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Detailed structure of the top of the melt body beneath
the East Pacific Rise at 9°40'N from waveform
inversion of seismic reflection data
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Abstract. We have applied waveform inversion to multichannel seismic reflection
data collected at the East Pacific Rise at 9°40’N in order to determine the precise
velocity structure of the magma body causing the axial magma chamber reflection.
Our analysis supports the idea of a molten sill as previously suggested from forward
modeling of seismic data from this location. Our inverted solution has a 30-m-thick
sill with a P wave seismic velocity of 2.6 kms™!. Although not well constrained by
the data we believe that the S wave velocity in the sill is not significantly different
from 0.0 kms~!. The low P- and S wave velocities in the sill imply that it contains
less than 30% crystals. The molten sill is underlain by a velocity gradient in which
the P wave velocity increases from 2.6 to 3.5 kms™! over a vertical distance of 50-m.
The shape of our velocity-depth profile implies that accretion of material to the

roof of the sill is minor compared to accretion to the floor. The underlying velocity
gradient zone may represent crystal settling under gravity. We suggest that only

material from the 30-m-thick layer can erupt.

Introduction

During the last 10 years there have been a number
of detailed geophysical studies aimed at determining
the distribution of melt within the crust beneath fast
spreading ridge axes. The East Pacific Rise (EPR) near
9°N was chosen as one of the sites of study following an
earlier discovery of a bright seismic reflector beneath
the ridge axis here which was interpreted as the roof
of an axial magma chamber, the AMC reflector [Her-
ron et al, 1980]. In 1985 a conventional multichannel
common-depth point reflection (CDP) and two-ship ex-
panding spread profile (ESP) experiment was conducted
at 9°N [Detrick et al., 1987; Mutter et al., 1988; Kent et
al., 1990, 1993a,b; Vera et al., 1990], which was followed
in 1988 by a complementary ocean-bottom seismome-
ter tomography experiment [ Toomey et al., 1990, 1994].
The current geophysical model of melt distribution in
the crust at this location taken from Kent et al. [1993a)
is shown in Figure 1. In the model the AMC reflector
represents a thin layer of pure melt ( P wave velocity, Vp
=3.0 kms™!; S wave velocity, Vs =0.0 kms™!) which
overlays a zone of partially solidified crystal mush (Vp >
3.0 kms™'and Vs >0.0 kms™!). The width of the AMC
reflector and hence that of the magma body 1s well con-
strained [Kent et al., 1990, 1993a] and varies between
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0.25 and 4.15 km beneath different parts of the ridge
axis. The thickness of the sill, however, has not to date
been well constrained. Kent et al. [1993a] argue that
the lack of a distinct reflector below the AMC reflector
(or “basal” reflector) could be due to the sill being less
than a seismic wavelength thick such that the reflection
from its base interferes with the reflection from its top.
With the available data they show that a sill only 10—
50-m-thick is consistent with this observation (see their
Figure 22). However, they also acknowledge that the
lack of a basal reflector could be due to a gradient zone
beneath the molten layer. The work presented here fol-
lows on from that of Kent et al., [1993a] in which we
look in greater detail at the AMC waveform with the
aim of better constraining the structure at the top of
the magma chamber. The thickness of the melt sill
has important implications to the dynamics within the
chamber and volcanic processes at the axis.

Data

The data used in this study (Figure 2) is taken from
the 1985 experiment [Detrick et al, 1987]. Our anal-
ysis assumes a one-dimensional structure, and so we
use data from the along-axis line CDP 41 near its in-
tersection with cross-axis line CDP 29. This location
is about 10 km north of ESP 5 midpoint that is used
to constrain the long to medium-scale velocity struc-
ture. This location was chosen as the bathymetry of
this part of the ridge is approximately linear (hence
minimizing two dimensional (2-D) topographic effects)
and the axial magma chamber (AMC) reflector is ro-

20,287



20,288

‘Layer 2A;400-600m |

Layer 2B,~1.4km

X

CDP #29

CDP #31

~3.5km

COLLIER AND SINGH: AXIAL MAGMA CHAMBER STRUCTURE

‘ Pillow Basalts

Sheeted Dikes

~7v.° < | Gabbros

Figure 1. Cartoon of crustal structure at the East Pacific Rise near 9°N from Kent et al. [1993a].
The magma chamber consists of a thin, mostly molten sill (black) overlying a region of partial
melt (shaded). In this study we determine the detailed structure at the top of this low-velocity
zone. Locations of conventional (CDP) and wide-aperture (WAP) across-axis seismic profiles are

marked.

bust (700-m wide) and centrally crossed by line CDP
41 here (this is not true for the part of line CDP 41 at
the ESP 5 midpoint [Kent et al., 1993a]). The data
were collected with a 2.4-km-long, 48-channel streamer
with a minimum offset of 0.35 km and receiver spac-
ing of 0.05 km. The data were sampled every 4 ms in
time, and a 62-Hz antialias filter was applied at acqui-
sition. The source was a tuned 4-gun array totalling
30 L, towed at 10 m depth, and fired every 50 m. To
increase signal-to-noise ratio, a supergather was made
by stacking 5b-fold constant offset traces. This super-
gather 1s shown in Figure 3a. The AMC reflection is
seen at ~4.05 s two-way travel time (TWT). The am-
plitude of this reflection falls below the signal-to-noise
level at a range of about 2 km. Figure 4 shows the
frequency spectrum of the data. The AMC contains
frequencies in the range of 5-35 Hz.

Our analysis 1s performed in the delay time-slowness
(t — p) domain for computational efficiency and ac-
curacy. We used a 3-D 7 — ptransform performed in
the frequency domain as described by Harding [1985]
and implemented by Korenaga et al. [1997]. A 3-D
T — ptransformation maintains waveform accuracy re-
quired for waveform inversion but suffers from more se-

rious artifacts than a simple 2-D slant stack [Kappus
et al., 1990]. Two artifacts of particular concern in
this data set arise from (1) truncation effects, due to
limited spatial aperture and (2) spatial aliasing. To al-
leviate truncation effects, we interpolated four traces
inward from the innermost trace and applied a cosine
taper to the innermost and outermost five traces. Spa-
tial aliasing effects, which arise from large trace spac-
ing, can originate from small slownesses (positive slope)
or from large slownesses (negative slope). The former
can be alleviated by using a weighting filter [Singh et
al., 1989], and the latter can be alleviated by using
the Hankel function instead of the Bessel function for
larger slownesses [Harding, 1985]. We did not correct
for source and receiver directivity (which discriminates
against waves with large slowness) because of the rel-
atively small slownesses used in this study. As the
T — ptransform in effect performs an integration of the
data, the 7 — pdata were differentiated to make the
frequency spectrum compatible with the time domain
source wavelet. Figure 3b shows the 7 — ptransformed
data. Note that the low slowness traces are compara-
tively noisy (particularly at small 7) due to remnant
aliasing effects, so we used a minimum slowness of
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Figure 2. Bathymetric map of the East Pacific Rise showing locations of CDP profiles collected
during the 1985 experiment. The location of the supergather of the along-axis line CDP 41
used in this analysis i1s shown with the star, and the midpoint of ESP 5 used for the long-
wavelength velocity profile is shown with the square. The dashed box shows the location of the
1988 tomography experiment [Toomey et al., 1990]. The section of ridge between 9°45" and 9°52’

erupted in 1991 [Haymon et al., 1993].

0.02 skm™! in our analysis. The maximum slowness
that can be used with confidence is 0.1 skm™!.

Previous Models

We subjected the previously proposed models of the
AMC at this location to our method of synthetic seis-
mogram computation to assess their fit. The model of

Vera et al. [1990] was derived from reflectivity forward
modeling of ESP 5. In their model the form of the low-
velocity zone was not well constrained. They model
the AMC with a 180-m-thick pure melt (Vp =3.0; Vs
=0.0 kms™!) underlain by a partial melt zone where
Vp and Vs gradually increase with depth. This model
produces synthetics with amplitudes that are too small
for the onset of the AMC reflection but match the later
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Figure 3. (a) Supergather (55-fold constant offset stack) of CDP line 41 in time-offset (¢ — )
domain. The AMC (the reflection from the top of the magma chamber) is at 4.08 s TW'T at near
offset. (b) Supergather in slowness-intercept (7 — p) domain.

part of the waveform reasonably well (Figure 5a). Fur-
thermore, this model also predicts a 180° phase shift
at 0.08 skm™! slowness which is not seen in the data.
A second model of the AMC at 9°N was proposed by
Kent et al. [1993a). Their model was devised by for-
ward modeling (based on the method of Kennett [1983])
of the same supergather used in this study (but in the
distance-travel time domain). In the Kent et al. [1993a)
model (hereinafter referred to as the Kent model) the
velocity structure from the seafloor to the top of the
melt sill is identical to the Vera et al. [1990] model
(hereinafter referred to as the Vera model). However,
in the Kent model the material beneath the melt sill has
the same properties as the material above, so the mostly
molten material forms an isolated sill rather than a cap-
ping layer as in the Vera model. In the Kent model the
thickness of the sill can vary between 10 and 50 m.
We tried models with a melt sill of 10, 20, 30, 40 and
50-m-thick (Vp =3.0 kms™!) and found the 50-m-thick
model to give the best overall fit (Figure 5b). Numer-
ically, the Kent model gives an overall poorer fit than
the Vera model (it has a slightly larger misfit). In the
Kent model, reflections from the base of the sill con-
structively interfere with the reflections from the top of
the sill giving a better fit to the amplitude of the early
part of the AMC compared to the Vera model, although
the waveform shape does not match as well. Also note
how despite having the same Vp and Vs contrast at the
top of the sill as the Vera model the synthetics do not
show the unwanted phase shift of the Vera model. None
of the Kent models that we tried produced the required
amplitudes for the whole of the AMC waveform. We
therefore proceeded to improve the fit by the applica-
tion of waveform inversion.

Waveform Inversion

Seismological studies (including that of Vera et al.
[1990] and Kent et al. [1993a]) commonly employ for-
ward modeling techniques using trial and error meth-
ods, with selection or rejection of models being made by
visual comparisons of synthetic and real seismograms.
The problem with forward modeling is that it is essen-
tially subjective (i.e., is open to the bias of the inter-
preter), and a complete error analysis is not achievable.
Inverse methods automate the trial and error approach
of forward modeling and therefore make the velocity
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Figure 4. Frequency-amplitude spectra. The dom-
inant frequency in the AMC reflection is between 5-
35 Hz which corresponds to 20-250-m vertical resolu-
tion.
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Figure 5. Assessment of the fit of previously proposed models for the melt lens at the top of
the chamber. (a) Vera et al. [1990] and (b) Kent et al. [1993a] 50-m-thick sill model. Misfits
are in arbitrary units and should be used only to assess the comparative fitness (as it depends
on the number of traces together with the time and frequency windows used in its calculation).
The synthetics were generated with the source Wavelet D of Figure 8.

estimation more robust, accurate, and less interpreter
dependent. Waveform inversion consists of minimizing
the difference (misfit) between observed and synthetic
seismograms, sample by sample. The disadvantage of
waveform inversion is that it attempts to fit all parts of
the waveform equally, whether it be real, noise or arti-
fact. Meaningful inversion therefore needs the skills of
an interpreter to extract the desired (real) components
from the resulting velocity model.

A schematic flow chart of our inversion procedure
1s given in Figure 6. We calculated synthetic seismo-
grams for a horizontally layered model using the gener-
alized reflection transmission matrix method [Kennett
and Kerry, 1979]. This method accurately treats multi-
pathing and mode conversions. The input model defines
P wave velocity (Vp ), S wave velocity (Vs ), density (p).
P wave attenuation (Qp) and S wave attenuation (@Qs)
for a stack of isotropic, elastic layers. We chose a layer
thickness of 8 m with reference to the minimum wave-
length present in the data. Our inversion procedure
was to minimize the misfit function using a conjugate-
gradient method [Kormend: and Dietrich, 1991]. The
misfit function for waveform is highly nonlinear, that is,
1t contains numerous local optima. We therefore needed
to test various starting models to maximize the likeli-
hood of finding the global minimum (the unique “best

l Initial velocity model)
Forward model

( Synthetic seismograms]

v
Compute misfit functionl
YES
‘—1 Test for convergence—|

iNo

Source wavelet

rApply conjugate gradient algorilhn‘

l Perturb velocity model ‘

4>(Output velocity modelJ

Figure 6. Schematic flow chart of the seismic waveform
inversion procedure applied in this study.
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Figure 7. Synthetic inversion tests using the source wavelet and slowness window appropriate
for this experiment. We show results for a model with two velocity steps of 20 and 40-m inverted
from two different starting models (a and b). Note the effect of the starting model on the inverted

model and the lack of resolution of Vs .

fit” model). This method has been successfully applied
to a number of different geological targets [e.g., Singh et
al., 1991; Minshull and Singh, 1993; Singh et al., 1993].

Before proceeding with the waveform inversion of the
real data we ran some synthetic examples in order to
investigate the dependence between the inverted model
obtained and various input features. In these models we
generated synthetic seismograms from a known veloc-
ity structure and then attempted to invert for it from a
given starting model. In different tests we varied AMC
structure in the real model (we kept the upper struc-
ture identical throughout) and the form of the starting
model. We used a slowness window and source wavelet
appropriate for the 1985 EPR experiment throughout.

We needed to make a decision about which model
parameters were allowed to change during the test in-
versions. For an elastic isotropic medium the seismic
wave propagation can be described by Vp, Vs and p.
Coupling between these parameters for real materials
introduces problems for multiparameter inversion. This
problem is discussed by Tarantola [1986], who suggests
inverting for the different parameter types sequentially,
in order of decreasing importance. Fortunately, labora-
tory measurements of bulk seismic velocity and density
for basaltic melts at different temperatures suggest that

the three parameters are not strongly coupled [Murase
and McBirney, 1973]. These experiments also show that
p changes little during melting (less than 10%) com-
pared to large changes in Vp (up to 60%) and Vs (up
to 100%). We therefore adopted a scheme in which we
inverted first for Vp and then for Vs (with no inver-
sion for p). A second decision we needed to make was
whether to use different slowness and frequency subsets
in successive runs of a particular inversion. Kormendi
and Dietrich [1991] recommend optimizing for Vp by
considering low slownesses (precritical) first and then
progressively include contributions from the high slow-
ness (nearcritical and postcritical) to optimize for V's.
Minshull and Singh [1993] further recommend opening
out the frequency window during the inversion. After a
number of trials we concluded that in our narrow slow-
ness and frequency band there was no gain in adopting
such schemes, so we inverted for all slownesses and fre-
quencies simultaneously.

The results of our synthetic tests served to emphasize
the intrinsic limitations placed on inversion of band- and
range-limited data and the importance of the starting
model (a consequence of the nonlinearity of the misfit
function). We show two of our test results in Figure 7
and discuss key features below.
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Figure 7. (continued)

Band limited data. Real band-limited sources re-
strict our ability to resolve a sharp interface (first-order
discontinuity). Such an interface needs a white source
(one in which all frequencies are evenly represented) to
be resolved perfectly, and in the case of a band-limited
source it will generate side lobes when inverted such
that it appears “smeared” . This effect is clearly seen
in all our results by the “wavy” nature of the inverted
models. An additional consideration is the wavelength
of structure that can be extracted from a given band-
width. For the AMC reflection the signal is in the 5-
35 Hz band, which at a velocity of 3.0 kms™! places a
theoretical lower limit on vertical resolution (A/4) of 20—
150 m. Our tests showed that with our source wavelet
we can resolve well structure of length scales between
20 and 100 m, and to a lesser extent structure above
100 m. We were unable to resolve structure with length
scales more than 200 m.

Slowness window. As our data contain only pre-
critical slownesses of P wave reflections, we do not ex-
pect Vs to be well constrained. This was amply demon-
strated in our tests in which we were unable to recover
Vs structure (Figure 7). Therefore for the real data
we chose to invert for Vp only, but substitute different
physically viable, Vs values to compare the results. We
also ran different Vp inversions with different p and Qp

values to assess their control on our results.

Starting model. The classical shortcoming of itera-
tive gradient methods is the importance of the starting
model [Kormiend: and Dietrich, 1991]. Our tests, how-
ever, showed that even when the starting model is far
from the real model the inverted solution showed fea-
tures that enabled a refined starting model to be gen-
erated which led to a significant lowering of the misfit.
For example, Figure 7Ta shows results with minimum
information in the starting model yet the inversion cor-
rectly predicts the width of the low-velocity zone and
hints that it may be multilayered. Introducing a low-
velocity feature into the starting model (Figure 7b) re-
sults in an inversion result close to the correct solution
and produces synthetic seismograims that visually fit the
data better. In other tests we introduced features into
the starting model for which we had no evidence, and
these generally had a strong detrimental effect on the
inversion solution. We concluded that when inverting
the real data the testing of a range of starting models
was essential to enable the global minima to be reached.
The strong influence of the starting model makes it diffi-
cult to quantify model resolution based on a posteriori
covariance matrix. However, we estimate that errors
are of the order 8 m and £0.2 kms~! in depth and
velocity.
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Inversion Setup

Source Wavelet

A potential cause of error in our inversion is the es-
timation of the source wavelet (strictly the downward-
directed energy pulse generated by the air gun array
as recorded by an individual hydrophone). As seismo-
grams are a convolution of the source with the reflectiv-
ity series (the velocity model we seek to obtain), errors
in the source wavelet will map directly into errors in the
final model. It is rare in seismic experiments to measure
the far-field response of the air gun signature directly
[Ziolkowski, 1991] nor have a robust estimate of the re-
sponse of the hydrophones. To make matters worse, the
signal recorded is also strongly influenced by variations
in the towing depth (bubble pulse period and ghosts)
and orientation (directivity effects) of both individual
guns within the array and streamer. This experiment
was no exception to the usual practice, and so we need
to estimate the source wavelet.

For a marine source it is important that the source
wavelet used is of sufficient length to include all bubble
pulses of amplitude greater than the ambient noise level.
We used the following five different methods to estimate
the source wavelet. The results can be compared in
Figure 8. Note that the first three require assumptions
about the near-surface structure.

1. Perform a near-offset stack over a region of rel-
atively flat seafloor which is thought to most closely
approximate to a half-space velocity discontinuity (i.e.,
1t is not underlain by secondary reflectors within the
desired time length of the extracted wavelet). This was
done for line 41 (G. M. Kent, personal communication,
1996) and is Wavelet A of Figure 8. Note that this was
the wavelet used in the study of Kent et al. [1993a].

2. Design a Wiener filter from the reflectivity se-
ries by assuming the velocity model. The upper-crustal
structure of zero-age oceanic crust is quite well known
and generally agrees with that shown in Figure 10,
namely, that layer 2A is approximately a homogeneous
unit, with P wave velocity of ~2.4 kms™! just ~400-
m-thick (equivalent to 80 ms TWT) which overlays a
steep velocity gradient within which velocities in excess

COLLIER AND SINGH: AXIAL MAGMA CHAMBER STRUCTURE

of 5 kms™! are reached in a few hundred meters or less
[Vera and Diebold, 1994]. Our Wiener filter which pro-
duced such a reflectivity series, designed from the first
five traces of the ¢ — z gather, 1s Wavelet B of Figure 8.
3. Deconvolve the seafloor multiple reflection with
the seafloor primary to get the reflectivity response of
the seafloor, then design an inverse filter of the reflec-
tivity and convolve the result with the seafloor primary
to get the source wavelet. In terms of equations this

assumes
seabed = sxrx f

(1)

multiple = —sxrxr* f

(2)
where s is the source function, fis the instrument re-
sponse, r is the seabed reflectivity and the star is a
convolution (we want s * f). This was performed on
move-out corrected low 7 traces and is Wavelet C of
Figure 8.

4. Derive the wavelet from the data by taking the
average spectra within a time window to produce the
wavelet spectrum. The phase was set to minimum
and the result was transformed into the time domain.
This wavelet was determined by using the fact that the
phase and log magnitude amplitude spectra are Hilbert
pairs [Oppenheim and Schafer, 1975, p. 345]. This
has the advantage that it assumes nothing about the
near-surface structure and has been shown successful
at recovering known source wavelets (R. Hobbs, per-
sonal communication, 1996). It was performed on low
slowness 7 — ptraces and is Wavelet D of Figure 8.

5. Forward model the air gun response [Laws et al.,
1990]. This was performed for the Conrad air gun array
assuming a gun depth of 10 m and streamer depth of
12 m. The result was band pass filtered 0-40 Hz and is
Wavelet E of Figure 8.

We were encouraged by the similarity of our source
wavelets estimated from the different procedures. We
note that the near-offset stack (Wavelet A) stands out
from the others in having a much smaller bubble pulse
to primary/ghost amplitude. We suggest that this could
be due to underlying structure invalidating the simple
half-space assumption required for this method of es-
timation. The bubble trail is as important as the pri-
mary /ghost package in the inversion. Our preferred es-
timate is Wavelet D as it requires no assumption about
the velocity structure or equipment configuration. To
test the validity of the wavelets we ran forward and in-
verse models with the Vera et al. [1990] upper crustal
structure (Figure 9). In the forward models the bigger
bubble pulse of Wavelet D produces a better fit to the
data than Wavelet A. Further, when this model was in-
verted with Wavelet D the result was stable with only
few modifications being made to the starting model. In
comparison, inversion with Wavelet A was unstable and
resulted in an effect that we interpret as missing bub-
ble pulse energy directly mapping into the model. The
musfit for Wavelet A is also significantly larger than the
misfit for Wavelet D. On this basis we selected Wavelet
D for all future work.
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Figure 9. A comparison of forward modeling and inversion results of the upper crust with

Wavelet A and Wavelet D of Figure 8.

Starting Model

Before running any inversions of the real data we
tested the applicability of our chosen starting model
taken from the ESP results of Vera et al. [1990] to our
particular near-normal incidence data. The result is
shown in Figure 10. Note that throughout our analysis
we scaled the source wavelet such that the peak-to-peak
amplitude of the seabed reflection matched that of a
synthetic generated with a model in which the seafloor
P wave velocity is 2.2 kms™!. The fit of the synthet-
ics to the data is good except for the waveform of the
AMC itself. This model, however, correctly predicts the
T — penvelope of the AMC. We conclude that both the
starting model for the upper crustal structure (above
3.8 km depth) and the source wavelet were acceptable.

The form of the negative velocity gradient immedi-
ately above the AMC (3.8-4.05 km depth) in the Vera
model warrants some comment. Clearly, the absolute
P wave velocity above the reflector will directly influ-
ence the P wave velocity determined for the material
below. The ESP model is constrained to a depth of
3.8 km below sealevel (equivalent to 3.9 s TWT) by
crustal diving rays which attain a maximum phase ve-
locity of 6.25 kms~!. Below this the wide-angle reflec-
tion equivalent to the AMC requires the average veloc-

ity to be 5.5 kms™! to the reflector. The form of the
low-velocity zone was otherwise not well constrained by
the ESP data, and in the Vera model the velocity in-
version consists of a linear gradient where Vp falls from
6.25 to 4.5 kms™! below which a first-order velocity
discontinuity responsible for the AMC reflector at near-
normal incidence occurs. The existence of this velocity
inversion above the AMC has significant implications to
the thermal and hydrothermal system at the axis and
so Toomey et al. [1994] investigated it further using the
tomography data collected in 1988. Unfortunately, they
show that the tomographic data are insensitive to the
precise form of the velocity-depth gradient just above
the AMC, but they do require a velocity drop of at least
0.5 kms~!. We looked for resolution of this gradient in
the CDP data (see below).

We proceeded to test various starting models of the
AMC. We show a selection of the results in Figure 11.
These particular inversions were run for 16 iterations
and with a slowness window of 0.02-0.075 skm~! and
frequency band 2-35 Hz. Within this slowness window,
Vs has negligible effect on the reflected P wave ampli-
tudes and therefore it can be ignored. Misfits in arbi-
trary units are shown for each inverted (dashed) model
in the top corner of each plot. The misfits are calculated
for the whole seismograms (i.e., include mismatching
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Figure 9. (continued)

upper crustal reflectivity) but as the only difference be-
tween the starting models is the structure of the AMC
region, the relative misfit values indicate the goodness
of fit of the low-velocity zone. We have subdivided the
various starting models into a number of different crite-
ria from which we make conclusions about the form of
the low-velocity zone.

1. Velocity gradient above the AMC. We tested a
number of different starting models with different lin-
ear negative velocity gradients above the AMC (Fig-
ures 1la- 11c). A Vp of 4.5 kms™! immediately above
the AMC (Figure 11c) was slightly preferred. We there-
fore used this in subsequent models.

2. Velocity gradient at the AMC. A starting model
without any AMC structure generates a low-velocity
layer 50-100-m-thick (Figure 11f). We also tested start-
ing models with gentle velocity gradients at the top
of the AMC (Figures 11d and 1le), and all inversions
tended to steepen the gradient but resulted in relatively
large misfits. We concluded that the onset of the AMC
reflector coincides with a rapid drop in Vp in less than
20 m vertical distance.

3. Evidence for a sill. We tried many models based
on the sill-like Kent model (Figures 11g-11i). These
models suggested that the sill was less than 50-m-thick.

4. Melt seismic velocity. Models with different melt
and floor rock velocities (Figures 11j-111) suggested that

at the top of the sill there is a Vp drop of between 1.5
and 2.0 kms™! and that at the base of the sill there is a
smaller velocity increase (such that the floor rocks have
a lower Vp than the roof rocks).

5. Velocity gradient beneath the AMC. Starting mod-
els with a velocity gradient below the AMC (rather than
a first order discontinuity) produced slightly smaller
misfits (Figures 11m-11o). There is no resolution in
the data of structure more than 100 m below the AMC
roof.

On the basis of this testing we chose to proceed with
starting model o.

Results

Our preliminary inversions described above suggested
that Vp at the top of the AMC is in the range 2.5—
3.0 kms™!. Such values lie on the part of the basalt
melting curve where Vs changes rapidly as 100% melt-
ing is approached [Murase and McBirney, 1973]. We
therefore chose to run a number of inversions of our cho-
sen starting model but with different S wave velocity in
the melt. These inversions were run for 24 iterations
and with a slowness window of 0.02-0.1 skm™? and fre-
quency band of 2-35 Hz. To regularize the solution the
model variance of 1.0 and the data variance of 0.25 [Ko-
rmend: and Dietrich, 1991] were used during the inver-
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Figure 10. Assessment of the suitability of our chosen starting (long wavelength) velocity model
devised from ESP data [ Vera et al., 1990] to the 7—p transformed gather. The seismic attenuation

structure of the model 1s taken from Vera et al

sion. In Figure 12 we compare the results obtained. Of
the models shown, Figure 12a, the pure melt model (Vs
=0.0 kms~! in the melt) gives the smallest misfit. Note
that the misfit is larger than for the equivalent model
shown in Figure 11 as more traces were used in its calcu-
lation. The fit at farthest offset for the Vs =0.0 kms™!
model, however, is not perfect: the phase is correctly
modeled but the amplitudes are slightly higher. This is
probably the result of oversimplified Vs structure, but
we have no information in the data on which to base a
more refined model of it. The partial melt models (Vs
=1.0 and Vs =2.0 kms™!) have comparatively larger
misfits as they underpredict the amplitude decay with
increasing slowness of the AMC. Note that the form of
the three Vp inversions are almost identical, and all of
these synthetics give a better match to the data than
any of the previously suggested models shown in Fig-
ure 9.

All the models shown in Figure 12 have a density
contrast between the roof and melt rocks of 0.1 Mg m~3.
As explained earlier, we did not expect the choice of
density within the narrow range measured on basaltic
rocks to have a strong influence on the inversion results.
However, to illustrate this point, we reran the inversion
with the same starting model as used in Figure 12a but
with a density contrast of 0.2 Mgm™3. The result can
be seen in Figure 13. The effect of changing p in the
melt has negligible effect on the inversion result.

The final parameter that was held constant in the
models up to this point that needed investigation was

[1990].

Qp. In the modeling so far we adopted the Qp values
derived by Vera et al. [1990] from the amplitude with
range decay of turning arrivals in the ESP data (Qp==80
for the top 1 km of crust, 100 from a depth of 1 km to the
top of the AMC and 50 in the melt). From the tomogra-
phy data Wilcock et al. [1995] estimate Qp=35-70 in the
top 1 km. In a third experiment with bottom shots and
receivers, Christeson et al. [1994] estimate Qp=10-20
in the top 0.15-0.3 km (layer 2A) and Qp=70-100 below
(layer 2B). @Qp in basaltic melts is not well constrained
by measurements because of a strong dependence on the
sonic frequency at which 1t is measured. For example,
Manghnani et al. [1986] report values between 15 and
260 for basalts with 5-9 MgO % wt at 1400°C measured
between 10 and 3.4 MHz. To cover the extreme range
of values that were feasible, we decided to run inver-
sions with models in which we halved and doubled Qp
of the Vera model (Figure 14). Comparatively higher
attenuation in the low @p model means that a bigger
acoustic impedance contrast is needed at the top of the
low-velocity zone (more than 2.5 kms™! compared to
2.0 kms™!) to produce the observed AMC amplitude.
The extra attenuation in the melt (Qp=25) results in
the floor of the sill being less gradational. In compar-
ison, doubling @p has negligible effect on the inverted
model.

As a final demonstration of the improvement in the
fit to the data, we approximated our inversion results
of AMC structure with a simplified velocity model, as-
sumed the upper crustal structure to be as the Vera
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Figure 11. (continued)

model and forward modeled the response (Figure 15a).
The results are therefore directly comparable with those
of the previously proposed AMC models shown in Fig-
ure 5. Note that the misfit is larger than for our inverted
solutions as it includes misfit of the upper crustal reflec-

(a) Vel (km/s)

tivity. Our final model has Vp =2.6 kms™?! in the melt
lens which has a thickness of 30 m. It is underlain by
a velocity gradient in which Vp increases from 2.6 to
3.5 kms~! over a vertical distance of 50 m. Figure 15b
demonstrates that this gradient is required by the data
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Figure 12. Vp inversion results for different Vs values in the melt. (a) Vs =0.0, (b) Vs =1.0,
and (c) Vs =2.0 kms™!. The density contrast across the boundary is 0.1 Mgm™2 and the Qp
structure is @p==80 for the top 1000-m of crust, Qp=100 from 1000-m to the top of the AMC
and Qp=>50 below the AMC [Vera et al., 1990].
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if @p in the melt 1s 50. Although not well constrained
by the data we believe that Vs in the melt lens is not
significantly different from 0.0 kms~!.

Discussion

Having obtained a seismic velocity profile of the melt
body beneath the ridge axis at 9°N, we want to In-
terpret our results in terms of melt content. First
we made comparisons with the experimental results of
Murase and McBirney [1973]. Note that these experi-
merits were performed without confining pressure; and
so the sharp drop in Vp at subsolidus temperatures is
due to microcracking. Vp =3.5 kms™! falls on this part
of the curve, and so we do not use these experimental
data to interpret it. However, Vp =2.6 kms™! falls in
the region of melting where the experimental data are
more reliable and suggests, by comparison with tem-
perature versus melt content data presented by Sinton
and Detrick [1992], that melt with this seismic veloc-
ity contains about 40% melt. Our preferred method
of estimating melt content was to compute Hashin-

Vel (km/s)

0.02

Data=solid Synthetic=dashed

(continued)

Shtrikman bounds as outlined in Appendix A. We plot
our results in Figure 16. According to this method, Vp
=2.6 kms™! translates into a melt content of 70-90%,
and Vp =3.5 kms™! translates into a melt content of 30-
65%. We therefore interpret our results as evidence for
a 30-m mostly molten layer which grades downward into
a crystalline mush zone. The data require crystallinity
of 35-70% to be achieved in just 50 m downward. The
shape of our velocity-depth profile implies that accre-
tion of material to the roof of the sill is minor and that
crystal settling under gravity is a far more important
physical process. The top 30-m low-Vp layer could be
due to thermal convection.

Our results lend additional support for the new model
of the magma chamber beneath fast spreading ridge
axes proposed by Sinton and Detrick [1992]. This model
was devised from the combination of geophysical, geo-
chemical and petrological data and shows a thin, narrow
sill-like body of melt overlying a thicker, wider crystal
mush zone. However, up until this point the vertical
profile through the sill and mush zone has not been
well constrained. The small size of the mostly molten
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Figure 13. Vp inversion results with a density contrast of 0.2 Mgm™2 across the solid/melt
interface. Other starting model parameters are as in Figure 12a.
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Figure 14. Vp inversion results for different Qp structure. We show two models, one in which
Qp in every layer was double and another in which it was half the values used in the models
shown in Figures 12 and 13. A lower @p value means more seismic energy attenuation. Other

starting model parameters are as in Figure 12a.

layer and its close contact to an increasing crystal con-
tent mushy zone detected in our study lends itself to the
development of great variation in along-axis basalt geo-
chemistry as seen in sampling studies [e.g., Langmuir et
al., 1986].

From studies of lava lakes, Marsh [1989] proposed
that once crystallinity in a basaltic melt exceeds 25% it
behaves rheologically like a solid and is unlikely to be
erupted. This suggestion is consistent with the observa-
tion that samples collected at this part of the ridge axis
tend to contain ~10% phenocrysts and implies that at
the time of the seismic experiment only material from
the 30-m-thick sill could be erupted. In fact, the portion
of the ridge just north of our study area erupted 1n 1991,
six years after the collection of the seismic data [Hay-
mon et al., 1993]. Unfortunately, the volume of material
extruded at that time could not be estimated to enable
us to make a direct volumetrical estimate. However,
it demonstrates that this part of the ridge system was
capable of erupting at this time, an observation that is
consistent with our detection of low-Vp, low-Vs material
at the top of the magma chamber. Most of the samples
analyzed by Batiza and Niu [1992] contain only plagio-
clase phenocrysts. They ascribed this to gravitational

crystal settling of mafic phases (olivine and clinopyrox-
ene) and flotation of plagioclase. Our observation that
crystals are compacting over length scales of a few tens
of meters means that gravity filtering could occur over
realistic timescales.

Obviously, our results are merely a snapshot in time
of a particular part of the ridge system. We would ex-
pect the relative thicknesses of the convecting mostly
molten part and the compacting crystalline part to
change with time and place. Nonetheless, we believe our
results to be a robust evaluation of the length scales un-
der which solid-liquid fractionation is occurring within
the magma chambers beneath fast spreading ridge axes.

Conclusions

We have rigorously applied waveform inversion to
single-ship multichannel data collected at the East Pa-
cific Rise near 9°N in order to determine the precise
velocity structure of the melt body causing the AMC
reflection. Our analysis supports the idea of a melt
lens as previously suggested from forward modeling seis-
mic data from this location. Our final model has Vp
=2.6 kms™! in the melt lens which has a thickness of
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Figure 15. (a) Forward modeling results for AMC structure determined in this study. The
velocity model is identical to those shown in Figure 5 at depths less than 4 km. The results of
this study are therefore directly comparable with the results of the two earlier studies. Our final
model has Vp =2.6 kms™! in the melt lens which has a thickness of 30-m. It is underlain by a
velocity gradient in which Vp increases from 2.6 to 3.5 kms~! over a vertical distance of 50-m.
Vs in the melt lens is not significantly different from 0.0 kms™!. (b) Artificially modified model
showing worsening of fit if floor gradient is replaced by first-order discontinuity.

30-m. It is underlain by a velocity gradient in which
Vp increases from 2.6 to 3.5 kms™! over a vertical dis-
tance of 50-m. Although not well constrained by the
data we believe that Vs in the melt lens is not signifi-
cantly different from 0.0 kms™!. We suggest that only
material from the 30-m-thick lens can erupt. The un-
derlying velocity gradient zone may represent crystal
settling under gravity.

Appendix A: Calculation of Seismic
Velocity — for a Two Phase Medium

For a two-phase material, Hashin and Shtrikman [1963]

showed that bounds can be placed on its effective elas-
tic properties depending on the textural relationship of
the two phases. In our situation the maximum bound
occurs for the case where the material consists of uncon-
nected melt inclusions in a solid matrix and the mini-
mum bound where the material consists of unconnected
crystals in a molten host. For this case the composite
bulk and shear moduli for the upper (x#5+ pf5+ )
and lower (k75— pf5~ ) Hashin-Shtrikman bounds

are given by

VmPs(Ks - ’fm)

K = Ksg — PS _ (1 _ l/m)(ﬁs — Km) (Al)
HS— __ KsKm
" Umks + (1 = V) km (A2)
5(1 - l’m)Psﬂs
HS+ _
H T 5Py — 2up (ks + 245) (A3)
pH5= =0 (A4)

where k; and p; are the bulk and shear moduli of the
solid crystals, k., and p,, are the bulk and shear mod-
uli of the fluid melt, v, is the melt concentration and
P, = ks +4/3us. Note that this theory assumes both
phases are assumed isotropic, but the bounds are not
influenced by the shape of the inclusions.

The minimum and maximum P and S wave velocities
can then be calculated from the composite bulk and
shear moduli bounds using
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