The ultrafast East Pacific Rise: instability of
the plate boundary and implications for
accretionary processes
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The Pacific-Nazca plate boundary evolves continuously through the frequent, rapid
propagation of ridge segments and through the growth or abandonment of mi-
croplates. Propagation events can initiate at overlapping spreading centres only a
few kilometres wide as well as within large transform faults. This instability of the
ultrafast East Pacific Rise (EPR) probably results from the presence of a hot, thin
lithosphere in the axial region, coupled with a melt supply that may be temporally
or spatially variable. It indicates that along-axis magma transport can be efficient at
rates corresponding to propagation rates, up to 1000 mm yr—!. To a first-order, the
tectonic segmentation of the ridge correlates with along-axis variations of the axial
morphology and other physical parameters suggesting a diminished magmatic budget
near offsets larger than a few kilometres. A similar correlation between axial segmen-
tation and variations in physical characteristics at the Mid-Atlantic Ridge (MAR) is
commonly interpreted to indicate that mantle upwelling is focused near mid-segment
at slow-spreading ridges (three dimensional). Accordingly, mantle upwelling may be
focused at discrete intervals along the ultrafast EPR. However, fluctuations of the
along-axis characteristics are considerably more subdued at the EPR than at the
MAR. This has been interpreted to reflect smoothing of the structural variations by
efficient transport within the shallow crust and upper mantle of the material brought
up through focused upwelling. Alternatively, it has been argued that mantle flow is
essentially uniform along-axis (two dimensional) at the faster spreading centres. It
is proposed here that the actual pattern of mantle flow along the EPR combines
aspects of both models. Fast spreading centres may be supplied by vertical mantle
flow nearly continuously along-axis, but the intensity of this upwelling can fluctuate
both temporally and spatially, hence favouring along-axis transport away from the
magmatically most robust areas.

1. Introduction

The Pacific-Nazca plate boundary spreads apart at 125-152 mm yr—!, the fastest
rate of the entire mid-ocean ridge system (DeMets et al. 1994). Over the approx-
imately 4000 km spanned by this plate boundary, the morphology of the axial re-
gion varies remarkably little (Macdonald et al. 1988a; Lonsdale 1989; Sinton et al.
1991). It is defined by a linear high, 5-15km wide and rising 300-500 m above
the surrounding seafloor. This axial high continues uninterrupted for distances of
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Figure 1. Map view of the southern EPR. Inset shows location relative to South America. The
plate boundaries are compiled from Tighe et al. (1988), Macdonald et al. (1988b), Lonsdale
(1989), Naar & Hey (1991), Larson et al. (1992) and Hey et al. (1995). Arrow heads indicate
the location of OSCs with offset greater than 3 km (microplates excluded). Arrows point to the
west for right-stepping OSCs, and to the east for left-stepping OSCs.

25-250 km (figure 1). Except in the vicinity of Easter hot spot or along short in-
tratransform spreading centres, axial depths undulate gently between 2500-3000 m
(figure 2). Direct observations from submersible and towed-camera surveys indicate
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Figure 2. Zero-age depth variations as a function of latitude. North of 23° S, depths are com-
piled from continuous SeaBeam swath bathymetry data (Macdonald et al. 1988; Lonsdale 1989;
Scheirer et al. 1993). South of 23° S, published bathymetry data are incomplete, and axial depths
are derived form discrete Sea Beam crossings of the ridge axis (Naar & Hey 1986; Francheteau
et al. 1987). Small arrow heads indicate discontinuities with 3-8 km offset. Axial depths near
discontinuities are not systematically displayed; they typically increase by a 100-300 m at large
OSCs, and vary by 100-1500 m at intratransform spreading centres (Lonsdale 1989; Fox & Gallo
1989).

that the narrow axial summit (0.2-4 km wide) is the locus of the most recent vol-
canism (Macdonald et al. 1982; Francheteau & Ballard 1983; Renard et al. 1985;
Morton & Ballard 1986; Bicknell et al. 1987; Holler et al. 1990; Macdonald et al.
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1988b; Urabe et al. 1995; Auzende et al. 1996). A zone of crustal accretion at most
1-2 km wide is also indicated by the narrowness of the axial magma chamber (less
than 1km) detected by seismic methods (Kent et al. 1994), the sharpness of the
magnetic reversal boundaries on the rise flanks (Sempéré et al. 1987), and the rapid
transition from extrusives to sheeted dikes in the upper crust (Hooft et al. 1996).
This uniformity and orderliness of the axial morphology at the ultrafast EPR is
similar to that of other sections of the EPR spreading at slightly slower rates (80—
125 mm yr~'), along the Pacific-Cocos plate boundary to the north (Macdonald et
al. 1984; Macdonald et al. 1992) and along 2400 km of the Pacific-Antarctic plate
boundary to the south (Lonsdale 1994). It contrasts with the dramatic variations
in morphology of the rift valley along slow spreading ridges. At the Mid-Atlantic
Ridge, seismic, gravity and geological studies reveal that the systematic 500-2000 m
deepening of the rift valley toward the extremities of ridge segments correlates with
the accretion of a progressively thinner crust (White et al. 1984; Lin et al. 1990;
Tolstoy et al. 1993; Detrick et al. 1995; Cannat et al. 1995). These crustal thickness
variations reach a few kilometres in amplitude, and are thought to reflect the three-
dimensional geometry of mantle and magma circulation that feed slowly spreading
ridge segments. In comparison, the subdued morphological variations along the fast
spreading EPR suggest that magma supply is relatively steady-state and uniform.
Nonetheless, although subdued, these morphological variations correlate with the
tectonic segmentation of the EPR. This systematic correlation has been used to argue
that, on the contrary, mantle upwelling is focused at intervals along the ridge, and
that melt is subsequently transported along-strike within the crust or upper mantle.
This paper reviews the arguments for and against uniform accretionary processes at
the EPR. In particular, the detailed kinematic evolution of the southern EPR reveals
that axial segmentation is unstable at time scales as small as 0.1 Ma, and that ridge
segment propagation across ridge offsets of any size is frequent. This suggest that
along-strike magma transport of material can be efficient at rates at least as high as

propagation rates, up to ca. 1000 mm yr—!.

2. The present plate boundary

At intermediate and fast spreading centres, 2-30 km ridge offsets are accommo-
dated by overlapping spreading centres (OSCs) rather than by the classic ridge-
transform-ridge geometry (Macdonald et al. 1988a). Along the ultrafast EPR, OSCs
are irregularly spaced at intervals of 25-300 km (Macdonald et al. 1988; Lonsdale
1989; Sinton et al. 1991; Scheirer et al. 1996a). They generally have offset smaller
than 8 km, and their presence does not significantly affect the regional linearity of
the plate boundary (figure 1). North of the Easter microplate, only three OSCs have
offsets larger than 10 km: the 2° 45’ S OSC (27 km offset), the 5° 30’ S OSC (15 km
offset), and the 20° 40’ S OSC (15-20 km offset) (Rea 1981; Lonsdale 1983; Macdon-
ald et al. 1988b). Offsets larger than 30 km are clustered along two sections of the
EPR. From 3° 50’ S to 13°S, six right-stepping transform faults gradually offset the
EPR by about 750 km (Searle 1983; Fox & Gallo 1989; Lonsdale 1989). These are
the only transform faults along the ultrafast EPR. Each one is a ‘multiple’ transform
fault, consisting of a few parallel transform strands linked by short (less than 15 km)
intratransform spreading centres. South of 23° S, where full spreading rates peak at
147-152 mm yr—!, the plate boundary displays a more complex geometry. It is strad-
dled by two microplates a few hundred kilometres across, the Easter microplate and
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the Juan Fernandez microplate (Searle et al. 1989; Larson et al. 1992). Between these
two microplates, the EPR is offset by a 120 km wide OSC, the largest non-transform
offset mapped along the mid-ocean ridge system (Hey et al. 1995). Each of these
three features imparts a left-stepping jog to the ridge axis, and together they cor-
respond to a cumulative offset of ca. 350 km. From 23-35° S, the full spreading rate
is accommodated at one simple ridge segment only along the 30-32° S section. Out-
side of this latitudinal range, crustal accretion is partitioned between two spreading
centres, either between the east and west ridges of the Easter and Juan Fernandez
microplates, or between the overlapping ridges of the large 29°S OSC.

3. Kinematic evolution of the southern EPR since 7 Ma

Recent swath surveys of the southern EPR which extend off-axis on to seafloor
at least 1 my old reveal that although the axis of accretion is narrowly defined ev-
erywhere, it can rapidly shift location. On a time scale of a few hundred thousand
years, some ridge segments propagated hundreds of kilometres, while entire sections
of ridge became abandoned. These propagation events initiated at discontinuities
ranging from OSCs only a few kilometres wide to transforms with a few hundred
kilometre offsets. This section and table 1 summarize those events that have been
recognized, following the ultrafast EPR from south to north.

Magnetic and swath sonar data indicate that both the Juan Fernandez and Easter
microplates evolved from propagating ridges at offsets of the EPR. The ridges which
bound these two microplates to the east propagated northward, and progressively
overlapped a few hundred km of the EPR (Francheteau et al. 1987; Searle et al. 1989;
Naar & Hey 1991; Larson et al. 1992; Rusby & Searle 1995). Recent, extensive side
scan surveys indicate that both east ridges originated at about 6 Ma from within
transform faults rather than at OSCs (figure 3d; Bird & Naar 1994). The east ridge
of the Juan Fernandez microplate propagated from within the Chile transform, and
the east ridge of the Easter microplate propagated from within the now abandoned
SOEST fracture zone, the fossil trace of which is located about 60 km south of Easter
Island (Hey et al. 1995). Crust initially formed at both east ridges is truncated by
these fracture zones, indicating that propagation did not originate at a classic ridge-
transform intersection. Rather, intratransform spreading centres must have served
as the focal points for these propagation events (Bird & Naar 1994).

The large left-stepping 29° S OSC located between these two microplates has been
migrating southward at ca. 120 mm yr=! (figure 3¢c; Hey et al. 1995). In the course of
this migration, the overlap region is regularly rafted onto the Nazca plate; therefore,
despite its large width (120 km), the overlap region does not define a rigidly rotating
microplate. A detailed kinematic analysis shows that propagation originated at the
SOEST transform fault (Korenaga & Hey 1996). The SOEST offset evolved from
a classic transform fault to an OSC configuration at ca. 1.95 Ma, and initiated its
rapid southward migration at ca. 1.5 Ma (figure 3¢). The propagating ridge segment
is roughly aligned with the east rift of the Easter microplate, which propagates in
the opposite direction. Both propagation events are directed away from the Easter
hot spot.

The right-stepping OSC at 20° 40’S is a ‘duelling propagator’, the overlapping
ridge tips of which have alternatively propagated and retreated over distances greater
than 50 km (Macdonald et al. 1988b; Perram et al. 1993). The net migration rate
since 2 Ma is only ca. 20 mm yr—!, southward. Based on sparser magnetic coverage
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Table 1. Summary of off-axis swath sonar surveys and their kinematic interpretations

geometry of

swath sonar data

latitudes plate boundary collected off-axis kinematic interpretation references
1°10'N-3°S Galapagos Some GLORIA and Microplate initiated at Searle & Francheteau (1986)
Galapagos triple microplate SeaBeam coverage ca. 1 Ma Lonsdale (1988)
junction
3-5°S Right-stepping GLORIA side-scan ca. 1 Ma old Nazca seafloor Searle (1983, 1984)

Quebrada, Discovery
and Gofar transform
faults

7-9°30'S
Wilkes transform
fault and ‘nanoplate’

15°30-19° S
MELT experiment
area

multiple transform
faults

Right-stepping
multiple transform
fault and nanoplate

Staircases of
left-stepping OSCs

coverage, out to 1-2 Ma

Hydrosweep out to
ca. 1.6 Ma

SeaMARC II, HMR-1
and Sea Beam 2000, out
to 6 Ma

appears rotated, which is
suggestive of large scale
propagation event: present
transforms’ geometry is less
than 2 Ma old

Propagation of northern
segment into transform
domain since 3 Ma, and
formation of nanoplate

Several propagation events
at rates greater than

1000 mm yr~'. Propagating
segments often initiated
within OSCs, bisecting
them into smaller OSCs

Lonsdale (1989)

Cochran et al. (1993)
Gof et al. (1993)

Cormier & Macdonald (1994)
Cormier et al. (1996)
Scheirer et al. (1996a)
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Table 1. Cont.

latitudes

geometry of
plate boundary

swath sonar data
collected off-axis

kinematic interpretation

references

20-21°S
dueling propagator

23-27° S
Easter microplate

27-32°S

31-35°S

Juan Fernandez
microplate

Right-stepping
20°40'S OSC
(15-20 km offset)

Microplate
ca. 450 km across

Left-stepping 29° S
OSC (120 km offset)

Microplate
ca. 350 km across, at
triple junction

SeaBeam and
SeaMARC II, out to
2 Ma

GLORIA coverage of
entire microplate; some
Sea Beam and
SeaMARC II coverage

GLORI-B and SeaBeam
2000 out to 2.5 Ma

GLORIA coverage of
entire microplate; some
SeaBeam and
Hydrosweep coverage

OSC alternatively migrates
northward and southward,
with an overall 20 mm yr~
southward migration rate

1

Northward propagation of
east rift initiated at

ca. 6 Ma within SOEST
transform

Ridge axis propagated south
across SOEST transform at 1.9
Ma, and formed large OSC.
Since then, OSC has net
southward migration rate of
120 mm yr—*

Northward propagation of
east rift initiated at

ca. 6 Ma within Chile
transform

Macdonald et al. (1988b)
Perram et al. (1993)

Francheteau et al. (1988)
Naar & Hey (1991)
Searle (1989)

Rusby & Searle (1995)

Klaus et al. (1991)
Hey et al. (1995)
Korenaga & Hey (1996)

Francheteau et al. (1987)
Larson et al. (1992)
Bird & Naar (1994)
Bird et al. (1996)
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Figure 3. Schematic time frames illustrating the recent kinematic evolution of several sections
of the ultrafast EPR. Thick lines indicate actively spreading EPR, and dash lines abandoned
ridges or fracture zone traces. Approximate scale bars are indicated for each area. (a) Evolution
of Wilkes transform domain, after Goff et al. (1993). (b) Evolution of EPR at 16-19° S, after
Cormier et al. (1996). (¢) Evolution of 29°S propagator, after Hey et al. (1995). (d) and (e)
Origin of Easter and Juan Fernandez microplates, after Bird & Naar (1994).

beyond seafloor 2 Ma old, this slow overall migration rate appears to have been
sustained since at least 6 Ma (D. S. Wilson, personal communication).

Although only small offset (less than 8 km) left-stepping OSCs presently dot the
EPR between 15 and 19° S, combined analysis of side-scan and magnetic data shows
that up to 1 Ma this section of the ridge was marked instead by a few left-stepping
OSCs with 15-20 km offsets (figure 3b; Cormier & Macdonald 1994; Cormier et al.
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1996). These OSCs were bisected into smaller OSCs by new spreading segments
forming within their overlap basins. The smaller OSCs proceeded to migrate rapidly
(greater than 500 mm yr—!) and were further bisected by newly spawned ridge seg-
ments until the present staircase of small, left-stepping OSCs was achieved.

The Wilkes transform geometry has been continuously evolving since at least 3 Ma,
as revealed by a large scale Hydrosweep survey (figure 3a; Goff et al. 1993). Stepwise
southward propagation of the EPR into the Wilkes transform domain initiated at
ca. 3 Ma, as indicated by the successive abandonment of two transform strands.
Secondary rifting west of the EPR has formed a ‘nanoplate’ about 50-60 km across
which is rotating counterclockwise and may eventually evolve into a microplate.

GLORIA side scan images collected between 3 and 5° S over the Quebrada, Gofar
and Discovery transforms system show that the seafloor fabric of ca. 1 Ma old Nazca
crust is rotated counterclockwise with respect to the ambient orientation (Searle
1983). Accordingly, poorly resolved magnetic lineations suggest that the spreading
system north of Yaquina Transform had an overall strike highly oblique to Pacific—
Nazca relative motion as recently as 0.7 Ma (Lonsdale 1983). Hence, the EPR be-
tween 3 and 7° S probably reached its present configuration since 1 Ma.

The origin of all six transform faults between 3 and 13°S may be related to
the creation and abandonment of Bauer paleo-microplate (Lonsdale 1989). Large
scale northward propagation of the EPR beyond the right-stepping Bauer transform
between 10 and 7 Ma created the Bauer microplate. Spreading ceased on the east
ridge of the microplate at about 6-5 Ma, and a staircase of new transforms developed
on the remaining west ridge as the relative motion rotated counterclockwise from
Pacific-Bauer to Pacific-Nazca (Lonsdale 1989). Although not imaged with swath
sonar system, the boundaries of the Bauer paleo-microplate on the Nazca plate are
plainly visible on recent maps of free-air anomaly derived from satellite altimetry
data (Sandwell et al. 1994). These boundaries delimit an area about 1100 km across,
three to four times wider than Easter or Juan Fernandez microplates.

Hence, based on detailed kinematic evolution of some of its sections, the ultrafast
EPR appears to be unstable at time scale of 1 Ma or less. Rapid ridge propaga-
tion is common, and occurs at axial discontinuities with offsets ranging anywhere
from a few kilometres to a few hundred kilometres. In several instances, propagation
apparently initiated at short spreading segments located within axial discontinu-
ities. Averaged over several 100 000 yr, propagation rates range from 10-20 mm yr—!
(near-stationary) to greater than 500 mm yr~—! (ultra rapid).

4. Instability of the tectonic segmentation

Although large scale propagation events are also recognized at slow and intermedi-
ate spreading centres (Phipps Morgan & Sandwell 1994; Gente et al. 1995; Auzende
et al. 1995), the stability of first order segmentation apparently decreases with in-
creasing spreading rates. This is indicated primarily by the fact that off-axis traces of
transform and non-transform discontinuities at slow spreading rates remain subpar-
allel to the spreading direction for many million years, and give the seafloor a distinct
‘crenulated’ texture (Phipps Morgan & Parmentier 1995). Ridge propagation along
the Mid-Atlantic Ridge has not succeeded in disrupting the overall plate boundary
geometry inherited from the initial continental break-up, even though the spreading
direction has at times rotated by ca. 30° (Tucholke & Schouten 1989). In contrast,
the paucity of transform faults along the ultrafast EPR may reflect the tendency
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for ridge segments to episodically propagate across transform domains (Naar & Hey
1989a). In this way, transform faults, or sections of transform fault defined by in-
tratransform spreading centres, may evolve into large OSCs (see, for example, the
Yaquina transform fault), nanoplates (see, for example, the Wilkes transform fault),
or microplates (see, for example, the SOEST and Chile transform faults).

Ridge propagation at faster spreading rates is favoured by the rheology of the
lithosphere. For equivalent spatial offsets of the ridge axis, the lithosphere abutting
the ridge tips is about an order of magnitude younger (thinner) at the EPR than at
the MAR. A thinner lithosphere will decrease the viscous resistant forces to propa-
gation and thus promote propagation of a ridge tip (Phipps Morgan & Parmentier
1995). However, no general model has yet emerged which can consistently predict
the direction of propagation. Each proposed model can account for some regional
propagation patterns, but fails to satisfactorily predict other propagation patterns,
suggesting that a diversity of factors must govern propagation, or that the principal
control on propagation has yet to be understood.

Changes in spreading direction are often associated with large scale propagation
events (Wilson et al. 1984; Atwater et al. 1989). A proposed clockwise change in
the Pacific-Nazca relative motion of a few to several degrees in the past several my
could explain why all the right-stepping transforms are multiple, ‘leaky’ transforms
(Searle 1983), could account for the existence of a staircase of small left-stepping
OSCs between the Garrett transform fault and 20° 40’ S (Lonsdale 1989), and could
have initiated the growth of the Easter and Juan Fernandez microplates through the
propagation of intratransform spreading centres (Bird & Naar 1994). Indeed, vari-
ations in the orientation of fault scarps and abyssal hills with seafloor age indicate
that the spreading direction along the southern EPR has rotated clockwise by a few
to several degrees since 5-6 Ma (Goff et al. 1993; Cormier et al. 1996). However,
although ridge propagation represents an effective mechanism for adjusting the ori-
entation of the ridge axis to a new spreading-normal direction (Wilson et al. 1984),
the direction of propagation cannot be predicted from the change in spreading direc-
tion. The associated change in the far field stress is expected to affect two offset ridge
segments equally rather than favouring one of them (Phipps Morgan & Parmentier
1985).

Hey et al. (1980), Phipps Morgan & Parmentier (1985) and Phipps Morgan &
Sandwell (1994) suggest that ridge propagation is driven by the excess relief of a ridge
segment, such that the most prominent segment will prevail over the adjacent ones.
This model applies well to the pattern of propagation at 16-19° S, where all OSCs are
migrating away from the shallow magmatically robust 17-18° S area, and to the east
rift of the Easter microplate and the 29°S OSC, which are both propagating away
from the shallow region surrounding the Easter hot spot. However, this mechanism
cannot explain why new propagating segments sometime initiate within or close to
OSCs (Cormier et al. 1996) and transform faults (Bird & Naar 1994), where the
ridge axis was presumably deeper.

Based on fracture mechanics theory, Macdonald et al. (1991) propose that the
relative lengths of the segments on either side of an OSC may govern its migration
direction, so that the longer ridge segment will lengthen at the expense of the shorter
one. Although this suggestion applies relatively well to several first- and second-order
segments of the EPR, it, again, cannot explain the spawning of propagating segments
from within OSCs or transform faults.

Lonsdale (1994) suggests that the migration direction of an OSC is governed by
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its offset direction (left- or right-stepping) and the migration direction of the ridge
axis relative to the asthenosphere. According to this model, an OSC will migrate in
a direction which transfers the lithosphere from the ‘leading flank’ to the ‘trailing
flank’ of a laterally migrating spreading centre. Over time, this would lead to system-
atic spreading asymmetry of the ridge axis. Indeed, the southern EPR is generally
spreading faster to the east, while it is slowly migrating westward (Gripp & Gor-
don 1990). The above model predicts that left-stepping OSCs should migrate south,
and right-stepping should migrate north. This prediction is not supported by the
slow southward migration of the right-stepping 20° 40’ S OSC since 2 Ma (Macdon-
ald et al. 1988b; Perram et al. 1993), the northward propagations of the east rifts of
the Easter and Juan Fernandez microplates (Bird & Naar 1994), or the northward
propagation of the left-stepping 16° 55’ S OSC (Cormier et al. 1996).

Ridge propagation may also be triggered and sustained by local increase in the
melt supplied to the EPR. Between 16 and 19°S, propagation events since 1 Ma
have been directed away from 17-17° 30’ S, where the ridge presently is in a robust
magmatic stage (Cormier et al. 1996). Prior to 1 Ma, a large offset (15-20 km) OSC
was located at that latitude, and was, in all likelihood, associated with a relatively
starved magmatic supply. Waxing and waning of the melt supply may be cyclical
and related to the dynamics of mantle upwelling, as has been suggested for the MAR
(Tucholke & Lin 1994; Jha et al. 1995; Gente et al. 1995). Alternatively, the westward
migrating EPR may be approaching a mantle thermal anomaly or an ‘easily melted’
mantle heterogeneity located beneath the Pacific plate, which would be recently
diverted toward the ridge axis near 16-19° S. There are several lines of evidence for
the presence of such a mantle anomaly. Between Garrett transform fault and Easter
microplate, the Pacific plate has an anomalously low subsidence rate, consistent
with the presence of a hot thermal anomaly in the mantle beneath it (Rea 1978),
or with a lateral temperature gradient in the mantle with temperatures increasing
to the west (Cochran 1986). A lateral temperature variation in the mantle could
also explain the westward decrease in residual gravity anomalies (Cormier et al.
1995; Magde et al. 1995). Seamounts are anomalously numerous on the Pacific plate
within that region, which may indicate the presence of off-axis mantle heterogeneities
(Shen et al. 1993, 1995; Scheirer et al. 1996). Finally, based on isotopic and trace
element characteristics of zero-age basalts, Mahoney et al. (1994) have suggested that
a discrete mantle heterogeneity may be entering into the axial melt zone between 16
and 19° S, although from which direction is uncertain.

5. Structure and rheology of the axial region

Seismic studies along several sections of the EPR have documented the existence
of a seismic low velocity zone (LVZ) beneath the ridge crest, which extends from
1-2 km below the seafloor down to the base of the crust and is a few to several
kilometres wide (Detrick et al. 1993; Harding et al. 1989; Vera et al. 1990; Toomey
et al. 1990; Caress et al. 1992; Mutter et al. 1995). At 9° 30’ N, the largest velocity
anomaly is confined to a zone less than 2 km wide and less than 1.5 km thick in
the mid crust (Toomey et al. 1990). The overall small velocity anomaly (less than
1 km s™!) associated with the LVZ precludes the existence of a large melt fraction,
and the LVZ is generally interpreted as a mostly solidified plutonic section (Toomey
et al. 1990; Vera et al. 1990; Harding et al. 1989). In about 60% of the surveyed
sections of the EPR, a seismic reflector is tied to the top of the LVZ which can be
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traced nearly continuously for several tens of kilometres along the ridge axis (Detrick
et al. 1993). The characteristics of this reflector are consistent with those expected
from an interface between magma and overlying crustal rocks. Further analysis of
this reflector constrains the axial magma chamber (AMC) to be a narrow sill-like
body probably less than a few hundred metres thick (Kent et al. 1990). Between the
Garrett transform fault and 20° S, its width is only 400-1050 m and it is as shallow
as 0.7-1.5 km below seafloor (Detrick et al. 1993; Kent et al. 1994; Mutter et al. 1995;
Tolstoy et al. 1996).

Diverse magma types reflecting distinct mantle source compositions are often sam-
pled at close intervals along the EPR, which constrains chemically coherent magma
bodies in the crust to be a few kilometres long only, sometimes less (Langmuir et
al. 1986; Sinton et al. 1991). This length scale is significantly shorter than the dis-
tance over which a continuous AMC reflector is observed, and probably indicates
that along-strike mixing of melts is inhibited by the small thickness of the reservoir
(Macdonald et al. 1988a; Sinton & Detrick 1992). Furthermore, based on detailed
analysis of the seismic data, Hussenoeder et al. (1996) argue that this melt lens is
actually partly crystallized, and that in some cases it may contain as much as 60%
crystal. High crystal content would also inhibit along-strike mixing within the magma
reservoir.

A few models have been proposed for the thermal structure of the EPR which takes
into account the seismic results (Wilson et al. 1988; Phipps Morgan & Chen 1993;
Henstock et al. 1993). Although they differ slightly in their details, all three models
predict that the crustal volume which underlies the AMC down to the base of the
crust is at temperatures close to that of the melt lens, ca. 1100-1200 °C. The rheology
of gabbros at these high temperatures is not well constrained. The melt fraction is
generally inferred to increase up section, but the estimated range varies from 5-10%
(Nicolas 1993), to 0-100% (Sinton & Detrick 1992). The rigidus is the temperature
below which the magma is a crystal bounded aggregate which behaves rheologically
like a solid. Marsh (1989) proposed that the rigidus for MORBSs corresponds to 50—
60% crystal fraction, implying that the volume underlying the melt lens will behave
mostly rigidly. Nicolas et al. (1993) suggest on the contrary that the gabbroic crystal
mush (90% crystal volume) is close to its rigidus temperature and could dynamically
convect. This inference is based on the foliation patterns in ophiolitic gabbros and
on laboratory experiment.

It is largely assumed that crustal thicknesses vary little along the EPR, averaging
6—7 km (White et al. 1992; Chen 1992). Yet, actual direct crustal thickness measure-
ments are rare. Admittedly, seismic refraction experiments in the eastern Pacific have
only occasionally detected P, arrivals from the moho. Crustal thicknesses are usually
inferred (rather than constrained) from vertical two-way travel times to the moho
and from the pattern of precritical mantle reflection arrivals (Harding et al. 1989;
Vera et al. 1989). However, rather than marking a petrologic boundary between crust
and mantle, the seismic reflection moho may indicate the top of the crust—mantle
transition zone; that is, a boundary between the purely mafic portion of the crust
and the region with ultramafic presence (Collins et al. 1986; Barth & Mutter 1996).
Vertical two-way travel times to the moho are quite variable along portions of the
northern EPR, and short-wavelength crustal thickness variations of up to ca. 2.6 km
has been recently proposed to exist near 9 and 13°N (Barth & Mutter 1996). If the
seismic moho marked the top of the crust-mantle transition zone rather than the
base of the magmatic crust, these short wavelength variations could also reflect the
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variable thickness of the transition zone rather than the total thickness of crust plus
transition zone.

6. Ridge segmentation and variability of axial characteristics

Ridge segments probably represent the primary units of crustal accretion, and
their spacing, morphology and migration along axis provide clues to the architecture
of magmatic plumbing that feed the ridge axis. The best surveyed section of the
southern EPR stretches from the Garrett transform fault to the Easter microplate,
and the following focuses mostly on the variability of the geological and geophysical
parameters along that section of the ridge and compares it to its axial segmentation
(figure 4).

Zero-age depth variations at wavelengths of a few to several hundred km most
likely reflect regional anomalies in the temperature and composition of the mantle
(LeDouaran & Francheteau 1980; Klein & Langmuir 1987). Temperature variations
in the mantle may account for the greater depths (2800-3000 m) of the equatorial
EPR (Bonatti et al. 1995) and the shallower depths (2000-2600 m) south of 26° S
near the Easter hotspot (Schilling et al. 1985) (figure 2). Superimposed over these
regional variations, smaller fluctuations in zero-age depths generally correlate to the
tectonic segmentation of the ridge axis (Macdonald & Fox 1988; Macdonald et al.
1988a). Axial depths tend to plunge by a few to several hundred metres toward OSCs
and transform faults, and the magnitude of this deepening increases with the width
of the offset (Macdonald et al. 1991). However, other factors than proximity to ridge
offsets must also control the short wavelength fluctuations in zero-age depths along
the superfast EPR. Depth variations may be greater from one segment to the next
than along any individual segment. In particular, intratransform spreading centres
often stands a few to several hundred metres deeper or shallower that the neighbour-
ing ridge segments (Lonsdale 1989). Some segments also maintain a constant depth
(20 m) almost right up to their extremities. The series of ridge segments between
Garrett transform and 18°S have a nearly flat summit, at ca. 2630 m. Seemingly
minor discontinuities can also represent significant boundaries in axial depth charac-
teristics. Hence, the small 8° 38’ S OSC (ca. 1.2 km offset) marks a boundary between
a 150 km long northern segment which has a constant axial depth (ca. 2725 m) and a
southern segment that steadily deepens by a few hundred metres toward the Wilkes
transform (Cochran et al. 1993).

The axial segmentation of the EPR is in fact better correlated to the width of the
axial high than to the axial depth. For most segments, the axial high narrows signifi-
cantly toward segment ends, as indicated by the pinching of bathymetry contours. In
particular, even though the zero-age depth is nearly constant between 7° 12'-8° 38’ S
or 14-18° S, depths measured just 2 km from the ridge axis (along the 0.02-0.03 Ma
isochrons) increase by a few 100 m toward segment ends (Cochran et al. 1993; Scheirer
& Macdonald 1993). This decoupling between the on-axis depth variations and the
near-axis depth variations suggest that they are responding to somewhat different
processes.

The measure of the cross-sectional area of the ridge axis integrates both axial
depth and axial width information, and has proven to be a sensitive indicator of
magma supply along the EPR, as confirmed from several other parameters (Scheirer
& Macdonald 1993). However, large cross-sectional areas do not correlate with thicker
accumulation of extrusives. Although data are few, along- and across-axis seismic
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Figure 4. Along-axis variations of several parameters between Garrett transform and Easter
microplate. From bottom to top, parameters are zero-age depths (Scheirer & Macdonald 1993),
mantle Bouguer gravity anomalies (Cormier et al. 1995; Magde et al. 1995), subseafloor two-way
travel times to the axial magma chamber seismic reflector (Detrick et al. 1993), cross-sectional
area of the ridge axis (Scheirer & Macdonald 1993), light attenuation anomalies caused by
suspended hydrothermal precipitates (Baker 1996), and MgO number for normal basalts (Sinton
et al. 1991). Vertical lines mark the location of axial discontinuities with offset greater than 2 km.
Shaded intervals indicate data gaps.
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lines actually show a tendency for the extrusive layer to be thinner where the axial
high is most inflated (Mutter et al. 1995; Carbotte et al. 1996; Tolstoy et al. 1996).
This counter-intuitive relation can be explained if erupted lavas were more fluid (hot-
ter) where the ridge is more inflated and ponded several kilometres off-axis rather
than within the axial summit caldera (Hooft et al. 1996). The axial high seems to
inflate in response to the size of the subcrustal mass anomaly rather than shallow
crustal processes (Scheirer & Macdonald 1993; Wang & Cochran 1993): larger cross-
sectional areas would reflect the presence of a subcrustal column of partial melt
which is taller, wider or with a higher melt content. As a general rule, the cross-
sectional area decreases toward segment ends (figure 4). The 18° 35-19° 04’S and
the 19° 04'-20° 40’ S segments are notable exceptions to this rule. Both are shallow-
est and widest at their northern ends and plunge toward their southern ends. The
former segment has initiated within the 18° 35S OSC less than 40000 yr ago and
has since propagated southward at rates exceeding 1000 mm yr—! (Cormier & Mac-
donald 1994); Conversely, the latter segment is retreating at the same rate from its
northern end, and terminates into the large 20° 40’ S OSC at its southern end. This
recent, transient behaviour of the two segments probably accounts for their unusual
characteristics.

Based on isotopic data and minor element ratios of basaltic glasses, Sinton et
al. (1991) and Mahoney et al. (1994) propose that the three sections of the ridge
bounded by the Garrett transform, the 16°S OSC, the 20° 40’ S OSC and the north-
ern boundary of the Easter microplate have distinct mantle source compositions.
This primary magmatic segmentation happens to correspond to the long-wavelength
variations in cross-sectional area (figure 4). Higher MgO content of basaltic glasses,
which is thought to reflect higher temperatures of erupted basalts, also correlates well
with the long-wavelength variations in cross-sectional area (Scheirer & Macdonald
1993). A similar relationship between mean MgO content and axial width was noted
earlier for the northern EPR (Langmuir et al. 1986). Isotopic variations between 16—
20° 40’ S define a broad peak which may reflect the recent entry of a mantle plume or
mantle heterogeneity beneath the ridge at 17-17° 30’ S (Mahoney et al. 1994; Bach
et al. 1994). Accordingly, ridge segments have propagated away from 17-17° 30’ S
since 1 Ma, and 16° 30'-20° 40’ S corresponds to the outer limit of this propagation
pattern (Cormier et al. 1996). While there exists a good correlation between first-
order tectonic and magmatic segmentations, the existence of such a correlation for
the finer scale segmentation is open to discussion. Based on glass compositional vari-
ations, Sinton et al. (1991) propose that OSCs and some other minor discontinuities
define segments with distinct parental magma composition. In contrast, Bach et al.
(1994) argue that melting conditions are basically uniform between 13 and 18°S.

Hydrothermal vents have been detected in most submersible dives (Renard et al.
1984; Auzende et al. 1996), towed camera surveys (Bécker et al. 1985; Morton &
Ballard 1986; Macdonald et al. 1988b; Sinton et al. 1991) and hydrographic tow-
yos (Urabe et al. 1995; Baker & Urabe 1996) carried out along the southern EPR,
attesting to the high level of hydrothermal activity at ultrafast spreading rates.
Hydrothermal plume incidence is generally higher along portions of the ridge crest
with inflated cross-sectional areas (figure 4), suggesting that hydrothermal circulation
is more vigorous where the volume of interstitial melt in the mantle is high (Baker
& Urabe 1996).

The two-way travel time to the AMC reflector is highly variable (figure 4). Near
OSCs, the increasing two-way travel time to the AMC is probably an artifact of a
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wandering ship track and of the high lateral velocity variations in the shallow crust
near axis (Harding et al. 1993; Kent et al. 1993). Nonetheless, where additional con-
trol is provided by cross-axis profiles or away from OSCs, the depth to the AMC
varies along-axis by up to 0.6-0.8 km (assuming an average velocity for the upper
crust of 4.5-5km s™!), an order of magnitude more than the corresponding seafloor
depths. A strong AMC reflector is systematically detected along sections of the ridge
with large cross-sectional areas (Scheirer & Macdonald 1993). Between Garrett trans-
form and 16° S, the depth to the AMC correlates well with the cross-sectional area
of the ridge. However, this simple relationship does not really apply elsewhere. For
instance, a shallow AMC reflector is present between 19 and 20° S, where the ridge
crest is relatively deep and narrow (figure 4).

The mantle Bouguer anomaly (MBA), which is the gravity anomaly corrected for
the effect of bathymetry, of a constant crustal thickness and density, is inversely
correlated to the axial volume (Scheirer & Macdonald 1993, and figure 4). Lower
values of the MBA are indicative of a relative mass deficiency, and are generally
interpreted to reflect the presence of a thicker crustal section, or excess heat and melt
in the subaxial crust and mantle. MBA values increase toward the Wilkes transform
fault, the Garrett transform fault, and the large 20° 40’'S OSC (Wang & Cochran
1993; Magde et al. 1995; Cormier et al. 1995), suggesting that the magma supply
is relatively starved in their vicinity. Small OSCs are generally not associated with
any detectable MBA anomalies. Overall, the amplitude of the MBA variations is
significantly smaller along the EPR (10-20 mgal) than those present along the slow
spreading Mid-Atlantic Ridge (20-80 mgal) (Lin & Phipps Morgan 1992).

The fluctuations of the above parameters are good indicators of the magmatic bud-
get of the EPR (Langmuir et al. 1986; Macdonald & Fox 1988; Scheirer & Macdonald
1993; Baker 1996). Shallow axial depths, large cross-sectional areas, high hydrother-
mal plume incidence, strong AMC reflectors, high MgO content of the glass and
low residual gravity anomalies all correspond to a robust magmatic budget, such as
occurs between 16° 30" and 19° S. The opposite trends, such as are present between
19° 30" and 21° 30’ S, are indicators of a starved magmatic budget. Present mag-
matic regimes of the EPR seem to be long-lived, as revealed by the constancy of
several parameters along flow lines for up to a few million years. Narrow axial highs
are systematically flanked by blocky lineated abyssal hills, and broad axial highs by
smoother abyssal hill terrain (Cochran et al. 1993; Goff et al. 1993; Cormier et al.
1994). Smoother seafloors are thought to result from the combined effects of blan-
keting by voluminous lava flows issued from the ridge axis (Macdonald et al. 1996)
and lower fault throws developing in areas where the crust is hotter, leading to a
thinner brittle layer (Goff et al. 1993; Carbotte & Macdonald 1994). Careful rock
sampling across the northern EPR indicates that where the ridge is magmatically
robust, the temperatures of eruption remained nearly constant since 0.8 Ma, and
that where the ridge is magmatically starved, the temperature of erupted magma
changes significantly with time (Batiza et al. 1996). This is interpreted to indicate
that magmatically robust ridges have steady state magma chambers, whereas mag-
matically starved ridges have smaller, transient magma chambers. Finally, the broad,
high residual gravity anomalies associated with the slowly migrating 20° 40’ S OSC
persist off-axis for at least 2 my, indicating that a starved regime has persisted at this
OSC during that entire time interval (Cormier et al. 1995). Ridge propagation events
are expected to disrupt flow-line trends, and their associated oblique discordant zones
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on the ridge flank may sometimes correspond to boundaries between seafloors with
opposing characteristics.

7. Accretionary processes along the ultrafast EPR: two or three
dimensional?

Two extreme models of mantle upwelling pattern could explain the relatively
uniform characteristics of the EPR (Lin & Phipps Morgan 1992; Bell & Buck
1992). Mantle could be upwelling somewhat evenly beneath the ridge axis, in a
two-dimensional or ‘sheet-like’ pattern. Alternatively, mantle could be upwelling at
discrete intervals along the ridge axis and the magma being transported efficiently
along-axis within the crust and upper mantle, forming a three-dimensional or ‘plume-
like’ pattern. Mantle upwelling could also assume any pattern intermediate to these
two or three-dimensional models. Which style of mantle upwelling actually feeds fast
spreading ridges is still debatable, the following sections review the arguments for
and against each model.

(a) Arguments in favour of uniform accretion

The concept of two-dimensional accretion at the fast spreading EPR initiated
from comparing the variations of its axial characteristics (figure 4) to those of the
slow-spreading Mid-Atlantic Ridge (Lin & Phipps Morgan 1992). Although many
of the characteristics of the MAR display the same trends as those of the EPR
with respect to tectonic segmentation, their variations are not only more systematic,
they also have much larger magnitudes. Along the MAR, the ridge axis deepens
by 700-1700 m and the residual gravity anomalies increase by 20-80 mGal toward
transform faults, while the crustal thickness is often a few kilometres thinner beneath
the transforms faults (White et al. 1984; Lin et al. 1992; Detrick et al. 1995). The
strong correlation between axial characteristics and axial segmentation of the MAR
is commonly thought to reflect the three-dimensional geometry of mantle and magma
circulation beneath the ridge. Magma supply is inferred to be focused beneath the
shallower part of the ridge axis near mid-segment, and transform faults to mark the
distal extremities of the magmatic segments. This model predicts that the magmatic
budget will change from robust near mid-segment to relatively starved near ridge-
transform intersection, consistent with the observations along the MAR (White et
al. 1984; Cannat et al. 1995). By contrast, the smoothly varying EPR characteristics
suggest that magma supply is more homogenous.

Satellite altimetry data reveal that the seafloor created at the EPR singularly
lacks the ‘crenulated’ appearance of the seafloor created at slower spreading ridges
(Phipps Morgan & Parmentier 1995). ‘Crenulations’ are regularly spaced gravity lin-
eations in the spreading direction, which reflect the stationary segmentation of the
ridge axis over long periods of time. The absence of crenulations along the EPR could
result from an essentially two-dimensional mantle flow structure (Phipps Morgan &
Parmentier 1995). Accordingly, numerical experiments indicate that with increas-
ing spreading rates, passive upwelling will eventually prevail over buoyant upwelling
(Parmentier & Phipps Morgan 1990; Lin & Phipps Morgan 1992; Sparks & Parmen-
tier 1993; Jha et al. 1994; Kincaid et al. 1996). Passive upwelling is that induced
by the separation of the plates, and is predicted to be mostly uniform along a ridge
segment (Phipps Morgan & Forsyth 1988). Buoyant active upwelling initiates as
along-axis instabilities in the mantle, and is enhanced by the lowered densities of
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the thermally expanded, depleted mantle and of the retained melt within the mantle
matrix. Whether buoyant upwelling is a cause or a consequence of the segmentation
still remains to be determined.

The axial high stands 200-300 m higher than predicted by simple conductive cool-
ing of the lithosphere with age (Madsen et al. 1984; Wilson 1992). Detailed, two-
dimensional analysis of both gravity and bathymetric data indicate that the magma
chamber contributes negligibly to these anomalous bathymetry signals; on the other
hand, the gravity signal of the axial region is well accounted for by the thermal
structure of the crust and shallow mantle (Madsen et al. 1990; Wilson 1992; Wang
& Cochran 1993; Magde et al. 1995; Wang et al. 1996). These studies suggest that
the axial high is isostatically compensated by a low density body located below the
crust. By taking into account some realistic thermal models for the lithosphere and
asthenosphere, this compensating body is estimated to be narrower than 10 km and
taller than 20 km (Wilson 1992; Wang & Cochran 1993; Magde et al. 1995). If this
low density body represented a column of partial melt feeding the ridge axis, a melt
fraction of 1-3% would imply a column at least 30 km tall. Because an axial high
is a ubiquitous feature along the EPR, the above gravity studies imply that a tall
column of partial melt underlies the entire length of the ridge axis, consistent with
a two-dimensional model for mantle upwelling. Nonetheless, the width and height of
that column and its melt content would need to vary along-axis in accordance with
the varying depth and cross-sectional area of the axial high, and with its varying
MBA (Wang & Cochran 1993).

If all axial discontinuities represented the distal ends of a three-dimensional mag-
matic plumbing system, intuition would predict a decrease in extrusive thickness in
their vicinities. Yet, two-way travel times to the base of seismic layer 2A, interpreted
to correspond to the base of the extrusive layer, do not vary in any systematic way
near a ca. 1 km offset of the EPR at 14° 27'S (Kent et al. 1994). This suggests that
minor offsets of the ridge axis do not correspond to long-term reduction in magma
supply, and are probably ‘transparent’ features in terms of mantle upwelling. Ac-
cordingly, smaller offsets are generally not associated with any recognizable ‘scars’
on the rise flanks, implying that most of them are transient, surficial features of the
plate boundary (Macdonald et al. 1988a) or that they migrate too rapidly to gener-
ate easily detected discordant zones (Cormier & Macdonald 1994). Furthermore, the
small OSCs between 18° 15’ and 20° S are not associated with any significant resid-
ual MBA (figure 4), as would be expected if they were associated with a long-lived
segmentation in mantle upwelling (Cormier et al. 1995).

(b) Arguments in favour of large scale along-axis magma transport

The common occurrence of ridge propagation events along the southern EPR, as
summarized above, attests to one form of along-strike magma transport. Based on
detailed studies at propagator tips, spreading centres seem to lengthen initially by
tectonic rupture of the older lithosphere, extrusive volcanism following at a later stage
only (Kleinrock et al. 1989; Naar et al. 1991). This progression toward full seafloor
spreading suggests that, at least initially, magma is being transported along-strike
toward the propagator tip rather than being fed vertically from the mantle. Large
scale propagation events often occur with average sustained rates comparable to the
half spreading rates, or higher. For instance, the west ridge of the Bauer microplate
propagated northward ca. 1000 km sometime between 10 and 5 Ma (Lonsdale 1989),
yielding a conservative estimate for its mean propagation rate of 200 mm yr—!. The
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large 29°S OSC averages a net propagation rate of 120 mm yr—! since 2 Ma (Ko-
renaga & Hey 1996). Since 1 Ma, a large OSC has propagated southward between
17-19°S at 200-1000 mm yr—' (Cormier et al. 1996). Through propagation, mag-
matic segments lengthen or shorten through time, implying that underlying man-
tle upwelling patterns are unstable on the same time scale. Hence, the absence of
spreading-parallel crenulations in the altimetry data on the EPR flanks may reflect
the frequency of ridge propagation events rather than the two dimensionality of
mantle upwelling (Phipps Morgan & Parmentier 1995).

While recent gravity analyses argue for the existence of a continuous column of
partial melt beneath the ridge axis, they also imply that the melt content, width
or height of that column must vary significantly along axis. Although axial depths
are constant between 7° 12’ and 8° 38’S, the changes in cross-sectional area and
MBA requires that the mass deficiency beneath the central section is 20-60% more
than near segment ends (Wang & Cochran 1993). Similarly, axial depths vary little
between 13° 30" and 17° 56’ S, yet MBA variations imply the presence of a hotter
crust or greater amount of interstitial melt at 17° 20’ S than at 14° 15’ S (Magde et
al. 1995). The constant axial depth along sections of the EPR requires the presence
of an efficient shallow magmatic plumbing system that extends the length of these
ridge segments and redistributes the magma evenly (Wang & Cochran 1993).

Magma supply seems slightly lower in the vicinity of large axial discontinuities,
in agreement with them marking the distal ends of an efficient magmatic plumbing
system. Hence, while axial depths remain constant as the Garrett transform fault
is approached from the south, the axial magma chamber progressively deepens by
about 240 m over a 60 km distance (Tolstoy et al. 1996). Interpretation of gravity
anomalies over the ridge axis and its flanks indicates that a crust about 500 m thinner
than typical has been consistently accreted near the large 20° 40’ S OSC since 2 Ma
(Cormier et al. 1995).

Topography and gravity signals along the ultra-slow spreading Reykjanes Ridge
display the same subdued fluctuations as the EPR (Bell & Buck 1992). Because the
crust of the Reykjanes Ridge is much thicker than typical, its lower section may be
reaching temperatures as high as those beneath the EPR. This suggests that mantle
upwelling may be diapiric at all spreading rates, but that wherever the lower crust
is hot enough, it undergoes rapid ductile flow which evens out any significant crustal
thickness variations (Bell & Buck 1992).

Two-way travel time variations to the seismic moho are interpreted as crustal
thickness variations of up to 2.6 km at 9-10°N along the EPR (Barth & Mutter
1996). Counter to conventional wisdom, the thinnest crust seems to coincide with the
lowest MBA values and minimum axial depth (Wang et al. 1996). A self-consistent
interpretation of both the seismic and gravity data near 9-10°N is that mantle
upwelling is focused beneath 9° 50’ N and that through efficient along-axis transport,
magma accumulates near the ends of the segment. However, moho reflections may
arise from the top of the moho transition zone rather than from the crust-mantle
boundary (Collins et al. 1986), and the variability in two-way travel time may reflect
that of thickness of the magmatic crust only, rather than thickness of the crust plus
transition zone. Accordingly, detailed mapping in the Oman ophiolite reveals that
the thickest moho transition zones occur on top of mantle diapirs (Nicolas et al.
1996).

A seismic tomography experiment at 9° 30’ N along the EPR reveals a local seg-
mentation of the low velocity zone which is strikingly similar in extent and dimension
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to the fine scale tectonic segmentation of the ridge (Toomey et al. 1990). This appar-
ent thermal segmentation of the ridge is consistent with injection of mantle-derived
melt midway along the 12 km long ridge segment. The small wavelength of this seg-
mentation is also consistent with observations in ophiolites. Detailed mapping of the
flow structures preserved in the peridotites of the Oman ophiolites, which are thought
to have been accreted at a fast spreading ridge, reveals three-dimensional patterns
with 10-20 km wavelength (Nicolas et al. 1994). These are interpreted as frozen-in
mantle diapirs that fed the ridge axis before cessation of spreading and obduction.

8. Discussion and conclusions

Although models for two- or three-dimensional mantle upwelling beneath the EPR
seem incompatible, evidence presented in support of each indicates that, to some
extent, both can be active along the EPR. Which model best applies for a given area
may depend on the observation scale, or on local fluctuations in melt supply and
thermal structure of the ridge.

The variability in axial morphology and the ridge propagation patterns suggest
that along-strike magma transport can occur and is directed away from the most
inflated, most robust sections of the southern EPR (Wang & Cochran 1993; Cormier
et al. 1996). However, how widespread lateral transport is as an accretionary mecha-
nism remains to be constrained. If lateral melt flow were entirely confined within the
crustal layer, simple-minded computations indicate that flow rates necessary to feed
a ridge segment would be reasonable. For example, in the extreme case where the en-
tire melt supply to a ridge segment would upwell in its centre, the maximum rate at
which magma would need to flow along-axis to accommodate the accretion of a crust
6.5 km thick is directly proportional to the half segment length and the spreading
rate, and inversely proportional to the cross-sectional area of the conduit through
which magma travels. Hence, if flow were confined to a 500 m wide and 10 m thick
melt lens, the maximum flow rate necessary to feed a 200 km long segment would be
about 2m h~! above the locus of upwelling, and would decrease to zero toward seg-
ment ends. These rates seem feasible for mid-ocean ridge basalts, which are inferred
to flow significantly faster along dikes (Dziak et al. 1995) and during eruptions (Grif-
fiths & Fink 1992). If the conduit were extended to include the entire thickness of
the crystal mush zone below the magma lens (about 2 km thick and 2 km wide), the
maximum flow rate required for a 200 km long segment would drop to ca. 25 m yr—!
above the centre of upwelling, becoming stagnant near segment ends. This maxi-
mum rate is somewhat higher than documented ridge propagation rates along the
southern EPR (up to 1 m yr~!), but is not unlikely for partially crystallized gabbros
deforming ductilely near their rigidus temperature (Bell & Buck 1992).

Axial depth characteristics may reflect whether along-axis magma transport is
vigorous or stagnant. Over the two long sections of ridge at 7° 12'-8° 38’ S and 14—
18° S, axial depths undulate by less than 50 m. This remarkable flatness suggests
either efficient along-axis flow (Lonsdale 1989; Cochran et al. 1993), magmastatic
equilibrium (Sinton & Detrick 1992) or isostatic compensation over a uniform partial
melt conduit 50-70 km tall (Magde et al. 1995). In contrast, only 2km from the
ridge crest in the same areas, seafloor depths fluctuate by a few hundred metres
along-strike. The very narrowness of the zone of flat topography suggests that the
controlling process is a shallow one, probably occurring within the crust. Because
the depth to the top of the AMC varies by 240-600 m between 14-18°S (Detrick
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et al. 1993; Mutter et al. 1995; Tolstoy et al. 1996), an order of magnitude higher
than the axial depths, constant axial depths cannot result from efficient horizontal
transport within the thin melt lens. Rather, magmastatic equilibrium or lateral flow
must occur within the lower crust, in the crystal mush zone that underlies the melt
lens. Temperatures within this crystal mush zone are inferred to be near the rigidus,
and slow magmatic flow could occur (Bell & Buck 1992; Sinton & Detrick 1992;
Nicolas et al. 1993).

Although minor discontinuities are not associated with any large signal in the
MBA or axial volume, they can represent significant barrier to along-axis flow. The
1.2 km offset at 8° 38’ S marks the boundary between a ridge segment with constant
axial depths to the north, and one with steadily decreasing axial depths to the south.
Provided that constant axial depths reflect active ductile flow within the partially
crystallized gabbros, the small 8° 38’ S discontinuity would mark the southern extent
of that process for this area. Accordingly, there is a jump in MgO content across the
minor 14° 27’ S discontinuities although the AMC appears continuous, suggesting it
represents a mixing boundary within a continuous magma chamber (Sinton et al.
1991).

The existence of a tall column of partial melt feeding the entire EPR is not re-
quired by the gravity anomalies (Wilson 1992), and has been inferred because it
could isostatically support the axial high (Madsen et al. 1984; Wilson 1992; Wang &
Cochran 1993; Magde et al. 1995). Alternatively, the axial high may owe its existence
to the dynamic moments acting in the axial region (Forsyth et al. 1994). The shal-
low magma chamber and frequent intrusion of dikes above the chamber may relieve
the regional stresses, creating a weak zone at the top of the extending lithosphere.
This would induce dynamic moments which tend to uplift the plate boundary. If
this model for the origin of the axial high were correct rather than that of isostatic
equilibrium, there would not be any requirements for the presence of a tall column
of partial melt. Further evidence for or against the presence of a partial melt column
beneath the EPR should come from analysis of the data acquired during the recent
MELT experiment at 16—18° S, a large scale experiment designed precisely to address
this problem (Forsyth & Chave 1994).

The following model is proposed, which could reconcile most observations. It is en-
visioned that mantle upwells vertically everywhere along the ridge axis, but that the
intensity of this upwelling varies significantly both spatially and temporally. Larger
volume of melt could be produced where ‘easily melted’” mantle heterogeneities are
embedded within the asthenosphere (Wilson 1992). As the EPR migrates westward
relative to the asthenosphere, such heterogeneities may be fed into the ridge axis
somewhat randomly. Because the gabbros beneath the ridge crest are around their
rigidus temperatures, minor temperature fluctuations might be sufficient to favour
or inhibit their ductile flow. Where melt supply is locally abundant, gabbro tem-
peratures would become higher than their rigidus, favouring along-axis flow toward
regions with lower melt supply. On occasion, gabbros may be hot enough and contain
sufficient amount of interstitial melt to allow magmastatic equilibrium or efficient
along-axis flow, resulting in a subhorizontal ridge crest. Where melt supply becomes
particularly robust, lateral flow may be sufficiently vigorous to allow propagation
across large ridge offsets. In contrast, locally cooler mantle or low melt supply will
result in gabbro temperatures remaining below their rigidus, implying a sluggish or
non-existent along-axis flow.

I thank Joe Cann and Harry Eldefield for having motivated this paper. I am indebted to Ken
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Macdonald for introducing me to the southern EPR and for many interesting discussions. This
paper benefited from insightful remarks by John Mutter and Bill Menke. Lamont—Doherty Earth
Observatory contribution # 5546.
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