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Manned Submersible Observati4 
the FAMOUS Area: Mid-Atlantic 1 

Volcanic and tectonic processes associated 
active spreading center have been directly o 

R. D. Ballard, W. B. Bryan, J. R. 

G. Keller, J. G. Moore, Tj. ^ 

Project FAMOUS (French-American 
Mid-Ocean Undersea Study) was con- 
ceived three years ago, its objectives being 
to define the tectonic and volcanic process- 
es associated with genesis of new oceanic 
crust. A small area on the Mid-Atlantic 
Ridge centered at about 36?50'N was se- 
lected for detailed study on the basis of sci- 
entific and logistic criteria (Fig. 1). More 
than 25 cruises were made to the area by 
surface ships from the United States, 
France, Canada, and England, culminating 
in the first manned submersible studies of a 
mid-ocean ridge by the French submersible 
Archimede in 1973, and by Archimede, 
Cyana, and the American submersible Al- 
vin during the summer of 1974. The re- 
gional setting of the dive site was estab- 
lished by narrow-beam echo sounding, 
dredging, side-scan sonar and deep-tow 
surveys, photography, aeromagnetic sur- 
veys, and magnetic and gravity surveys 
from shipboard. The Glomar Challenger, 
on leg 37 of the Deep Sea Drilling Project 
(DSDP), drilled four holes starting about 
18 nautical miles west of the dive site. The 
final phase of the surface ship surveys, car- 
ried out by R.V. Knorr concurrently with 
the submersible program, consisted of 
dredging, coring, detailed photographic 
and thermal surveys, and deployment of 
ocean bottom seismographs. In this article 
we present a preliminary summary and in- 
terpretation of some of the unique observa- 
tions made by the manned submersible Al- 
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grams of rock samples, 50 water samples, 
and 42 sediment samples, all precisely lo- 
cated relative to a 5-fathom contour map 
of the inner rift valley floor. Some 15,000 
color and black-and-white photographs 

ons in were taken, and about 140 scientific man- 
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Ridge documented the 27 km of sea floor 
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The area selected for the prime dive site 

(Fig. 1) consists of a median valley seg- 
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Real-Time Events 

For reasons of both scientific interest 
and personal safety, much attention was 
devoted to the detection of volcanic, seis- 
mic, and thermal activity in the process of 
occurrence. Sonobuoy arrays were de- 
ployed on the sea surface and seismome- 
ters on the sea floor by the R.V. Knorr dur- 
ing some of the dives. Although micro- 
earthquakes were noted in the general area 
of the submersible, no movement of the sea 
floor or unusual disturbance of the sedi- 
ment was observed. In fact, no evidence of 
ambient acoustic energy of any sort was 
observed in the submersible for the fre- 
quency range of about 100 hertz to 100 
kilohertz for which she was instrumented. 
No volcanic features were seen being ex- 
truded and, as suggested elsewhere in this 
article, visual observation of the degree of 
sediment cover and attached faunal popu- 
lation suggested that the youngest lava 
forms were at least hundreds, if not thou- 
sands, of years old. 

Thermal measurements of the water 
mass were made by Alvin and by probes on 
a camera frame used extensively from the 
Knorr. The Alvin probe had a resolution of 

about 0.01?C and observed no sea floor 
anomalies, either over recent volcanic 
forms or inside fissures. The Knorr probe, 
also with a resolution of about 0.01?C, did 
observe several anomalies due to entrap- 
ment of water in major enclosed basins and 
to small-scale water movement. It did not 
observe any anomalies that could be attrib- 
uted to hydrothermal circulation. 

Volcanic Processes 

Observations confirmed that Mt. Venus 
and Mt. Pluto are the sites of most recent 
volcanic activity. The flanks of these hills 
consist of broad, steep-fronted flow lobes 
with relatively little sediment cover or at- 
tached organisms. The flow fronts consist 
of tubular lava extrusions elongated down- 
slope, resembling in some respects terres- 
trial pahoehoe lava. On the near-horizon- 
tal upper surfaces of these flows, a variety 
of bulbous, pillow-like lava forms are de- 
veloped (Fig. 2). Often the surfaces of these 
pillows are partly covered by abundant 
lumpy or tubular lava extrusions, which 
may be variously described as lava "fin- 
gers" or "toes." Some bulbous pillows are 

hollow, blister-like forms and are found in 
various stages of collapse. Many of these 
hollow pillows, and hollow lava tubes as 
well, show multiple internal, nearly hori- 
zontal "high lava marks," which indicate 
successive falls in lava level before final 
quenching (Fig. 3). These frozen-in lava 
levels provide a reliable guide to sample 
orientation for paleomagnetic studies. 
Other pillows display a variety of in- 
triguing "trapdoor" extrusions, in which a 
broken piece of crust sits like a hat on a 
projecting neck of lava. The pillows and 
tubes are typically 30 to 100 cm in diamter, 
and the fingers and toes are several cen- 
timeters in diameter. 

The summit of Mt. Pluto consists of a 
series of conical peaks 20 to 30 m high 
aligned parallel to the trend of the median 
valley. Tubular pahoehoe lava descends in 
all directions on the flanks of the peaks and 
forms a radiating pattern in the surround- 
ing region; collapsed blister pillows are 
common on summits of the peaks. Similar 
conical peaks on a smaller scale were occa- 
sionally observed elsewhere in the median 
valley. They may mark the main vents that 
fed the principal lava flows. The summits 
of peaks on Mt. Pluto are remarkably con- 

Fig. 1. (A) Location of dive area and tracks of Alvin in the median valley. 
(B) Regional reference map; small rectangle in area covered by (A). 
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cordant at about 1300 fathoms, suggesting 
that they have grown in response to a com- 
mon hydraulic head of lava in a shallow 
magma chamber. 

Large tumuli, 4 m or more in diameter, 
were occasionally observed on flow sur- 
faces. Some resemble small-scale driblet 
cones, while others are better described as 
giant pillows. As on terrestrial lava flows, 
they appear to represent short-lived sec- 
ondary centers of tumescence and ex- 
trusion. 

Growth of the central volcanic hills and 
advancement of the lava flows appears to 
take place almost entirely by tumescence, 
fracturing of crust, budding, tumescence of 
the new extrusions, fracturing, budding, 
and so on. In fact, the large volcanic hills 
probably could be regarded as very large 
compound tumuli which have repeatedly 
fractured and budded to give rise to the 
major lava flows. The flows themselves 
fracture and bud down to the scale of the 
individual lava fingers and toes, at which 
point the available lava presumably be- 
comes exhausted. Detached, subspherical 
pillows were rarely seen; the few examples 
appeared to have pulled loose from the 
ends of lava tubes on steep slopes, but this 
is not common. 

Most of the recent extrusive activity ap- 
pears to be restricted to vents in the medi- 
an valley associated with Mt. Pluto or Mt. 
Venus. However, limited flank volcanism 
was observed on the lower walls of the val- 
ley immediately to the east and west of the 
valley floor. This zone of flank volcanism 
seems wider and better developed to the 
east than to the west, in harmony with the 
faster spreading rate to the east. However, 
in all traverses from the center of the valley 
outward to the flanks we were impressed 
by the rapid increase in sediment cover and 
bottom life and by the intense tectonic deg- 
radation to which the extrusive lava forms 
were subjected. Generally, within 300 m of 
the valley center to the west and within 500 
m to the east, most of the delicate extrusive 
forms had been destroyed, the flows were 
sliced and offset by numerous faults, and 
the surfaces were reduced to broken, jum- 
bled lava blocks and extensive talus fans at 
the base of fault scarps. 

Preliminary petrographic study and 
analysis of rock glasses by electron micro- 
probe have shown considerable variation 
in composition of the lavas, which can be 
related to their apparent age and position 
within the median valley. Table 1 shows 
examples of the more extreme composi- 
tions. The analysis shown in column A is 
typical of recent lavas from Mt. Pluto on 
the central volcanic axis and closely resem- 
bles that of the unusual low-TiO2, high- 
MgO glass reported from DSDP sites 3-14 
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and 3-18 (4). The analysis in column B is 
typical of lavas on the east and west flanks 
of the valley, as well as of older flows near 
the central axis that have not been cov- 
ered by the younger extrusions. This com- 
position is more typical of basalts reported 
from other parts of the ocean ridge system. 
The regional variation in percentage by 
weight of SiO2 is shown in Fig. 4; a similar 
variation can be demonstrated for most of 
the other oxides of major elements, as im- 
plied by the data in Table 1. Especially no- 
table are the increases in FeO/MgO, TiO2, 
and KO2 from the center to the margins of 
the median valley. 

The slight asymmetry in the composi- 
tional distribution is consistent with the 
bathymetric asymmetry and differences in 

spreading rates and suggests that all of 
these features reflect operation of common 
processes at depth. The chemical varia- 
tions, although subtle, are matched by dis- 
tinct differences in liquidus mineral phases 
(microphenocrysts). As SiO2 increases, oli- 
vine becomes less abundant, chrome spinel 
disappears, plagioclase becomes more 
abundant, and pyroxene appears. The 
chemical and petrographic variations are 
similar to those observed previously only 
over distances of hundreds of kilometers 
along the length of the Mid-Atlantic Ridge 
(5). It seems unlikely that these variations, 
which we observe over a distance of a few 
kilometers, can be related to separate 
mantle sources or to deep mantle process- 
es, although transition element geochemis- 

Fig. 2. Elongated bulbous and bun-shaped lava pillows. Note multiple fracturing of crust due to ex- 
pansion combined with surface quenching. 

Fig. 3. Layered interior of lava tube exposed at the top of the wall of a tensional fracture. 
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try implies separate magma types in the 
R.V. Charcot dredge samples from the 
FAMOUS area (6). 

Preliminary dating of lavas based on 
measurements of manganese and palago- 
nite crusts, along with our impressions of 
outcrop freshness based on direct observa- 
tion of sediment cover and faunal abun- 
dances, indicates that at least some of the 
apparently differentiated flank lavas are of 
about the same age as lava from the cen- 
tral valley, although the flank eruptions are 
much less voluminous. This differentiation 
between central magma and contempo- 
raneous flank magma is well known at 
Kilauea volcano (7) and implies the exis- 
tence of a shallow, compositionally zoned 
magma chamber beneath the median val- 
ley (8). Calculations indicate that simple 
fractional crystallization of olivine and 
plagioclase, as suggested by the petro- 
graphic data, can account for most of the 
major element variation, although serious 
discrepancies remain for TiO2 and alkalies. 
Frey et al. (4) showed that TiO2 and FeO/ 
MgO are apparently the most critical ma- 
jor element parameters in sea floor lavas, 
and any process proposed to account for 
compositional differences in lavas across 
the median valley will have to account for 
the simultaneous variation in these param- 
eters. 

Tectonics 

In contrast to recent volcanic activity, 
which appears to be concentrated in a nar- 
row central zone, recent tectonic move- 
ment is evident throughout the entire width 
of the inner rift valley floor. Faults and fis- 
sures are numerous, striking 020? parallel 
to the rift axis (Fig. 5). Locally, faults 
trend perpendicular to the axis, but these 
are few in number and are truncated by the 
more dominant 020? structures. 

The dominance of tectonic activity is re- 
flected in the fine-scale geomorphology of 
the central valley. From the west wall 
across the central depression between Mt. 
Venus and Mt. Pluto to the first major step 
fault of the east wall is a predominantly 
block-faulted terrain. Normal faulting is 
common, and when combined with ten- 
sional extension it yields open fissures with 
differential movement between the two 
walls. Dips range from 45? to nearly verti- 
cal, with 70? to 80? common on smaller 
faults. Displacements vary from less than 1 
to more than 100 m, 10 to 20 m being the 
most common. The faulted blocks are 
back-tilted 5? to 70 and in some instances 
have rotated away from one another, pro- 
ducing a rubble-filled V-shaped notch. 

Observations in the region of Mt. Pluto 

agree with those of the French on Mt. 
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Fig. 5. Varieties of minor and major tensional fractures, increasing in size from (a) to (d). In (d), the submarine is about 8 m into the fracture. 

er than a single plane of failure. Broken 

pillows on opposite sides of fissures up to 1 
to 2 m wide can usually be visually 
matched, and indicate mainly dilation with 
minor vertical displacement. Coherent pil- 
low forms preserved in the fault scarps 
sometimes made it difficult to determine 
whether the slope was a fault scarp or a 
primary flow front. Renewed tectonic ac- 
tivity along older fault planes is indicated 
by faulted lithified calcareous sediments, a 
few centimeters to a meter in thickness, 
overlying the older pillow surfaces. 

During the diving operations, more than 
50 fault scarps were inspected. In no in- 
stance were sediments found interbedded 
with the igneous rocks. It was common, 
however, to see sediments accumulated in 
open fissures. Since tectonic activity domi- 
nates in the older flanking region, where 
sediments have had a greater time to accu- 
mulate, open fissures may represent the 
primary avenue by which sediments enter 
the geologic section. 

Two dives on the north and south sides 
of the active transform section in Fracture 
Zone B encountered heavy sediment cover 
in the topographic trough and on its walls. 
This cover consisted of a semiconsolidated 
blanket of calcareous sediment draped 
over the terrain, with only local exposures 
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of weathered basalt talus or greenstone. 
On the north side of the transform, there 
was minor shearing and tilting of sediment 
and igneous rocks. No mafic or ultramafic 
rocks were recovered, although dredging 
on the topographic saddle to the south has 
recovered serpentinite, pyroxenite, and 

veined greenstone. No thermal anomalies 
were observed from the submarine, al- 
though many of the dredged greenstones 
are strongly fractured and brecciated, and 
are traversed by vuggy veins containing 
both calcite and aragonite which may be 
due to hydrothermal circulation. 

Fig. 6. Brecciated and vertically striated basalt on the west wall of the median valley. 
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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 
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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. 
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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 (1). 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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