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Abstract

Measurements of the seafloor deformation under ocean waves (compliance) reveal an asymmetric lower crustal
partial melt zone (shear velocity less than 1.8 km/s) beneath the East Pacific Rise axis between 9° and 10°N. At
9°48'N, the zone is less than 8 km wide and is centered beneath the rise axis. The zone shifts west of the rise axis as
the rise approaches the westward-stepping 9°N overlapping spreading center discontinuity and is anomalously wide at
the northern tip of the discontinuity. The ratio of the compliance determined shear velocity to the compressional
velocities (estimated by seismic tomography) suggests that the melt is well-connected in high-aspect ratio cracks rather
than in isolated sills. The shear and compressional velocities indicate less than 18% melt in the lower crust on average.
The compliance measurements also reveal a separate lower crustal partial melt zone 10 km east of the rise axis at
9°48'N and isolated melt bodies near the Moho beneath four of the 39 measurement sites (three on-axis and one off-
axis). The offset of the central melt zone from the rise axis correlates strongly with the offset of the overlying axial
melt lens and the inferred center of mantle melting, but its shape appears to be controlled by crustal processes.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction focussed to the rise axis or how it travels through
and is emplaced in the crust. A key to under-

Petrologic studies indicate that oceanic crust standing these processes is to determine how
created at magma-rich spreading centers is de- much melt there is in the crust, where it is, and
rived from mantle peridotites by partial melting how well connected it is. Seismic studies of the
[1,2], but there is no consensus on how the melt is magma-rich East Pacific Rise (EPR) reveal a

thin melt sill [the axial magma chamber (AMC)

reflector] beneath most of the rise axis at depths

between 1.1 and 1.8 km [3-6], and most EPR melt
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an overlapping spreading center (OSC) at 9°03'N
(Fig. 1). At the north end of this segment, the
AMC reflector is narrow and centered beneath
the rise axis, but the reflector widens and extends
west of the rise axis as the rise approaches the
OSC. The rise axis steps west at the OSC, and
to the south the reflector is once again narrow
and centered beneath the rise axis. This suggests
that the wide AMC just north of the OSC trans-
ports melt to the rise axis from a misaligned deep
source and that the OSC represents a region
where the rise axis is realigned with this deep
source [5]. Within the OSC, the AMC reflector
is up to 4 km wide and has a complex morphol-
ogy indicating a local melt supply [10].

The lower crust also plays an important role in
melt transport and storage [11,12]. Initially be-
lieved to be completely molten at the EPR rise
axis, then considered to contain little or no
melt[13], the lower crust has recently been shown
to contain a narrow (4-6-km-wide) partial melt
zone [14]. Seismic tomography studies suggest
that compressional velocity increases significantly
with depth in this melt zone, suggesting that there
is less melt in the lowermost crust than in the mid-
crust. Recent models based on ophiolite studies
suggest, however, that the lowermost crust forms
by periodic emplacement of melt sills [12] derived
from melt channels penetrating through the
uppermost mantle [15]. These melt sills may create
significant seismic anisotropy and a higher mea-
sured seismic velocity for a given melt percentage
than the potentially better-connected melt in the
mid-crust [16].

Seismic studies also image a much wider (15-20
km) melt zone at the top of the mantle. The center
(minimum velocity) of this melt zone offsets west
of the rise axis as the ridge approaches the 9°03'N
OSC from the north and the melt zone is contin-
uous across the OSC [14,17].

To better resolve the amount and distribution
of lower crustal melt, we measured seafloor com-
pliance — the seafloor displacement under ocean
gravity wave loading — at 39 sites along and
across the EPR between 9° and 10°N. Compliance
is most sensitive to the crustal shear modulus,
which we convert to shear velocity, and is partic-
ularly sensitive to low shear velocity regions such

as melt zones. Using these compliance measure-
ments, we estimate the crustal shear velocity,
which allows us to determine the melt distribution
in the EPR lower crust as well as pure melt bodies
at or near the Moho. Shear velocity constraints
from compliance measurements complement com-
pressional velocity constraints from seismic meth-
ods to improve estimates on melt quantity and
distribution. In addition, compliance measure-
ments are quasi-static and so are unaffected by
seismic wave attenuation, reflection and diffrac-
tion that complicates seismic data in fluid-bearing
zones. We compare the crustal shear velocities
with compressional velocity estimates from seis-
mic experiments to better constrain the distribu-
tion and quantity of melt in these zones.

2. Data analysis

In this paper, we focus on compliance measured
on three across-axis lines at 9°48'N, 9°33'N and
9°08'N and along the rise axis from 9°48'N to
9°02'N. We use one-dimensional (1-D) minimum
structure inversions to determine what features
are required by the data, and we use block model
inversions to calculate the best velocity con-
straints for a given two-dimensional (2-D) struc-
ture (see the Appendix). Lower crustal shear ve-
locities below 2.5 km/s require melt [18], while
velocities below 1 km/s are assumed to be essen-
tially zero, implying no connected solid matrix
[19]. We refer to regions with shear velocities be-
low 1 km/s as ‘melt’ bodies and those with shear
velocities between 1 and 2.5 km/s as ‘mush’ zones.

The on-axis compliance function at 9°48'N is
dominated by two peaks: one broadband and
centered at 14 mHz and the other narrowband
and centered at 8 mHz (Fig. 2A). A 1-D minimum
structure inversion of this compliance indicates
two melt zones, one at the depth of the AMC
and the other at the depth of the Moho, separated
by a lower crustal mush zone (Fig. 2B). The
weighted root-mean-square misfit to the data is
greater than 1 for this model, indicating that the
inversion does not completely fit the data. A 2-D
block model inversion does fit the data, for shear
velocities less than 0.1 km/s in the melt zones and
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Fig. 1. EPR compliance measurements. Left: Measurement
sites. White squares mark sites overlying a Moho melt body
(discussed in the text); white circles mark the rest. White
lines underline the along- and across-axis lines discussed in
the text. Black lines mark the east-west limits of the AMC
reflector determined by seismic studies [5,10]. Right: Selected
compliances and error bars. The gray region is a reference
(on-axis compliance at 9°48’'N), and arrows mark the fre-
quency at which a Moho-level melt body would create a
peak in compliance.

less than 1.8 km/s on average throughout the low-
er crust [18].

The Moho melt body generates the narrowband
peak at 8 mHz. This peak is only created if shear
velocities are slower than 0.1 km/s at or near the
Moho. A layer up to 2 km thick can produce this
peak (Fig. 3), but such a thick layer is inconsistent

with seismic tomography results which do not im-
age any Moho-level melt body. This peak is best
explained as a thin (50-200 m) layer, too small to
be tomographically imaged, which corresponds to
a shear velocity less than 0.01 km/s. The 8-mHz
peak is still present 0.5 km off-axis, but is gone by
1 km off-axis[18], suggesting that the Moho body
is less than 2 km wide; the best fit is a melt lens
0.7 km wide. We interpret this body as corre-
sponding to one or more thin melt sills.

Moho melt bodies are indicated by 8-mHz com-
pliance peaks at two other on-axis sites and one
off-axis site. The peak is visible in on-axis com-
pliance at 9°48'N, 9°05’'N and 9°02'N and in
compliance measured 2.5 km east of the rise
axis at 9°08'N (Fig. 1). The peak is notably ab-
sent on-axis at 9°42'N, 9°33’N and 9°08’'N, sug-
gesting that either Moho melt bodies are discon-
nected or that, if there is a continuous body, its
shear velocity varies rapidly along-axis. It may be
significant that three of the four sites with clear
8-mHz peaks are located in or near the OSC.
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Fig. 2. Shear velocity inversions of compliance data at
9°48'N. Left column =on-axis, middle column=4.7 and 7.6
km east, right column=10 and 14 km east (inversions are
from 10 km east). (A) Measured compliances and error bars.
Arrows indicate compliance peaks discussed in the text.
(B) 1-D minimum structure inversions. (C) Block model in-
versions. Solid lines = best fits; dashed lines =error bounds.
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Fig. 3. The effect of Moho-level melt bodies on the compliance function. (A) 9°48'N on-axis model (from [18]). (B) Compliance
functions below 15 mHz created by a 50-m thick Moho melt sill. Each curve represents a different sill shear velocity (shown in
km/s next to each curve). (C) Same as B, except for a 1-km-tall melt zone centered at the Moho.

The broadband compliance peak centered at 14
mHz is primarily generated by the lower crustal
mush zone (the narrowband peak generated by
the AMC is more subtle). At 9°48'N, this peak
is gone by 4.7 km east of the rise axis (Fig. 2A),
indicating that the mush zone is relatively narrow.
Ten and 14 km off-axis, however, a smaller and
lower-frequency broadband compliance peak ap-
pears. Minimum structure inversions of the
9°48'N data reveal a low-velocity zone (LVZ) in
the bottom half of the lower crust 10 km off-axis
and no such zone 4.7 or 7.6 km off-axis (Fig. 2B).
Lower crustal shear velocities determined using
block inversions of these data (Fig. 2C) require
melt in the 10 km off-axis LVZ (V;=2.020.5
km/s) but no melt 4.7 and 7.6 km off-axis
(Vs> 2.8 km/s), suggesting that there are two sep-
arate lower crustal mush zones, one centered on-
axis and the other starting near 10 km off-axis.
The low-frequency peak associated with this off-
axis mush zone is even more pronounced 14 km
off-axis, but the data uncertainties there are larger
so the inversions are not constrained well enough
to require a lower crustal mush body. Based on a
subset of the 9°48'N data collected in 1994, which
contained only the on-axis and 10 km off-axis
measurements, Crawford et al. [I8] proposed
that the lower crustal mush zone is at least 20
km wide. The newer compliance data measured
between these sites demonstrate that the melt de-
tected 10 km off-axis is in a separate body that
extends to at least 14 km off-axis.

To visualize the distribution of melt and mush
in the lower crust, we plot compliance as a func-
tion of off-axis distance for the three across-axis
lines. We display a contour plot for all measured

frequencies (Fig. 4A) and also across-axis transect
at the frequency most sensitive to lower crustal
shear velocities (10 mHz, Fig. 4B). At 9°48'N
and at 9°33’N, lower crustal compliance is bell-
shaped, decreasing rapidly within 2 km of a cen-
tral peak near the rise axis. This indicates that
there is a narrow mush region centered near the
rise axis. Lower crustal compliance then increases
again beyond 5-7 km east of the rise axis (Fig.
4B), indicating that lower crustal shear velocities
reach a maximum within ~5 km of the rise axis
and then decrease again between 7 and 10 km off-
axis. Lower crustal shear velocities must increase
further off-axis with the cooling of the crust, but
our measurements do not go out far enough to
see this.

To determine the variations in lower crustal
shear velocity with distance off-axis, we calculated
shear velocities using 1-D block models at (1) the
near-axis sites with the highest compliance, (2) the
‘intermediate’ sites with the lowest compliance
and (3) the farthest off-axis sites. The block mod-
els use a constant-velocity layer in the lower crust,
but a positive or negative velocity gradient is also
possible [18]. The velocity in each region is re-
markably similar at the different latitudes (Fig.
4C). Lower crustal velocities average 1.7-1.8
km/s near the rise axis (indicating mush), 2.8-2.9
km/s beneath the intermediate sites (indicating no
melt), and decrease again farther off-axis. At
9°48'N, lower crust shear velocities are as low
as 2.0 km/s at 10 km east of the rise axis, requir-
ing melt. At 9°08'N and 9°33’'N, lower crustal
velocities are 2.6-2.7 km/s at the farthest off-axis
sites, approximately 0.2 km/s slower than at the
‘intermediate’ sites but not low enough to require
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Fig. 4. Measured compliances and best-fit block models. Top row=9°48'N; middle row=9°33'N; bottom row=9°08"N.
(A) Contour plot of compliance as a function of frequency and distance from the rise axis, normalized by dividing by compliance
of typical young oceanic crust [21]. High compliance (light shades) indicates slow velocities. Black vertical lines mark the rise
axis; white horizontal lines mark the frequency of data displayed in column B. The middle plot also indicates the crustal units
corresponding to each frequency. (B) 10-mHz compliance with error bars as a function of distance from the rise axis. Dotted
vertical lines mark the rise axis. Letters indicate near-axis (N), intermediate (I) and far (F) sites (see text) used to calculate the
models shown in C. (C) Best-fitting block models at near-axis, intermediate and far sites.

melt. However, these sites are only 7-9 km east of
the rise axis, possibly not far enough to detect the
same type of off-axis mush body as that seen 10—
14 km off-axis at 9°48'N.

The melt fraction corresponding to the mea-
sured shear velocities depends on how the melt
is aligned and connected. Well-connected melt in
high-aspect ratio features such as films and tubes
reduces shear velocities and increases the ratio of
compressional to shear velocity more than poorly
connected melt in low-aspect ratio bodies such as
spheres or small sills [20]. On-axis, the compres-
sional to shear velocity ratio (calculated using the
slowest compressional velocity estimates [14]) is
greater than 2.1 in the lower crust. Young oceanic
lower crust normally has a compressional to shear
velocity ratio of 1.7-1.8 [21] and neither heating
nor spherical melt inclusions can change this ratio
significantly [22]. The lower crustal melt is there-

fore probably in connected films or tubes or in
flattened sills. For a film or tube geometry, the
shear velocities indicate 2.5-17% melt in the lower
crust near the rise axis [18], consistent with esti-
mates of up to 10-16% for a film geometry from
tomographic models of compressional velocity
[14]. The lower crust shear velocities 10 km off-
axis at 9°48’'N are consistent with up to 15% melt
in films or tubes. Melt in thin sills would require a
much higher melt percentage for the same shear
velocity.

At all near-axis sites (< 0.6 km from the rise
axis), compliances at lower crustal frequencies are
high enough to indicate mush, suggesting that the
central mush zone is continuous and that the
near-axis lower crust is highly permeable. At all
of the measurement sites, lower crust shear veloc-
ities are slower than the 3.4-4 km/s found in old
Pacific lower crust [21], indicating that tempera-
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Fig. 5. Across- and along-axis variations in 10-mHz compli-
ance. (A) 9°48'N and 9°33'N data plotted together as a
function of distance from the rise axis. The 9°33’N data are
shifted 0.7 km east with respect to the axial summit collapse
trough (as imaged by [28]). (B) Data from all near-axis sites
(<0.6 km off-axis) as a function of distance along the rise
axis. Grey region highlights the general trend; dotted lines
mark the across-axis compliance measurement lines.

tures and/or porosity are high throughout the sur-
vey area.

The width, shape, and alignment of the central
mush zone can be inferred from the shape of the
peak in 10-mHz compliance versus distance from
the rise axis (Fig. 4B). From 9°48'N to 9°22'N,
we consider the rise axis to be at the center of the
axial summit collapse trough [23], which marks
the center of surface magmatism and hydrotherm-
alism [24]. South of 9°22'N, we use the distance
from the axial bathymetric high. At 9°48'N and at
9°33’'N, the 10-mHz compliance peak is 5-8 km
wide. Seismic tomography data image a 4-6-km-
wide mush zone at 9°33'N [14], so the peak width
appears to give an adequate estimate of the mush
zone width. This peak has the same shape at
9°48'N and 9°33'N (Fig. 5A), indicating that the
mush zones are very similar. The peak decreases
more rapidly to the east than to the west, indicat-
ing that the mush zone is asymmetric, with more
melt to the west. In addition, the mush zone shifts
west of the rise axis between 9°48'N and 9°33'N.
At 9°48’'N, the maximum compliance is at the rise
axis, whereas at 9°33’N the maximum is 0.5-1 km
west of the rise axis. To align the 9°33’N compli-
ance with the 9°48'N compliance in Fig. 5A, the

9°33'N compliance values had to be shifted 0.7
km east with respect to the rise axis. The misalign-
ment of this mush zone is also suggested by seis-
mic tomography [14,25] but the asymmetry is only
suggested in the compliance data, indicating that
compliance is more sensitive to lateral variations
on the km scale. The compliance data do not
detect the high velocities at the base of the crust
imaged by seismic tomography [14], perhaps be-
cause seismic rays are more sensitive than compli-
ance to the vertical velocity gradient [18] or be-
cause of anisotropic velocity changes with depth
that may not be associated with a change in melt
percentage [16].

The 9°08’'N line crosses the rise axis at the
northern limit of the 9°N OSC. The central
mush zone is much broader here than at the
two northern lines (Fig. 4A,B). Compliance again
decreases rapidly to the east of the rise axis, but it
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Fig. 6. Interpretative EPR cross sections based on compli-
ance and seismic data. Major features include an AMC re-
flector, Moho melt sills, a central mush zone and off-axis
lower crust mush zones. Darker shading indicates more melt,
curved arrows indicate hydrothermal fluid penetration, and
horizontal arrows indicate high stress.
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remains high out to 6-8 km west of the rise axis,
spanning the distance between the east and west
limbs of the OSC. Compliance and seismic data
indicate that this is a local anomaly. The high on-
axis compliance value at 9°08’N is the only break
in a trend of decreasing compliance towards the
OSC (Fig. 5B), and seismic tomography reveals
an isolated lower crustal LVZ at both the north-
ern and southern OSC limits [26].

3. Discussion

Fig. 6 shows a model of the melt distribution
beneath the EPR from 9° to 10°N, derived both
from the compliance results and from previous
seismic reflection and refraction studies. The
AMC width and location come from seismic re-
flection studies [4,5], the lower crustal melt distri-
bution comes from our compliance data and seis-
mic tomography results [14,25] and the melt at the
top of the mantle comes from seismic data [17]. In
the lower crust, the compliance data best con-
strain the melt zone’s horizontal asymmetry and
its offset from the rise axis, while the seismic re-
sults indicate that most of the melt lies in the
upper half of the lower crust ([14], but this could
also be the result of a change in the melt geometry
with depth [16]).

3.1. The central lower crustal melt zone (CMZ)

At 9°33’ and 9°48'N, the CMZ is asymmetric,
extending further west than east of the maximum
melt region. Variations in compliance with dis-
tance across-axis are identical at these two lati-
tudes, suggesting that the amount and distribu-
tion of lower crustal melt is also identical, even
though the ridge has a more ‘inflated” appearance
and has been more volcanically active at 9°48'N
[27,28]. At 9°48'N, the maximum compliance is at
the rise axis, while at 9°33’N the maximum is
offset 0.5-1.0 km west of the axis. The CMZ is
much wider at 9°08’'N, where a 7-10-km-wide re-
gion of near-maximum 10-mHz compliances
spans the gap between the two OSC limbs.

Seismic tomography data indicating that CMZ
velocities increase with depth have been inter-

preted as indicating that most of the melt is
near the top of the lower crust. Studies of folia-
tion in the Oman ophiolite suggest, however, that
CMZ melt is abundant throughout the lower
crust and that it does not decrease with depth
[16]. These studies suggest that the apparent seis-
mic velocity increases with depth because of
changes in the melt geometry. Furthermore, these
velocity changes are anisotropic, meaning that the
gradient visible in seismic tomography data might
not exist in the strain direction that compliance
measurements are sensitive to.

The CMZ probably contains more melt than
the AMC. Lower crustal shear velocities below
2 km/s are required at all eight near-axis compli-
ance measurement sites between the OSC and
9°48'N, suggesting that the CMZ is continuous
along-axis. The CMZ is therefore probably the
most volumetrically important crustal melt reser-
voir. The minimum possible melt in the CMZ
(2.5%) summed over 4 km of lower crust adds
up to as much melt as a fully molten, 100-m-tall
AMC of the same width [14,18]. Since the CMZ is
wider than the AMC and it probably averages
more than 2.5% melt, it contains significantly
more melt than the AMC. It remains to be de-
termined how much of the lower crustal melt
passes to the AMC and the upper crust but the
CMZ would play an important role in crustal
accretion even if all of its melt froze in place in
the lower crust. The alignment of the AMC with
the CMZ (discussed below) suggests, however,
that it also contributes to the creation of the
upper crust.

Morphological models (e.g. [27]) and geochem-
ical data (e.g. [29]) indicate that the melt supply is
more robust beneath the axial bathymetric high at
9°50"N than at the bathymetric low at the 9°03'N
OSC. Our compliance data show no evidence of a
corresponding decrease in lower crustal melt
south of 9°48’'N. The central mush zone appears
identical at 9°48'N and at 9°33’'N and contains
the most melt at 9°08'N. 10-mHz compliance am-
plitudes do decrease south of 9°48'N (except at
9°08'N), indicating an increase in lower crustal
shear velocities, but the decrease is quite small
and could be associated with a shift of the central
mush body west of the rise axis.
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3.2. The off-axis lower crustal melt zone at 9°48’N

At 9°48'N, a separate lower crustal mush
zone begins approximately 10 km east of the
rise axis and extends to at least 14 km off-axis.
The melt in this zone is concentrated near the
bottom of the lower crust. We do not have
enough off-axis compliance measurements to de-
termine if this zone extends farther off-axis, if the
zone is continuous along-axis, or if there is a cor-
responding zone 10+ west of the rise axis. Our
farthest off-axis measurements are 14 km east
and 7 km west of the rise axis at 9°48'N and
3-9 km off-axis at other latitudes. Nevertheless,
lower crustal shear velocities do decrease with dis-
tance off-axis at the farthest off-axis sites at
9°33'N and 9°08'N (Fig. 4C), suggesting that
the off-axis melt zone at 9°48’'N may not be an
isolated feature.

3.3. Lower crustal and Moho melt sills

Studies of the Oman ophiolite indicate that the
near-axis lower crust may contain one or more
melt sills [12,30]. Our compliance measurements
do not detect any such sills beneath the EPR.
They do not rule out their presence, either, but
they indicate that, if they do exist, they are too
small or have too high velocity to create sepa-
rately identifiable compliance peaks. The presence
of lower crustal melt sills or pockets could have
important consequences for the interpretation of
seismic and compliance data, especially if the melt
bodies are isolated from one another. Seismic to-
mography data indicate that on-axis lower crustal
velocities increase towards the Moho. The usual
interpretation of this velocity profile is that melt is
concentrated near the top of the lower crust [14],
but the same profile could be created by a change
in melt geometry with depth. Melt in isolated
bodies is much less efficient at reducing bulk ve-
locities than are connected films or tubes [31].
Similarly, small-scale isolated bodies such as sills
could be missed as seismic energy refracts around
such bodies. Seismic velocities could therefore in-
crease with depth for a constant melt percentage
if melt exists mostly in grain-scale or larger iso-
lated bodies near the bottom of the lower crust

and in connected films or tubes at the grain scale
near the top.

Studies of the Oman ophiolite also indicate that
a particularly large sill (or sills) may reside at or
near the Moho [12,30]. These may correspond to
the melt bodies detected at approximately Moho
depth beneath four of our measurement sites. One
of these melt bodies (at 9°08'N) lies 2.5 km east of
the rise axis (Fig. 1). This body lies within the
tomographically imaged melt region in the upper-
most mantle [17] but sits 8-10 km east of the
region’s center (where the minimum velocities
are located), suggesting that it was not created
at the focus of mantle upwelling. Its distance
from the AMC also suggests that it does not
feed the AMC (or at least not from directly be-
low). Moho melt bodies may be created by asper-
ities in the upper mantle melt zone or by gravita-
tional focusing of melt to local highs in Moho
topography [32]. It is unclear how important a
role they play in melt differentiation and crustal
genesis, but they do appear to be common be-
neath this EPR segment.

The sensitivity of compliance measurements to
Moho melt bodies but not to the upper mantle
LVZ highlights how compliance and seismic mea-
surements complement each other. Seismic mea-
surements can detect and constrain the diffuse
upper mantle LVZ but are insensitive to melt sills
because seismic rays diffract around small, low-
velocity bodies. The compliance measurements,
on the other hand, detect the sills because of their
near-zero shear velocity but are insensitive to the
relatively small velocity anomaly of the upper
mantle LVZ.

3.4. Alignment of the CMZ with other melt regions

The AMC [5], CMZ and upper mantle melt
zone are all aligned beneath the rise axis at
9°48'-50'N and they all shift westward relative
to the rise axis towards the 9°03'N OSC. More-
over, to within the precision of the measurements
used to determine their positions, the west edge of
the AMC is aligned with the centers of both the
CMZ and the upper mantle melt zone. At 9°48'N
the CMZ and the AMC are both centered be-
neath the rise, while at 9°33’N the center of the
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CMZ and the western edge of the AMC sit 0.5-1
km west of the rise axis. The upper mantle melt
zone is centered beneath the rise axis at 9°48'N
and appears to be offset slightly west at 9°33'N,
although the resolution uncertainty is greater than
1 km [17]. At 9°08’N, the upper mantle melt zone
is centered 5-7 km west of the rise axis and the
CMZ and AMC appear to follow. The situation is
rather complicated, however: the CMZ extends
7-10 km west of the rise axis but the focus of
its melting is 1 km west of the rise axis, while
the AMC extends 4 km west of the rise axis.

Kent et al. [5] proposed that, where the AMC is
offset from the rise axis, it transports magma to
the rise axis from an off-axis ‘line’ source. Our
data support the essence of their theory but indi-
cate that the AMC more likely feeds off of the
center of the lower crustal mush zone instead of
a line source directly from the mantle. Our data
also support an important consequence of their
theory: that the width of the AMC depends on
the alignment of deep melt with the rise axis, not
on the amount of melt supplied.

3.5. Explanations for the size and shape of the
lower crustal melt region

The compliance measurements demonstrate
that, although the CMZ and the upper mantle
melt zone are aligned, the CMZ is much narrower
than the mantle melt zone inferred from seismic
tomography. It is not understood why the CMZ is
so narrow. Simple conductive cooling models (e.g.
Parker and Oldenburg [33]) predict a CMZ more
than 20 km wide under fast-spreading ridges such
as the EPR. The CMZ must either be much wider
than indicated by the seismic velocities or the low-
er crust must be cooled by a process much more
efficient than conduction in a simple non-convect-
ing plate spreading model. We will discuss these
two possibilities below.

It is possible that the lower crustal melt region
is wider than the seismic velocities indicate, if the
velocities are primarily controlled by the melt ge-
ometry rather than the total melt percentage. For
example, 7% melt reduces shear velocities by 40%
if the melt is in connected thin films or tubes and
by only 7% if the melt is stored in isolated spheres

[20]. The observed velocity variations might there-
fore be explainable by a change from connected
melt on-axis to isolated melt off-axis as thin con-
necting melt bodies freeze first under slow (con-
ductive) cooling. This model does not explain why
there would be a renewal of connected melt 10 km
off-axis, nor does it explain the asymmetry of the
CMZ beneath the ridge axis.

Alternative models require that the crust is
partly cooled by convective processes: by hydro-
thermal circulation deep into the crust, by con-
vection within a magma chamber, or by both.

Hydrothermal circulation that penetrates most
of the crust off-axis has previously been invoked
to explain the narrow width of the CMZ [14,34].
It can also provide an explanation for both the
asymmetry of the central melt zone and the exis-
tence of off-axis melt. Deep hydrothermal circula-
tion could create asymmetric melt zones at 9°48'N
and 9°33’'N through asymmetric near-axis crustal
faulting that allows more efficient cooling east of
the rise axis. The seafloor is more rugged and
deepens more rapidly to the east, with deep fault
grabens 3—4 km east of the rise axis [35] providing
potentially efficient pathways for deep hydrother-
mal circulation and cooling. Dunn et al. [17] ob-
serve that the asymmetry could be caused by the
offset of the ridge axis to the east of the mantle
upwelling, but we observe this asymmetry as far
north as 9°48'N, where the ridge appears to be
aligned with the upper mantle melt.

The reappearance of melt 10 km off-axis may
be explained by a rapid decrease in deep hydro-
thermal circulation with distance off-axis. Heat
flux and geochemical measurements put an upper
age limit of 5-10 Myr (250-600 km) on crustal
hydrothermalism [36,37], but vigorous deep circu-
lation may be limited to a much narrower region.
In fact, near-axis subsidence rates indicate that
vigorous lower crustal cooling is limited to a re-
gion 3-7 km from the rise axis [38], which corre-
sponds well with the region where compliance
measurements indicate the highest lower crustal
shear velocities. Possible reasons for the rapid de-
crease in deep circulation include pressure sealing
of cracks, permeability changes due to mineral
diagenesis [39] and reduction of overall flow due
to surface sedimentation. Deeply penetrating hy-
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drothermal systems within a few kilometers of the
rise axis might be detected by the presence of off-
axis vents or by the seismicity they might induce,
but there is as yet little evidence of either.

The hydrothermal cooling model might also
help explain why the EPR neovolcanic zone is
only 1-2 km wide despite a wider mantle melt
supply [17,40-42]. Vigorous deep hydrothermal
circulation in the near-axis crust may inhibit
melt from rising to the surface between approxi-
mately 2-8 km from the rise axis, limiting most
eruptions to a narrow axial zone and to off-axis
sites. The distance off-axis at which local sea-
mount chains begin (6-15 km [43]) may be con-
trolled by the off-axis limit of deep hydrothermal
cooling.

The problem with the deep hydrothermal cool-
ing model is that there exists little evidence for
off-axis vents or the seismicity that might be in-
duced by rapidly cooling a thick crustal section.
Without hydrothermal cooling, one most invoke
convection within the lower crustal magma cham-
ber to solidify the lower crust within a few kilo-
meters of the rise axis. This convection could be
very slow, as in the ‘gabbro glacier’ or ‘conveyor
belt’ models [7,44] where cumulates fall out onto
the bottom of a rapidly cooled melt lens, then
ductilely deform during extension to form the
lower crust. The Oman ophiolite lower crust is
divided into two layers: a bottom layer of mo-
dally layered gabbros known as the ‘lower’ or
‘layered’ gabbros and an upper section of non-
layered gabbros known as the ‘foliated gabbros’
or the ‘mid-crust’. The layered gabbros show pre-
dominantly flat layering that is best explained by
the emplacement of sill sequences [45] and that is
inconsistent with the pervasive deformation re-
quired by convective models. This suggests that
any lower crustal convection is limited to the
mid-crust [30].

Convective cooling in the mid-crustal magma
chamber could allow the CMZ to essentially
freeze within a few kilometers of the rise axis.
The layered gabbros would be constructed under
the rise axis by periodic injection of sills [44] in a
thermal boundary layer with heat extracted by
convection in the mid-crust. The width of the
CMZ would be controlled by this convection

and by the amount of melt percolating in from
below and therefore by the permeability of the
crust mantle transition zone as suggested by Kele-
men and Aharonov [44]. A broad lens of dense,
olivine-rich melt is expected to pool at the crust/
mantle boundary under this permeability cap,
which we associate with the upper mantle anom-
aly inferred from seismic tomography.

In this model the east-west asymmetry of the
topography adjacent to the rise axis would not
control crustal magmatism but rather the oppo-
site. A lower melt fraction and cooler lower crust
east of the rise axis would generate a more
faulted, rugged terrain than above the melt-rich
lower/mid crust to the west. The reappearance
of melt in the lower crust 10 km off-axis would
be a consequence of lower crustal reheating from
below after the overlying convective cooling is
removed as the mid-crust fully freezes.

3.6. The 9°08’N melt anomaly: more crustal
control of the shape of the CMZ?

The wide melt region at 9°08'N appears to be
another case of a crustal process controlling the
lower crustal melt distribution. This melt region
sits at the northern tip of the 9°03’N OSC, where
crustal stress should be strong but beneath which
there is no reason to expect enhanced mantle up-
welling. Crustal extensional and shear stresses
near OSC tips are 3—4 times stronger than normal
[46], and stress-induced cracking and deformation
may allow melt to penetrate from the 15-20-km-
wide mantle melt zone [17] into a wider-than-nor-
mal section of the crust. A 3-D seismic refraction
study of the 9°03'N OSC images low-velocity
anomalies in the lower crust at both the northern
and southern OSC tips, providing further evi-
dence that this anomaly is tied to the OSC tips
and therefore to crustal processes. In contrast,
imaged upper mantle melt is not enhanced be-
neath the OSC tips [17].

3.7. Unanswered questions
The greater fractionation of surficial axial ba-

salts towards the 9°03'N OSC and the 10°10'N
transform than at 9°50'N has been interpreted
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as indicating that melt spreads south and north
from a focus near 9°50'N [29]. The compliance
data do not reveal any along-axis velocity varia-
tions supporting this model. If we do not see this
segmentation in the lower crust, where do the geo-
chemical variations come from? Whole segment
flow seems unlikely in the AMC, since the AMC
appears to mostly contain a crystal mush rather
than pure melt [19], because significant along-axis
flow is contradicted by rapid variations observed
in the AMC width [10] and because recent geo-
chemical data suggest that any segmentation is
discrete [24]. There is no evidence for segmenta-
tion in the mantle, either, since velocity anomalies
at the top of the mantle indicate as much melt at
the OSC as at 9°20-30"N [14,17], and deeper man-
tle variations seem unlikely since they should af-
fect at least the upper mantle melt distribution.
Perhaps the greater surficial basalt fractionation
in the OSC’s eastern limb is the result of the
AMC’s greater width or of the tapering out of
the AMC as the melt supply shifts to the OSC’s
western limb. Alternatively, along-axis velocity
changes associated with changes in melt supply
may be too subtle for the seismic and compliance
data to detect (the 0.1 km variation in the depth
to the rise axis over the 100-km-segment length is,
after all, fairly subtle). Finally, this segment may
be in a temporary phase of linear melt supply.

Our compliance experiment, combined with in-
formation from seismic studies [5,14,17,25], sug-
gests that, while the mantle melt supply controls
the existence and location of crustal melt, crustal
processes provide the final control on the size and
shape of the CMZ. Our results also suggest that
crustal melt may extend much farther off-axis
than previously believed, both in the form of a
central melt zone that is offset from the rise axis
and in separate melt regions that begin several
kilometers off-axis. More off-axis studies may be
necessary to determine the distribution and role of
melt beneath fast-spreading oceanic ridges.
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Appendix. Measurement and inversion of
compliance data

We measure seafloor compliance by deploying
an autonomous instrument containing a broad-
band seismometer and pressure gauge to the sea
floor for 2-3 days, then calculating the transfer
function between displacement and pressure as a
function of frequency using 1024-s windows [47].
Compliance is inversely proportional to the shear
modulus [47], making it particularly sensitive to
the existence of fluids. The ocean surface gravity
waves that create the compliance signal travel
much slower than most seismic waves, so the
compliance measurements are quasi-static and
are not limited by diffraction or attenuation in
melt-rich regions.

The depth of compliance sensitivity is propor-
tional to the forcing wavelength, which decreases
with increasing frequency, so compliance is sensi-
tive to deep structure at low frequencies and to
shallow structure at high frequencies [47,48].
At the EPR, compliance is most sensitive to
the upper crust (depths shallower than 1.5 km)
at frequencies above 14 mHz, to the AMC be-
tween 13 and 14 mHz, to the lower crust (depths
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between 1.5 and 6 km) between 8 and 12 mHz,
and to the Moho and upper mantle below 8 mHz
[18].

To calculate shear velocities from compliance
measurements, we use a 1-D minimum structure
inversion [49] or 1- and 2-D block inversions [18].
We use the minimum structure inversions to de-
termine if the data require structural anomalies,
and the block inversions to find the best-fitting
shear velocities. For the block models, we use
boundary depths from seismic reflection and re-
fraction data [4,5,50-52] to divide a 1- or 2-D
EPR model into discrete blocks: seismic layers
2A, 2B and 3, the mid-crustal melt lens and, if
necessary, a deep melt lens. We then determine
the best-fitting velocity or velocity ratio in each
block using genetic and grid-search algorithms.
Although 2-D block models are more realistic,
they are also more biased by our assumptions
about the lateral rate of change of velocities with-
in a block. 1-D block models, on the other hand,
assume that there is no lateral change and provide
the most conservative velocity estimates at sites
where compliance is locally maximum or mini-
mum. In this paper, we present these conservative
estimates from 1-D block model inversions at
maximum and minimum compliance sites indi-
cated by ‘N°, T" and ‘F’ in Fig. 4. The actual
velocities may be lower in the near and far regions
and higher in the intermediate region.

The inversions and data calculations return the
shear modulus (u), but for easier comparison with
seismic data we convert to shear velocity (V5) us-
ing the formula Vs=+/u/p, where p is the den-
sity. Since density varies much less than the shear
modulus/velocity, we can use typical crust and
mantle densities without significant error.

Compliance is nearly insensitive to layer 2A
velocities because the layer is relatively thin and
the data uncertainty is highest at the frequencies
sensitive to this layer [18]. To estimate the effect
of inaccuracies in the thickness of layer 2B
and the lower crust, we also calculated shear ve-
locities using models with anomalously thick and
thin layer 2B and lower crust. Thickness varia-
tions of +0.5 km in layer 2B and *1 km in the
lower crust have no significant effect on the re-
sults.
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