Summary

Lava forms resemble those observed on
terrestrial pahoehoe lava flows; the fea-
tures that appear in truncated fault scarps
as circular or elliptical pillows are elon-
gated, tubular forms in three dimensions.
Detached, subspherical pillows are very
rare. The lavas show systematic chemical
and mineralogical variation, with the oli-
vine basalts associated with the central vol-
canic highs and plagioclase-pyroxene ba-
salts being typical of the west and east
walls. Active volcanism is mainly restrict-
ed to a narrow (0.5 to 1 km wide) central
zone in the median valley.

The central valley has a horst-like struc-
ture which is bounded by graben at the
base of the east and west walls. Intrusive
sills and dikes are exposed only at the base
of one 300-m scarp on the west wall. Most

fault displacements are less than 100 m
and expose only breccia, truncated lava
pillows, and tubes.

In general, faulting appears to be a con-
tinuing process, while volcanic activity is
episodic. Structural deformation rapidly
degrades the primary volcanic morphology
typical of the central highs, although vol-
canic features are locally preserved on the
wider structural terraces on the west and
east flanks of the median valley. Dives in
Fracture Zone B revealed minor deforma-
tion of recent sediment cover, but there
was no evidence of recent volcanic or hy-
drothermal activity.

References and Notes

1. H. D. Needham and J. Francheteau, Earth Planet.
Sci. Lett. 22,29 (1974).

2. R.C. Spindel et al., Nature (Lond.) 246, 88 (1974).

3. J. G. Moore, H. S. Fleming, J. D. Phillips, Geology

2,437 (1974).

Transform Fault and Rift Valley
from Bathyscaph and Diving Saucer

Observations by earth scientists at the bottom of the

sea shed new light on the geology of plate boundaries.

The FAMOUS (French-American Mid-
Ocean Undersea Study) program was de-
signed to conduct an integrated and de-
tailed geological, geophysical, and geo-
chemical study of a portion of plate bound-
ary where new oceanic crust is generated
and where some processes leading to the
formation of the oceanic lithosphere may
appear more clearly (/). The originality of
the program was to include the use, for the
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first time, of precisely navigated, manned
research submersibles in the latter phases
of the work at sea and thus enable methods
of classical field geology to be applied to
the study of the deep ocean floor. Collec-
tion of data on a scale ranging from cen-
timeters to kilometers was demanded by
the narrowness of the surface expression of
the plate boundary.

The study area lies along the boundary
between the North American and African
plates, southwest of the Azores archi-
pelago in an area where a segment of rift
valley 40 km long, 30 km wide, and 1.5 km
deep, oriented approximately 020°, is off-
set by two active fracture zones (transform
faults) striking east-west. It had been dem-
onstrated before the first dives were made
that the deepest part of the rift valley or in-
ner floor accommodates along part of its
length an elongated hill or central high 200
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m high and 1 km wide (Fig. 1), and it was
suggested that the central high, although
not necessarily an entirely constructional
feature, was the major locus of the most re-
cent accretion of new surface crust (2). The
purpose of the first diving phase, which was
undertaken with the bathyscaph Ar-
chimede in 1973, was to test this hypothe-
sis and to show that useful geological map-
ping from submersibles was possible even
in the very rough terrain of the rift valley
3.

The second phase of diving was carried
out in the summer of 1974 with Archimede
and the diving saucer Cyana and had three
main objectives. The first was to extend the
1973 survey in order to map and sample
across the transition from features near the
axis of the inner floor, which we knew to be
at least partly attributable to primary vol-
canism, to the deepest features of the walls
flanking the inner floor, which we pre-
sumed to be essentially of tectonic origin
(box I, Figs. 1 and 2). This structural and
petrological section of the inner floor of
the rift valley was to be compared with a
section investigated by the American team
immediately to the south, in a location
where no clearly developed central high
was present.

Although transform faults are satis-
factorily explained on kinematic grounds,
their morphology and geology, which pro-
vide important constraints for ridge crest
mechanical models, have not been ade-
quately described. Therefore, the second
objective of the dives was to study the me-
dian portion of transform fault A, which
offsets the rift valley segment about 20
km in a dextral sense. There, according to
magnetic anomalies (2), crust on either
side of the valley should be about 1 million
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years old (box II, Figs. 1 and 2). The first
purpose of the study, as of any structural
study, was to define the geometry of the
tectonic features—that is, to determine the
spatial arrangement of faults. Second, it
was hoped to determine where deforma-
tion is occurring at present, to work out the
recent distribution of shear movement on
the transform fault boundary, and to look
for evidence of any additional extensional
or compressional components of motion.
This information would enable the width
of the present surface expression of the
transform boundary to be better defined,
and help to establish whether the geometry
has been stable through time. Finally, we

needed samples from major fault scarps to
investigate whether oceanic crust formed
in the inner floor near a transform fault is
petrologically peculiar, and we hoped that
they would give direct proof of the nature
of relative motion on the scarps.

The third objective was to map the inter-
section of the deepest part of the rift valley
with transform fault A (box III, Figs. 1
and 2). The intersection between an accret-
ing plate boundary and a transform fault is
important in several ways. First, there is
the tectonic problem of understanding how
the domain in extension of the rift valley is
linked to the domain in shear of the trans-
form valley—that is, whether the transi-

tion from rift to transform structures is
abrupt or whether there are tectonic fea-
tures of intermediate direction and nature
reflecting a gradual transition. Second, the
intersection area may provide, for both do-
mains, an insight into the width of the
zones in which the greater part of the mo-
tions is localized. Finally, a study of the in-
tersection, where crust of greatly different
ages is juxtaposed, may show how crust of
varying age responds to tectonic forces.
We used as a base for the dives a precise
and detailed bathymetric map based on a
narrow-beam survey by the French Hydro-
graphic Office ship d’Entrecasteaux (4). In
1973 Archimede made 6 successful dives,
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Fig. 1. Bathymetry of parts of the rift valley and transform fault A. Submersible dives were conducted in regions I, IT, and III (see Fig. 2). The axis of

transform fault A runs approximately east-west along 36°57'N. The black areas mark the edges of the rift valley.
highs on the inner walls of the rift valley. In the inner floor, black areas with horizontal white stripes show the locati
Mount Pluto (south of box I). Contours are given in corrected meters, after Needham and Francheteau (2) and the d’
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Ruled areas represent topographic
on of Mont de Vénus (in box I) and
Entrecasteaux survey (4).
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and in 1974 Archimede and Cyana each
made 12. Out of the total of 30 dives, 15
were made in the first zone (rift valley, box
I, Figs. 1 and 2), 10 in the second zone
(transform fault, box II, Figs. 1 and 2), and
5 in the third zone (intersection, box III,
Figs. 1 and 2). The dives represent a total
of 50 km of visual coverage of the sea floor
with a precision of navigation of about 20
m relative to the acoustic bottom-trans-
ponder network, which was associated with
the d’Entrecasteaux survey. Eighty-five
rock and sediment samples were collected.
About 10,000 photographs and 50 hours of
videotaped television coverage were ob-
tained, together with color photographs
and movies.

This article is based primarily on ship-
board evaluation of data. It does not in-
clude results of detailed (structural or pet-
rological) analyses or of age determina-
tions of the samples. Our conclusions,
which have not yet been compared with the
conclusions reached by our American col-
leagues on the complementary part of the
program, should be considered as prelimi-
nary. It is worth stressing that any obser-
vation made on the sea floor provides in-
formation on the superficial state of the
crust at a given place, and at a given time
in a long evolution. It is hoped that the
geographic coverage gives, besides the spa-
tial integration, information on other
phases of the evolution in time.

33piz

Rift Valley

The rift valley, with a maximum depth
below sea level of 2.8 km, is composed of a
series of large steps, typically with an out-
ward tilt (2) and separated by steep slopes
facing toward the axis of maximum depth.
The axial zone can be very narrow, but in
the area of the dives it is marked by a 3-
km-wide, topographically rough inner
floor (2, 5) incorporating three highs with
narrow bordering deeps. The central high,
which in this area is called Mont de Vénus
(3), is about 4 km long and | km wide and
stands about 250 m above the flanking
deeps. The wall bordering the inner floor
on the western side is higher, regionally
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steeper, and better defined for long dis-
tances along strike than the eastern wall (2,
5).

Of the 15 dives conducted in the rift val-
ley by the French submersibles, 3 were
made on the deep lower scarps and steps of
the eastern wall, 1 was on the prominent
scarp flanking the inner floor on the west,
and the others were devoted to the various
formations of the inner floor (box I, Fig. 2).

Inner floor. The 1973 Archimede dives
led to the definition of various specific as-
sociations of lava morphologies and struc-
tural settings. Globular forms, sometimes
collapsed, and pahoehoe-type lavas were
found on the flattish, upper parts of flows,
and “bolsters” were found on steep fronts
of flow units. Talus made up of broken, ra-
dially jointed rocks were shown to be asso-
ciated with the feet of steep scarps.

The 1973 dives also showed that surface
emplacement of new oceanic crust is
achieved in the inner floor and that, at least
at the surface of the crust, the zone of mag-
ma injection is limited to volcanoes built
by thick, steep-fronted piles of pillow
lavas. It was concluded that these are built
over relaying fissures within a zone 0.5 to |
km wide. Evidence of tectonic activity was
found on the inward-facing slope of the
eastern marginal high.

The four rocks sampled in 1973 by Ar-
chimede show an increase in age with dis-
tance from Mont de Vénus, which would
thus mark the locus of the most recent vol-
canic activity (< 10,000 years) (3, 0).
Three of the rocks, all sampled within a
distance of 2 km in a direction transverse
to the rift, were of different petrographic
types (pyroxene basalt, olivine basalt, and
picritic basalt) (3, 7). This reflects a lateral
and vertical variation in petrology linked
tightly to structural setting, and further re-
fines knowledge of the across-strike varia-
tion of rock types in the deeper part of the
rift valley, previously recognized from the
relative abundances of large plagioclase
and olivine crystals (2).

The 1974 Archimede and Cyana dives
considerably extended the geological re-
connaissance over the whole inner floor
toward both east and west, and included
the study of scarps and slopes of tectonic
origin and of steps which bound the inner
floor and form the bases of the walls of the
rift valley. In the axial part of the inner
floor two structural modes dominate: the
emissive and the tectonic.

The emissive mode is exemplified by
Mont de Vénus, where recent volcanic
flows, probably fed by emissive fissures,
mask tectonic structures. Progression of
lava flows is shown by bolsters of various
sizes giving way to pillows, pahoehoe-type
lavas, and “tripe” (3). Most of the differ-
10 OCTOBER 1975

ent volcanic forms are created in succes-
sive phases. For example, the molten lava
is quenched upon extrusion at the surface,
yielding a glassy crust which can be
cracked. The lava in the interior is pushed
through the cracks as in a drawplate, pro-
ducing grooves. Frequently, slabs of the
glassy crust of globules or bolsters are up-
heaved, creating relief in the shape of
mushrooms or berlingots (2). The 1974
dives confirmed that the tops of the flows
are formed principally of large lava glob-
ules (“skeins of yarn”) and elongated
pillows (3). In addition, lava sheets and
ropy lava were observed on the northern
part of Mont de Vénus.

The tectonic mode is represented, to the
north, northeast, and southwest of Mont
de Vénus, by fields of open fissures (or
gjas) oriented parallel to the rift valley
trend. Some of the gjas have clearly dis-
rupted the volcanic edifices in the north-
northeastern part of Mont de Vénus, and
on the western slope of the topographic
high which represents the northern prolon-
gation of Mont de Vénus.

Both the tectonic (or extensive opening)
mode and the emissive mode of the axial
part of the inner floor give way laterally,
with an additional component of vertical
relative motion, to a horst and graben
structure. The horst discovered in the east-
ern part of the inner floor, the eastern mar-
ginal high, is bounded to the east by an
eastward-facing normal fault, but coherent
lava flows are observed on part of its recti-
linear, partially faulted western flank. This
last observation suggests that the high is a
relatively recent emissive center and is evi-
dence of post-tectonic or syntectonic vol-
canism. The horst observed to the west, the
western marginal high at 36°50’N, which
we call Mont Jupiter, is more heavily frac-
tured and faulted than its eastern counter-
part. In addition to the structures follow-
ing the 020° rift valley trend, which include
here important open fissures, transverse
faults and gjas oriented 080° are apparent.
This intersecting set of structures is re-
sponsible for the existence of jagged peaks
not found elsewhere. In particular, none of
these transverse structures were observed
on the eastern side of Mont de Vénus. The
graben that lie between the marginal horsts
and the base of the walls have sediment-
covered floors about 100 m wide.

Borders of the inner floor. The lower
part of the eastern wall, which is made up
of three main steps below 2100 m, is appar-
ently older than the inner floor, although it
is not yet clear whether ages increase lin-
early with distance from the axis of the in-
ner floor. Although well-preserved lava
flows were observed on the walls, they are
more weathered, and bottom life is richer

here and sediment cover thicker. The fault-
ed scarps of the lower part of the eastern
wall (one fault about every 50 m) have bare
lava talus at their feet; together with the
fresh appearance of the scarps themselves,
this indicates that the lower part of the
wall is still tectonically active, as may be
inferred from a microearthquake survey
further south (8).

A complete traverse of the well-defined
western wall, west of Mont Jupiter, was
made during one dive of Cyana (Fig. 3).
Morphologically, the surface of the wall
appears as a series of vertical scarps 10 to
20 m high, separated by shorter, less steep
slopes. The base of the wall is hidden under
a talus pile made up of pillow fragments
and large angular blocks (I to 2 m in diam-
eter). The talus, which is more than 85 m
high, abuts against a unit of breccia 50 m
thick. The lower part of the breccia is
made up principally of sediment, whereas
the upper part is predominantly rocky and
is crossed by dikes. The breccia unit is
overlain by a 230-m-thick pillow lava pile
incorporating several dikes (oriented 020°)
and sills, particularly in the lower part. The
sills are conformable subhorizontal ig-
neous units about 1 m thick, which show
no glassy layer at their contact with the
overlying extrusives. The top of the first
major step of the west wall has a horst and
graben structure parallel to the trend of the
wall. It is tempting to equate the pillow
lava pile with the magnetized layer 2A.

Rocks. A total of 27 rock samples from
25 stations has now been collected from
the inner floor of the rift valley, the mar-
ginal highs, and the lowermost scarps of
the eastern and western walls (box I, Fig.
2). Most of the specimens come from the
flanks of Mont de Vénus, Mont Jupiter,
the marginal high to the north of Mont Ju-
piter, which we have called Mont Mercure,
and from the eastern marginal high. The
freshest specimens were collected from
Mont Mercure and Mont de Vénus.

The specimens from the inner floor oc-
cur typically as radially jointed pillow lava
fragments with glassy margins coated with
thin palagonite and manganese films. The
specimens are all basalts and the great ma-
jority are enriched in olivine with occasion-
al chrome spinel. The basalts that have oli-
vine as the major phase are divided into
olivine and picritic basalts, the latter con-
taining up to 30 percent olivine mega-
crysts and found typically at the base of
Mont de Vénus. The other two most abun-
dant basalt types found in the inner floor
are moderately phyric plagioclase ba-
salts containing plagioclase phenocrysts,
olivine, and clinopyroxene as major con-
stituents, and basalts relatively rich in
clinopyroxene and olivine. The former are
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Fig. 3. (A) Sketch showing surface geology observed during one dive of Cyana up the western
scarp bounding the inner floor, west of Mont Jupiter. Fault extension at depth is hypothetical. The
bathymetry is derived from dive data. (B) Profile drawn from d’Entrecasteaux survey (4), showing

the setting of the Cyana profile (circle). Both profiles are drawn with no vertical exaggeration.

similar to the high-alumina basalts de-
scribed from other parts of the rift valley in
the Atlantic (9).

Highly phyric plagioclase basalts were
found along the western scarp bordering
the inner floor. These rocks differ from
the moderately phyric plagioclase basalts
in that the plagioclase crystals are more
calcic (>20 percent) and show evidence of
resorption. The megacrysts in the highly
phyric plagioclase basalts are set in a
ground-mass which consists essentially of
clinopyroxene.

The rarest type of rock sampled during
the dives is a pyroxene-rich basalt with
clinopyroxene and plagioclase as major
constituents, the clinopyroxene content
being equal to, or higher than, the plagio-
clase content. One such specimen comes
from high on the western scarp itself,
which is clearly tectonic, and there is field
evidence that the rock sampled may repre-
sent an intrusion injected into the scarp.

Discussion. The dives in the rift valley
have shown that there are rapid variations
in structural style and petrographic type
across the inner floor and bounding tecton-
ic walls. Tectonic and volcanic phases can
follow one another, with concomitant vari-
ations in the chemistry of the lavas both
along and across the strike of the main
structures. The mode of extension of the
crust is principally by dikes and open or
emissive fissures in the 1- to 2-km-wide ax-
ial part of the inner floor, and by normal
faults in the walls. In the axial part of the
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inner floor, dilation of the crust by open
fissures and dike injection is generally, but
not always, followed by an episode of vol-
cano building, during which extrusion of
picritic magma may give way to that of oli-
vine basalt magma at the end of the vol-
canic episode. The volcanic edifices are af-
fected by distensive tectonics in the form of
open fissures. The geology of the axial part
of the inner floor must reflect the geometry
of underlying magma chambers and the
depth of fractures tapping them.

Within 0.5 to 1 km of the axis of the in-
ner floor, the crust responds to exten-
sion by graben and horst formation with
increasing differential vertical displace-
ments. Spacing of normal faults averages
about 50 m. Little volcanism is gener-
ated there except in local areas, such as the
eastern marginal high and Mont Mercure,
where there is strong evidence for post-
tectonic or syntectonic volcanism, as
shown by the preserved downslope-direct-
ed lava flows on their rectilinear inward-
facing slopes. Most of the extension of the
surficial crust is achieved by open fissures
and dike injection in the axial zone, where
most of the volcanic activity is taking
place. Normal faulting on faults with dips
greater than 60° can account for at most 20
percent and probably between 5 and 10
percent of the total extension.

The preliminary relative age distribution
of rocks, determined from the palagonitic
alteration of glassy rims of pillows and de-
posits of manganese oxides, confirms that

Mont de Vénus is the youngest volcanic
edifice in a section across it (6).

It is tempting to put the present plate
boundary along the central high (Mont de
Vénus), although it is clear that the present
zone of active extension by normal faulting
in the rift valley is wider than the present
zone of magma extrusion. It extends over a
half-width of at least 4 km, on the basis of
the dives made on the lower part of the
eastern wall.

The plate boundary must lie within the
tectonically active zone, which is a zone of
mechanical weakness fractured in response
to the divergence of the plates. It does not
necessarily coincide with the axial region
of the inner floor, although active volcan-
ism, which is responsible for forming oce-
anic crust, occurs only in the region where
fractures are deep enough to tap the under-
lying magma, and most of the extension
takes place in the axial region. Careful
dating of the rocks sampled will support
this relationship if it shows a monotonic in-
crease in age with distance from the axis.

It seems likely that normal faults affect
the crust both inside (8) and outside the rift
valley in areas not covered by the dives.
Even on the evidence we have, it is clear
that the strongly faulted nature of the oce-
anic crust, at least in an area of slow
spreading, dictates that great care be exer-
cised when interpreting results from near-
vertical drill holes in the crust of the type
made during Deep Sea Drilling Project
(DSDP) leg 37 (10). The density of faulting
in the active tectonic zone shows that near-
vertical holes, which are on the average
300 m deep in the crust, should encounter
at least three fault zones and probably
more. Much of the rubble encountered in
the holes (/0) may be associated with the
faults. In any case, it does not seem pos-
sible to arrive at a true representation of
the igneous stratigraphy of the oceanic
crust until motions along the faults are
taken into account. Along the scarps of the
rift valley walls one can observe a section
through the upper part of the oceanic crust
which may be as thick as 500 m, which is
similar to the depth in the crust reached
during DSDP leg 37. The horizontal conti-
nuity of the western scarp section, over ki-
lometers, should be helpful for interpreting
the significance of vertical borings. Be-
cause the FAMOUS program was devoted
mostly to the study of the extension within
the inner floor, a study by submersibles of
rift valley walls seems a high-priority tar-
get for the future, in connection with the
International Phase of Ocean Drilling
(IPOD) plans to drill through the upper
part of the oceanic crust. Field mapping
and deep coring are both essential tools for
understanding the geology of tectonically
complex areas.
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Median Transform Fault Zone

A transform fault, which corresponds to
the active portion of a fracture zone (/1), is
a class of fault introduced by Wilson (12)
primarily on kinematic grounds. The term
is usually applied to a portion of crust
where active pure shear prevails, con-
necting two regions where crust is gener-
ated or destroyed. A new terminology, bor-
rowed from the earthquake fracture litera-
ture (/3), seems to be required for a more
detailed description of the surface mor-
phology and structures of transform faults.
Morphologically the transform faults, at
least in the Atlantic Ocean, are defined by
valleys which we call transform valleys.
Within a transform valley the area where
most of the active tectonic features occur is
called a transform fault zone. It is conceiv-
able that, when followed through time, a
transform fault zone may migrate in a di-
rection parallel to the rift. We use the term
transform domain to include all locations
occupied by a given transform fault zone
throughout its evolution in time. If a single
narrow zone accounts for the major part of
the ground movement in the transform
fault zone, it is termed the principal trans-
form displacement zone, and it may itself
be composed of transform shear zones.

Structure. The east-west transform fault
A offsets the rift valley about 20 km in a
dextral sense, and the motion in the trans-
form fault zone should thus theoretically
be sinistral. The area we explored lies
around 36°56'N, 33°04'W, about midway
between the two offset segments of rift val-
ley. Assuming a spreading rate of 1
cm/year (2, 14), crust on opposite sides of
the transform fault zone should be about 1
million years old. A 2.5-km-long, north-
south section across the axial region of the
transform valley was covered in the course
of ten dives. Parts of the transform fault
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zone were mapped in detail, the study in-
cluding microtectonic observations.

The deepest axial region of the trans-
form valley is V-shaped and is character-
ized by relatively steep slopes, giving way
to slopes with smaller average gradients
(Fig. 4). In the external portions of the
transform valley, to both north and south,
another break in slope and large escarp-
ments more than 100 m high constitute the
limit of the transform domain, which has
an average width of about 3 km and a total
vertical relief of 600 m. The observed mor-
phology of the transform valley slopes is
the expression of brittle tectonic deforma-
tions, which have affectéd the whole of the
transform domain. For example, the sea
floor topography is marked by a series of
east-west trending steps and scarps, with
the height of the scarps varying from 50
cm to several tens of meters and the spac-
ing between them varying from several me-
ters to several tens of meters. The appear-
ance of the scarps, which are sometimes
smoothed by a sediment cover, made it
possible to distinguish fossil tectonic zones
from zones presently active, and thus to
distinguish the transform fault zone within
the transform domain.

In the zone of intense fracturing, tecton-
ic observations conducted on the seabed
permit localization of the zone where the
movement is concentrated at present. The
transform fault zone incorporates the first
(deepest) steps of the flanking walls of the
transform valley, and its width is thus less
than 1 km. Microtectonic observations
were made on deformed sediments affected
by cleavage on scarps striking roughly
east-west on the south wall of the trans-
form fault zone. The angular relation be-
tween fault and cleavage planes is direct
evidence of the existence of shear dis-
placement and of a left-lateral sense of
movement.

Deformed sediment
along active
faults

<«

Present active zone
« g by

Hydrothermal deposits

On cither side of the deep active region,
gentler topographic features and sedi-
mented scarps suggest the existence of fos-
sil tectonic structures. Beyond and above
this presently inactive region, which we in-
clude in the transform domain, another ac-
tive tectonic zone corresponds to the outer
escarpment of the north flank of the trans-
form domain. The presence of striations,
with a 45° pitch to the horizontal of the ap-
proximately east-west plane of motion, on
indurated sediments affected by cleavage
shows that, on the outer escarpment, the
vertical component of motion is important.
This contrasts with the predominantly hor-
izontal motion in the deep inner zone.

Most of the steep scarps within the
transform fault zone are made up of more
or less consolidated detrital material,
which is continually remobilized by tecton-
ic activity. Sediment cover is abundant on
the south flank of the transform valley as
well as on all flattish areas and on the bot-
tom of the valley. The outer portions of the
transform domain, where the slopes are
smaller, are covered by thicker sediments
and there are some outcrops of pillow lava
flows. Approximately east-west trending
dikes, which appear as near-vertical walls
up to 16 m high, 10 m long, and 1 to 2 m
thick, were observed frequently, especially
on the northern flank of the transform val-
ley. The dike walls are either massive or
made up entirely of breccias and appear to
have a foliation parallel to their strike.

Banded or massive dolerites constitute
the greater part of the rocks of the outer
northern escarpment. This material may
have been exposed by the vertical com-
ponent of motion on the scarp or it may
represent intrusives (sills) associated with
the fault scarp. Dikes of the same material
were observed at the base of the break in
slope. The rock section exposed on this
fault scarp with a dip-slip component is
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Fig. 4. Schematic diagram incorporating main geolo

The profile is drawn with no vertical exaggeration.
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gical and tectonic observations in median part of transform fault A (see box II, Fig. 2, for location).
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thus different from the section observed on
the western scarp of the inner floor of the
rift valley, west of Mont de Vénus.

Rocks. The 25 rock samples collected
from the north and south walls of the
transform valley are mainly pyroxene-en-
riched. The major constituents of these
rocks are clinopyroxene, plagioclase, and
iron oxide minerals. Other samples, col-
lected near the northeasternmost portion
of the dive area and the deepest part of the
transform valley, contain olivine in addi-
tion to plagioclase and clinopyroxene.
Many of the rocks are very weathered and
hydrothermally altered and have relatively
thick encrustations of manganese and iron
hydroxide. The rocks sampled on the
northern escarpment are more deeply al-
tered and contain hydrous minerals such as
smectite and chlorite in addition to hema-
tite. The rocks have no glassy margins and
are holocrystalline with ophitic, sub-
ophitic, and intersertal texture. Field evi-
dence accompanied by the textural appear-
ance of the rocks indicates that the pyrox-
ene-enriched rocks from the northern mar-
gin of the transform domain are intrusives.
Two specimens of volcanic breccia were
collected close to a depth of 2500 m, about
1 km north of the deepest part of the trans-
form valley, in the region where numerous
dikes were seen.

Hydrothermal deposits. The dives in the
median portion of transform fault A led to
the first in situ observation and sampling
on the deep sea floor of colored deposits of
evidently hydrothermal origin, and to the
first observation of the mouths of the hy-
drothermal sources.

Two neighboring hydrothermal depos-
its, about 100 m apart, were discovered to-
ward the top of the scarp which forms the
southern limit of the deep portion of the
transform valley (Fig. 4). Both cover an
area of about 40 by 15 m and are emplaced
on hills which are elongated in the east-
west direction and which have steeper
north-facing than south-facing slopes. The
hills are capped by stratified deposits and
black, scoracious-like encrustations lying
on sediment. The deposits are typically 10
to 50 cm thick, but can reach a thickness of
about 1 m next to the emissive vents or fis-
sures. The vents are located at the summit
of, or relatively high on, the north-facing
slope of the hydrothermal hills. Both of the
observed hydrothermal vents are elongated
in the east-west direction. Downhill from
the vents, black travertine-like deposits
carpet the slope, whereas red, yellow, or
green pisolitic forms lie close to the vents.
The rounded pisolitic forms have a con-
centric zonation, dark green in the center
to red and black in the outer layers. Pre-
liminary analyses (/5) show that the sam-
ples are mainly iron-manganese deposits
depleted in all other transition elements
(Co, Ni, and Cu contents are less than 10
to 15 parts per million). The Fe/Mn ratio
shows a large variation (0.2 to 237) and
there is evidence that the iron-rich deposits
were precipitated close to the vents and the
manganese-rich crusts farther from the
points of thermal water discharge. The
field evidence supports models presented
by Bonatti and co-workers (/6) for depos-
its of analogous chemistry in northern
Afar and in the Mediterranean Sea.

i

Fig. 5. Fault scarp associated with the left-lateral shear of transform fault A. The fault, about 150 m

north of the major east-west escarpment, cuts through indurated sediments with clear subhorizontal
bedding marked by blacker material. The view into the picture is along 185°. The scarp, which is
about 1.5 m high, has a strike of about 150° to 330°. Cleavage indicates that motion on the scarp is
left-lateral. Blocks of indurated sediment with big cavities are covered by manganese. The hole
at the base of the scarp was made while coring with the telemanipulated arm of Archimede.
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The location of the hydrothermal depos-
its in the presently active tectonic zone
may not be fortuitous. The transform fault
zone, which is the seat of presumably deep
vertical fractures that have been active for
a long time and involve a high level of
shearing and microfracturing, is a particu-
larly suitable setting for fluid circulation
and efficient leaching of crustal rocks by
hot seawater. No hydrothermal deposits
were observed in the 30 dives by 4/vin and
the two French submersibles in the active
rift zone, where faults are not vertical, may
not extend as deep, and may not be active
for such a long time. However, we cannot
preclude the possibility that hydrothermal
deposits in the rift valley are masked by
lava in the axial volcanic zone and by the
large talus deposits along bordering scarps.

Discussion. The series of dives in the me-
dian part of transform fault A has shown
that the presently active transform fault
zone, straddling the deepest part of the
transform valley, is about | km wide. The
transform domain, in which the active ele-
ments of the tectonic system are located at
various times throughout its evolution, is
about 3 km wide. Field observations show
that left-lateral shear with little contribu-
tion from dip-slip prevails in the transform
domain, but that dip-slip becomes signifi-
cant above it. At least locally within the
transform domain there is evidence of
shortening.

The observation, on the walls of the
transform valley, of weathered extrusives
(about | million years old, judged by the
thickness of manganese oxides on the rock
surfaces), which were probably emplaced
at the neighboring accreting boundaries,
and the small vertical extent of the largest
scarps show that the commonly accepted
concept that a lI-km-deep transform fault
is equivalent to a 1-km-high fault is unreal-
istic. The structural setting of ultramafic
rocks within transform valleys remains un-
clear because no such rocks were recovered
during the dives. However, many of the re-
ported occurrences of mafic or ultramafic
material in transform faults may represent
intrusives associated with faults, such as
the dolerites sampled on the outer scarp of
the transform domain. Models of trans-
form fault petrology displaying vertical
zonation with peridotite and serpentinite
overlain by gabbro, itself covered by ba-
salts, are rendered questionable.

Finally, proof has been gathered that
mineral concentrations which cannot be
explained by surface authigenism occur on
newly formed oceanic crust. They are pre-
sumed to be the result of precipitation in
cold seawater from hot water enriched by
leaching of crustal rocks in a zone with in-
tense microfracturing. Transform fault
zones may represent preferred locations
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for mineral enrichment. Previous detailed
work from a surface ship, including the
use of near-bottom instruments (50 to 100
m above the sea floor) had failed to pro-
vide evidence for the presence of the hy-
drothermal deposits.

Rift Valley-Transform Valley

Intersection

The intersection of the rift valley and
transform fault A is expressed topographi-
cally by a large, roughly circular depres-
sion about 300 to 400 m deep with a radius
of about 3.5 km (box III, Figs. 1 and 2).
The floors of both the rift valley and the
transform valley deepen toward the inter-
section, and the maximum depth of the in-
tersection region (> 3000 m) thus repre-
sents the greatest depth found along the
plate boundary. The transform valley in
the intersection area includes, in its axial
portion, a trough 7.5 km wide bordered by
steep, inward-facing scarps 300 to 400 m
high. This trough, which is analogous to
the 3-km-wide transform domain in the
median part of transform fault A, is cut by
a seismically active axial deep 1 km wide,
flanked on the north side by a prominent
south-facing near-vertical scarp or wall,
striking east-west along 36°57'N, and
about 100 to 130 m high (/7).

Five dives of Archimede were conducted
in the general area of the intersection (box
I11, Figs. 1 and 2). The two easternmost
ones were devoted to the study of the ma-
jor east-west scarp, and the three others
were closer to the intersection where the
transform fault should juxtapose approxi-
mately 2-million-year-old crust (on the
north side) and newly created crust (on the
south side). Of the latter three, a short
dive, just west of 33°11'W, covered the
western termination of the east-west scarp;
one dive included traverses of the basin
near 36°56.5'N, 33°11'W, which is more
than 3100 m deep; and one dive, the west-
ernmost, was made across the trough near
33°12'W which trends in an intermediate
(045°) direction.

Transition area. From the information
provided by the narrow-beam bathymetric
survey, the rift valley floor could be
thought to lead into the intersection area
either directly through a series of right-lat-
eral, en echelon segments oriented roughly
north-south or transitionally through the
trough trending approximately 045°. Ob-
servations made near 33°12'W (box III,
Fig. 2) showed the latter interpretation to
be correct. An emissive fissure and well-
preserved flows, pillows, and bolsters sim-
ilar to those found in the inner floor sites
farther south were encountered along the
I-km-long section traversed. The emissive
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fissure lies in sediment-covered terrain and
is associated with a line of holes in the sedi-
ment. Both the fissure and the line of holes
strike 045°, as does a series of sedimentary
ridges and small faults approximately 2 m
high associated with the bolsters. Most of
the terrain seen is covered by sediment,
even the fairly large scarps, and rock out-
crops are found only in the 1-km-wide ax-
ial region and at the summit of some fault
blocks in the south. Horsts and graben oc-
cur in the outer portions of the axial re-
gion, and most of them are covered with
sediment. At the southern extremity of the
dive profile, there is a large north-north-
west facing scarp which strikes 065°, paral-
leling the main transform fault direction to
a greater extent than do structures found in
the axial region of the 045° trough. This
may indicate a greater component of ex-
tension in the latter area. In further con-
trast, the tectonic scarps and sedimentary
ridges north of the axial region strike 010°
to 020° and are thus more nearly parallel
to the main rift valley trend. The geometry
may indicate that termination of shear in
the transform valley is rather abrupt and
that shear probably extends less than 0.5
km beyond the 045°-trending trough. A
different tectonic behavior is expected in
the minor and major angles between the
accreting and transform plate boundaries,
in that superposition of tectonic regimes is
more likely to occur in the minor angle
where, in addition, crust is uniformly
young.

During the dive across the termination
of the major east-west wall around
33°11'W, scarps with a strike of 070° and
exposing pillow lavas were seen to cut
through smooth, flattish, sediment-covered
areas. A shear zone composed of apparent
left-lateral, en echelon scarp segments up
to 20 m high marks the termination of the
east-west wall. The trend of the scarps fits
with that predicted for Riedel synthetic
shears, but no obvious tension features
were observed connecting the scarps. The
termination of the wall occurs about 1.5
km east of the last north-south striking
segment of the accreting boundary.

The results of the two dives are compat-
ible with the existence of a narrow zone (1
to 1.5 km wide) where most of the exten-
sion is now taking place. This is narrower
than the width estimated from information
obtained on dives to the inner floor sites to
the south and may show that the greatest
density of dikes and fissures (open or not)
is to be found in the axial zone of the inner
floor. Here, unfortunately, volcanic flows
generally conceal this information. Sim-
ilarly, the termination of the north-south
accreting segment about 1 km south of the
east-west scarp may indicate that the
transform fault zone is roughly 1 km wide

in this area. This result is in general agree-
ment with direct evidence gathered farther
east (box III, Fig. 2) and in the median
portion of transform fault A (box II, Fig.
2).

The dive across the deep basin near
36°56.5'N, 33°11'W (box II1, Fig. 2) shows
that the transform fault zone extends
about | km south of the east-west wall and
includes sinkhole-like depressions within a
sedimentary terrain crossed by many sedi-
mentary ridges. Rock exposures are rare
and limited to tops of steps and some steep
scarps. Apparently active scarps trending
045°, and exposing banded, massive rocks
with bare talus piles at their bases, were
followed about 2 km east of the north-
south accreting segment. The scarps may
represent structures generated in the 045°
axial trough to the west or may be evidence
that the transition between rift and trans-
form structures is gradual and occurs over
a wide region (/8). The dimension of the
transitional zone probably reflects both the
thicknesses of the brittle portions of the
crust and the width of both active bound-
aries.

East-west wall. A section across the
east-west wall just east of 33°10'W shows
that the wall is 130 m high and is made up
of a series of sediment-covered steps sepa-
rated by steep scarps. There are exposures
of pillow lava piles and more massive lava
on parts of the wall and of intrusives in-
cluding doleritic dikes on other parts; in
one instance, a 0.5-m-thick sediment layer
was seen sandwiched between two pillow
lava units. The linearity, continuity, and
average east-west trend of the wall imply
that it is the site of active shear. In this
area it may represent the principal trans-
form displacement zone. In detail, the
scarp segments of the wall trend 070° to
080° and may correspond to synthetic
shears associated with left-lateral motion.

Tectonic activity is not confined to the
wall. About 150 m north of the east-west
wall a recent fault, in close contact with a
field of manganese oxide deposits lying on
indurated sediments (Fig. 5), cuts through
indurated sediments which may be affected
by cleavage, and an emissive fissure trend-
ing 045° is located, within the sedimentary
terrain, about 300 m north of the edge of
the wall. This, incidentally, represents the
only clear case of recent volcanism seen
within the transform fault zone. The strike
of the emissive fissure, a tension fracture,
is compatible with the left-lateral direction
of movement in the transform fault. A few
tens of meters north of the wall, there is a
large (5 by 3 m), oval, east-west trending
doline-like depression, which occurs in in-
durated sediments and may be a collapse
sink over an underlying crack. The south-
ernmost rock exposures occur 300 m south
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of the edge of the wall. Farther south
the terrain is flattish, smooth, and sedi-
ment covered. It is possible, therefore,
that the width of the transform fault zone
is smaller (about 600 m) in the region
where a principal transform displacement
zone exists.

No structures trending 045° were ob-
served south of the east-west scarp, where
the distance from the 045° trough is 4 km.
This may indicate that the 045° transition
structure which joins the accreting to the
transform segment is not dynamically
stable and represents a recent read-
justment (less than 4 x 10° years old, as-
suming a spreading rate of 1 cm/year).

Rocks. Seven rock samples were collect-
ed during the three dives closest to the in-
tersection, that is, west of 33°10'W. The
predominant rock types are olivine basalts
and moderately phyric plagioclase basalts.
The specimens consist of large fragments
of pillow lava with preserved glassy mar-
gins thinly coated by manganese and pa-
lagonite. One sample of pyroxene-enriched
basalt with a subophitic texture was col-
lected from the 045° trending scarp, where
banded rocks are exposed. This basalt is

the most weathered of the eight specimens.
Twelve rocks were sampled during the

two dives east of 33°10'W (box 111, Fig. 2).
Most of the specimens taken from the ma-
jor east-west escarpment consist of pyrox-
ene basalt. The rocks are columnar with
polygonal outlines and are holocrystalline
with subophitic textures. The general ap-
pearance of the rocks, their textural fea-
tures, and the geological settings suggest
that they may be intrusives. Fresher rocks
with preserved glassy margins, including
one sample of ropy lava from the one emis-
sive fissure observed, consist of moderately
phyric plagioclase basalts similar in com-
position to those found in the inner floor
and near the intersection.

Discussion. The Archimede dives in the
intersection region between the rift and
transform valleys showed that the transi-
tion from extensional to shear structures is
gradual, with a set of intermediate direc-
tions; it includes a 1-km-wide active trough
oriented 045°, that is, in a direction inter-
mediate between the rift (020°) and trans-
form (090°) directions. This situation prob-
ably reflects a mode of deformation of
crustal material which is not linked in a
simple way to the kinematics of the two
purely rigid plates. Study of the transition
area suggests that the zones in which most
of the deformation is occurring in the rift
and transform valleys are | to 1.5 km wide
and 1 km wide, respectively. The major
east-west wall may represent a principal
transform displacement zone composed of
synthetic shears. In the region where the
wall is better defined, the transform fault
zone may be only 600 m wide. The rocks
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sampled on tectonic scarps are uniformly
enriched in pyroxene and may be intru-
sives.

Conclusions

1) The key problem, determining the
present surface expression of the plate
boundary in a rift valley and a transform
fault, can now be partly solved. In the rift
valley, injection and accretion of crust are
most intense in the 1-km-wide axial zone
of the inner floor, where there are young
emissive centers such as Mont de Vénus,
but also occur within at least 1 km on ei-
ther side of the axial zone with a type
structure of horsts and graben partly ac-
companied by volcanism. The greatest
density of active tectonic features is found
in the inner floor of the rift valley, but
some active extension with little or no ac-
companying volcanism is maintained over
an 8-km-wide zone. A structural setting in
which the width of the injection and tecton-
ic zones is similar is found in the Asal
graben (/9). Results of dives near the in-
tersection of the rift valley and transform
valley suggest that most of the accretion of
lithosphere is accomplished within the I-
to 1.5-km-wide axial zone of the inner
floor. Precise dating of the basalts sampled
in the inner floor would definitively show
the pattern of accretion of new crust at this
accreting plate boundary. A quantitative
estimate of extension will be based on re-
construction of faults.

In the transform valley the presently ac-
tive transform fault zone is about 1 km
wide, but it may have migrated within the
3-km-wide transform domain. The major,
south-facing, east-west wall, on the north
side of the deepest, part of the transform
valley, may represent the principal trans-
form displacement zone, but recent tecton-
ic activity is not confined to it and may be
spread over a distance of 600 m.

2) The predicted left-lateral sense of
shear motion in transform fault A was ver-
ified in the field by observations on de-
formed sediments in the transform fault
zone and by the existence of an emissive
tension fracture striking 045°.

3) Results of the dives indicate that com-
monly accepted concepts of the geology of
transform faults need to be revised. The
distribution of scarps within the transform
valleys is such that the valleys do not nec-
essarily provide a good section of the oce-
anic crust. Although the occurrence of ul-
tramafics in transform faults is not ex-
plained by our data, we speculate that they
may be linked to intrusions along deep ver-
tical faults.

Sections of the uppermost part of the
crust can be obtained on the steep, and of-
ten large, normal fault scarps that are

found on the inward-facing walls of the rift
valley. Systematic exploration of such
large walls by submersibles may provide a
less ambiguous magmatic stratigraphy of
the upper part of the oceanic crust than
near-vertical drill cores in crust where the
density of faults, both synthetic and anti-
thetic, may reach one every 50 m.

4) Direct observations and sampling of
hydrothermal emissive fissures and related
metalliferous deposits were made in the
transform fault zone. The deposits are
mainly rich in iron and manganese and
depleted in other transition elements. The
iron is preferentially located close to the
emissive vents.
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