Morphology of a 'Superfast' Mid-Ocean Ridge Crest
and Flanks: The East Pacific Rise, 7°-9° S
J. R. COCHRAN I, J. A. GOFF 2'*, A. MALINVERNO l, D. J. FORNARI 1, C. KEELEY 1'3 and X. WANG 1'3

ILamont-Doherty Geological Observatory of Columbia University, Palisades, N Y 10964, USA
2Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA
3Department of Geological Sciences, Columbia University, New York, N Y 10027, USA

(Received 6 August 1992, accepted 3 November 1992)
Key words: East Pacific Rise, multibeam sonar surveying, MidOcean Ridge, magmatic plumbing system

Abstract. Detailed bathymetric data from a Hydrosweep multibeam sonar survey of a 250 km-long portion of the 'superfast'spreading southern East Pacific Rise crest and flanks show that
the along-axis variation in morphology and axial depth differs
significantly from that observed at the fast-spreading northern
East Pacific Rise. While the deep mantle upwelling pattern is
similar under the northern and southern East Pacific Rise, our
observations require that the connectivity of the shallow, subcrestal plumbing system be more efficient beneath the 'super-fast'
spreading southern East Pacific Rise than beneath the slower
spreading northern East Pacific Rise.

Introduction

Multibeam-sonar mapping of Mid-Ocean Ridge
(MOR) axes has revealed that the MOR is segmented by morphologic discontinuities over a wide
range of scales (Macdonald et al., 1984; Lonsdale,
1985a; Macdonald et al., 1988a; Sempere et al., 1990;
Grindlay et al., 1991). At fast-spreading ridges, the
most prominent form of ridge crest segmentation is
provided by overlapping spreading centers (OSCs)
with offsets between ~ 1 km to 25 km. Axial depth
generally increases steadily toward discontinuities
away from a topographic sill located within the
segment. Smaller morphologic discontinuities (Devals of Langmuir et al., 1986) are usually manifested
as subtle to prominent bends or kinks in the crestal
bathymetric contours, creating a sinuosity to the
overall axial trend. Devals may, or may not, delimit
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petrologic domains along the axis (Langmuir et al.,
1986; Sinton et al., 1991), and the relationship between MOR discontinuities, axial depth, and shallow
magmatic plumbing beneath the ridge crest remains
controversial.
Hypotheses that relate fast spreading MOR
( > 80 mm a-1 full rate) morphology to accretionary
magmatic and tectonic processes are based primarily
on data from the northern East Pacific Rise (EPR)
(spreading at 85-110 mm a-l). In comparison to the
well studied northern EPR (Lonsdale, 1977; Macdonald et al., 1984; Lonsdale, 1985b; Luyendyk and
Macdonald, 1985; Langmuir et al., 1986; Detrick et al.,
1987; Edwards et al., 1991), the superfast-spreading
southern EPR (spreading at 130-158mma-~;
Demets el al., 1990) is not well known (Rea, 1981;
Searle, 1984) and has only recently begun to be
investigated in detail (Bicknell et aI., 1987;
Francheteau et al., 1987; Lonsdale, 1989; Macdonald
et al., 1988b; Searle el al., 1989; Klaus et al., 1991; Naar
and Hey, 1991; Sinton et al., 1991). The southern EPR
forms the accretionary plate boundary between the
Pacific and Nazca plates from the Galapagos microplate at 1° N to the Juan Fernandez microplate at
about 32° S (Figure 1). Spreading rates on the southern EPR are the fastest of any active MOR.
In August and September, 1991, we undertook a
Hydrosweep multibeam-sonar (Chayes, 1991) survey
on the southern EPR. This survey represents the first
application of the new generation of wide-swath
multibeam systems to an extensive area of the EPR
axis and flanks. The surveyed area consists of the
150 km-offset Wilkes transform, located just south of
9 ° S, and a 250 km length of the ridge axis and flanks
extending north from the transform to about 7°S
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(Figure 1). The survey obtained complete bathymetric coverage to a distance of more than 1 0 0 k m
( ~ 1.5 Ma) from the axis on both flanks. The purpose
of this paper is to present the basic morphological
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structure of the E P R crest and flanks in the region
north of the Wilkes transform. In particular, we will
compare and contrast the morphology of this superfast spreading (full rate ~ 144 m m a - l ; Demets et
al., 1990) portion of the southern E P R with the
fast-spreading northern E P R and discuss the significance of these observations for M O R crustal accretion processes.
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Bathymetric data were acquired during the 1991
survey using an Atlas Electronik Hydrosweep-DS
formed-beam swath-mapping sonar system on the
R/V Maurice Ewing (Chayes, 1991). Hydrosweep is
a 59-beam swath mapping system with a beamwidth
of 2.2 ° per beam. The total width of the swath is 90 ° ,
so that an area roughly twice the mean water depth
is m a p p e d (Gutberlet and Schenke, 1989; G r a n t and
Schreiber, 1990). The water depth and horizontal
offset for each beam were calculated from raw travel
time measurements by a ray-tracing routine utilizing
a 24-layer sound velocity profile appropriate for the
region. The data were passed through a bathymetric
gradient filter to remove rogue beams associated
with anomalously long or short travel time measurements and manually edited using a screen editor to
remove remaining artifacts. Residual depths for each
beam were calculated by removing the mean water
depth, the along-track and the across-track gradients
for each ping, and stacking the entire data set by
beam number. The residuals show a systematic
across track variation of less than 5 m, which is
attributed to a slight error in the sound velocity
profile. The appropriate residual was subtracted
from the depth measurement for each beam. The
depth data were gridded at a 100 m grid interval, fit
with a smooth surface and illuminated from the

Fig. 1. Location map showing the geometry of Mid-Ocean Ridge
plate boundaries in the Eastern Pacific (upper). Lower map shows
detailed plate boundary and segmentation of the southern East
Pacific Rise from the Galapagos Microplate to the Juan Fernandez Microplate (modified from Naar and Hey, 1991). The box
shows the location of the survey area shown in the colour plate at
the end of this issue. Transforms are coded by letters as follows:
Ga-Garrett; W-Wilkes; Y-Yaquina; Go-Gofar; D-Discoverer;
Q-Quebrada; S-Siqueiros; C Clipperton. Numbers below bold
arrows indicate full spreading rate in m m a - l .
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Fig. 2. Perspective bathymetric image of the southern EPR crest made from gridded Hydrosweep swath-bathymetry data from 7°10 , S to
8°35 ' S. Viewpoint is from the south-southeast, vertical exaggeration is x 7 and color changes represent 100 m isobaths. Note the dramatic
change in the width and shape of the ridge crest toward the north end of the image.
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W N W to produce the image shown in the colour
plate at the end o f this issue.
The surveyed section o f the E P R n o r t h o f the
Wilkes t r a n s f o r m includes three ridge segments. The
southern segment extends f r o m the Wilkes transform
to a small ( < 1 kin offset) axial discontinuity at
8°49 ' S. A second segment extends n o r t h to another
small ( ~ 1.2 k m offset) O S C at 8°38 ' S, and the third
and longest segment extends f r o m the 8°38 ' S O S C to
a larger (8 km) offset O S C at 7°12 ' S (Figure 2 and
the colour plate at the end o f this issue).
A l t h o u g h the offset is very small at the 8°38'S
OSC, this discontinuity serves as a significant m o r phologic b o u n d a r y for the ridge axis. The m i n i m u m
axial depth changes by more than 50 m across it,
with 40 m o f the change occurring in less than 1 k m

at the southern tip o f the n o r t h e r n ridge segment
(Figure 3). In addition, a large 10 k m wide ridge,
standing in some places 1500 m above the surrounding seafloor, extends westward f r o m the 8°38 ' S O S C
to edge o f the survey area on the Pacific plate (see
colour plate at the end o f this issue). Based on its
m o r p h o l o g y , the ridge appears to be comprised of at
least five volcanic edifices (albeit with some crosscutting lineaments), and is oriented approximately
along a flow line in b o t h the relative (Pacific-Nazca)
and absolute (Pacific-hot spot) reference frames
(Demets e t al., 1990; Gripp and G o r d o n , 1990). The
ridge marks the n o r t h e r n limit o f a prominent zone
o f discordant seafloor t o p o g r a p h y on the western
flank o f the E P R , the development o f which appears
to be related to the recent history o f the Wilkes
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Fig. 3. Minimum axial depth profiles along the southern EPR from 9° S to 7.2° S (solid line) and along the northern EPR from 10.5° N
to 12.3° N (dashed line). Southern EPR data are from our Hydrosweep survey, northern EPR data are from the JOI Synthesis database
(Tighe et al., 1988). The location of small OSCs is shown by arrows, while larger OSCs are marked by vertical lines bracketing their
along-axis extent. The location of Devals is marked by triangles. Location of northern EPR ridge discontinuities is taken from Macdonald
et al. (1989). Profiles consist of a filtered 500 m running average derived from Hydrosweep data for the southern EPR, and 1.8 km (1' lat.)
averaged SeaBeam data for the northern EPR. Note the difference in along-axis depth variation between the northern and southern EPR,
and specifically the long, relatively flat ridge axis of the southern EPR from 7.4° S to 8.6° S.
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Fig. 4. Perspectives constructed from Hydrosweep swath bathymetry lines across the EPR axis at 7035.5 , S (A) and at 8°07.4 ' S (B). Both
swaths are viewed from the southeast and are plotted at a vertical exaggeration of 10. Note the narrow, blocky crestal ridge and abyssal
hills in (A), while (B) shows a broad gentle crestal high and smoother ridge flanks. In both swaths, the summit of the crestal high is broad
and flat and an axial summit caldera (ASC) is present. (C) Stacked, mirrored profiles across the ridge axis from 4 portions of the
7°12 ' S-8°38 ' S ridge segment. Profiles were constructed from centerbeam data of swaths crossing the axis within the specified bounds which
were projected perpendicular to the axis, stacked and mirrored. Note marked change in the width and shape of the crestal high along the
ridge segment. Note also the constant axial depth and broad, flat summit to the axial high along the entire segment.
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transform and an incipient microplate (Fornari et
al., 1991; Goff et al., 1993a). This report focuses on
the ridge segment north of 8°38 ' S. The structure and
implications of the area of discordant morphology
and detailed analysis of the gravity data are reported
elsewhere (respectively, Goff et al., 1993a, and Wang
and Cochran, 1993).
The 165 km-long section of ridge axis between the
7°12 ' S and 8038 ' S OSCs consists of a 10-20 km wide
topographic high which stands ~ 4 0 0 m above the
surrounding ridge flanks (Figure 2 and the colour
plate at the end of this issue). This broad crestal high,
roughly delineated by the 3100 m isobath, is well
defined because the ridge flanks do not subside significantly for a distance of about 65 km from the axis
(see colour plate at the end of this issue). At greater
distances from the axis, mean depths increase by 70 m
over a distance of a few kilometers and the subsidence
rate increases noticeably.
In contrast with the undulating axial depth variations exhibited by the northern EPR axis, the surveyed portion of the southern EPR axis has a nearly
constant depth of about 2725 m for a distance of
about 140 km from 7°22'S to 8°35'S (Figure 3).
Although the shallowest axial depth (2699 m) is
located near the center of the segment at 7°54.4 ' S,
there does not appear to be a systematic pattern to
the 2 0 - 3 0 m variations in axial depth along the
segment.
An axial zone at the summit of the broader crestal
high, roughly defined by the 2800 m contour, corresponds to the axial region described by Macdonald
et al. (1984) and Lonsdale (1985a) for the northern
EPR. The axial zone consists of a broad, relatively
flat summit 1 - 2 km wide (Figure 4), and the axis of
the entire segment can be categorized as rectangular
or domal in the terminology of Macdonald and Fox
(1988). An axial summit caldera (ASC) ( H a y m o n et
al., 1991) 500-1000 m wide and ranging from a few
meters to more than 50 m deep, is found along the
entire length of the ridge segment (Figure 2 and the
colour plate at the end of this issue). The presence of
an ASC on a M O R crest, and a broad, domed axial
zone have been shown to be indicative of magmatically robust ridge segments along the northern EPR
(Haymon et al., 1991; Macdonald and Fox, 1988). A
magmatically vigorous ridge segment in the surveyed
area is also indicated by the presence of numerous
seamounts and lower oval topographic highs which

appear to result from off-axis magma flows (see
colour plate at the end of this issue). The large lava
flow described by Macdonald et al. (1989) is located
just to the east of the ridge axis near 8°17 ' S.
The axial zone, viewed as the inner few kilometers
of the crestal high, has a constant depth and a very
uniform first-order appearance for the entire distance
between the OSCs at 7°12' S and 8°38 ` S. However,
the shape of the crestal high, considered as the entire
5 km to 20 kin-wide bathymetric high varies considerably and systematically along strike. A number of
geometric measures of the change in the shape of the
ridge crest bathymetric high are shown in Figure 5.
Figure 5a shows variations in the width and shape of
the crestal high. Specifically, we show the width of the
regions less than 100 m, 200 m and 300 m deeper than
the minimum axial depth for the centerbeam profile
for each line. Since the minimum axial depth remains
nearly constant between the 8038 ` S and 7°12 ' S OSCs
(Figure 3), changes in the width of the crestal high
directly reflect the change in crestal cross-sectional
area. Figure 5b plots variations in the steepness of the
upper portion of the crestal bathymetric high as
measured by the average slope of the region from
100 m to 200 m below the minimum axial depth for
each centerbeam profile ( n . b . - because the Hydrosweep system incorporates a roll correction the vertical and centerbeam are coincident).
The crestal high between 7°50'S and 8°15'S is
broad with shallow slopes, and an ASC, generally
less than 10-15 m deep, is present (Figure 4). South
of 8°15' S the crestal high narrows progressively towards the 8°38'S OSC, although the upper crest
slopes in this area only increase slightly (Figure 5b).
A marked change in the morphology of the crestal
bathymetric high occurs north of a Deval at 7053 ` S,
at which point the upper portion of the crestal high
rapidly becomes blocky and narrow, forming a
steep-sided ridge that comprises the axial zone (Figure 4). Slopes on the upper portion of the crestal
high increase steadily from 3 ° at 7°50' S to ~25 ° by
7035 ' S. The ASC is well developed along this portion of the ridge crest and reaches its maximum
depth of 60 m near 7°44 ' S.
North of the 7°35 ' S Deval, the lower portion of
the crestal high also narrows and steepens, so that
the crestal high becomes a very steep, flat-topped
ridge only 2 - 5 km wide and standing 300-400 m
above the surrounding seafloor (Figures 2, 4 and the
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Fig. 5. (A) Along-axis variations in width of the crestal high along the southern EPR. The width of the region less than 100 m (circles),
200 m (squares), and 300 m (triangles) deeper than the minimum axial depth were determined for the centerbeam profile on each line across
the axis. (B) Along-axis variations in the steepness of the upper portion of the crestal high. Plot shows the average slope in degrees of the
area from 100 m to 200 m below the minimum axial depth determined from the centerbeam profile on each line across the axis. (C) Abyssal
hill rms heights estimated using the methodology of Goff and Jordan (1988). Vertical bars represent 1-sigma errors. Except where
complicated by obvious off-axis volcanism, swath data were constrained to be within the first 50 km east of the rise axis. Abyssal hill rms
heights are lowest in the center of the segment ( ~ 3 5 m) and largest at the ends ( ~ 8 5 m).
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colour plate at the end of this issue). In spite of the
marked change in the cross-sectional shape of the
ridge crest in this region, the minimum axial depth
remains constant (Figure 3), the flat summit is more
than 1 km wide, and an ASC is present along the
entire ridge segment (Figures 2, 4 and the colour
plate at the end of this issue).
The change in the shape of the crestal bathymetric
high correlates with an along-strike change in the
morphology of the abyssal hills which flank the axis.
The abyssal hills in the center of the ridge segment
are generally smooth and rounded and have low
relief, while lineated, blocky abyssal hills of greater
relief are found near the ends of the segment (Figure
4 and the colour plate at the end of this issue). As a
result, the marked ridge-parallel seafloor fabric
which generally characterizes abyssal hills is welldeveloped toward the ends of the ridge segment, but
is not visually apparent in the center of the segment.
Our data allow the variation in abyssal hill morphology to be quantified using the techniques for the
stochastic characterization of abyssal hill morphology developed by Goff and Jordan (Goff and Jordan, 1988; Goff et al., 1991). A plot of the rms height
of the abyssal hills near the axis as a function of
latitude is shown in Figure 5c. The rms height is a
minimum of 25-35 m in the center of the ridge
segment near the 7°53' S Deval, and increases nearly
monotonically to about 75 m toward either end
(Goff et al., 1993b). Abyssal hill height thus exhibits
the same general along-axis pattern as does the
crestal shape and cross-sectional area, although the
increase in abyssal hill height is more symmetric than
the change in crestal area and shape. Abyssal hills
near both ends of the 7°12' S- 8°38' S ridge segment
are lineated and blocky, and are clearly bounded by
ridge-parallel faults. The lower, more rounded hills
near the center of the segment are less obviously
affected by faulting.

Discussion and Conclusions

The morphology of the superfast southern EPR between 7 ° S and 9 ° S shares some of the characteristics
of the fast-spreading northern EPR, yet differs in a
number of significant ways. The main similarity with
the northern EPR is that the large scale morphology
of the ridge crest that we mapped varies systemati-
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cally within the 7°12'S to 8°38'S ridge segment.
Specifically, the 20-kin wide, 400-m high crestal high
is broad with gentle slopes near the center of the
segment and becomes progressively narrower and
steeper toward the segment ends.
In addition, the rms amplitudes of the near-axis
abyssal hills between 7°S and 9°S have minimum
values adjacent to the center portion of the ridge
segment. These amplitudes increase toward the ends
of the segment, mimicking the pattern of large-scale
morphology of the crestal high. Based on SeaBeam
bathymetry, Goff (1991) recently found the same
relationship between abyssal hill rms height and
large-scale segmentation near the axis of the northern EPR between 9°N and 15° N.
However, there are two important ways in which
the axial morphology of the southern EPR between
7° S and 9° S differs from that of the northern EPR.
First, the absolute depth of the EPR axis within the
survey area remains nearly constant for the entire
length of the ridge segment ( ~ 165 kin), and the
influence of axial discontinuities, such as Devals, is
very minor. A flat axial profile appears to characterize much of the southern EPR, an observation also
made by Lonsdale (1989) based on a single SeaBeam
swath along the axis from 1° N to 20 ° S. This observation differs from the pattern observed at the northern EPR which has an undulating along-axis depth
profile, with depths generally increasing toward
the ends of segments (Macdonald and Fox, 1988)
(Figure 3).
The second important difference is that for the
portion of the southern EPR that we mapped, the
morphology of the innermost portion of the axis,
which is characterized by a flat, 1- to 2-kin wide
crestal summit and an ASC (Figure 4 and the colour
plate at the end of this issue), does not change
appreciably along the entire segment. It thus does
not reflect the changes in the large-scale morphology
of the crestal high. This is in contrast to well-studied
portions of the northern EPR where the axial zone is
broad, domal, and an ASC is present where the ridge
crest is shallow, while a narrow and triangular axial
shape with no ASC is generally associated with the
ends of segments where the ridge crest deepens
(Macdonald et al., 1984; Lonsdale, 1985a; Macdonald and Fox, 1988; Macdonald et al., 1988a).
Morphologic variations along the northern EPR
are typically interpreted in terms of deep mantle
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upwelling and a shallow crustal magma plumbing
system (Macdonald et al., 1984; Lonsdale, 1985a;
Macdonald and Fox, 1988). Macdonald et aI. (1988a)
have proposed that the characteristic humped alongaxis depth profile of the northern EPR (Figure 3)
results from focussed upwelling of partial melt at the
centers of ridge segments. They argue that magma will
migrate along axis in the shallow-level subaxial accretionary zone, resulting in a loss of hydraulic head with
distance from the injection point, a graded axial depth
profile, and magma starved ridge segment tips.
The morphologic pattern of the southern EPR
from 7°S to 9°S presents us with an apparent
paradox. All of the observations of morphology
along the axial zone imply that the ridge is magma
rich throughout the entire segment. On the other
hand, all observations of the ridge at distances of
more than about 2 km from the axis imply that the
ridge has received abundant magma in the center of
the segment, but is relatively magma starved toward
the ends, in particular toward the northern end.
Consequently we suggest that along the superfast
spreading southern EPR, there is a broad, well-connected area of elevated temperatures beneath the
axis, so that a relatively efficient subcrestal, shallow
magmatic plumbing system extends the length of the
ridge segment and feeds magma into the crustal
magma chamber. In terms of the composite magma
chamber model recently presented by Sinton and
Detrick (1992), our data suggest the presence of a
continuous, narrow (1 2 km) melt lens beneath the
axis along the entire 7°12 ' S-8°38'S ridge segment.
The uniform appearance and depth of the innermost
portion of the axis along this segment may imply
that the amount of magma delivered to the crust is
relatively uniform along the entire segment with
many injection points transporting magma from the
melt lens to the seafloor. In contrast, we hypothesize
that the shallow subcrestal plumbing system of the
northern EPR is less effÉcient and unable to distribute the magma evenly along the axis. Thus, the
crustal magma chambers of the northern EPR receive varying amounts of magma along the axis,
resulting in fewer injection points and more widely
spaced eruptions. This, in turn, creates the along-axis
variations in depth and axial morphology observed
at the northern EPR.
On the other hand, the height of the abyssal hills
and the larger-scale crestal morphology, which are
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more sensitive to the deeper temperature and density
structure, vary concordantly along the axis at both
northern and southern EPR segments. Gravity studies of the EPR ridge axis (Madsen et al., 1984; Wang
et al., 1992) indicate that the crestal high is an
isostatic response to a low-density region in the
upper mantle beneath the ridge axis. The along-axis
variations in the width and shape of the crestal high
between 7 ° S and 9 ° S, and our analysis of the gravity data from this portion of the southern EPR
(Wang et al., 1992; Wang and Cochran, 1993), imply
that deep upwelling occurs primarily under the central, and to a lesser extent the southern portion of
the segment. The variation in crestal morphology
along segments of both the northern and southern
EPR suggests that deeper mantle upwelling does not
occur evenly along the axis, but is preferentially
focussed in discrete regions.
If, as postulated, the shallow plumbing system
delivers magma nearly evenly along the EPR axis
from 7°12'S to 8°38 'S, than it is likely that the
extent of extensional tectonic activity is the primary
variable correlating abyssal hill rms height to ridge
segmentation. Because of the correlation between the
abyssal hill rms height and crestal morphology,
which is also observed at the northern EPR (Goff,
1991), we further postulate that the degree of surface
faulting is influenced by the volume of the underlying partial melt zone. Such an influence may result
from the effect that the size of the partial melt zone
has on the strength of the lithosphere and on the rate
of cooling (formation of thermal stresses) away from
the axis.
Variations in ridge segmentation, and differences in
along-axis depth variations, and mantle Bouguer
gravity anomalies which have been observed between
fast- and slow-spreading MORs (Macdonald et aI.,
1988a; Lin et al., 1990; Madsen et al., 1990; Sempere
et al., 1990; Grindlay et al., 1991) have been explained
by a transition from 'three-dimensional' focussed
upwelling beneath slow-spreading ridges to 'twodimensional' linear upwelling beneath fast spreading
ridges (Parmentier and Phipps Morgan, 1990; Lin
and Phipps Morgan, 1992; Sparks and Parmentier,
1993). Our observations of the ridge crest morphology and analysis of gravity data from the 'superfast'
southern EPR between 7 ° S and 9 ° S suggest that this
model is not valid. Rather deep upwelling appears to
be focussed (or three-dimensional) even at these very
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high spreading rates. We propose that the observed
variations between slow- and fast-spreading ridges
result from a change in the efficiency and connectivity of the shallow magmatic plumbing system which
serves to distribute magma to discrete primary vents
along the MOR axial zone.
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