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GEOLOGICAL MAPPING OF THE EAST PACIFIC RISE AXIS {10O19' _ 11O53'N) USING
THE ARGO AND ANGUS IMAGING SYSTEMS

ARGO_RISE GROUP'

ABSTRACT

The Acoustically Navigated Geological Underwater Sur-
vey (ANGUS) andArgo systems were used to map theNeo-
volcanic Zone of a segment of the East Pacific Rise from
just north of the Clipperton Fracture Zone at l0o 19'N to
I I '53 ' N, including the overlapping spreading centers and
overlap basin from llo39'N to ll'51'.N. The Neovolca-
nic Zone on the ridge segment east of the overlap basin is
dominated by at least two generations of relatively recent
volcanic sheet-flow units, with associated collapse struc-
tures and hydrothermal deposits, superimposed on an older
sediment-{aden pillow terrane. Recent volcanic activity
along the ridge north of the Clipperton Fracture Zone atd
west of the overlap basin is restricted to a narrow zone on
two axial topographic highs centered at 10'55'N and
llo26'N, extending as far south as 10o37'N and as far
north as I I o5l 'N. North of about 10o52'N. this recent vol-
canic activity is restricted to an axial graben l0-l@ m wide
and 20 m deep. South of 10o50'N to about 10o38'N, recent
volcanic activity occurred along a constructional high. The
floor of the overlap basin consists mainly of old sedimen-
ted pillows. On the eastern ridge of the overlapping sprea-
ding centers, hydrothermal vents occur within collapse
stnrctures. On the ridge segment north of the Clipperton
Fracture Zone and rvest of the overlap basin, hydrother-
mal vents occur along fault complexes that flank the ridge
crest and axial graben. These observations support the con-
cept that magmatic activity along spreading centers is epi
sodic and that such activity is not continuous throughout
the ridge segments at any given time. We propose that the
magmatism follows a cyclical pattern, progressing from ini-
tial pillowJava emplacement, to extrusion of sheet flows,
to a waning phase of pillow extrusion, and finally to pela-
gic sedimentation.

Keywords: geology, maps, volcanic sheet flows, pillow
lavas, cyclical magmatism, hydrothermal vents, Neo-
volcanic Zone, East Pacific Rise.
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de la dorsale Est-Pacifique de lOolg'N, imm€diatement au
nord de la zone de fractures de Clipperton, jusqu'd
I I o53 'N. Sont inclus dans ce secteur les centres de s€para-
tion qui se chevauchent, et le bassin de chevauchement de
I I o39' N a I I o5 l' N. La zone neovolcanique le long de la
cr€te d l'est du bassin de chevauchement montre surtout
deux g6n6rations d'6panchements volcaniques relativement
rdcents, en forme de feuille, avec structures d'effondrement
et manifestations hydrothermales associ6es, sur un socle
de laves en coussins recouvert de s6diments. L'activite vol-
canique r6cente, le long d'une cr6te au nord de la zone de
Clipperton et i I'ouest du bassin de chevauchement, est
localis€e dans une zone €troite sur deux accidents topogp-
phiques axiaux situds a 10'55'N et 11o26'N, et s'dtendant
vers le sud jusqu'd 10o37' N et vers le nord jusqu'i I l'51' N.
Au nord de 10'52'N, environ, I'activit6 rdcente est limit€e
d un graben axial de l0 i 100 m de large et profond de 20
m. Au sud de 10o50'N, jusqu'i 10'38'N environ, les.mani-
festations recentes ont contribue i former un €difice. Le
plancher du bassin de chevauchement est sunout parseme
de coussins anciens sddimentds. Sur la cr0te orientale de
la zone de chevauchement des centres de s6paration, les
6vents hydrothennaur( occupent les structures d'effondre-
ment. Le long de la section de la dorsale au nord de la zone
de Clippenon et d l'ouest du bassin de chevauchement, les
6vents hydrothermau( se trouvent le long de systdmes de
failles qui longent la crOte de la dorsale et le graben axial.
Ces observations 6tayent I'hypothbse d'une activit6 mag-
matique 6pisodique le long des dorsales, activitd qui n'est
pas continue le long d'un segment. L'activite magmatique
suivrait une 6volution cyclique: mise en place de laves en
coussins, survie d'extrusion de coul€es en feuilles, et enfin
formation de lave en coussins en stade terminal. Le tout
est suivi de s6dimentation pdlagique.

(Traduit par la Rddaction)

Mots-clds: g6olo9e, cartes, coul€es an feuille, Iavc en cous-
sins, magmatisme cyclique, 6vents hydrothermaux, zone
ndovolcanique, dorsale Est-Pacifique.

IttrRoDUcrIoN

Studies of the Neovolcanic Zones of mid-ocean
ridges have given rise to a debate about the volcano-
tectonic processes that are active at spre€rding centers.
To understand better this complex geologic setting,
the crest of the East Pacific Rise @PR) from 10o19'
N (just north of the Clipperton Fracture Zone) to
I I '53 'N (Fig. l) was investigated using the Acousti-
cally Navigated Geological Underwater Survey
(ANGUS) and Argo systems (Ballard 1980, Harris
& Ballard 1986). In this report, we describe the results
of the geologic mapping of the region.

Studies of the crestal zone of mid-ocean ridges
have shown that segments between tran$form faults
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or overlapping spreading cenlers (OSCs) display a
single regional topographic high, and that water
depth increases in the direction of the transform
faults and OSCs Q,onsdale ln7,1983,1985a, 1985b,
Ballard & Frahcheteau 1982, 1983, Macdonald 1982,
Francheteau & Ballard 1983, Macdonald & Fox 1983,
Macdonald et al. 1984). Along the Mid-Arlantic
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FIc. l. Location map of the study area showing the
ANGUS and Argo tracklines. RFZ Rivera Fracture
Zane; OFZ Orozco Fracture Zonea CFZ Clipperton
Fracture Zonel SFZ Siqueiros Fracture Zone.

Ridge, where the transform faults are closely spaced
(40-50 km), the amplitude of this along-axis relief
can be as high as 2,5@ m. On the EPR, ridge seg-
ments between large transform faults are up to 350
km in length, and those between small offset trans-
form zones (including OSCs) are about 60-70 km
long (Schouten et al.1985). As the depth variation
along EPR segments is only 200-300 m, the along-
strike topographic gradients are much gentler.

Ridge-crest topographic highs are the sites of active
hydrothermal processes. They are characterized by
abundant volcanic sheet flows or fluid lavas (equiva-
lent to subaerial surface-fed pahoehoe flows: Bal-
lard et al. 1979) and by a regional lack of fissures
and faults (Ballard et al. 1983). Pillow lavas (analo-
gous to subaerial tube-fed pahoehoe flows; Ballard
et al, 1979), fissures, and faults are more abundant
along strike, away from the regional topographic
highs and in the direction of the transform faults
(Ballard & Francheteau 1983). To account for these
along-strike variations in tectonic style, Francheteau
& Ballard (1983) proposed that each mid-ocean ridge
segment is underlain by a magma chamber and that
this chamber has its maximum development beneath
the topographic high. This hypothesis is in agreement
with the suggestion that the elevation of the Neovol-
canic Zone of mid-ocean ridges is directly related to
the height reached by upwelling magma along the
ridge axis. This elevation is a function of the rate
of magma supply relative to spreading rate (Deffeyes
I 970, Sleep 1969, ln 5, Y ogl 197 6, Anderson & Nol-
timier 1973, Crane 1985, Macdonald et al. 1984,
1986, Detrick et al.1987).

Since geologic studies of the Neovolcanic Zone of
the EPR have concentrated on topographic highs
that are typically marked by recent volcanism and
hydrothermal activity, there is a need to extend
detailed studies along the strike of the ridge. In this
paper, we present the results of geological mapping
based on still photography and video data along 90
km of the crest of the EPR, north of the Clipperton
Fracture Zone (CFZ) (Frg. 1). Results from dredg-
ing programs over the same region are described else-
where (Thompsonet al. 1985, Langmuir et ql. 1986).
Our observations show that recent volcanic sheet
flows, possibly less than 100 years old, are superim-
posed on an older sediment-laden pillow terrane. The
spatial and temporal relationships between the pil-
low flows and the younger volcanic flow units indi-
cate that magmatic activity is episodic and discon-
tinuous along the Neovolcanic Zone at any given
time, and suggest that volcanic activity along the crest
of the EPR is due to the expansion and contraction
of a magma chamber away from a fixed injection
point which is located at the regional topographic
highs. These interpretations are in general agreement
with those of Francheteau & Ballard (1983) and Mac-
donald et al. (1984,1986).

CONTO,RS lN METERS (1100)
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Assessment of the seafloor topography and surfi-
cial distribution ofvolcanic rock types along the crest
ofthe EPR from 10o19'N to 11o53'N was obtained
from 50,200 ANGUS bottom photographs and 120
km of Argo video, supplemented with Seabeam
bathymetry (Macdonald et al. 1984). The ANGUS
data were collected aboard the RV MELVILLE,
Protea Expedition, Leg 9 in the summer of 1984, and
the Argo data aboard the same vessel in December
1985 during the Ice Expedition, Leg l. The Argo and
ANGUS vehicles were navigated using bottom-
moored acoustic transponders. The locations of the
transponders were obtained using shipboard Global
Positioning System (GPS) and transit satellite navi-
gation systems.

ANGUS is acolor camera system designedto work
in extremely rugged terranes (Ballard 1980). Photos
were taken every 20 seconds at tow speeds of 0.8-
2.0 kfii/hr, resulting in as much as 5090 overlap.
ANGUS was normally towed at an elevation of l0
m above the seafloor; the photographic coverage at
that altitude was 192 m2 for a camera with a l6-mm
lens, and 15 m2 for one with a 50-mm lens. Argo is
a deeply towed vehicle that operates at heights of l0-
40 m above the seafloor (Harris & Ballard 1986). The
Argo sled carries three Silicon Intensified Target
(SIT) video cameras, with a l2-mm down-looking
lens, a 24mm fowardJooking lens, and a down look-
ing 24-80 nun zoom lens. A thermistor was added
to the Argo and ANGUS $ystems for this study in
order to identify temperature anomalies related to
hydrothermal activity.

A series of geologic maps and cross-sections (Figs.
2-11) was compiled based on the combined ANGUS
and Argo data sets. The NeovolcanicZone defined
by these maps is offset 100-Z[ m west of the loca-
tion determined from the bathymetric analyses of
Macdonald et al. (1984). Because the Argo and
ANGUS systems were navigated using bottom trans-
ponders, GPS, and satellite navigation to an accuracy
of 5 m, the Seabeam bathymetric maps (Macdonald
et al. 1984) were modified using the better navigated
Argo and ANGUS bathymetry, and adjusted to the
geologic maps.

GsotuoRPHoloclc SETTTNG

The ridge crest of the EPR between the Clipper-
ton and Orozco fracture zones consists of a chain
of subparallel topographic highs 2-10 km wide, ?-ffi-
400 m high, and 40-140 km long (Klitgord & Mam-
merickx 1982, Macdonald et ol. 1984). In the study
area, the Neovolcanic Zone straddling the crest of
the EPR is less than 1 km ryi6.. Along strike, the
zone north of the CFZ displays a progressive shal-
lowing to a topographic high at 10o55'N with a mini-
mum water depth of 2,540 m (Figs. G9), from where
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the zone gradually deepens northward to the small
topographic low at I lol5'N (Fig. 5). From this low,
the Neovolcanic Zone rises gently to a second topo-
graphic high at 1 I o26'N and a water depth of 2,5t0
m (Fig 4), then again deepens to the OSCs at 11"45'
N (Fig. 3). The OSCs at I I o45 | N curve slightly away
from each other before they overlap and then curve
back toward each other in the overlap region, enclos-
ing a depression with an elliptical shape that is
aligned subparallel to the spreading center. The OSCs
that surround the overlap basin are offset by about
8 km.

The Neovolcanic Zone also displays considerable
topographic variation in cross-section. From south
of 10o45'N to the CFZ, the Neovolcanic zone has
a triangular cross-section (Figs. 7-9). According to
Macdonald et al. (1984), the summit graben atop the
crest of the EPR is uearly continuous from l0oN to
l3oN. However, features less than 100 m wide and
5 m deep may not be resolvable from the Seabeam
bathymetry and SeaMARC I sonographs used by
Macdonald el al. (l9U). The ANGUS and Argo data
show that a well-developed sumrnit graben is limited
to a region from 10"52'N north to at least I I '28 ' N
(Figs. zS-O. In tlds region, the Neovolcanic Zone has
a dome-like cross-section; its summit graben has a
relief of 20 m and a width of less than 200 m (Fran-
cheteau & Ballard 1983, H6kinian et ql. 1985b).The
configuration of the Neovolcanic Zone south of
approximately 10o49'N is a miniature ridge and
trough terrane with no singular summit graben deve-
loped.

The individual ridges of the OSCS (Fig. 3) are
asymmetrical in cross-section; the steeper sides face
the overlap basin. The flanks ofthe individual ridges
are fragmented by closely spaced (1-2 km) norrnal
fault scarps 5-10 km long (Lonsdale 1977, Mac-
donald 1982). These scarps produce an undulating
horst and graben topography with a wavelength of
24km and an amplitude of 50-100 m (Macdonald
et al. 1984). On the eastern ridge of the OSCs (Fig.
l0), cross-sections display morphologies rangi4g
from a broad low with an inegular floor, to a broad
dome, to a collapse plateau (Ftg. ll).

VOLCANIC FLOW UNITS

The volcanic terranes noted on the Argo and
ANGUS video and photo data were classified into
three units on the basis of flow morphology, degree
of freshness, relative amount of pelagic sediment
cover, and location of the unit with respect to the
EPR axis (Iable 1). The youngest unit (Unit D strad-
dles the Neovolcanic Zore and is represented by
glassy lobate to smooth sheet flows (Fig. l2A). These
relatively fluid flows grade laterally onto older lobate
flows (Jnit II) or merge with sedimentladen pillow
flows (Unit III). The contacts between the Unil I and

469
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II flows are gradational, whereas the contacts
between these units and Unit III flows are irregular.
Unit I lobate flows cascade over individual pillows
or meander along depressions between pillows (Fig.
l3A). In some areas, Unit III pillow terrane occurs
several meters above the surface of the Unit I glassy
lobate flows. In Unit I terrane, the ratio of lobate
to pillow flows is >10:1.

The lobate flow surface in the Unit I terrane has
collapsed leaving 5-15 m deep depressions in some
places (Fig. l2B, C). These collapse structures have
hiehly ineeular outlines (in plan view), some display
overhangs or arches, and most display more than one
collapse level. Collapse levels are thought to reflect
inflation and deflation cycles of the underlying
magma chamber, and are expressed as vertical fluc-
tuations in the lava-pond surface @allatdet al. 1979,
Francheteau et al. 1979). At the edge ofthe collapse
structures, rubble aprons formed from glassy frag-
ments of the collapsed roof are commonly found in
association with arches and pillars. However, the
rubble diminishes toward the center of many of the
collapse areas, and is replaced by various types of
Unit I sheet flows: smooth, ropy, hackly, and jum-
bled.

Unit II flows are lobate flows that are thought to
be of intermediate age (partly glassy to dull with
minor sediment cover; Fig. 12D). The ratio of lobate
to pillow flows in Unit II terrane ranges from 5:l
to 3:1. Unit II flows also display collapse structures,
some of which are invaded by Unit I glassy flows.
Unit I flows were also found in fissures Gja), within
the lava pond floors of Unit II terrane.

Unit IU, the most extensive unit mapped, and
thought to be the oldest, consists of pillow lavas and
lobate flows with a sediment cover of more than l59o
(Fig. l3A). In places this sediment cover masks the
volcanic terrane (Fig. l3B).

Evidence of hydrothermal activity was found in
Unit I and II terranes and, in some places, along frac-
tures in Unit IU terrane. This evidence includes
hydrothermal precipitates recognized by their texture
or yellow staining, temperature anomalies, shimmer-
ing wat€r, and associated fauna such as brachyuran
crabs, ophiuroids, clams, mussels, and serpulid
worrrls (Fig. l ). With a few exceptions, active vents
were found only in Unit I terrane. These active vents
appear to be of the low-temperature Galapagos type,
with hot water emanating from between lobes of
basalt. Serpulid worms were found only at two loca-
tions during this investigation, 10o44.6'N (Fig. 7)
and 11'46.65'N (Fig. 3); clams and mussels were
found only at the 10o44.6'N vent.

The percentage of sediment cover c€ur be used to
estimate the relative age of the underlying basalt (van
Andel & Ballard 1979, Ballard et ql. 1981,1982). We
used visual observations and sampling results from
submersible studies on the EPR near 12"53'N
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Frc. 2. Symbols used in Figures 3 to 10.

(CYATHERM, unpubl. results,. Hlkrrrtarl et ql.
1985a) in an attempt to quantify this dating proce-
dure. These studies near 12o53'N suggest that the
thickness of sediment on relatively young crust
(<200,000 years old) is roughly proportional to the
percentage of sediment cover. If this observation is
applicable to our study area, then sediment thick-
ness on Unit III terrane would be at least l0 cm.
Assuming a linear sedimentation rate of 1.7 cm,/lm
years (Rosendahl et ql. 1980), Unit III flows should
be older than 6,000 years. Unit II flows, with less
than 590 sediment cover, should be less than 2000
years old, and the glassy flows of Unit I are less than
100 years old. In support of this young age estimate
for Unit I flows, a hydrothermal field in the axial
graben (Unit I temane) to the north of our study area
has been estimated to have formed within the last
100 years on the basis of growth rate$ of sulfide
stacks (Hdkinian et al. 1985b), an age later corrobo-
rated by radio-isotope dating of the stacks (Lalou
et ql. 1985). Although these semi-quantitative age
estimates are based on submersible studies approxi-
mately lm km north of our study area, and factors
such as variable microtopographic relief and redis-
tribution of sediment by bottom currents introduce
errors, these approximate ages are all that can be
used until an accurate technique of dating relatively
young mid-ocean ridge basalts is developed.

AnTaS S.IUNIEO BY FINE-SCALE IMACING

Overlapping spreading centers (I I "45' N)

Recent volcanic and hydrothermal activity is res-
tricted to the eastern ridge of the 1l "45 

'N OSCs (Fig.
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Frc. 3. Inlerpreted surficial geology oftle overlapping spreading centers between latitudes llo42'N and 11o53'N. The
bathymetry in this and Figures 4 to l0 was modified from Macdonald et al. (1984).

3). Glassy lobate flows of Unit I and associated col-
lapse structures represent more than 6090 of the area
surveyed on the eastern ridge. At llo48'N, Unit I
flows are separated by a volcanic cone, lm m high,
south of which they gradually diminish in extent,
whereas Units II and III flows increase in extent.

Limited video coverage over this volcanic cone sug-
gest that it is constructed of Unit III terrane. Unit
I flows on the eastern ridge segment of the 1l "45 'N

OSCs apparently were emplaced within collapse
structures that developed on Unit II flows, and on
sags and downdrop blocks on Unit III terrane (Figs.
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10, 11). Five large collapse structures occur within
the Unit I terrane on the eastern ridge segment, two
north and tfiree south of the volcanic cone at I 1 o48 '
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N. These structures, which are elongate in a north-
south direction, are 1@-3S m wide, 200-40 m
long, and 5-15 m deep. At least two phases ofextru-

Ftc. 4. Interpreted surficial geology of a segpent of the EPR between latitudes 11"23'N and 11"29'N.
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Flc. 5. Interpreted surficial geology of a segment of the EPR between latitudes llol3'N and llol9'N.

sion and coilapse of Unit I sheet flows were identi- the crestal zone. Fissures are cornmon on the lava-
fied. Collapse bf these lava ponds is thought to have pond floors and also within 50 m of the lava-pond
beencausedbylateralflowof themagmaawayfrom edges. These latter fissures are invaded by Unit I
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FIa. 6. Interpreted surficial geology of a segment of the EPR between latitrrdes 10o50'N and 10'58'N.
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geology of a segment of the EPR between latitudes l0'42'N and 10"50'N.
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103040'lJv 103"36'!V
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Flc. 8. Interpreted surficial geology of a segment of the EPR between latitudes 10o35'N and 10o42'N.
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103"34w
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Flc. 9. Interpreted surficial geology of a segment of the EPR between latitudes 10"18'N and 10"22'N.
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103047'w

Frc. 10. Interpreted surficial geology of the eastern ridge of the overlapping spreading center shown in Fieure 3..
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Flc. 12. 35-mm Argo photographs of (A) a Unit I elassy lobale basalt flow, (B) the edge of a large collapse structure
in Unit I terrane, (C) the floor of a collapse strusture in Unit I terrane, and (D) small collapse structures in Unit
II terrane.

Frc. 13. (A) 35-mm ANGUS photograph of a Unit I elassy lobate basall flow emplaced over a Unit III pillow basalt
terrane. @) 35-mm Argo photograph of Unit III pillow basalt terrane wit! an extensive sediment cover.
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FIG. 14. 35-mm Argo photogaphs of (A) an active (smoking) hydrothermal vent in Unit I terrane, (B) an area of
hydrothermal venting in a collapse structure in Unit I terrane with clams and mussels, (C) an area of nydrothermat
venting in Unit I terrane showing a large group ofbrachyuran crabs, and (D) an inidtiie nydrothermat vent and
sulfide deposits distinguished by a bright yellow stain on unit II lobate basalt flows.

flows, suggesting that the fissures are pathways of
lava drainage from, or lava supply to the floors of
the lava ponds. In some areas, the roofs of the lava
ponds collapsed into underlying fluid lavas; frag-
ments now form slabs in the solidified matrix of the
flows. In these axeas, Unit I flows have a lumpy tex-
ture, apparently the result of partial remelting of roof
fragments (Fig. 12C). Associated with the collapses
south of the volcanic cone are at least five inactive
hydrothermal vents and their fragmented sulfide
deposits. Profiles along the strike of the EpR axis
@ig. 11), across the large collapses, show gentle slope
gradients. North of the volcanic cone at llo48,N,
the floors of the collapses dip uorthward with a
declivity of about 0.25o, whereas south of the vol-

canic cone, the declivity of the floors of the collapses
between 11o46.5'N and 11"47.5' N is toward the
north. South of I I o46.5'N, the floors deepen toward
the south.

Within the 4-km-wide overlap basin at llo45'N,
Unit III flows are heavily sedimented @ig. 3). In the
center of the basin, at water depths in excess of 3, 100
m, the volcanic terrane is no longer discernible. The
extent of the sediment cover is thought to be evidence
that this volcanic terrane is older than the Unit IU
terrane found on the flank and crest of the eastern
ridge segment, altholgh it is possible that some sedi-
ment has collected preferentially in the topographic
low. Based on limitedANGUS coverage @ig. 3), we
found no evidence of recent tectonic or volcanic
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II lobate flows. Along the crests of the marginal
scarps are stacks and mounds of hydrothermal
deposits. A hydrothermal stack at 10o55.75 'N, actlve
during the Protea Expedition in the summer of 1984,
was inactive during the Ice Expedition in December,
1985. Submersible surveys of the 10o55.75'N
hydrothermal area by the D.S.R.V. ALVIN (May'
1984) indicated that the main sulfide zone was
Iocated on a fissure system, but that the hydrother-
mal activity was patchy. Two main sulfide mounds
in this area are reported to contain about 200 tonnes
of hydrosulfides (McConachy et al. 1986). Near
10o55.7'N and 10o56.4'N, depressions in the Unit
II terrane are partly invaded by Unit I lobate flows
and hydrothermal deposits; the latter are particularly
abundant on the hieilrs at 10"52.2'N, 10o55.7'N and
10o56'N (Fig. 6).

Regional topographic lows

The EPR segment between the CFZ at l0ol7'N
and the regional topographic high at 10o55'N is a
regional low (water depth 3,090 m at 10o19'N); the
ridge segment has a triangular cross-section and lacks
a summit graben south of about 10o49'N (Figs. 7-
9). East of the crest of the EPR, an elongate topo-
graphic depression, extending south of 10o38'N to
the CFZ (Figs. 8, 9), is devoid of Unit I or II flows
but contains pillows, lobate flows, volcanic rubble,
and collapse structures laden with sediment. This ter-
rane, together with the overlap basin at llo45'N,
appears to be the oldest segment of seafloor encoun-
tered during this investigation (based on the amount
of sediment cover). A ridge flanking the eastern side
of this elongate topographic depression is not a vol-
canic constructional high, but is a horst in Unit III
terrane (Fig. 9). The ridge 6sunding the western side
is a volcanic constructional high composed of Unit
III flows (Figs. 8, 9). Some of these pillows have a
relatively fresh appearance whereas others are dull
and partly covered by sediment, suggesting that at
least two generations of pillows make up this western
ridge.

South of 10"42'N @igs. 8, 9), Unit I flows occur
in patches at 10o38'N, 10o39'N, and 10"41 'N. At
10"41.5'N, glassy pillow flows were observed @ig.
8); this site is one of two where this flow type occurs
in the study area. The rest of the ridge segment south
of 10"42'N is mantled by Unit III pillow terrane.

The crest of the unrifted segment of the EPR
between 10o49'N and 10o43'N is a site of Unit I
lobate flows (Fig. 7). These flows are glassier or
fresher than the Unit I flows on the regional topo-
graphic highs at 10o55'N (Fig. O and 11'26'N @ig.
4). Three active hydrothermal vents were observed
in this Unit I terrane (Fig. 7). Based on a model of
symmetrical, exponential decreases in the number of
brachyuran crabs with distance from the vent centers,
van Dover et ql. (1987) predicted the location of 3
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activity in the overlap basin as suggested by Lons-
dale (1985a).

The crest of the western ridge of the llo45'N
OSCs is covered mainly by pillows and sediment of
Unit III, along with scattered patches of Unit II
lobate flows (Fig. 3). Immediately south of the OSCs,
at llo42'N on the crest of the ridge, active
hydrothermal vents occur in association with a higttly
fractured plateau-like terrain consisting of Unit II
sedimented, lobate to smooth flows.

Regionol topographic highs

The segment of the EPR between 10o52'N and
I I o28'N is cut at its summit by a discontinuous axial
graben 10-100 m wide and 10-30 m deep (Figs. 4-
6). The walls of the graben generally consist of
normal-fault blocks of Unit III flows. The outward-
facing slopes of the regional highs are of construc-
tional origin, consisting of old pillow terrane cut by
fissures. Between latitudes llo24'N and llo28'N,
the narrow graben is bordered on the east by a ridge
which shoals to a water depth of 2,510 m (Ftg. 4).
Along this ridge are a line of extensive hydrother-
mal deposits and inactive vents (see also H6kinian
et al. 1985b). The floor of the axial graben between
11o24'N and 1l'28'N is covered by Unit I lobate
flows near the center of the low, and by talus at the
base ofthe marginal scarps. Farther south (Fig. 5),
an axial gxaben, 50 m wide and l0-20m deep, was
mappedfrom 11"16'Nto l lol8'N. Thefloorof the
graben is covered by Unit I and II flows and its
eastern side is marked by active hydrothermal vents.
The broad eastern marginal scarp also is also covered
by Unit I lobate flows.

From 10o52'N to 10o58'N (Fig. 6), the axial
graben contains Unit I flows and collapses, and Unit
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additional vents, presumably skirted by the Argo
vehicle. The observed vents appear to be of the low-
temperature, Galapagos type, with hot water
emanating between lobes of lava. However, the zone
of venting at 10o44.6'N covered an area of about
15,000 m2, the largest single area of hydrothermal
activity found during this investigation. This is one
of two zones that contained serpulid worms, and is
the only area where clams and mussels rrere
observed.

DIscussIoN

Studies of the crest of mid-ocean ridges suggest
that the elevation of the ridge axis is a direct meas-
ure of the height reached by upwelling magma along
the axis, a function of the magma budget (Fran-
cheteau & Ballard 1983, Macdonald. et ql. 1984,
Detrick et al. 1987). Francheteau & Ballard (1993)
predicted that a regional topographic high above the
crest of a magma chamber should be mantled by
sheet flows, with thermal effects at a maximum.
Away from the high, along the axial strike, there
should be a desrease in the ratio of lobate to pillow
flows and in hydrothermal activity @allard et at.
1979). Our observations along the crest of the EpR
from the CFZ to the western ridge of the I I o45 , N,
OSCs in general display these features, although the
Iobate flows are superimposed on an older pillow ter-
rane (Table l). Thus, an initial phase of magmatic
activify that emplaced pillow flows (>6,000 years
ago) was followed by a period ofvolcanic quiescence
(sedimentation), then a second phase of activity
(about 500 years ago) that emplaced sheet flows atop
the pillows. Hydrothermal activity seems to be
associated only with this second phase of magmatic
activity; however, older hydrothermal sulfide
deposits and staining could easily be masked by the
accumulation of pelagic sediment.

The second phase of maematic activity (Units I
and II) along the ridge segment north of the CFZ
to the western ridge of the 1l o45 ,N, OSCs was nor
limited to the topographic highs but extended dis-
continuously 65 km south of the high centered at
10o55'N (Frg. 9) and 48 km north ofthe l l026'N
high @ig. 3). Similarly, evidence of hydrothermal
activity extends 32 km south of the l0o55,N high
(Fig. 8) and 30 km north of the I 1.26,N high (Fig.
3). The most recent magmatic activity (Jnit I)
extended 33 km south ofthe 10o55'N high (Fig. g)
and 46 km north of the 11.26'N high @ig. 3), where
a glassy pillow flow was observed (l I "51 , N).

Seismic-refraction studies along the EpR had
previously suggested the possible absence of a magma
chamber near llolg'N (Bratt & Solomon 1984).
Multichannel seismic-reflection profiles indicate that
an axial magma chamber reflection is absent along
the EPR between the CFZ and lloN, but north oi
I l oN a narrow ( < 4-6 km wide) axial magma cham-

ber reflection is generally continuous for a distance
of 77 km along-axis to about 11"42'N @etrick el
al. 1987). These observations suggest that the magma
chamber is small or partly solidified on this ridge seg-
ment (Detrick et al. 1987). With the exception of a
glassy pillow flow at ll'51'N and an active
hydrothermal ve\tat llo42' N, the lack of recent vol-
canic activity (Unit I) on the western ridge of the
llo45'N OSCs @ig. 3) correlates well with the
reported absence of an axial magma chamber nortir
of I I o42' N. Although seismic-reflection profiles sug-
gest that the axial magma chamber is not developed
between the CFZ and 1l "N @etrick et al. 1987), the
presence of Unit I flows as far south as 10.38,N @ig.
8) suggests that a magmatic source (or sources) is
present. Recent results from ophiolite studies in
Oman (A. Nicolas, oral comm., 1987) suggest thaf
major, along-strike transport of magrna from a cen-
tral magma chamber can be expected in a setting like
the EPR. Thus, the recent volcanic activity along the
ridge axis indicates the presence of a magma cham-
ber, but not necessarily beneath that part ofthe ridge
axis.

Macdonald et ol. (1988) suggest that the two
regional topographic highs separated by a low at
llols'N are the result of the collision of two
propagating magma chambers. However, seismic-
reflection profiles (Detrick et al. 1987) show no
pronounced change in the configuration ofthe roof
of the magma chamber beneath this topographic low.
The topographic low instead may be the result of the
contraction of a single magma chamber which under-
lies both the topographic highs and the intervening
low. This scenario predicts that the morphology of
the ridge is due to the expansion and depletion of
the magma chamber, similar to the model proposed
by Macdonald et al. (1980. When the chamber
expands, sheet flows and hydrothermal activity
cbaracterize much of the ridge. As the magmatic
activity wanes, emplacement of lava becomes more
discontinuous along the ridge, and sheet flows give
way to pillow lavas, a rel4tion analogous to that
between surface-fed and tube-fed pahoehoe flows in
subaerial eruptions (Ballard et ql. 1979). With con-
tinued depletion of the.magma chamber, even pil-
low emplacement ceases, and pelagic sedimentation
predominates. In time, another volcanic cycle will
give rise to sheet flows followed by pillow flows. The
cause of these temporal variations in the magma sup-
ply is unknown but may be related to a renewed
phase of mantle melting. The magma chamber
beneath the ridge segment between the CFZ atdthe
llo45'N OSCs is thought to be in a stage of con-
traction. This is expressed by the recent emplacement
of glassy pillow flows along the crest of the ridge
at 10o41.5'N and llo15'N, by the general lack of
high-temperature hydrothermal activity along this
ridge segment, and by the disruption or absence of
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a magma-chamber reflection (indicating a low
magma budget) south of lloN and beneath the
western ridge segment of the 11o45'N OSCs.

Macdonald et al. (1984,1986) have proposed that
t\ro separate magma chambers feed the opposing
ridge segments at OSCs, as opposed to a single, wide
magma chamber shared betweeir the overlapping rifts
as suggested by Lonsdale (1983, 1985a,b). Seismic-
reflection profiles across the overlap basins of the
OSCs at 9o03'N and 11o45'N do not reveal a
magma-chamber reflection, and profiles across
smaller OSCs at 12o37'N and l2'54'N show gaps
in the axial magma-chamber reflection (Avedik &
Geli 1987, Detrick et ol. 1987). Analyses of basalt
dredged from OSCs between 5o30'N and 14o30'N
along the EPR show that the opposing ridge tips of
the OSCs have distinct petrologic and geochemical
signatures (Thompson et al. l985,Langmuir et al.
198O. These geophysical and petrologic observations
suggest that the axial magma chamber is disrupted
at OSCs, in support of the model of Macdonald ef
al. (1984,1986). Investigations of OSCs at 9o03'N
(Sempere & Macdonald 1986), 11o45'N (Thompson
et al. 1985), and 12o45',N (Antimet al. 1985, H6kin-
iar et al, 1985a) suggest that although there is mor-
phological overlap between the eastern and western
ridges, there is no overlap in the active volcanic
zones. In these three cases, the northern limb of the
overlap system seems to prevail. The association of
Unit I flows and their associated collapse structures
with older flows on the 1 I o45 'N OSCs supports this
interpretation. The Argo and ANGUS data show
that active hydrothermal vents and recent sheet flows
occru on the eastern ridge segment, whereas the
western ridge segment is dominated by older Unit
II and III flows (Fig. 3). These observations support
Macdonald et al. (1984,1986, 1988) and Sempere &
Macdonald's (1980 contention that the geometry of
OSCs is transient in that one or both OSCs tips can
propagate along the ridge axis. Collapse structures
south of I I o46'N on the ea$tern ridge segment are
much narrower than those between llo46'N and
I I o 53' N (Fig. 10). This difference suggests that the
magma chamber beneath the zone of weakness is
propagating southward, producing uplift of old
oceanic basement (Jnit III terrane), parts of which
collapse along fractures. The lows are then filled with
fresh volcanic flows and are sites of hydrothermal
activity. The striking similarity of the I I o45 'N OSCs
(Fig. 3) with the 9'03'N oSCs (Sempere & Mac-
donald 1986) supports the evolutionary model for
the occurrence and evolution of OSCs proposed by
Macdonald et al. (1984,1986, 1988).

cou*usroNs *,5i?f,)i*',T,*i*:ilffi.fi;:;11ffffitrff1
crests based upon spreading velocity and basalt deliv-

The along-strike variations in lava-flow type and ery to the oceanic crust. Geophys. J. Roy. Astron.
age along the EPR north of the CFZ from l0o 19'N Soc. A, 137-147.

to 11"53'N are similar to those observed by Fran-
cheteau & Ballard (1983) in spatially limited investi-
gations of the EPR between l3oN and 2loN.
However, our extensive bottom coverage has shown
that young volcanic flows have a patchy distribution.
Although the presence of a shallow crustal magma
chamber at active mid-ocean ridges is a fundamen-
tal parameter in the formation of oceanic crust, the
shape, longevity, along-strike variability, and
dynamic behavior of axial magma chambers are the
subject of controversy (Lonsdale 1986, Macdonald
et ql. 1986, Detrick et al. 1981). Seismic, morpho-
logic, and petrologic data suggest that a narrow
(<,t-6 km wide) magma chamber underlies the ridge
axis and is continuous for several tens of km along-
axis @etrick et al. 1987), Where the magma budget
is low, such as at the study area north of the CFZ,
and the axial magma chamber is relatively small,
incompletely mixed, and disrupted by OSCs (Mac-
donald et al. 1986, Detrick et ul. 1987), lavas will
be geochemically and petrologically drverse (Ihomp-
son et al. 1985, Langmuir et al. 1986)' and the most
recent volcanic flows will have a more patchy distri-
bution than in areas where the magma budget is hiCh.
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