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Seismic Images of Active Magma Systems
Beneath the East Pacific Rise Between
17°05’ and 17°35’S
John C. Mutter, Suzanne M. Carbotte, Wusi Su, Liging Xu,

Peter Buhl, Robert S. Detrick, Graham M. Kent, John A. Orcutt,
Alistair J. Harding

Seismic reflection data from the East Pacific Rise between 17°05’ and 17°35'S image a
magma lens that varies regularly in depth and width as ridge morphology changes,
confirming the notion that axial morphology can be used to infer ridge magmatic state.
However, at 17°26'S, where the ridge is locally shallow and broad, the magma lens is
markedly shallower and wider than predicted from regional trends. In this area, sub-
mersible dives reveal recent volcanic eruptions. These observations indicate that it is
where the width and depth of the magma chamber differ from regional trends, indicating
an enhanced magmatic budget, that is diagnostic of current magmatism.

On fast-spreading ridges, such as the East
Pacific Rise (EPR) south of the Garrett
fracture zone, axis morphology is character-
ized by a prominent bathymetric high with
smooth flanks and a relatively flat summit
about 2-km wide, standing ~400 m above
the regional sea floor (1). The depth of the
axis and the cross-sectional area of the axial
high change along the axis in a sympathetic
manner, the shallowest regions generally
having the broadest cross sections (2, 3).
These “inflated” regions are thought to
overlie centers of magma upwelling (I, 2,
4-06), the enlarged shape being an expres-
sion of volcanic tumescence. The summit
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region of the axial high often includes a
small, narrow depression, now commonly
referred to as the axial summit caldera
(ASC) (7), believed to be the product of
magma withdrawal and subsequent collapse.

_In some inflated regions, the ASC is absent,

perhaps because of a recent filling of the
depression with lava (8). These variations
in axial morphology have been interpreted
as reflecting variable magma supply along
the ridge axis (2, 5, 6).

Seismic reflection imaging provides an-
other indicator of variable magmatic activi-
ty. The horizon marking the top of the axial
magma chamber (AMC) is typically ob-
served beneath broad, shallow regions of the
ridge and is absent or less commonly ob-
served beneath narrow, deep regions (8, 9).
In a few areas of the EPR, near-bottom ob-
servations of recent volcanic activity (10)
provide further support for the conjecture
that a broadened ridge profile, shallow axial
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depths, and a shallow AMC reflector can be
used as proxies for the state of magmatic
activity of the ridge where direct observa-
tions are not available. Here we present re-
sults of a geophysical study that included a
dense array of seismic reflection lines of the
ultrafast-spreading southern EPR (150 to
155 mm/year, full rate) from about 17°05’ to
17°35'S (Fig. 1) (11). Recent volcanic erup-
tions have been observed at two locations
within this area: at 17°26' and 17°08'S.
From seismic images of the AMC and upper
crust, we examined the relation of magma
distribution in the subsurface and magmati-
cally active areas of the ridge.

At 17°26'S, axial depths are about 50 m
less than the regional average, the ridge dis-
plays a broad cross section, and the summit
lacks evidence of an ASC (1, 3) (Fig. 1).
Shoaling and broadening of the axial high
occurs over about 15 km along the ridge. An
AMC reflector is present, and observations
from submersible dives and bottom photo-
graphs reveal recent eruptions (12). The en-
larged region centered at 17°08’S is not as
shallow as the one at 17°26S but is broader
(Fig. 1). An AMC reflector is present here
also, and very fresh volcanics are observed
(12). Comparison of dive observations and
dredging in the area over the past 10 years
suggests that although eruption is extremely
recent at both locations, eruptions at
17°26'S may have occurred more recently
(13). Although dive observations are not
available for the intervening ridge segment,
older volcanic rocks do appear to crop out
away from the center of the inflated region
at 17°26’S (12, 14), and we assume that the
inflated regions are probably the sites of the
most recent volcanism along this ridge seg-
ment. There is evidence for eruption in the
17°26'S area just prior to a near-bottom
study of the region in 1984, and it is possible
that this portion of the ridge has been in a
near continuous state of eruption over the
past decade (15, 16).

Seismic reflection data were collected
along the ridge axis and along a series of lines
crossing the ridge (Fig. 1) (17). The along-
axis seismic image (Fig. 2A)) was obtained by
profiling as near as possible to the center of
the axial high with the Hydrosweep swath
mapping system (18). The most prominent
feature in the image is the AMC reflector,
which occurs at an average depth of 1200 m
beneath the sea floor (Fig. 2A). In the in-
flated area centered at 17°26'S, the AMC
broadly arches upward beneath the shoaling
sea floor over an along-axis distance of about
15 km (from ~17°20' to 17°29'S) (Figs. 2A
and 3, A and B). Although the sea floor rises
by about 50 m (hardly noticeable in Fig.
2A), the AMC horizon shoals by over 200
m. Similar shoaling of the AMC with respect
to the sea floor is also observed at the vol-
canically active EPR at 9°45'N (10, 19).
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Because the AMC is on the order of 1 km in
width in these areas and assuming that the
present configuration is not steady state, the
magma body must have risen into a preex-
isting basalt section. Presumably, if this oc-
curred, a portion of the lower sheeted dike
complex was consumed into the magma
chamber by stoping, a process that would
allow hydrated basalt to enter the magma.
These images and earlier studies of the
EPR (9, 11, 19-23), together with observa-
tions reported from other areas, suggest that
average AMC depth varies inversely with
spreading rate (24). The AMC depths in the
inflated areas within the 17°05’ to 17°35'S
region are among the shallowest observed.
At 17°25'S, near the crest of the broader
regional arch, the AMC locally reaches to
within about 800 m of the sea floor (cen-
tered near line 1107, Figs. 2A and 3B). This
local high is not observed near 17°08’S and
has no counterpart elsewhere on the EPR.
These characteristics in conjunction with
dive observations (12) suggest that we im-
aged an erupting magma lens at 17°26'S.
The cross-axis lines 1106 to 1114 reveal
further the characteristics of the magma sys-
tem (Fig. 2, B and C). Along these lines we
measured the width and depth of the AMC,
together with the thickness of seismic layer
2A (Fig. 3). Sea-floor characteristics of axial
depth and cross-sectional area (3) were also
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examined. The properties measured on cross-
axis lines do not always correspond to those
seen on line 1115 (Fig. 3) because the along-
axis line strays off the center of the ridge.
The measured properties at the ridge center
point on the cross-axis lines more accurately
characterize the zero-age properties of the
ridge axis.

The AMC reflector is presumed to mark
the liquid melt that provides the source for
the dike and extrusive sequences, and its
width may be a rough proxy for the ridge’s
magmatic state. The depth of the AMC may
also be a strong local indicator of magmatic
state, and swelling of the ridge’s cross section
could be a precursor to an eruption or an
indicator of current activity. The base of
seismic layer 2A (the upper crustal low-ve-
locity layer) is imaged in seismic reflection
data collected with long receiving arrays. In
these data, a strong arrival is observed, which
corresponds to diving (turning) rays that
turn energy within a steep velocity gradient
(from 2.4 to 5 km/s in less than 100 m),
which defines the base of this layer. Layer
2A is commonly ~100 to 200 m thick on
the axis and approximately doubles in thick-
ness within 1 to 2 km of the axis (19, 22,
23). Seismic layer 2A is believed to corre-
spond to the extrusive basalt section (11)
and hence is the eruptive product of the
magma system. It is reasonable to suppose

Fig. 1. Surface morphology
of a segment of the EPR
south of the Garrett fracture
zone obtained from Hydro-
sweep multibeam imaging.
Portions of the rise axis cen-
tered at 17°26' and 17°08'S
are “inflated,” being broader
and shallower than adjacent
regions. The numbered lines
refer to ship tracks along
which seismic images were
obtained (Fig. 2) and from
which estimates of proper-
ties of the subsurface related
to the local magmatic state
have been measured (Fig. 3).

Depth (km)



then that its local thickness may be an indi-
cation of the magmatic state of the ridge;
greater thicknesses presumably represent
greater magmatic activity.

Away from the inflated area at 17°26’S,
AMC width and depth vary systematically as
a function of axial depth; as the ridge shal-
lows, the AMC broadens and reaches toward
the sea floor (Fig. 3, F and G). Variations in
AMC depth as a function of width (Fig. 3H)
and the ridge cross-sectional area (Fig. 3])
are also approximately linear and systematic.
These relations suggest that the surface mor-
phology of the ridge can be used as a reason-
ably reliable predictor of subsurface charac-
teristics and magmatic state. These general
relations do not hold in the erupting area at

17°26'S, where the AMC is both consider- .

ably shallower than would be predicted and
much broader (Fig. 3, F through ], lines 6, 7,
and 13). Furthermore, AMC width and
depth vary inversely for most of the region
but appear to vary orthogonally in the erupt-
ing area at 17°26’S (Fig. 3H). The thickness
of layer 2A is, unexpectedly, considerably
less in the inflated area at 17°26'S than it is
elsewhere along the ridge, except at
~17°15’S (line 1111), where the cross-sec-
tional area of the ridge reaches a local
maximum (Fig. 3, D and E). Thus, it ap-
pears that regional relations cannot be
linearly projected into areas of current
eruption to predict AMC characteristics
or volcanic-layer thickness.

Several inferences regarding eruption
processes at the ridge can be derived from
these relations. Even if the thickness of the

melt lens remains constant throughout the
region, an increase in AMC width implies a
corresponding increase in the volume of
magma available for eruption. Hence, the
regular increase in AMC width and de-
crease in its depth associated with shallow-
ing axial water depth may imply a buildup
of magma as a precursor to eruption. At
locations where eruption is taking place,
magma is being removed, presumably giv-
ing rise to a narrower AMC as magma
withdrawal progresses and providing a
plausible explanation for the orthogonal
trend in Fig. 3H.

It is commonly assumed that the rise of
magma through the crust is primarily con-
trolled by the buoyancy of the melt relative
to that of the surrounding country rock (25).
The depth at which the magma chamber
resides in the crust may correspond with the
level of neutral buoyancy for the melt, where
its density is equal to that of the local coun-
try rock (25). Hooft and Detrick (26) have
pointed out that the AMC depths measured
to date are considerably greater than are
consistent with neutral buoyancy of magma
having a density equivalent to typical lavas
erupted onto the sea floor (2700 kg/m?).
Either the typical density of magma in the
AMC is greater or mechanisms other than
neutral buoyancy are controlling AMC
depth. In our study area, Hooft and Detrick’s
observation applies to AMC depths along
the noninflated areas of the ridge; in the
erupting area, AMC depths are more nearly
consistent with the expected neutral buoy-
ancy level. Hooft and Detrick suggested that

1112 1109 1 1110

A 114 1106 1113 1107
{Ba of layer 2A
E o b I AN, | AMC
X £ 2NN L y
£ Y,
5 Wm s
8 Lo Nna W
B
)
(]
E
=

Fig. 2. (A) Seismic image of line 1115 obtained by profiling along the center of the rise axis (Fig. 1). The
position of intersection of the cross lines is indicated with arrows. The reflection from the AMC beneath
the inflated area at 17°26'S arches upward and includes a distinct peak just north of the cross-axis line
1107, which reaches to within 800 m of the sea floor. The quality of the AMC reflector in this region is
poorer than elsewhere along this line presumably because of the locally three-dimensional nature of the
reflector. (B) Example of one of the cross lines from the southern inflated area. (C) Example from the
region between inflated areas. Wave equation datuming and migration have been carried out on cross-
axis lines (77). The final processed images are converted to depth by making a variable stretch to the
vertical (time) axis. The velocity function for depth conversion was derived from the stacking velocity
analysis and the results of seismic refraction experiments carried out in the same area (77).
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a mechanical boundary such as a freezing
horizon (27), whose depth is controlled by
the ridge’s thermal structure, prevents mag-
ma from rising to its level of neutral buoy-
ancy. Compelling support for the importance
of ridge thermal structure on AMC depth
comes from its success in accounting for the
observed inverse relation between AMC
depth and spreading rate (24). Such a sce-
nario leads to the reasonable conjecture that
normal areas of the ridge where regular
shoaling of the AMC and sea floor is ob-
served are generally hotter. Furthermore,
where the AMC shallows abruptly at
17°25'S, the mechanical barrier may have
been breached, and magma has risen toward
the expected neutrality level.

Ryan (28) has pointed out that the den-
sity of melt plus crystals, rather than the
density of melt alone, may control the neu-
tral buoyancy level for the AMC. The AMC
may indeed always lie at its correct neutrality
depth, and the observed variation in AMC
depth may reflect changes in aggregate mag-
ma plus crystal density. The AMC depths
observed in normal regions of the ridge im-
ply a magma density of about 2800 kg/m?, a
value that is consistent with a magma in
which about 10% olivine crystals are present
in a picritic melt (28). Variation in AMC
depth may therefore be a proxy for changes
in crystal fraction of magma in the reservoir,
which could, in turn, be related to thermal
state: The hotter the ridge, the more nearly
the material approaches a pure liquid. Erup-
tion might occur when a near-liquid state
has been achieved. With this model, the
observed inverse relation between AMC
depths and spreading rate (24) may reflect a
larger crystal fraction in the magma reservoir
at slower spreading rates. Indeed, highly por-
phyritic basalts are commonly dredged from
the slow-spreading ridges. Another mecha-
nism that could account for density variation
is the changes that accompany fractional
crystallization. Starting from a picritic mag-
ma with a Fe/(Fe + Mg) mole ratio (Fe#) of
around 0.2 and a density of 2750 kg/m?,
magma evolves to a Fe# of 0.4 associated
with a density minimum of 2700 kg/m3. As
fractional crystallization continues and Fe#
increases to 0.8, density increases to around
2800 kg/m>. Hence, the normal processes of
fractional crystallization of magma lead to
density changes that encompass the ob-
served variations in AMC depths. Under
such a control, eruption might occur when
fractional crystallization has caused magma
to evolve to its density minimum.

No clear relation is observed between
the thickness of layer 2A and other indi-
cators of ridge magmatic state. Indeed,
given the inflated ridge morphology and
the shallow, wide AMC reflector in the
erupting area at 17°26’S, we might have
expected a thicker volcanic layer associat-
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Fig. 3. Properties of the ridge axis that may be
used as proxies for magmatic state have been
measured from the cross-axis lines (large dots)
and the along-axis line (solid line in A to E; small
dots in G and |) and are portrayed in two ways: (A
through E) in their correct along-axis position and
(F through J) so that their variation with axial depth
can be seen together with interrelations among
axial properties. Measurements of AMC width are
available only from cross lines. Cross-sectional
area estimates are from (3). Data away from the
erupting area at 17°26'S show fairly regular vari-
ations with axial depth and cross-sectional area,
suggesting that surface morphology is a fairly re-
liable indicator of magma chamber characteris-
tics. Data from the erupting area at 17°26'S (cir-
cled points 1106, 1107, and 1113) fall off these
approximately regular trends, and it is these devi-
ations that may be diagnostic of active eruption.

ed with the presumed robust magmatic
budget. However, along all cross lines
through this area, layer 2A is not only
thinner than the average zero-age thick-
ness, it is also markedly thinner (25 to 40
m) than observed immediately outside of
the innermost axial zone (Fig. 3D). The
lack of a clear relation between layer 2A
thickness and the other ridge parameters
may reflect the difference in time scale for
the magma chamber versus that which
governs construction of the volcanic layer.
Layer 2A thickness represents the volca-
nic budget integrated over several thou-
sand years, whereas the other parameters
measured describe the present, almost in-
stantaneous magmatic state. Growth rates
for the volcanic layer are not well known,
but they presumably cannot on average
exceed that required to form the neovol-
canic zone (1000 to 3000 years). The thin
layer 2A in the erupting areas may reflect
a young volcanic layer that has not yet
attained its full thickness, whereas it is
more fully developed in the intervening
regions. This interpretation is consistent
with the notion that we have imaged the
creation of an element of oceanic crust at

17°26'S.
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The Collapse of Free Polymer Chains
in a Network

Robert M. Briber,*

Xiaodu Liu, Barry J. Bauer

The conformation of linear polymer chains trapped in a matrix of cross-linked polymer has
been measured by neutron scattering. Three regimes were found depending on the length
of the linear chain, N,, with respect to the mesh size of the network, N.. When N, > N,,
the radius of gyration, R, of the linear chain is the same as that observed in the uncross-

linked melt. When N, < N,, R shrinks according to the scaling relation R,~" ~

N, that

has been predicted for isolated polymer chains trapped in a field of random obstacles.
When N, << N,, the linear chains are observed to segregate.

Thhe conformation of linear polymer chains
trapped in a network is an important prob-
lem having relevance in many fields ranging
from transport through membranes, poly-
mers in microporous structures, diffusion,
and gel electrophoresis (1-9). Polymer net-
works are one type of constrained environ-
ment, and the conformational behavior of
dilute, isolated polymer chains trapped in a
network should provide important insight
into the behavior of polymers in other set-
tings. Indeed, the early treatment of repta-
tion to describe the diffusion of polymers was
developed specifically for the case of a linear
chain diffusing through a tightly cross-linked
melt (1); these results should be compared to
recent results showing that the diffusion of
long linear chains in a network becomes
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slower than expected for a melt (5). If the
conformation of the diffusing chain depends
on the network density, then the dynamks
of the polymer may be affected. Earlier at-
tempts to measure the conformation of lin-
ear chains trapped in a network have been
hampered by phase separation of the chains
(10) and by the fact that only a limited range
of concentrations and cross-link densities
were examined (11). These past studies have
found that the linear chains have the same
conformation in a network as in the melt for
the systems that remained single-phase.
The question of the conformation of a
linear chain trapped in a network resembles
the problem of the conformation of a poly-
mer chain in a field of randomly placed
obstacles with the cross-link points acting as
the obstacles. The conformation of a poly-
mer chain in a field of obstacles has been the
subject of considerable recent theoretical
work and computer simulations (12-19). In
general, it has been found that the radius of
gyration of the chain, R, depends on the
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obstacle density. Muthukumar and others
(12-18) have found that when the density of
obstacles is small, there is a transition from
self-avoiding walk statistics for the polymer
chain (that is, excluded volume statistics) to
Gaussian behavior. When the density of the
obstacles is higher, a transition from the
Gaussian state to a localized collapsed state
occurs. Gersappe et al. (19) have argued for a
somewhat different picture in which the
chain statistics remain unaltered by the pres-
ence of the obstacles and the changes in R,

with increasing obstacle density operate only
through the prefactor for R,.

The calculation by Edwards and Muthu-
kumar (16) showed that, when the obstacle
density is sufficiently high and the polymer
chain has started to shrink from its unper-
turbed dimensions, R, scales with the den-
sity of the obstacles (p) as

1
RI~ (1)
If the obstacles correspond to the cross-link
points of the polymer network, then the
number of obstacles will scale inversely
with the mesh size of the network, N_ (20)

: (2)
N,
Therefore, R of the linear chains should
scale with N, as (21)

R~ N 3)

g

This report will describe small-angle neutron
scattering (SANS) experiments to measure
the scattering from linear chains trapped in a
network extrapolated to the limit of infinite
dilution of the linear chains. We attempt to
assess whether the conformation of a linear
chain trapped in a network can be described
by the scaling behavior derived from the
studies of polymer chain conformation in a
field of random obstacles.

To make samples of linear chains in a
network that could be studied by neutron
scattering, we dissolved a narrow molecular
weight distribution of anionically polymer-
ized deuterated linear polystyrene with a

weight-average molecular weight, M, =
79,200 (linear chain length, N, = 760) and
M, /M, = 1.05 (M, is the number-average
molecular weight) in styrene monomer
than contained a small amount of divinyl-
benzene as the cross-linking agent. Free
radical polymerization was used to form the
polystyrene network around the linear
chains. Earlier experiments have shown
that this method of synthesizing networks
containing linear chains does not result in
significant grafting of the polymerizing net-
work to the linear chains (22). It probably
would not have been possible to prepare the
samples for these experiments by diffusing
the linear chains into the network from the
outside because of kinetic constraints, espe-
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