle
are removed). Mean travel-time delay is plotted
versus a ray path’s risecrossing point. The data
have been sorted into
bins by their individual
rise-crossing points; each
point represents the
mean value of a 2-kmlength bin, and the horizontal bars represent the
95% confidence interval
of an estimated mean, as
determined by Student’s t test. (C) Mean travel-time delay
versus source-receiver azimuth. Azimuth is measured at the
receiver and clockwise from the trend of the rise in a horizontal plane (⫺98° and 82° are the rise perpendicular directions). The data are binned by azimuth so
that each point represents the mean delay of a 10°-wide bin. The delays have also been corrected
for the effect of a mantle-level low-velocity region with a 20-km width centered beneath the rise
(a two-dimensional, axially invariant structure).

Fig. 3. (A) Results of tomographic imaging at a depth of 7 km, derived from Pn delay times.
Contours indicate velocity perturbations with respect to 7.8 km s⫺1. The region shown corresponds
to the area with a good population of Pn rays. Arrows indicate the orientation of the fast-axis of
seismic anisotropy (6% magnitude). The white lines indicate the position of the ridge axes.
Resolution tests provide estimates of the (B) fine- and (C) large-scale model resolution beneath the
rise. Test models contained synthetic anomalies of 2 to 6 km half width, extending vertically
throughout the mantle; element velocities varied by ⫾0.3 km s⫺1. Images are horizontal slices
taken at 7 km depth through the reconstructed model for the case with 2.5- and 6-km half-width
elements. White lines indicate the original positions of the anomalies. In the northern and southern
latitudes of the model, where azimuthal ray coverage is incomplete, only relatively larger scale
anomalies are resolvable.
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Our results support the hypothesis that
the volcanic segmentation of the rise, as
characterized by small offsets of the neovolcanic zone (devals), is the result of
along-axis fluctuations in the underlying
magma plumbing system on a scale of 10 to
20 km (3, 24–26, 33–37 ). The 10- to 20-km
scale of variability in mantle seismic structure observed here (Fig. 3A) is similar in
scale to correlated variations observed in
seafloor morphology [i.e., devals (3, 13,
35)], mantle and crustal seismic structure
(24–26, 33, 34 ), geology (3, 35), and potential field anomalies (36, 37 ) along other
parts of the EPR. Collectively, these results
indicate that crustal-level magma chambers
beneath fast spreading ridges are replenished at closely spaced intervals along the
rise. These results are not compatible with
models in which significant redistribution
of melt occurs through along-axis flow at
shallow levels (over tens of km), nor with
models in which melt is supplied to the
OSC from distal sources located along each
ridge segment.
Images of the mantle velocity structure
show that the 9°03⬘N OSC is not associated
with a discontinuity in melt supply from the
underlying mantle, that both limbs of the
OSC share a common mantle-level source
of melt, and that the thermal structure of
the ridge is continuous beneath the OSC.
Our study complements recently reported
seismic observations that reveal shallow
crustal magma lenses beneath both limbs of
the OSC and a LVZ in the crust beneath the
OSC (16, 17, 38). Although the crustal
magma lenses are significantly offset from
each other across the OSC, the geometry of
the inferred magma distribution suggests
that melt is fed to both ridge limbs from a
source located beneath the OSC. We conclude that the tectonic segmentation of the
EPR as defined by OSCs is not the direct
result of magmatic segmentation at mantle
depths. Instead, the formation and general
morphologic structure of OSCs may be controlled primarily by lithospheric processes,
such as by instabilities in the local stress field
(10) or by forces on the plate boundary that
arise during changes in the spreading direction (10, 12). The right lateral offset of the
9°03⬘N OSC, similar to 10 of 11 other OSCs
on the Pacific-Cocos plate boundary, suggests that the offset is formed in response to
an anticlockwise change in the direction of
spreading. Along this section of the EPR, a 3°
to 6° anticlockwise change in the spreading
direction is believed to have occurred within
the past ⬃1 million years (8, 9).
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