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ABSTRACT

THE TECTONIC FABRIC OF THE EQUATORIAL ATLANTIC
AND ADJOINING CONTINENTAL MARGINS: GULF OF
GUINEA TO NORTHEASTERN BRAZIL

MARCUS AGUIAR GORINI

Fracture zones are very prominent and generally Tlinear base
ment features which bound segments qf oceanic crust and offset the
mid-oceanic ridge. Major fracture zohes offset the Mid-Atlantic Ridge
in the equatorial region by distances ranging from 300 to 900 km. St.
Paul's, Romanche, Chain, Jean Charcot - Fernando de Noronha and Ascen
sion fracture zones were mapped from the African to the Brazilian wast
across thg equatorial Atlantic. Each of these fracture zones display a
ridge and trough morphology that can be traced laterally (when availa-
ble data permitted) from the offset region of the Mid-Atlantic  Ridge
to the continental margins on either side of the Atlantic. Mapping of
the basement features (ridges and troughs) in the equatorial Atlantic
reveals that a marked east-west basement fabric exists for the entire
ocean floor and that the Mid-Atlantic Ridge axis is asymmetrically 1o
cated toward the west. The fracture zones in the equatorial Atlantic
vary considerably in width (> 50 km), complexity, trend and morphology
along their strikes. They extend nearly continuously from the Brazil-
ian shield to the West African shield and, divide the ocean floor into
segments bounded by Tinear ridges and intervening troughs. In the con
tinental shelves, horst and graben structures occur laterally along
the continuation of fracture-zone trends and half-graben basins occur
in the continental shelves in the crustal segments between these frac

ture-zone trends. The fracture zone trends were established at the on-



set of rifting; these trends cid not necessarily originate along old

weakness zones in the Precambrian shields and platforms.

Marginal fracture ricges which occur in the continental mar-
gin of the equatorial Atlantic are very prominent physiographic fea
tures which are lateral continuations of the transverse ridges of
fracture zones in mid-ocean. Tne very high relief and the youthfulness
of volcanism in some of the marginal ridges suggest that tectonic ad-
justments have been taking place along fracture zones at distances far

from the offset region of the Mid-Atlantic Ridge axis.

Other important structural features which are intimately re-
lated ro rifting in the equatorial Atlantic and which are examined in
detail in the present study are the Marajo system of grabens,the Benue
Trough and the Cameroon structural trend. The Marajo system of grabens
(in the Amazon area) of Brazil originated from the southward propaga-
tion of the rifting direction that was probably associated with the
opening of the North Atlantic Ocean. The Benue Trough in Africa is
flanked by fracture-zone directions that imprinted a horst-and-graben
setting in the basin. Folding in the Benue Trough is probably caused
by vertica] tectonism associated with the uplift and differential tilt
ing of buried basements horsts. This vertical tectonism may have been
caused by adjustments to chancss in transform motion between the Afri-
can and South Amerjican plates. The Cameroon Trend is a horst-like fea
ture whose origin may be associated with the break-up of the conti-
nents and is probably linked with the reactivation of a Precambrian lin
eament that is represented in 2oth sides of the Atlantic by the Pernam

buco Tineament in Brazil and I, the Ngaoundére fault zone in West Afri



ca. The tectonic reactivation of this lineament caused the occurrence
of magmatism and the development of horst-like features that acted as
a physiographic barrier to salt deposition in the South Atlantic dur-
ing the Aptian. To the north of the lineament no salts were deposited
whereas a large salt basin existed to the south. The Cameroon Volcanic
Line has been reactivated since the late Mesozoic by complex magmatism
(granites, basalts and alkaline rocks) and block faulting. On the Bra
zilian side, the Pernambuco lineament was also reactivated in the late
Mesozoic. The Cameroon Trend is apparently a landward continuation of

the Ascension Fracture Zone.

The remarkable geological fit of Africa and Brazi] in the
equatorial Atlantic suggests that the rifting and subsequent drifting
of the two continents did not involve appreciable crustal distortion

of the two continents.
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INTRODUCTION

The oceanic fracture zones constitute an important feature of
the plate tectonic hypotesis because they are believed to be regions
where s1ip motions between two plates are accomodated. Ever since Wil-
son (1965) introduced the term "transform fault", one basis for defin
ing plate motions has been the assumption that the strike of a fracture
zone lies along a small circle about a "pole of rotation" (Le Pichon,
1968). Consequently, systematic changes in the strike of a fracture
zone have been taken to indicate changes in relative motion of the
adjacent plates (Pitman and Talwani, 1972, Le.Pichon and Hayes,1971) .
However, the definition and the mapping of fracture zones in the ocean
floor through topographic, seismic, and magnetic data has not been
carried out through application of uniform criteria. Therefore, frac-
ture zones have been alternately defined and/or mapped as linear scarp
ments or linear troughs and ridges depending upon which feature was
most easy to follow. The need for a better understanding of the struc-
tures which constitute a fracture zone is apparent from the fact that
the majority of published information concerns only a small portion of
the entire length of a given fracture zone such as the offset regions

within the mid-ocean ridge crest.

The equatorial-Atlantic floor displays several fracture zones
which cause large offsets of the ridge axis. Extensive seismic profil-
ing has been carried out in this area since 1970 by various oceanogra-
phic laboratories. This data has permitted a study of the features asso
ciated with fracture zones and of the lateral variations within a

fracture zone. In the present study the ecuatorial Atlantic  fracture
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zones are shown to consist of unique topographic and basement features.
These fracture zones can be traced away from the ridge crest into the
continental margins of Africa and Brazil. The relationship of these frac
ture zones to the structure and geologic history of the marginal basins
in the continental areas of Africa and Brazil shows that fracture zones
have played an important role in the early rifting history of these con
tinents.

The equatorial Atlantic ocean floor has been an area of ocea-
nographic surveys since the middle of 19th Century. During the cruise
in 1832 of H.M.S.Beagle, Darwin landed on Saint Paul's Rocks where he
collected rock samples. The H.M.S. Challenger (1872-1873) also visited
the islets and her scientists collected several rock samples that were
studied in detail.

The scientific interest in the equatorial Atlantic floor start
ed in 1883 when the French research vessel Romanche discbvered an anoma
Tous depth of 7370 m at 00911'Sand 18015'W (Heezen et al., 1964). subse
quently confirmed by qther oceanographic cruises, this region of very
great depth in the Atlantic Ocean came to be known as the Romanche
Trench.

The Romanche Trench aroused considerable scientific interest
because oceanographic studies of the deep circulation predicted that a
sill depth of more than 4000 m should exist in its vicinity which would
enable the Antarctic Bottom Water to flow from the western to the east-
ern Atlantic basins. The R/V Chain, R/V Vema and R/V Meteor conducted
surveys in the region of the Romanche Trench that culminated in under-

standing of the topography, hydrography and sedimentation close to that
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topographic feature (Heezen et al., 1964; Metcalf et al., 1964;Tomczak
and Annutsch, 1970). A maximum depth of the Romanche Trench of 7856 m
was established by Vema cruise 12; this location was named Vema Deep
(Heezen et al., 1964), and represents the deepest portion of the Atlan

tic Ocean except for the floor of Puerto Rico Trench.

Heezen et al. (1964) presented a detailed topographic map of
the equatorial Atlantic between 109W and 209W; 39N and 39S. This work
showed an orthogonal relationship between the mid-oceanic ridge axis
and the fracture zones and defined the Romanche and Chain fracture zo-
nes. Subsequently, Heezen and Tharp (1965) named Saint Paul's Fracture
Zone, after the St. Paul's Rocks, to the north of Romanche Fracture Zo
ne.

Tomczak and Annutsch (1970) on the basis of an extensive bath
}yﬁetric and hydrographic survey by R.V.Meteor in 1965, presented a
detailed topographic map of the Romanche Fracture Zone from approxima-
tely 17945'W to 24915'W and from 19N to 39S. The area to the south of
Romanche Fracture Zone, including the westward continuation of Chain

Fracture Zone, was also shown.

These hydrographic and bathymetric surveys constituted the
basic information for attempts at combining the studies of the adjacent
continental margins with structures in the mid-ocean. The existence of
very prominent fracture zones in the mid-oceanic region and prominent
ridges in the continental margins (Hayes and Ewing, 1970; Burke, 1969;
Fail and others, 1970) led to several important papers that dealt with
the relationship of mid-oceanic and continental margin structures. The

westward continuation of Romanche Fracture Zone to 330W was inferred



by Hayes and Ewing (1970) (Fig. 1). Le Pichon and Hayes (1971), and
Francheteau and Le Pichon (1972) predicted that Romanche Fracture Zo-
ne extended into one of the segments of the North Brazilian Ridge and
also into a marginal basin in the Brazilian continental shelf.Cochran
(1973) also considered the possibility of Romanche Fracture Zone ex-
tending into one of the segments of the North Brazi]ian Ridge although
he pointed out that no sufficient data was available at that time.

Bryan et al. (1973) considered the equatorial fracture zones to be wi
des zones of fracturing and traced the Romanche Fracture Zone into

the North Brazilian Ridge. Gorini and Bryan (1974) also showed that
Romanche Fracture Zone could be continuously traced into the southern
segment of the North Brazilian Ridge. Gorini et al. (1974) also indi-
cated that Fernando de Noronha Ridge (including Fernando de Noronha:
Islands and Atol das Rocas) actually lies along the continuation of a
fracture zone (Fernando de Noronha Fracture Zone) to the south of the

Romanche Fracture Zone.

The eastwatd continuation of the equatoria] Atlantic fracture
zones was tentatively demonstrated by severa] workers in the African
side. Burke (1969)and Burke et al. (1971) related seismic activity in
the Accra region of Ghana as possibly caused by the association of a
prominent fault in the continent with an oceanic fracture zone that
he inferred to be the Chain Fracture Zone.He also presented a map
showing the extensions of what he considered to be the Romanche,Chain
and the 80S fracture zones.Using detailed bathymetric,magnetic and
seismic reflection data Fail et al.(1970),tentatively traced the Roman

che Fracture Zone into the slope off the Ivory Coast-Ghana Ridge and

15
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speculated about the possibility that the trend continued into the
Benue Trough. Chain Fracture Zone was followed as far east as  50W .
Arens et al.(1971) associated the trend of the continental slope off
the western Ivory Coast and Liberia,with the Saint Paul's Fracture

Zone.
Delteil et al.(1974) using more detailed surveys established

that the continental margin of the Gulf of Guinea is divided into
structural blocks bouhded by the equatorial Atlantic fracture zones.
They also recognized the tectonic importance of the Romanche Fracture
Zone in the early geological history of the Ghanaian continental shelf
and traced farthet eastward, up to 29E, the extension of the Chain
Fracture Zone. Delteil et al. (1974) also defined a new lineament un-
der the continental rise as the Jean Charcot Ridge which they were
abje to trace to approximately 4.50E. Mascle (1975) later extended
the Chain and Jean Charcot lineaments into the Benue Trough.

Behrendt et al. (1974) studied the Liberian continental mar-
gin and defined three ridges in the margin which they thought may pos
sibly connect with the eastward extension of the Saint Paul's Fractu-

re Zone.
Emery et al.(1975) presented an overall compilation about

the continental margin off Western Africa and showed maps displaying
the extention of equatoria] Atlantic fracture zones into the African

continental margin and continent.

Sykes (1967) was the first to demonstrate the nature of the
relative motion of Romanche Fracture Zone by using earthquake mechan-
isms. Bonatti et al. (1970), Bonatti (1971), Bonatti and Honnorez(1971)
Bonatti (1973), and Bonatti and Honnorez (1976)made extensive petrolo

gical studies of dredge samples from the Romanche and Saint Pauls frac
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ture zones and Melson et al. (1972) presented detailed petrologic work

on the Saint Paul's Rocks.

Whereas the previous studies have either considered only the
mid-ocean region, or one of the two adjacent margins, this study consi
ders the entire extent of the equatorial Atlantic ocean floor.Moreover,
previous workers have had difficulty in tracing the fracture zones 1a
terally because they considered only one ridge, or one trough or one
scarp as representing the fracture zone. However, in this study each
fracture zone is shown to be a wide zone (up to approximately 100 km )
of fracturing, and the entire zone is traced laterally by seismic-pro-
file crossings. This lateral correlation has permitted the mapping of
equatorial fracture zones and the areas in between across the entire
equatorial Atlantic from 30N to 49S latitudes. The mapping of the tec-

tonic fabric of the equatorial-Atiantic ocean floor forms the main ba

sis of this study.

The equatorial Atlantic fracture zones divide the ocean floor
into individual crusta] segments. Each segment is bounded to the north
and south by a fracture zone and extends continuously from Africa to
Brazil. These segments vary appreciably in widths according to the
variations in the strike of the bounding fractures zones. The fracture
zones themselves vary appreciably in width along their strikes.In some
cases, the width of the fracture zone is comparable to the widths of

the crustal segmentsit bounds.

The "zone of fracturing" as defined here consists of lateralTly
continuous ridges and troughs. The ridges are pronounced physiographic

features in the mid-ocean and have been termed as transverse ridges by
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Bonatti (1973). The transverse ridges can be traced into the continen
tal margins through linear alignments of seamounts and buried basement

highs which include some oceanic islands.

The present work consists of two parts. The first part deals
with the tectonic fabric of the equatorial-Atlantic ocean floor. The
physiography, structure, and petrology of the equatorial fracture zones
and the significance of earthquake epicenter distribution are described
in detail. On the basis of these details a discussion on the tectonics
of the fracture zones is presented. Part II concentrates on the geolo-
gy and tectonic structure of the continental margins and of the border
ing continental areas of the Gulf of Guihea and Northern Brazi]. The
structures of the continental margins on both sides of the equatorial
At)antic are compared with the mid-oceanic structures. The geological
evolution of the Mesozoic margina] basins and the structural trends
in Africa and Brazi] area compared and contrasted. The structures in
the continental margins of Brazil and Africa permit a geological and
tectonic fit of Brazil and Africa which is more realistic than the

bathymetric fits presented by earlier workers.
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CRITERIA USED IN TRACING FRACTURE ZONES

Oceanic fracture zones are zones of very prominent and gene
rally linear basement features which bound segments of oceanic crust
and offset the mid-ocean ridge. A fracture zone in mid-ocean is re-
vealed in a seismic profile by a series of prominent peaks and inter
vening troughs together with a difference in average basement level

across the zone of peaks and troughs.

The basement level is a function of distance from the axis
of the mid-ocean ridge. Thus, an offset in the ridge axis results in
a difference in basement level across the fracture zone which is a
function of the magnitude of the offset and the position of the profi

Te re]ative to the offset.

Typical cases are illustrated schematically in Fig. 2.In the
special case of a profile in the center of an offset (Fig.2) the base
ment-level difference vahishes. Similarly, at distances ]arge com-
pared to the width of the offset the difference is small. More genera
11y (Fig. 2a and d), the basement-level change is pronounced enough
to be an important diagnostic tool. This simple picture is often com
plicated near the continental margins where differing thickness of

sediments across a fracture zone may lead to differential subsidence.

For the most part the fracture zones were traced from profi-
Te to profile by first locating the zone of basement-level change as
sociated with a fracture zone and then mapping the topographic featu-

res occurring along the trend of change.

20
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ROMANCHE FRACTURE ZONE

Romanche Fracture Zone Between the Offset Portions of the Mid-Atlantic

Ridge Axis.

Seismic profile crossing between the axial segments of the
Mid-Atlantic Ridge between 29N and 09 latitude reveal a wide. zone
(about 100 km) where the topography is characterized by prominent peaks
and troughs (Figs. 3 and 4, profiles 39-45). This zone of alternating
peaks and depressions generally separates regions of smoother topogra-
phy which 1lie at different depths on either side (Fig. 4, profiles 39,
40 and 43). The wide zone of highly contrasting relief is thought to
constitute the Romanche Fracture Zone proper. The lateral corre]ation
of the prominent topographic features seen on seismic profiles indica-
tes a complex of Tinear ridges and troughs that depicts the lateral ex
tension of Romanche Fracture Zone (Fig. 5). These linear ridges and
troughs constitute the transverse ridges and valleys of the Romanche

Fracture Zone (Bonatti, 1973).

In the eastern part of the offset region, profiles 39-41 (Fi-
gure 4) show the fracture zone symmetrically divided by one prominent
transverse valley. On the other hand, in the western part of the off-
set region (Figure 4, profile 43) two prominent transverse valleys are
displayed. The southern trough of profile 43 extends at least as far
east as profile 42 (Figure 3) where it is markedly shallower than the

transverse valley to the north.

When earthquake epicenters are plotted on the tectonic map of

Figure 5 the majority of epicenters lie in the region of the very con-
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tinuous deeper valley. Sykes (1967) determined fault-plane solutions
for an earthquake which plots in this transverse valley of the Roman-

che Fracture Zone.

The earthquake epicenters do not fall in the other transverse
valley situated to the south. A gap in the earthquake epicenters occurs
in the western side of the offset region (Fig.5) where the main trans-
verse valley laterally ends against a transverse ridge. The epicenters

only appear again close to the western axial segment of the ridge.

The topographic map in Figure 6 shows the morphological com-
plexity of the Romanche Fracture Zone. The main (northern) transverse
valley exceeds ddpths of 6500m in two separate regions: in one region
a maximum‘depth of 7856m has been recorded (Vema Deep) (Heezen et al.
1964). The southern transverse valley is approximate]y 5000m deep
throughout and loses its marked topographic expression near 199W longi
tude. The transverse ridges are also very prominent features in rela-
tion to the ocean floor on either side of the fracture zone. Their
depths are shallower than 2000m and they are clearly delineated by
the 3000m isobath (Fig.6).

The axial segments of the Mid—At]antic Ridge are displaced by
approximately 940 km and are intercepted by troughs associated with
the ftacture zone. It is very significant that with the exception of
the region close to the rift-valley, the topographic contours tend to
increasingly align in an east-west direction away from the ridge axis
(Figs. 5 and 6). The eastern axial segment abuts against the main trans
verse valley (Figs. 5,6) and in that region the trough shoals conside-

rably. Across from the intersection with the ridge axis, the transver
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se ridge situated to the north of the transverse vailey shoals to a

depth of 1000m.

Romanche Fracture Zone Outside of the Offset Portions of the Mid-At]aE

tic Ridge Axis.

Profile 39 (Figures 3,4) is located within the offset region
of the ridge and displays the features of the Romanche Fracture Zone.
This profile has been used to trace the Romanche Fracture Zone farther
eastward. A1l the features seen on profile 39 can be compared with pro
file 37 (Figs. 3 and 4) situated outside the region between the axial
segments. However, in profi]e 37 the depth of the trough region of Ro-
manche Fracture Zone is considerably less than in profi]e 39. Furthgg
more, in profile 37 the region separating the Romanche Fracture  Zone
f}om the St. Paul's Fracture Zone 1is considerably narrower than the
corresponding region in profile 39. Eastward from profiie 37, the Ro-
manche Fracture Zone can be traced by the lateral corre]ation of geo-
morphological features such as ridges and troughs that occupy the same
relative position with respect to a central trough with flat-lying se
diments that marks the abrupt difference in depth of the oceanic base
ment across the fracture zone (Figs. 3 and 4, ptofiles 36-27, 25, 24,
and 22-17). The abrupt difference in depth of the oceanic basement is
followed on profiles 21 through 17, and in these profiles the basement
level difference has probably been accentuated by the presence of thick
stratified sediments to the north of the transverse ridge which marks
the southern boundary of the fracture zone. Profiles 17-14 (Figure 4)
show this transverse ridge to be buried by continental-rise sediments.

This ridge separates the continental rise of the Ivory Coast and Ghana
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from the Guinea abyssal plain to the south and iies along the southwest
ern continuation of the prominent Ivory Coast-Ghana Ridge seen in profi
les 13-11, which show the ridge abruptly separating the continental rise
from the Guinea abyssal plain. Because of the striking lateral correla
tion seen on profiles 21 through 14, the southern transverse ridge of
the Romanche Fracture Zone is thought to continue into the Ivory Coast-

Ghana Ridge (Fig. 7).

The trough partially filled with flat-lying sediments to the
north of the prominent southern transverse ridge of Romanche Fracture
Zone (fig. 4, profiles 32-30 and 27) may occupy the same relative posi
tion as the main transverse valley of the Romanche Fracture Zone within
the offset region because it is the deepest trough and has a more or
_1gss symmetrical position in relation to the abrupt difference in the
levels of the oceanic basement on either side of the trough (Fig.7).The
re is no clear evidence on the seismic profi]es of the presence of a
transverse ridge to the north of the above-mentioned trough (with  the
exception of profile 32) although profiles 31,30, and 27 (Figure 4)show
a broad basement high adjoining the trough. Profiles 25,24 and 22-19 al
so suggest a basement high to the north of the topographically promi.
nent ridge. Consequently, the counterpart of the northern transverse
ridge inside the offset region can be tentatively followed with the pre

sent data as far east as profile 19 (Figs. 3 and 4).

The bathymetry (Fig. 8) further substantiates the correlations
suggested earlier. The main transverse valley of the fracture zone imme
diately outside of the offset region is interrupted by several sill re-

gions but maintains its continuity towards the east. In the vicinity of
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150W, the main transverse valley lines up with & prominent trough that

is enveloped by the 5000m contour (Figure 8).

The northern transverse ridge extends as a topographically con
tinuous ridge as far east as 13%W longitude, as seen by the 4500m iso-
bath (Figure 8). After a topographic gap, a broad high area encircled
by the 4500m contour is seen immediately to the north of the trough
encircled by the 5000m isobath. To the east of 9.50W longitude, the
continental-rise morphology is dominant and the northern transverse

ridge is no longer seen in the topography.

The southern transverse ridge of the fracture zone is not as
clearly seen in the topography immediately to the east of the offset
region. Several apparent]y isolated topographic highs border the south
ern edge of the main transverse valley as far east as 139W longitude
(Fig. 8). Eastward from 139W the ridge is continuous and is delineated
by the 4500m isobath; in places it reaches depths as shallow as 3000m

(Fig. 8). The ridge as a topographic feature extends to 79W longitude.

For the westward continuation of the Romanche Fracture Zone I
have used the features seen on seismic profiles (Figs. 3 and 4)located

between the offset ridge axis.

Features seen on profiles 42 and 43 can be easily followed
westward through profiles 44-48 and 51-55. The prominent ridge located
immediately to the north of the main transverse valley of Romanche
Fracture Zone can be traced in seismic profiles as far west as 330 whe
re a gap is present in the ridge topography (profiles 57-59). Profile

59 (Figs. 3 and 4) located across this topographic gap shows a basement



high covered by a thin cover of continental-rise sediments. This shal-
low oceanic basement marks an abrupt change in the level of the oceanic
basement and is in the same relative position as the northern transver
se ridge of the fracture zone. The termination of acoustic reflectors

against this basement high (Profile 59) demonstrates that it is part
of a continuous ridge that acted as a barrier for the continental-mar-
gin sediments. The fact that this shallow oceanic basement lies along
the westward continuation of the northern transverse ridge of the Ro-
manche Fracture Zone, and is located along the eastward prolongation of
the North Brazilian Ridge which also acted as a sedimentary barrier
(Hayes and Ewing, 1970) strongly suggests that the North Brazilian
Ridge is linearly continuous with the northern transverse ridge of the
Romanche Fracture Zone (Fig. 4, profiles 58-63; Fig. 7). Profiles 60-
63 (Fig. 4) show conspicuous ponding of continental-rise sediments a
gainst the North Brazilian Ridge. Profiles 60-65 depict the North Bra
zilian Ridge as a double-peaked feature, also noticed by Hayes and

Ewing (1970).

These basement features of the North Brazilian Ridge are very
similar to features of the northern transverse ridge of the Romanche
Fracture Zone within the region between the ridge axes (compare profi-
le 60 with 41-43, Figure 4). In the topographic map of Figure 8, the
northern transverse ridge of Romanche Fracture Zone in the western e-
quatorial Atlantic is depicted by the 4000m contour as far west as

320W.

In general, the main transverse valley of the fracture zone

is followed westward as the region where the level of the oceanic base
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ment changes appreciably. A trough to the southi ot the prominent north
ern transverse ridge is observed in profiles 45-48 and 51-55 (Fig. 4).
In the continental rise, the available seismic profiles did not have
enough penetration to actually show the trough. Nevertheless,a sediment
isopach map of the area (Fig. 9) suggests the presence of a linear area
of accumulation as shown by the 2.5,2.0, and 1.5 sec contours that
is bounded to the south by a basement high. This area is parallel to
and is located to the south of the northern transverse ridge of Ro-
manche Fracture Zone and its counterpart to the west, the North Brazi-
lian Ridge. Consequently, the counterpart of the main transVerse*va]ley
of the fracture zone in the mid-ocean is suggested as deeply buried un

der continental-rise sediments in the Brazilian margin (Fig.7).

Prominent transverse ridges on profi]e 43 are tentatively tra
ced westward as subdued topographic features and buried basement highs
(Fig. 4, profiles 45-48, 51-55). The prominent southern.trough of the
fracture zone seen on profile 43 is also traced westward to profile 55.
It is present in Figure 9 where a trough region is bounded to the north

by a basement high enve]oped by the 2.0 sec contour.

In general, in the manner that the northern transverse ridge
of the fracture zone is subdued in the eastern equatorial Atlantic,the
southern transverse ridge is subdued topographically in the western
equatorial Atlantic. As the mid-ocean ridge is offset left-"laterally,
the subdued transverse ridges lie on that side of the fracture zone

which allows for the greater distance away from the ridge axis.
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Petrology

Extensive dredge samples have been obtained from the Romanche
Fracture Zone by E. Bonatti and co-workers (Bonatti et al. 1970Bonatti
and Honnorez, 1971; Bonatti et al., 1971; Bonatti, 1971 and Bonatti ,
1973) .Recently, Bonatti and Honnorez (1976) considered all the dredge
results for the Romanche as well as the Vema Fracture Zone.Their data
show a percentage distribution of rock types for all the dredge sites
in the Romanche Fracture Zone (Fig. 10). A majority of the samples are
from the region within the offset ridge axis of the Mid-Atlantic Ridge
and dredge sites were mostly concentrated in survey areas where north-

south traverses recovered rocks at relatively close locations.

The petrologic types recovered in the Romanche Fracture Zone
are extremely varied and consist of serpentinized peridotites, serpen-
tinites, metaserpentinites, basalts, metabasalts, gabbros,metagabbros,
mylonites, breccias and sedimentary rocks (Bonatti and Honnorez,1976).
Because of the importance of the petrology on the tectonic and geolo-
gical aspects of a fracture zone, a compilation on the dredge results
in the Romanche Fracture Zone will follow. This compilation is essenti
ally based on data presented by Bonatti and Honnorez (1976) and on
earlier published information by Bonatti and his co-workers. The dredge
locations are shown in Fig. 10, Figure 11 tabulates the frequency of
occurrence of various types of rocks in the two walls of the Romanche

Fracture Zone.

Serpentinized Peridotites, Serpentinites and Metaserpentinites-—Ser

pentinized peridotites, serpentinites and metaserpentinites were one
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of the most abundant rock-type recovered from dradges in the area (Fig.
10). Dredges in which these ultrabasic rocks were abundant were raised
from depth ranges of 5900-1300m. Serpentinized peridotites, serpentini-
tes and metaserpentinites as secondary constituents of dredge hauls were
collected in depths as deep as 7300m and were present in the majority
of the recovered dredges. The occurrence of serpentinized peridotites

and serpentinites very close to each other and in the same dredge haul
suggests a varied degree of serpentinization. In general, serpentinized

peridotites, serpentinites and metaserpentinites suggest cataclasis.

Peridotites are serpentinized to varying degrees and consist
of: lherzolite, wehrlite, plagioclase-harzburgite and plagioclase-peri-
dotites (Bonatti and Honnorez, 1976). Serpentinized dunites were col
lected in just onde dredge. Serpentinites were also recovered as brecci
as, as sedimentary serpentinites and even as serpentinitic cong]omera-
tes. .

Serpentinites were recovered from all depths in the Romanche
Fracture Zone. This fact together with the abrupt lateral variation of
petrologic types points out the intrusive character of the serpentini-
tic rocks (Melson et al., 1972; Bonatti et al., 1974; Bonatti and
Honnorez, 1976). As pointed out by Bonatti and Honnorez (1976), a suc-
cession of dredges taken from the southern transverse ridge adjacent to
the Vema Deep demonstrated a remarkable asymmetry in petrographic cons
titution (Fig. 1la, location on Fig. 10). The southern transverse ridge
was almost entirely constituted by serpentinites whereas the northern

transverse ridge had serpentinites as secondary constituents.
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Basalts, Metabasalts, Diabases and Metadiabasaes - Basalt was the sec
ond most abundant petrological type recovered frcm the Romanche Fractu-
re Zone (Figs. 10 and 11). It was generally recovered as the main cons-
tituent of the dredges rocks in the 5300-3500m depth range.Basalts were
generally a minor constituent in depths greater than 5300m and presented
varied structures and textures. They constituted pillow basalts, vesicu
lar basalts and some displayed variolitic texture (Bonatti and Honnorez
1976). Olivine-basalts were also recovered and some showed several de-
grees of weathering. Basalts did not show evidences of mylonitization

although basaltic breccias of uncertain origin were present.

Metabasalts have similar depth range of occurrence as the ba
salts although at least in one dredge, dominant metabasalts have been
recovered between 5800m and 5000m. The shallowest recovery of predomi-
nantly metabasalts ranged in depth from 2500m to 3300m. Metabasalts are
generally metamorphosed in the greenschist-facies and often present the

same textures as the fresh basalts (Bonatti and Honnorez, 1976).

Diabaseswere collected in some dredges and appear as dominant
constituent together with basalts and hyaloclastites in one dredge(5300-
5100m). It is generally not as abundant as basalts and metabasalts. The
shallowest depth of recovery of diabases was 3900m and the deepest was
6000m. Olivine-diabases were recognized in one dredge. Metadiabases ge-
nerally showed a greenschist facies of metamorphism and few of them

showed evidences of cataclasis.

Of the total of 42 dredges only 3 recovered alkaline basalts
indicating that they constituted only a minor portion of the bulk of

the recovered rocks. Dredged alkaline basalts were in two dredges con-
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taining mainly metaserpentinites and serpentinites (5200-4300m). The
third occurrence of an alkali basalt was present in a dredge that domi
nantly recovered fresh basalts with no serpentinized peridotites, ser-
pentinites or metaserpentinites (4800-3500m). The metabasalts and meta
diabases dredged in the Romanche Fracture Zone do not differ from the
greenschist-facies metabasalts and metadiabases recovered from the axid

region of the Mid-Atlantic Ridge (Miyashiro and others, 1971).

Gabbros and Metagabbros - Gabbros and metagabbros appear only . in

four dredges as dominant constituents. They predominate over other rock
types (more than 80% of the total weight) only in two dredges. The
depth ranges of these two dredges were 5700-3900m and 7300-5900m. Pre-
dominantly gabbros and metagabbros were recovered in depths greater
than 4000m although, as a minor constituent, they have been recovered

from depths as shallow as 3200m.

Gabbros, leuconorites, olivine-gabbronorite, troctolites, fer
rogabbros and microgabbros and other gabbroids were numerous in the
Romanche Fracture Zone dredges (Bonatti and Honnorez, 1965). Evidence
of metasomatic processes were given by the occurrence in several dred
ges of rodingites, partly rodingitized metagabbroids and prehnitized
metagabbros. Brecciation and cataclasis are very frequent in the speci

mens of gabbroic rock.

The gabbroic rocks are commonly associated with serpentinized
peridotites, serpentinites and metaserpentinites. Their occurrence
within the offset region of the Mid-Atlantic Ridge in the deepest re-

gions of the fracture zone suggests that they are generally confinad
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to the base of the transverse ridges in associa*ion with intrusive bod

ies of serpentinized ultrabasics.

Alkali-gabbros (nepheline-gabbro) are present in very minor
quantities in the Romanche Fracture Zone (Honnorez and Bonatti, 1970).
The two dredges that collected alkali-gabbros predominantly consisted
of basalt and diabase in one and of metagabbros in the other and both

had serpentinized peridotites and serpentinites as minor constituents.

Sedimentary Rocks - Sedimentary rocks were recovered in varying pro

portions along the strike of Romanche Fracture Zone in the offset re-
gion of the Mid-Atlantic Ridge. In general, sedimentary rocks are mnor
constituents of the dredges. Breccias of uncertain origin that are ge
nerally classified as basaltic, serpentinitic, carbonate-altered ba-
saltic, quartz-limestone breccias and metabasaltic breccia with ooze
sediments were the most frequent sedimentary rocks recovered. Serpenti
nized peridotite-carbonate breccias that were recovered from the north
ern slope of the southern transverse ridge of Romanche Fracture  Zone
were discussed by Bonatti et al., (1974). The rocks discussed by these
authors were collected in the 5700-5340m depth range in the lower por-
tion of a continuous slope to 7000m (Fig.12a, dredge 13). Dredge # 13
consisted entirely of peridotites, serpentinized peridotites and sedi-
mentary serpentinites. Bonatti et al., (1974) gave three possible ex-
planations for the origin of the ultramafic-carbonate breccias: (a)
weathering plus subsequent carbonatic cementation; (b) talus breccia
plus subsequent carbonatic cementation; and (c) tectonic origin with

subsequent carbonatic cementation, which the authors favored.

The occurrence of graywackes in five dredges from the Romanche
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Fracture Zone is qu{te remarkable. Some of the graywackes present dis-
tinct layering and a few of them apparently show evidence of fold struc
tures (E. Bonatti, 1976, personal communication). The graywackes gene
rally contain abundant quartz. Four of the dredges in which graywackes
have been reported (Bonatti and Honnorez, 1976) range in depths from
6980 to 3500m(Figs. 12a and 12b). The figures show that, with the ex-
ception of dredge number 51 (Fig. 12b) all were dredged from steep
slopes of the southern and the northern transverse ridges of the Ro-
manche Fracture Zone (see Fig. 10 for location). The fifth dredge was
about 110 km to the west of the others and was located in the south-
facing slope of the northern transverse ridge of Romanche Fracture Zo

ne.

The abundant quartz and, in some specimens, common biotite

(E. Bonatti, 1976, personal communication) suggest terrigenous sialic

,EEEEE? for these minerals which seems to be not compatib]e with the
geologic setting of these graywackes. Surrounded by the high topogra-
phy of the Romanche Fracture Zone and far away from the western and
easternmost extensions of the abyssal plains of the eastern and west-
ern equatorial Atlantic basins, and being barred from the Sierra Leone
Basin to the north by east-west ridges associated with the Saint Paul's
Fracture Zone, it is very difficult to associate the topographic sett-
ing and the primary sedimentation of these graywackes with the present-

day morphology of the ocean floor and recent terrigenous sedimentation

in the equatorial Atlantic (Fig. 8).

The primary sedimentary character of the graywackes,the small

percentage of the total of the dredged rocks that they form and the
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wide range of depths from which the graywackes were collected suggest
that tectonism post-dating the sedimentation was the main factor in con
trolling the vertical distribution of the graywackes. The present-day

geomorphology of the equatorial Atlantic shows that the abyssal plains
on the Brazil and Gulf of Guinea basins extend considerably eastward
into the deepest areas which generally coincide with the troughs of
the quatorial Atlantic fracture zones. Because of their terrigenous
sediments were probably carried down slope by turbidity currents,these
tongues of abyssal plain contrast rather remarkably with the hemipela

gic character of the sediments lying outside the trough areas.

During its early history, the equatorial Atlantic Ocean was
narrower and consequently terrigenous sources were closer to the frac-
ture zones. The.sediments that form the dredged graywackes were proba-
bly incorporated in’turbidity currents that followed the deepest paths
available frm the continental margins to the abyssal regions. These
deepest paths most probably coincided with the floors of troughs asso-
ciated with fracture zones. These sediments were probably "reworked"by
local turbidity currents that incorporated local sediments and gave
the observed complexity to their original mineralogy (Fig. 13). These
local turbidity currents are probably very frequent in mid-oceanic re-
gions associated with fracture zones as seen by turbidites recovered
from the Vema Deep area (Heezen et al., 1964) and by troughs covered

by flat-lying sediments.

If the model of the sedimentation for the formation of gray-
wackes is correct, inversion of relief of features of the Romanche Frac

ture Zone has occured. Consequently, vertical movements are indeed ve
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ry important in fracture zones.

Sedimentary serpentinites from Romanche Fracture Zone were re
ported by Bonatti et al. (1973). They were present in three dredges
(#13, 33, and 53, Fig. 12). Dredge 33 has a depth range of 5200m to
4800m. These three dredges show generally ultrabasics as the predomi-
nant lithologic type. The fact that these sedimentary serpentinites pre
sent layering and graded bedding in some samples suggest that they we
re deposited by gravity sliding, slumping and turbidity currents, as
pointed out by Bonatti et al. (1973). These sedimentary serpentinites
are very similar in structure and mineralogy to sandy layers studied
in cores that were recovered in the close proximity of the Vema Deep
(> 7000m) by Heezen et al. (1964). These sandy layers were generally
graded and contained mineral fragments of u]trabasic affinities. Thé
u]trabasic affinities of the sedimentary serpentinites jndicate very

lTocal source areas and a confined lateral extent.

The fact that sedimentary serpentinites have been recovered
from very steep slopes of transverse ridges and in several depth ranges
suggest that they probably are not "“in situ". Thus, a complex history
of erosion (tectonic?), deposition, consolidation and tectonic uplift
was probably involved in the formation and “emplacement" of sedimenta

ry serpentinites.

Oolitic Timestones have been dredged in the northern transver

se ridge of the Romanche Fracture Zone in depth range of 900-1134m (Bo

natti et al.,in press; dredge # 8, Fig. 9). Corals and microfossils

—i

present in the sample were sufficient to give a good estimate of  the

possible range in age of the sample (Pliocene). Dissolution and recrys
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tallization had taken place in some of the samples, and geochemical da
ta support that at least some portions of the ridge had been above sea

e —

level in recent past. This assertion is corroborated by very shallow-
B

AR ——

water corals present in the samples (Bonatti et al., in press).The ra-
te of subsidence calculated from the minimum depth of the dredge
(0.2mm/year) and the paleontological data is higher than the one pre
- il =
dicted for the subsidence of the oceanic crust, according to a gradati
ve heat loss and consequent increase in density with distance away
from the ridge axis (Sclater et al., 1971 ; Bonatti et al., in press).
These results point to the fact that there is a decoupling between frac

ture-zone tectonics and mid-oceanic ridge processes and that vertical

tectonism in fracture zones is very important.
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SAINT PAUL'S FRACTURE ZONE

Saint Paul's Fracture Zone Between the Offset Portions of the Mid-Atlan

tic Ridge Axis

The axis of the Mid-Atlantic Ridge between 1N and 09 latitudes
and 259W and 30.59W longitudes is offset by about 630 km along the St.
Pau]fs Fracture Zone, a zone of complex and highly variable morphology
of the ocean floor. This fracture zone contains Saint Paul's Rocks and
generally marks a change in the oceanic basement level across the frac-
ture zone. This oceanic basement on each side of the fracture zone gene
ra]]y shows distinct differences in sediment thickness and thus implies

different crustal ages (Figs. 3 and 4, profiles 46-48, 51 and 53).

Seismic profiles 46-48 and 51 (Figure 4) reveal a prominent
ridge that corresponds to the northern limit of the fracture zone. This
northern 1imit separates the pelagic-sediment covered basement to  the
north from the zone of complex morphology to the south. Saint Paul's
Rocks are located on this ridge. The fracture zone proper is cnstituted
by a]ternating ridges and troughs that are sometimes ]atera]]y traced
into troughs and ridges respectively (Fig. 14). The troughs have varia-
ble thicknesses of sediment filling (some have no sediments)and their
floors are generally flat. The transverse ridges generally contain less
sedimentary cover than the associated oceanic basement either to the
north or to the south. The boundary of the fracture zone is also gene-
rally considered to be the ridge that separates the pelagic-sediment co
vered basement to the south from the zone of complex topographic featu-
res (Figs. 3 and 4, profiles 47 and 53). This boundary is not clear in

all the profiles due to the highly fractured state of the oceanic crust
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in some areas to the south of the fracture zona 2s seen by alternating
ridges and troughs (Fig. 4, profiles 48, 51 and 55, and Fig. 14). Unli
ke the Romanche Fracture Zone, the Saint Paul's Fracture Zone within
the offset region of the ridge axis does not have a main trough and its
transverse ridges are not as high as those of the Romanche Fracture Zo
ne; an exception is the pedestal ridgé of the St. Paul's Rocks and a
seamount at 259W longitude (Figs. 15 and 4, profiles 46 and 51). Gene-
rally, the 3000 and 3500m bathymetric contours show the transverse
ridges and the 4000m contour, the transverse valleys (Fig. 15). The
northernmost transverse ridge of Saint Paul's Fracture Zone forms a
prominent topographic feature along the entire extent of the offset re
gion of the ridge axis, where as the other topographic features of the
fracture zone vary considerably. Profi]e 48 (Fig. 4) at approximately
equal distances from both axial segments of the Mid-Atlantic Ridge and
profile 47 that is close to the eastern axial segment reveal prominent
ridges and troughs. In contrast, profi]e 51 shows that, with the excep
tion of the ridge associated with St. Paul's Rocks, the ridges are
subdued in relief and do not contrast very much in topography witnh the
features associated with the oceanic basement to the south. In general,
the transverse ridges display a step-1like configuration towards the
sha]]ower oceanic basement to the north (Fig. 4, profiles 51, 53, 54

and 55).

Saint Paul's Fracture Zone has a wide scatter of earthquake e
picenters (Fig. 14). These are widespread in the area of the fracture
zone and are distributed along the offset region of the ridge. In con-

trast with Romanche Fracture Zone, the majority of the epicenters are
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not necessarily located along transverse valleys (Fig. 14). Only in the
vicinity of 280W (Fig.14) do the epicenters occur along a transverse

valley. The presence of one epicenter immediately to the north of  the
prominent seamount depicted in profiles 46 (Fig. 4) is noteworthy. The
ridge associated with Saint Paul's Rocks contains 5 epicenters that

plot in an east-west direction (Fig. 14).

Saint Paul's Fracture Zone Outside of the Offset Portions of the Mid-
Atlantic Ridge Axis

The topographic features that characterize Saint Paul's Frac
ture Zone outside the offset region and towards the eastern equatorial
Atlantic consist of a]ternating ridges and troughs. The troughs are ge-
nerally bartia]ly filled with flat-lying transparent sediments (Figs. 3
and 4, profiles 45, 43, 44 and 42). The contrast in depths of the ocea-
nic basement on both sides of the fracture zone is apparent on profi-
les 45, 43 and 44, where the southern side is shallower than the north-
ern side. Profi]es 40 and 39 (Figs. 3 and 4) suggest that the actual zo
ne of fracturing is very wide. The ]atter profi]es show a ptominent
trough almost completely filled by sediments and with distinct reflec-
tors to the north of the features that have characterized the fracture
zone to the west of 219W Tongitude. This trough with flat-lying sedi-
ments represents a transition from the fracture zone to a pelagic-sedi-

ment-covered oceanic basement to the north.

The very wide zone of fracturing of profiles 40 and 39 is nar
rowed considerably to the east as seen in profiles 38 and 37 (Figs. 3

and 4). In that region between 189 and 169W, the crustal segment between



40

the Romanche and Saint Paul's fracture zones reaches its narrowest

width in the entire equatorial Atlantic (Fig. 7).

In contrast with profile 38 (Fig. 4), two prominent troughs
separated by an intervening ridge are visible in profiles 37 and 36.
Profile 35 shows a wide zone of topographic features that has its north
ern boundary in a ridge that separates the heavily sedimented area of
the Sierra Leone abyssal Plain from the fracture zone proper ( Grand
Cess Ridge: Behrendt et al., 1974). The fracture zone progressively
widens eastward and can be traced almost feature by feature in the seis

mic profiles (Figs. 3 and 4, profiles 35-20).

The Grand Cess Ridge, which corresponds to the northernmost
ridge in the latter seismic profi]es, is continuous into the upper con
tinental rise of Liberia. An intervening ridge separating two  trough
regions is also seen in profiles 34, 33 and 31-27, in the same way
that a southern ridge is also followed into the Cape Palmas region.
Eastward from profile 27 (100W longitude) the Grand Cess Ridge has a
steep southern slope that extends towards the continental shelf of
§outhern Liberia. The intervening ridge, named the Cape Palmas Ridge
by Behrendt et al., (1974) in the continental rise west of Cape Palmas,
is followed as a buried feature into the continental slope to the south
of Cape Palmas (Fig. 4, profi]es 26-21). Eastward ftom profile 23 (Figs.
3 and 4), the Cape Palmas Ridge is in line with the continental slope

of western Ivory Coast (Fig. 4, profiles 23-20, Fig.8).

The southern transverse ridge of Saint Paul's Fracture Zone is
present as a topcgraphic feature as far east as 109W and continues east

ward under the continental rise to *he wost of Cape Palmas as a buried
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ridge that was named St. Paul's Ridge by Behrendt et al., (1974). This

ridge extends eastward as far as 79W (Behrendt et al., 1974).

The topographic features that form the Saint Paul's Fracture
Zone outside the offset region of the Mid-Atlantic Ridge axis and
towards the western equatorial Atlantic also consist of alternating
ridges and troughs that are generally between the two distinct topogra
phic levels of the oceanic basement (Fig. 4, profiles 53-55 and 57)The
varying topographic levels of adjacent troughs with flat-lying sedi-
ments within the fracture zone suggest that the troughs are bounded by
continuous ridges (Fig. 7). These transverse ridges have variable

depths and morphologies.

Westward from profile 57 (Fig. 3), the available seismic sec
tions do not show in detail the oceanic basement under abyssal plain
sediments. Nevettheless, the northern boundary of Saint Paul's Fractu-
re Zone is visible in all profiles that cross the zone of  fracturing
because it is a prominent feature that marks the sharp boundary betwean
two distinct levels of the oceanic basement (Figs. 3 and 4, profiles
58, 63, 66 and 67). The numerous transverse valleys of the Saint Paul's
fracture Zone within the offset region of the Mid-Atlantic Ridge axis
seem to be represented in the western equatorial Atlantic by only two
major trough areas. These troughs generally contain acoustic stratigra
phies that differ from each other (profile 63) and are separated by an
intervening ridge (Fig. 4; profiles 57, 63, 66 and 67). This interven-
ing ridge occasionally form seamounts (profiles 57 and 67) but is genes

rally subdued in relief or bulied by sediments (profiles 63 and 66).

The southern boundary of the fracture zone corresponds to a
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ridge that separates a deeper oceanic basement to the south from the
zone of anomalous basement features that characterize the Saint Paul's
Fracture Zone to the north (Figs. 3 and 4, profile 63). This ridge is
not obvious in the poor seismic sections between 349 and 379 longitude
but can be seen in profiles 63, 64 and 67 (Fig. 4). In profile 67 and
in all seismic sections westward, the southern transverse ridge of the
Saint Paul's Fracture zone is in line with the prominent northern east
west segment of the North Brazilian Ridge (Profiles 68-75). The buried
northern transverse ridge of Saint Paul's Fracture Zone seen on profi-
les 68 and 71 is correlated to a prominent seamount on profile 70.This
latter profi]e also shows distinct acoustical stratigraphies to the
north and to the south of the seamount, which suggests that sediment

accumulation in the two regions took place independent of each other .
This latter conclusion implies that the northernmost seamount of profi
le 70 belongs to a continous ridge. This ridge is probably continuous

under continental rise and abyss%l plain sediments into the buried
ridges shown in profile 76; and‘are laterally correlated into the sea-
mount observed on profile 77 (Fig. 4). This latter seamountcorresponds
to the westernmost extension of the North Brazilian Ridge (Hayes and

Ewing 1970).

Profi]es 57, 63, 67, 68, 70 and 71 suggest that Saint Paul's
Fracture Zone displays a continuous intervening ridge that may be trac
ed as far west as 419W Jongitude. This ridge is a subdued topographic
feature in profile 68, a buried basement high separating trough regiors
in profile 71 and a prominent seamount in profile 70. To the west of

profile 70, almost all of the seismic sections show no basement featu-
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res. However, profile 76 (Fig. 3 and 4) shows a prominent peak that se
parates areas of distinct acoustic stratigraphies. This peak is situ-
ated to the north of the northern east-west segment of the North Brazi
Tian Ridge and may represent the westernmost recognizable extent of

the intervening ridge of the fracture zone.

To the west of 469W longitude lies the wide continental shelf
and slope associated with the region of very high sedimentary rates of

the Amazon Cone (Damuth and Kumar, 1975).

Topographically, the Saint Paul's Fracture Zone in the west-
ern equatorial Atlantic separates the flanks of the Mid-Atlantic Ridge
that are eﬁve]oped by the 4250m bathymetric curve from a deeper region
to the south between 309 and 380M longitude (Fig. 8). This deeper re-
gion contains an abyssal plain (Ceara) that is interrupted by eastwest
ridges. Tongue-like extensions of the Ceara abyssal plain, which are
enveloped by the 4400m isobath, extend into the flanks of the Mid-
Atlantic Ridge (Fig. 8). These tongue-like extensions of abyssal9lain

topography coincide with the transverse valleys of the fracture zone.

To the west of about 380W, the several aligned seamounts of
the northern east-west segment of the North Brazilian Ridge are the
topographic expression of the southern transverse ridge of the fraciu-
re zone (Fig. 8). Isolated seamounts encircled by the 4000m and 3000m
bathymetric curves aligned in an approximate east-west direction are
the only evidences of the northern transverse ridge of Saint Paul's
Fracture Zone in the smooth topography of the continental rise and

abyssal plain (Fig. 8).

Although in the Brazilian side there was not enough data to



44

continuously trace all the features associated with Saint Paul's Frac
ture Zone, to the west of 410W longitude, I think it is reasonable to
suppose that the northern and the intervening transverse ridges are
continuous features because of the similarities with the African side
where three prominent ridges are correlated continuously from 1500

eastward, as discussed earlier. The most prominent transverse ridge in
the African side is the northern one (Grand Cess Ridge) whereas the
most prominent ridge in the Brazilian side is the southern transverse

ridge of the fracture zone (southern east-west segment of the North

Brazilian Ridge).

In the tectonic map of Figure 7, Saint Paul's Fracture Zone
has a wide zone of genera]]y east-west aligned ridges and troughs and
is traced across the equatorial Atlantic. In both sides of the ocean,
the fracture zone is widest close to the continental margins of Africa
and Brazil (140-170 km). The strike of the zone of fracturing is essen
tially east-west with a pronounced change to an east-northeast trend
at about 169W Tongitude towards the African margin. The tectonic map
also shows the lateral variation of transverse ridges into troughs and
‘vice-versa, as in the case of the ridge that contains the St. Paul's

Rocks.
Petrology

Very few dredges have been recovered from the Saint Paul's
Fracture Zone (Fig. 10). Three dredges have been taken from the slopes
of the Saint Paul's Rocks pedestal. Two of them, reported by Bonatti
et al., (1970 and 1971) at depth ranges of 2800-3000m (dredge n®. 4,

Fig. 10) and 900-1100m (dredge n® 3, Fig. 10) recovered serpentinized
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Therzolites that displayed varying degrees of mvionitization. The third
dredge (dredge n? 5, Fig. 10) was taken in the 2950 - 1975m depth range
and was part of a series of dredges carried out by the R/V Atlantis 1II
in the vicinity of Saint Paul's Rocks. This dredge was reported by
Melson et al., (1967) and recovered a vesicular alkali-basalt that had
nepheline in the norm. The alkali-basalt contains abundant small olivi-
ne nodules and partly "digested" mylonitized spinel peridotite inclu-

sions (Melson et al., 1967). According to the latter authors,the alka
li-basalt represents a volcanic flow that was erupted directly on a

floor of spinel peridotite mylonites.

Another five dredges were recovered from the transverse ridges
of the Saint Paul's Fracture Zone. Four of them were taken by Neil
Opdyke on the R/V Vema (Fig. 10, dredges 6, 7, 8 and 9). Three of these
latter dredges were recovered in depth-ranges of 3700-2600m (dredge n?
6), 5140m to shallower depths (dredge n? 8) and 4090m to shallower
depths (dredge n? 9), and they all recovered ultrabasic rocks.The ultra
basic rocks in one of the latter dredges (dredge n® 8) had slickensides.
The fourth dredge taken by the R/V Vema (dredge nQ 7) recovered only
two small pieces of fresh basalt in a depth range of 4250-3580m. The
fifth dredge (Fig.10, dredge n® 1) was reported by Bonatti and Honnorez
(1976) to consist of metadiabases and metabasalts (88% of the total
weight), serpentinized peridotites with evidences of cataclasis and se
dimentary serpentinites and carbonates (4000-3700m depth range).Dredges
1 and 6 were taken very close to each other and in the same transverse

ridge and show ultrabasic rocks at shallower depths than metadiabases.

A great deal of information on petrology of a transverse ridge
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of a fracture zone comes from the study of the Sa2int Paul's Rocks.

Saint Paul's Rocks - Also named as Saint Peter and Saint Paul's

Rocks or "Rochedos de Sao Pedro e Sao Paulo", these tiny islets are
isolated in the equatorial Atlantic and reach only 23m above sea level
(Fig. 16). The islets constitute the highest peaks of an ENE-WSW elon-
gated submarine mountain that rises 3500m above the ocean floor (Fig.

15).

Saint Paul's Rocks were first visited by the H.M.S.Beagle in
1832 and Charles Darwin was the first to recognize the non-volcanic
character of the rocks. The islets were further visited by the H.M.S.
Cha]]engef, Meteor, Quest, Owen, Vema, Chain and other oceanographic
vessels. Washington (1930) pointed out that Saint Paul's Rocks were
mainly constituted by peridotite mylonites and Guimaraes (1932) des-
cribed a nepheline-basalt and tuffs recovered from one of the islets.
The rocks are mostly peridotites that present a cataclastic foliation

(Tilley, 1947; Washington, 1930).

Melson et al., (1972) made the most comprehensive petrological
study to date of the "Rochedos de Sao Pedro e Sao Paulo" and classified
the rocks of the islets as peridotite-mylonites, brown-hornblende mylo
nites and clinopyroxene-plagioclase mylonites. The peridotite-mylonites
are the most common and present the following average normative minera
logy: 64% olivine, 22% enstatite, 2% diopside, and 8% plagioclase. Mi-
meralogic evidence suggests that mylonitization had taken place curing
the emplacement of the intrusion of the peridotitic body in temperatu
res above 5009C, in the majority of the cases (Wiseman, 1965;Melson et

al., 1972). The emplacement of the peridotitic intrusion has taken
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place in solid state and in a way as fast as to aiiow the preservation
of high P and T mineral assemblages (Melson et zl., 1972). The crystal
Tization of primary and secondary minerals of the peridotitic intrus-

ion occurred at different depths (Melson et al., 1972).

The peridotites of the Saint Paul's Rocks studied by Wiseman
(1965) and Melson et al., (1972) although cataclastic, do not show evi
dences of serpentinization. The lack of serpentinization suggestédthat
the cataclasis took place in an anhydrous state. However, dredges 3
and 4 (Fig. 10), as mentioned earlier, recovered mylonitized serpenti-
nized peridotites in the slopes of the pedestal of Saint Paul's Rocks.
Consequently, differential serpentinization along the ultrabasic intrs

ion is implied..

The dredges from the submarine ridge that contains = Saint
Paul's Rocks showed that indeed the ridge is mainly composed of spinel-
peridotite-my]onites and a]kaline-u]trabasic—brown—hornb]ehde mylonites
the two major rock types of the islets (Melson et al., 1967). The re-
covery of an alkali-olivine-basalt (Fig. 10 dredge 5) as mentioned earl
ier, from the pedestal of the islets (Melson et al., 1967) is also com
patible with the nepheline-basalt and volcanic tuffs collected in one
of the islets by the Brazilian Navy ship "Belmonte" in 1930 and des-
cribed by Guimaraes (1932). Although a volcanic rock has never been re
ported from Saint Paul's Rocks, excluding the Guimaraes description ,

still to date not all the islets have been visited or sampled.

The foliation of the ultrabasic mylonites of Saint Paul's
Rocks is quite pervasive (Fig. 17). Measurements of this foliation pre

sented by Melson et al., (1972) shows an essentially north-south strike
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with dips toward the east of 609 and 709 (Fig. 15). The north-south
strike of the foliation is surprising because it is expected that the
foliation would follow the pervasive east-west topographic trends of
the ridges and troughs of the Saint Paul's Fracture Zone. However ,
because Saint Paul's Rocks and its pedestal ridge mainly corresponds to
a solid state ultrabasic intrusion it is possible that a great deal of
the mylonitization was caused by its diapiric emplacement that may have
involved rotations of the original structures of the serpentinitic-pe-

ridotitic body.

The pedestal ridge of Saint Paul's Rocks is in the strike of
two troughs (Fig. 14). The trough to the east of the ridge is bare of
sediments and thus it may correspond to a very recent feature (Fig. 4,
profiles 48 and 51). The youthfulness of the pedestal ridge as a tecto
nic entity is exemplified by several earthquake epicenters that plot
on it and by an earthquake that was felt "in situ" by the crew of the
Brazi]ian Navy ship "Belmonte", when they were on the location to
install the automatic lighthouse that now stands there in ruins (Soa-

res, 1968).

In contrast with the youthfulness of the ridge of SaintPaul's
Rocks considered here as a tectonic entity, a radiometric age of 4.5
b.y. for the rocks in the islets was reported in a Carnegie Institution
Report (Wright, 1965). Rb/Sr ratios also support an old age for the
peridotites (Hart, 1964). Melson et al. (1972) determined K-Ar radio-
metric ages on a hornblende concentrate from a brown-hornblende myloni
te. The results pointed out an 835 m.y. age for the rocks that may be

real, because the Ar is present in much larger quantities in the
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hornblende than in the whole rock. In conclusion, Saint Paul's Rocks

may represent rocks from a very old and deep-seated part of the upper

mantle that were brought up to the surface by a very recent tectonism.
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CHAIN FRACTURE ZONE

The work of Heezen et al. (1964) defined a fracture zone to
the south of Romanche Fracture Zone named after the R/V Chain in  the

region between 109 and 209W in the equatorial Atlantic.

Chain Fracture Zone Between the Offset Portions of the Mid-Atlantic

Ridge Axis

Chain Fracture Zone displaces left-laterally the axial seg-
ments of the Mid-Atlantic Ridge by about 300 km. Only two seismic pro
files in the offset region of the Mid-Atlantic Ridge axis were availa
ble for this work but bathmetric data further delineated the trend of

the fracture zone.

Profiles 36 and 37 (Figs. 3 and 4) show a zone of  anomalous
topography with an intervening trough deeper than 5000m (7 sec two-way
travel time). This zone separates two distinct levels of the oceanic
basement and also contains northern and southern transverse ridges
that are not appreciably higher than the average topographic level of
the adjacent oceanic basement. Profile 37 (Fig.4) shows that the frac-
ture zone separates segments of oceanic basement with distinctly dif
ferent thicknesses of sedimentary cover and that the transverse valley

has no appreciable sediments.

The topography of the offset region shows the prominent trans
verse valley enveloped by the 45000 and 5000m bathymetric contours (Fig.
18). Similar to the main trough of the Romanche Fracture Zone, the
trough of the Chain Fracture Zone has a sill as shallow as 4000m,close

to the region of its southern intersection with the Mid-Atlantic Ridge
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axis (Fig. 18). The northern transverse ridge is only broadly de]inqu
ed by the 3500m contour and, very close to the Ridge axis to the north,
by the 3000m isobath. The southern transverse ridge close to the Ridge
axis to the south is delineated by the 3000m and 3500m bathymetric con
tours (Fig. 18).

The tectonic map of Figure 19 shows that most of the earthqua
ke epicenters are located in or very close to the transverse valley of
the fracture zone. The epicenters are either restricted to the region
between the two axial segments or are located along the rift-valley of
the Mid-Atlantic Ridge. However, two of the epicenters are located in
the crustal segment between Romanche and Chain fracture zones far away
from the'Ridge.axis. Close to the axial segment to the north of the
fracture zone, several epicenters are located close to each other and
their distribution encompasses the transverse valley, the northerntraqg

verse ridge and the axial region of the Mid-Atlantic Ridge (Fig.19).

The strike of Chain Fracture Zone is east northeast-west
southwest and is essentially parallel to the strike of the main trough

region of Romanche Fracture Zone, to the north.

Saint Paul's Fracture Zone Outside of the Offset Portions of the Mid-

Atlantic Ridge Axis

Seismic profiles are not available between 130W and 99W  but
the continuity of Chain Fracture Zone is evidenced by bathymetric data
(Fig. 8). Profile 21 (Fig. 4) shows a trough between two prominent
peaks that can be correlated laterally to profiles 20 and 17. The two

latter profiles show that the Chain Fracture Zone marks distinct base-
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ment-level changes and sedimentary covers which characterize different
crustal segments. Profiles 20 and 17 (Fig. 4)also shows the fracture
zone with a distinct southern transve}se ridge and either a subdued
(Profile 20) or a buried northern transverse ridge (Profile 17).  Be-
cause of the increasing proximity of the continental margins, d1scr1m1
nating the basement features associated with the fracture zone becomes
difficult. However, the fracture zone is inferred by the presence of
basement features that indicate a shallower basement to the south (Pro
files 14-12, and 10); or by differences in acoustic stratigraphies

across the inferred zone of fracturing (Fig. 4, profile 15). Profiles
9 and 6 off Niger Delta show different basement levels that  confined
the lowermost reflector of each profile to the crustal segment to the
north of a step in the basement. Consequently, Chain Fracture Zone was
‘traced as far east as profile 6, at about 20E Tongitude (Fig.7). The
trace of the fracture zone from the mid-ocean to the Gulf of Guinea is
in agreement with the traces of Chain Fracture Zone in the eastern e~
quatorial Atlantic presented by Delteil et al. (1974) and by Emery et
al.(1975). Eastward from 20F the 1nference of the fracture zone is only
conjectural. Along the str1ke of the hypothetical prolongation of the
fracture zone, a linear high area (Okitipupa ridge) separates two sedi

mentary basins in the continent,

Chain Fracture Zone can be traced westward from the offset re
gion of the Mid- -Atlantic Ridge by seéismic profiles that are cons1derab
ly separated from each other. The lateral correlation among these pro-
files is supported by bathymetric data published by Tomczak and
Annutsch (1970) between 200W and 24,501 Tongitude that complemented the

viork of Heezen et al. (1964) between 109 and 200U,
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Profile 39 (Figs. 3 and 4) depicts a deep trough that separa-
tes two basement blocks to the south of Romanche Fracture Zone.Profile
39 also shows an abrupt difference in oceanic basement level to the
south of the Chain Fracture Zone proper. This feature apparently is
very local and if present in profile 36 to the east is rather subdued;
it may correspond to the small offset of the Mid-Atlantic Ridge axial
segment to the south of Chain Fracture Zone, as suggested byearthuake
epicenters. Based on this offset, Emery et al. (1975) suggested a new
fracture zone (the Benue Fracture Zone) that would extend far into the

Gulf of Guinea.

Profile 43 shows the Chain Fracture Zone as prominent peaks
and troughs separating two different levels of the oceanic basement
that are very similar to the features seen on profiles 49 and 50. In
these two latter profi]es a prominent trough is partially filled with
flat-lying sediments and has an acoustic stratigraphy of its own. West
ward from'profile 50, Chain Fracture Zone is buried by abyssal sedi
ments but its basement features including the site of its intervening
trough can be followed in profiles 52, 54 and 55 (Figs. 3 and 4). West
ward from profile 55 Chain Fracture Zone is not directly recognized
with the available seismic profiles under the thick continental margin
sediments although profile 56 may indicate its presence as far west as

3200,

Topographically, the portion of Chain Fracture Zone outside
the offset region in the western equatorial Atlantic is mainly followed
by deep elongated regions (5000m to 5500m) which correspond to its

transverse valley (Fig. 8). The transverse valley of Chain Fracture Zo
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ne is flanked by transverse ridges (enveloped by the 4000m and  4500m
isobatns), that do not have too much relief contrast in relation to
the associated crustal segments (Fig. 8). The topographic expressionof

Chain Fracture Zone ceases at about 280W Tongitude.

The tectonic map of the equatorial Atlantic (Fig. 7) shows
that between 180W and 09 longitude, Chain Fracture Zone has an east-
northeast-west-south-west strike. To the east of 00 longitude, Chéin
Fracture Zone is generally northeasterly oriented. To the west of 180W

longitude, Chain Fracture Zone has an east-west trend.

Chain Fracture Zone changes its relative distance from the
Romanche Fracture Zone to the north along its strike (Fig. 7). In the
offset region it is 220 km away from Romanche Fracture Zone and at

about 300W Tongitude is only 136 km away (Fig. 7).
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FERNANDO DE NORONHA - JEAN CHARCOT FRACTURE ZONE

The discovery by French woikers of an important lTineament tc
the south of Chain Fracture Zone which consisted of a buried ridge 1in
the continental rise of the Gulf of Guinea led to the speculation that
this lineament represented a fracture zone in mid—océan (Delteil and
others,1974). The lineament, the Jean Charcot Ridge,is not only a pro
minent ridge as seen in profile 6, but also marks a pronouncedbasement
level change. This implies that the ridge indeed corresponds to a frac
ture zone trend (Figs. 3 andv4, profiles 9, 11-15, and 20). Seismic pro
files are not available between 59W and 129W longitude but profiles 36
and 37 (Figs. 3 and 4) suggest that a prominent fracture zone, to the
south of Chain Fracture Zone, may well correspond to the Jean Charcot
lineament in mid-ocean. This last assertion is in agreement with  the

so-called Charcot Fracture Zone shown in Emery et al. (1975).

Fernando de Noronha seamount chain was visualized as a  con-
tinuous ridge when Lamont-Doherty Geological Observatory made geophysi
cal surveys in the continental margin of northern Brazil. The lineament
of Fernando de Noronha together with the North Brazilian Ridge confin
ed the sedimentation of a part of the northeastern Brazilian margin
(Gorini and Bryan, 1974). Further studies demonstrated that the guyots,
volcanic islands, seamounts and basement highs of Fernando de Noronha
Ridge were continuous with a fracture zone to the east of 319W, hence
named as Fernando de Noronha Fracture Zone (Figs. 3 and 4, profiles 49,
50, 52-54, 56-58, 60 and 62), (Gorini et al., 1974). The fracture zone
was mapped as far east as 2504 and it could not be followed farther

eastward because of a lack of closely spaced crossings. Profile 43
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shows a topographically complex zone between two markedly distinct base
ment levels, thus suggesting a fracture zone. This fracture zone is
correlated laterally to the probable fracture zone depicted in profile
39 and may also correspond to the fracture zone seen in profiles 36 and
37. Consequently, Fernando de Noronha Fracture Zone is believed to be
in the same lineament on the Brazilian side as the Jean Charcot Fractu-
re Zone on the African side both have the same relative positions with
respect to Chain Fracture Zone on either side of the Atlantic (Fig. 7).
However, as it will be discussed 1ater, in the early rifting history of

Brazil and Africa, the two lineaments had distinct geographic locations.
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ASCENSION FRACTURE ZONE

The offset region of the Ascension Fracture Zone, named after
the Ascension Island, has been described in detail by van Andel et al.
(1973). Contrary to other fracture zones studied in this work Ascension
Fracture Zone offsets right-laterally the axes of the Mid-Atlantic
Ridge. The total offset is about 230 km and the region between the axis
of the Mid-Atlantic Ridge is situated between 11025'W and 13925'W lon-

gitudes, at about 79S latitude.

Seismic profiles analyzed by van Andel et al. (1973) show the
fracture zone to be formed by broad ridges and troughs (Fig. 20). The
broad ridées generally differ from the oceanic basement situatedeither
to the south or te the north by an absent or thin sedimentary cover
whereas the troughs contrast with the adjacent regions because they
generally contain flat-lying and thicker sediments (Fig. 20, profiles
~1-7). Profile 7 (Fig. 20) shows the fracture zone constituted by a
trough bounded to the south by a topographically prominent crustal
block and to the north by an oceanic basement that does not have hign
marginal topographic features. The crustal block to the south of  the
ptominent trough (marked vith an arrow in profile 7) is separated from
the oceanic basement to the south by another trough. The features of
the Ascension Fracture Zone displayed in this latter profile can be

correlated laterally with profiles 6 through 1 (Fig. 20).

The troughs generally are characterized by magnetic lows and
the ridges by magnetic highs. The mapping of these relatively low and
high magnetic values by van Andel et al. (1973) also shows the lateral

continuity of the prominent trough of the fracture zone seen in the
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profile 7 and of the other features that were laterally correlated in

the seismic sections (Fig. 20).

Topographically, the linearly continuous trough of the Ascens
ion Fracture Zone is enveloped by the 3500m bathymetric curve and exhi
bits depths as great as 4500m in the region between the axial segments
of the Mid-Atlantic Ridge (Fig. 21). To the west, sill depths shallover
than 4000m separate the region of the trough that is deeper than 4500m
from depths greater than 4000m (Fig.21). The transverse ridge to the
south of the main transverse valley of the fracture zone sometimes have
high areas encircled by the 2500m, 3000m and 3500m bathymetric contours
(Fig. 21).

- Earthquake epicenters are confined to the axial regions and
to the region between the two axial segments of the Mid-Atlantic Ridge.
In the offset region, the epicenters show a preferred distribution
along the trend of the trough that separates the southefn transverse
ridge seen on profile 7 (Fig. 20) from the oceanic basement to the
south, as pointed out by van Andel et al. (1973) (Fig. 30). Other epi-
centers are located along the main trough of the fracture zone but are

also scattered within the fracture zone proper (Fig. 22).

Ascension Island is situated 50 km south of the main  trough
of the fracture zone and 100 km fromthe median valley of the Mid-Atlan
tic Ridge(Fig.22)The island isessentially volcanic with diversified pe
trographic types that include basalts, trachydolerites, andesites (?),
trachyandesites, trachytes and quartztrachytes (rhyolites) (Mitchell-
Thomes,1970). Xenoliths of plutonic rocks that include dunites, perido

tites, gabbros, syenites, diorites and alkali-granites are also present
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in the island (Baxer, 1973). The presence of granites as xenoliths has
been interpreted as evidence for the nature of the posgibie‘f-bééement
rock of the island by Daly (1925 in Mitchell-Themas 1970). However, '
Tilley (1950, in Baxer, 1973) and Roedder and Coombs (1967 , also in
Baker, 1973) explained the granitic blocks as subvolcanic equivatlents

of alkalic rhyolites of the island.

Ascension Island apparently is an isolated seamount with
respect to the median valley of the Mid-Atlantic Ridge and with respect"
to the known features of the Ascension Fracture Zone.vHowever;itsc]ose
proximity with the wide zone of fracturing and the alkaline naturé of
the rocks of the island may be indicative of a crustal re]ationship

between the origin of the island and the Ascension Fracture Zone.

No actual mapping of the Ascension Fracture Zone Qasv“u done
that would extend the fracture zone into the African art Braziiian Si-
des of the Atlantic. Emery et al. (1975) considered that the Ascension
Fracture Zone extended as far east as the west of the Annobon,-Island,
in the Gulf of Guinea. A few seismic profiles (Fig. 4, profiles 36, ]5
20, 12, 14) indicate a prominent fracture zone to the south of o the
Jean Charcot Fracture Zone that may extend into the vicinity of and to
the west of Fernando Poo-Annobon Ridge. This ridge probabiy'corresnands"
to the trace of the Ascension Fracture Zone in the contlnental vﬁ;}gii
of the Gulf of Guinea. Towards the Brazilian side there is virtvally
no published infor~ation on the probable continuation of the Ascension
Fracture, and only a few and widely spaced seismic profiles show that
most probably the fracture zone is a prominent feature that extends in

to the Brazilian m—zrgin in the latitude of the city of Recife (Figs. 3

and 4, profiles 39, 43 and 55).
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Comments on the Topographic, Tectonic and Petrological
Character of the Equatorial Atlantic Fracture Zones

The main trough of Romanche Fracture Zone in the offset region
of the Mid-Atlantic Ridge axis is V-shaped and is interrupted by peaks
or sill depths in only a few places (Fig.6). If the transform motion is
taking place underneath the main trough of Romanche Fracture Zone, or in
close proximity to it, it is reasonable to suppose that the trough  and
the adjacent transverse ridges are the surface expression of the tec-

tonism associated with this relative movement.

“~

Horizontal motions in fracture zones in mid-ocean are associat
ed with the differentia] relative motion of the crustal segments bounded
by a fracture zone. A well-known characteristic of strike-s]ip faults is
to display, along their strike, features that are compressional in natu
re, and features that characteristically present normal fault pattern
with the development of horst and grabens (Al1en, 1965). Fracture zones
have very linear topographic and basement features across the entire e-
quatorial Atlantic. Within the offset portions of the Mid-Atlantic Ridge
axis, transverse ridges border transverse valleys for hundreds of kiTome
ters. This topographic character can be compared to a horst and graben

tectonic setting. Such long and linear tectonic features are difficult

to explain purely on the basis of tectonism associated with the strike-

slip (transform motion) character of the fault.

Dredce results suggest that diapirism of low-density ultramafic
rocks is also a very important process within fracture zones (Bonatti ,
1973; Bonatti znd Honnorez, 1976; Melson and Thompson, 1972). InRomache

Fracture Zone, as discussed previously, the serpentinized peridotites and
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serpentinites and their metamorphic equivalents make up a large portion
of the rocks recovered in the majority of dredge hauls. These types of
rocks have been dredged from all depths on walls of transverse ridges.
The intrusive character of these rocks is inferred from the fact that
they were originally constituted by high P and T minerals and occur in
association with fresh basalts, basaltic volcanic glass and other rocks.
The widespread occurrence of these rocks in a horizontal and vertical
sense, points out that they penetrated everywhere in the zone of frac-
turing. The mylonitic character of these ultramafics is quite pervasive
in the great majority of the dredged samples. The Saint Paul's Rocks
evidence, showing that the mylonitic foliation does not strike in accor
dance with the direction of the expected relative motion of the crustal
segments bounded by Saint Paul's Fracture Zone, can be explained by a

diapiric emplacement.

A diapiric body occupies a volume that is made at expenses
of the space occupied by the other rock types that it intrudes and dis
places; a space that was created by compressive stresses, and/or aspace
that was formed by extensiona] forces. The diapiric body has lower den
sity than the surrounding rocks and therefore tends to flow upward into
physically favorable places. Sites of concentrated intrusions of relati
vely low-density diapiric masses are favored by tectonic conditions such
as ]atera] compression or tension. Vertical migration of a diapiric body
is accomplished by brecciation, mylonitization, faulting, folding and
upwarping. The prolonged action of a diapiric mass can tectonically de
tach a section of intruded rocks especially if lateral weakness  zones

are already present in the vicinity. The vertical displacement of  the
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individualized section will be directly related tc the intensity of the
diapiric flow, to the tectonism that is favoring diapirism, or to a com-
bination of the two processes. Also, perforation with consequent breccia
tion and domal uplift may lead to gravitational gliding of the uplifted
rocks, tending to cause the diapiric mass to outcrop. In conclusion, it
is quite possible to have outcrops of relatively low-density ultramafic
diapiric masses in the ocean by the distuptive action of the intrusfon .
by a consequent‘1§tgralvextensioq of the host rocks due to the increasing
volume of the intrusive and consequent filling of fractures; by the late
ral gliding of overlying rocks; and/or by the subsequent erosion of the
cover rocks of the intrusive mass, that may even be accomplished by mari

ne erosion at the sea level.

A model for the tectonics and the origin of the morphology of
fracture zones that explains the seemingly abundant diapirism of ultrama
fics of relatively low density, and the existence of sucﬁ linear featu-
res as the transverse ridges and valleys, is difficult to make based so
lely on the overall available geological information. A major difficulty
for example is to reconci]e the fact that abundant serpentinized perido-
tites and peridotites have penetrated the rocks of the transverse ridges
and apparently were not able to modify the V-shaped topography of the
prominent transverse valley of the Romanche Fracture Zone. This last ob-
servation is hard to explain if we assume that a deep fault zone under-
neath the trough region of Romanche Fracture Zone is the probable major
conduit of diapiric masses (Fig. 23). Instead of being abundant in the
region of the transverse ridges, why did the diapiric intrusions not

invert the V—shapéd profile of the trough region, the least resistant
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surface that would correspond to the ocean flcor in the vicinity of the
bottom of the trough? In some cases though, diapirism of serpentinized
peridotites and peridotites have penetrated in trough regions. One such
example is the Saint Paul's Rocks in the Saint Paul's Fracture zone
where the ridge pedestal of the islets lies longitudinally between two
trough regions and earthquake epicenters occur along this ridge (Fig.
14); the main trough of Romanche Fracture Zone has some topographic
peaks between the two deepest areas (Fig. 6); and E. Bonatti (personal
éomm., 1976) dredged serpentinized peridotites and serpentinites in one
peak in the trough region. These examples suggest that diapiric masses
lie in the vicinity of the trough regions and are at very shallow crus-

tal depths.

Because transverse ridges are very linear features and abun-
dantly intruded by serpentinitic rocks, it is probable that diapirism
of relatively low-density ultramafics is an important tectonic factor
fot the origin and maintenance of the high topography of the transverse
ridges (Figs. 23 and 24). The reason why diapirism apparently did not
invert the V-shaped relief of the trough along the seismically active
trough region of the Romanche Fracture Zone, i§ not understood on  the

basis of available data.

The petrological complexities associated with diapiric intru
sion into transverse ridges can be visualized in a schematic block dia-

gram of a transverse ridge of Romanche Fracture Zone (Fig.25).

The complex topographic, tectonic and petrologic nature of
fracture zones is further complicated when the direction of the main

transform motion changes. The uppermost surface of the deep fault that
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has accéﬁgaated the transform motion associated with the old trend (site
of the main trough of the fracture zone) can be =asy conduit for diapiric
masses and/or eventual magmatism that may intrude the fault surface (Fig
26). After encountering the "free surface" of the ocean floor the intru-
sive diapir can rise several thousand meters above the sea floor to near
or above the sea surface (e.g. the southern transverse ridge of Vema
Fracture Zone (?)). The sediments that once were in the deepest parts of
the trough may be transported upward by the diapiric intrusion (quartzi-
ferous limestones dredged on top of the southern transverse ridge of the
Vema Fracture Zone and described by Honnorez et al., 1975) and may be
involved in complex deformation due to the 1ateral compression caused by
the vertical motion of the diapir (deformed graywackes of Romanche Frac-
ture Zone dredged by Bonatti and his co-workers). The former transverse

ridges would probably also be inteinsely modified topographicallygspecial
ly if the angle of change in the transform direction is great enough to
affect a large area of the ocean floor (such as in the case of Romanche
Fracture Zone). The former sites of transverse ridges could become sites
of troughs of the fracture zones associated with the new trends of trans
form motion and vice-versa (Fig. 26). Added petrological complexity will

also be a probable consequence.

Serpentinitic intrusions are widespread in the equatorial A-
tlantic fracture zones as shown earlier in this work. The petrological
and geochemical nature of these serpentinites suggests that these serpen
tinites were probably derived from an ultrabasic source very different

from the one that had given rise to the tholeiites, characteristic of

the spreading axes. The fact that the ridge axial segments end abruntly
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in fracture zones that offset these segments is Turther evidence that
the level of the anomalous mantle (velocity-wise) associated with  the
ridge axis and the level of origin of diapiric ultramafic masses either
differ considerably, or that the physical circumstances of a sheared zo
ne is very different from a tensional zone (ridge axis) as far as magma

generation is concerned.

The entire zone of fracturing associated with the transform
motion can then be uﬁderstood as enveloping a longitudinal narrow zone
in which the main transform motion has been taking place, and a north-
ern and southern elongated areas in which vertical forces are accommo-
dated as a result of diapirism of relatively low-density ultramaficsand

as a result of dip-slip components of the main horizontal motion.

OQutside of the offset region of the ridge axis the topograpic
contrast between the two transverse ridge blocks tends to increase sharp
ly, immediately away from the offset region, indicating that the trans-
verse ridges are coupled at least partia]ly with the subsident oceanic

crust away from the offset region.
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TECTONIC CHARACTER OF FRACTURE ZONES 0QUTSISEZ THE OFFSET REGION

OF THE MID-ATLANTIC RIDGE AS EXENMPLIFIED BY

ROMANCHE FRACTURE ZONE

There are no earthquake epicenters located in fracture zones
far away from the offset region of the Mid-Atlantic Ridge. The general
tendency outside of the offset region is that shallower crustal segments
contain shallower transverse ridges and deeper crustal segments contain

deeper transverse ridges.

Because at any specific north-south traverse the crustal
segments are generally at different distances from their correspondent
spreading axes, the rate of subsidence is different for the two adjxent
crustal segments. This difference in rates of subsidence is greatest
close to one of the ridge-axis segments and gradually decreases lateral
ly away from the ridge axis so that at great distances from the ridge
axis subsidence rates are approximately equal (Sclater et al., 1971).
Consequently, the topographic features associated with a fracture zone
away from the offset region are submitted to differential vertical mo-
tions that tend to die away with distance from the mid-ocean region.The
deep fault-zone that was the main site of transform motion in the off-
set region will be the most probable place in which the differential ver
tical motion will take place. The maintenance of the very deep fault-zo
ne by differential subsidence of the adjacent crusta{hﬁegments has very
important geological consequences. The deep fault-zone can thus become
possible natural conduits for vertical migration of magmas; the most

probable surface to accomodate further differential subsidence between

the two adjacent crustal segments; and the most probable surface to
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yield to additional tectonic forces.

By analyzing the depths of summits of transverse ridges along
the strike of Romanche Fracture Zone, the model for fracture zones as
put forward earlier is clearly oversimplified. One of the transverse
ridges of Romanche Fracture Zone in the continental margins on both
sides of the Atlantic, where its depths should have been the greatest,

form very prominent marginal ridges.

The arguments discussed previously can be combined to present
an attempt to understand the geological role of a fracture zone outside
the offset region of the Mid-Atlantic Ridge. The main trough of the
fracture zéne constitutes the deepest area of the adjacent crustal seg-
ment, and tonsequent]y is generally the first to receive sediment influx
from local sources and from far-away terrigenous sources. Because one
of the crustal segments is originally deeper than the other in any tra-
verse close to one segment of the ridge axis, the deeper crustal seg
ment receives terrigenous sedimentation whereas the adjacent crustal
segment does not receive sediments. Subsidence due to sediment loading
tends to increase the difference in level between the crustal segments
bounded by a fracture zone. The differential subsidence causes further
vertical ajustments that probably take place in the deep fault that is
the zone of contact between the adjacent crustal segments (Fig.27). Con
sequently, the deep fault zone can be constantly active and, sometimes,
pockets of magma situated underneath the lithosphere can have a verti-
cal conduit to the surface, or magma may be generated by further  tec-
tonism within the deep fault zone. Although the surface expression of

magmatism may not necessarily be located in the main trough, it will
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certainly occur within the 1imits of the fracture zone.Magmatism of such
origin may have formed the Fernando de Noronha Islands, and the islands

of the Gulf of Guinea.

Evidence for possible horizontal motions in fracture zones
outside of the offset region of the Mid-Atlantic Ridge is only indirect
and come from theoretical reasoning. If the divergent motion that occurs
at the ridge axis has a constant rate throughout geological time and is
equal in magnitude for both crustal segments that are separated by a
fracture zone, no relative motion is expected in the region outside the
offset zone (Fig. 28a). If the magnitude of the divergent motion (con-
stant rate) in both adjacent crustal segments is different, a differen-
tial relative motion outside of the offset region is expected (Fig.28b).
Note that the associated transcurrent motion is in the opposite sense
of the transform motion in one side but is in the same sense of the

transform motion on the other side (Fig.28b).

Spreading rates change considerably with geological time
(Pitman and Talwani 1972; Haws and Pitman, 1973). Consequently, the di
vergent motion is generally not at constant rate for long periods of ti
me. These variable spreading rates and the way that the crustal segments
laterally absorb these changes are of paramount importance in deducing
the state of stress that the correspondent crustal segment is subjected
to.

Comments About the Origin of Marginal Ridges

The marginal ridges of the continental margins of the equato-
rial Atlantic are characterized by tall seamounts which rise to near

sea level and in some instances outcrop as oceanic islands.The seamounts
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are generally shallower than 3C00m and some are flat-topped indicating
truncation by wave erosion. Most of the seamounts have their pedestals
on elongated basement ridges that are oriented along the strikes of the
marginal ridges. The oceanic islands that are in the lineament of the
marginal ridges are composed largely of alkaline rocks and commonly

their rocks contain peridotite nodules that were brought up from large

depths (> 60 km). These islands are generally of Recent age.

Because of the high topography of the marginal ridges and
their association with volcanic islands of Neogene or younger age,it is
feasible that marginal ridges could be more easily explained by being
formed only by Recent volcanism associated with intraplate tectonism.
However, this does not seem to be the case because sedimentary barriers
which individualized continental margin sectors have been present in
the continental margins since the beginning of their sedimentary his-
tory as suggested by Fig. 29. The Neogene alkaline volcanism of islands
associated with the marginal ridges is consequently better explained by
magmatic and/or tectonic reactivation of the lineament associated with
the marginal ridges. Because the marginal ridges are traced into fractu
re zones, we must assume that tectonic and/or magmatic reactivation of
portions of fracture zones far from the offset region of the ridge axis
gives rise to the oceanic islands and, at least many of the tallest sea

mounts of the marginal ridges.

Tectonic and/or magmatic reactivation of fracture zones in
the continental margins may result from the confinement of asedimentary
prism to a crustal segment bounded by fracture zones (a continental wmar

gin sector). The sediment load, as a consequence of the confined sedi-

[ I
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mentation, may cause the subsidence of the oceanic crust and thus accen

tuate the difference in levels of adjacent segments of oceanic crust.

We can therefore speculate about the origin of the foundations
of the marginal ridges essentially based on the model proposed in this
work for the geological processes associated with fracture zones.It is
possible that because of the differential subsidence, diapirism of rela
tively Tow-density ultramafics was triggered by the more pronounced sub
sidence of one of the adjacent crustal segments. The diapirism was pre
ferentially concentrated on the more passive crustal segment thus uplift
ihg the blocks of the former transverse ridges. Because the diapirism
involves displacement of mass in the upper mantle it is also feasible
that alkaline magma may have originated as a consequence of thermody-
namic disequilibrium. This magma eventually reached the ocean floor sur
face and built up volcanic seamounts and islands, probably in the same
way that alkaline magmas may have formed in fracture zones within the
offset region of the mid-oceanic ridge. This model can be easily tested
by intensive dredgings in the marginal ridges of the‘equatorial Atlan-
tic.A relatively low-density ultramafic fordation of marginal ridges is
in accordance with the suggestion of Bonatti and Honnorez (1976) and
with gravity data  (Cochran,1973). The serpentinitic and/or serpenti-
nized peridotites and/or peridotites base for the marginal ridges pro
posed in the aforementioned model contrasts markedly with Le Pichon and
Hayes'(1971) model which implies a petrology for the marginal ridges
strongly influenced by derivatives of continental crust. The other fun-
damental contrast between the proposed model presented here and Le

Pichon and Hayes'(i971) is that the marginal ridges are prominent topo-



71

graphic features at present because they have.resu1ted from tectonic
reactivation of fracture zones and not necessarily because they vere
formed as prominent features at the initial separation of Africa from
Brazil. The verification of the onset of the tectonic and/or magmatic

reactivation of the fracture zones in a manner that would lead to the
development of the prominent marginal ridges observed today is not pos-
sible using the available seismic profiles because of insufficient reso

lution.
Consequences of Changes in Transform Fault Directions

The tectonic map of the equatorial Atlantic shows that the
Romanche Fracture Zone has a pronounced change in strike in the offset
region of the Mid-Atlantic Ridge (Fig. 7). This change in strike of the
Romanche Fracture Zone is supported by: (a) the morphology of the zone
of fracturing that has a prominent but probably fossil trough; (b) the
earthquake epicenters that are located only in the northern trough; and
(c) the asymmetry in strike of the western and eastern portions of the
fracture zone in the offset region of the Mid-Atlantic Ridge. Because
the trend of the portion of the Saint Paul's Fracture Zone to the north
of the area of the offset region of Romanche Fracture Zone does not chan
ge, the crustal segment between the two fracture zones is remarkably
narrowed and the two fracture zones almost join each other (Fig. 7).
Thus, it is evident that a great number of the features associated with
Romanche Fracture Zone was formed at the expense of the crustal segment

between the Romanche and Saint Paul's Fracture Zones.

The narrowing of the crustal segment can be explained either

by crustal consumption or possibly by the fact that the southern adja-
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cent crustal segment was formed partly at expenszs of the crustal scg-
ment to the nortn. Crustal consumption would imply that part of the
crustal segment between the Romanche and Saint Paul's fracture zones
was probably subducted following compressive stresses associated with
the change in transform direction of the Romanche Fracture Zone.Crustal
consumption would probably cause extensive defprmation in the sedimen-
tary cover of the oceanic basement in the immediate vicinity. However,
to the south of Saint Paul's Fracture Zone, the observation of seismic
profiles does not lead to tectonic implications of deformational struc
tures due to the general lack of unconsolidated sediments with the ex-
ception of profile 33 (Fig. 4) that shows dips at angles not seen in
all other seismic profiles. However, seismic profiles reveal that the
sedimentary cover does not change its thickness regularly with distance
frbm the associated Mid-Atlantic Ridge axis. There are places that
thicker sediments lie to the west of thinner sedimentary cover. This
implies tectonism for the removal of part or all of the sedimentary co-
ver in some places. The removal of the sediments is further substantiat
ed by the common presence of flat-lying troughs probably sedimented by

turbidites.

It is also possible to explain the narrowing of the crustal
segment between Romanche and Saint Paul's fracture zones by assuming
that the adjacent crustal segment between Romanche and Chain  Fracture
Zones 1is partly formed at the expense of the crustal segment to the
north. The segment between Romanche and Chain fracture zones is widest
at its present position between the offset region of the Mid-Atlantic

Ridge (Fig. 7). The bathymetric map of the equatorial Atlantic shows
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tnat tne Mid-Atlantic Ridge axis of the crustal segment between
Romanche and Chain fracture zones is the Tongest and that abutts against
the main trough region of Romanche Fracture Zone most probably causing
its shoaling (Fig.8). The orthogonality of the trends of the features

associated with the Romanche Fracture Zone and the Ridge axis to the
south substantiates that most probably the Mid-Atlantic Ridge axial re-
gion used up some area of the adjacent crustal segment to the north. Be
cause the Romanche Fracture Zone changes its strike to a more east-
northeast direction within the offset region it is also reasonable to
conclude that at least part of the topographic features of the fracture
zone were created at the expense of part of the surface area of - the
crustal segment between Saint Paul's and Romanche fracture zones (Fig.
7). Consequently, the wide crustal segment between Chain and Romanche
fracture zones can also be explained as originating from northward ex
tension of the sea-floor spreading axis, into the already formed crus-
tal segment to the north, following a change in the transform fault di
rection. The two fracture zones (Romanche and Chain) then bounded a
wider crustal segment that would be constituted by partly inherited,

partly tectonized and newly developed structures in the oceanic crust.

Which of the two hypotheses to explain the narrowing of the
crustal segment (crustal consumption or tectonic reactivation) is cor-
rect, is difficult to assess with the available data but I think that
the simplest explanation is that the narrowing is apparent and is caus-
ed by an anti-clockwise migration of the main trough of Romanche Fractu
re Zone with an associated northward migration of the spreading axis to

the south, in the manner depicted by Figure 26.
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Tectonism and tectonic reactivation ¢ a portion of a crustal
segment can be a consequence of changes in transform fault directions
that most probably are caused by accomodations to a new direction of re
lative motion between the associated plates. The region of the ocean
floor that will be affected by tectonic reactivation will be dependent
on the proximity of the offset region and to the amplitude of change of
the transform fault direction. The immediate implication of the tectonic
reactivation of crustal portions in the ocean floor is the possibility
that this may have happened in the continental margins during earlier
stages of development of the Atlantic ocean floor (when the continents
were still close together). At those times, complex structures such as
folds, normal faulting, reverse faulting (re]ative]y Tow-density ultraba
sic diapirism plus magmatism), and may be low-grade metamorphism of the
sedimentary cover may have taken place following adjustments to new

transform fault directions.

Asymmetry in the Equatorial Atlantic

Le Pichon and Hayes (1971) reconstructed the flow lines  that
theoretically represented the total re]ative motion between South Ameri-
ca and Africa up to their present positions from Bullard et al's fit
(1965) that is given by a 57.09 angular rotation of Africa with respect
to South America of points of known counterparts on both continents a-
round a pole of rotation (449N, 30.69W). Le Pichon and Hayes (1971) con
sidered the available information on the structures of the mid-oceanic
region and of the continental margins of the equatorial Atlantic and ori
ginated essentially two poles of rotation from which the flow lines of

Africa and South America could be calculated. The earliest pole of rota-
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tion identified by Le Pichon and Hayes was determined essentially fiom
the trends of the prominent marginal ridges that are roughly symmetri-
cal on both sides of the equatorial Atlantic. The symmetry is apparent
because of these prominent ridges on the continental margins of both
continents that pass oceanward through a buried and topographically

subdued region. From other topographic trends in the continental mar-
gins and in the mid-oceanic region of the equatorial Atlantic,as de
fined by the earlier works of Heezen et al. (1964), Fail and others ,
(1970), Arens and others (1971) and Hayes and Ewing (1970), Le Pichon
and Hayes (1971) calculated the location of the later pole of rotation

and thus the flow lines of the two continents for the time after the

marginal ridges were already formed to the present (Fig. 30).

Intrinsic to the method used by Le Pichon and Hayes (1971)was
the assumption of a net symmetric sea-floor spreading situation for
the equatorial Atlantic because the angular rotafions, étarting from
points of known counterparts in the Bullard et al's fit (1965)of South
America and Africa, were always the same for both continents. Although
it is a simplified representation of the relative motion between Afri-
ca and South America, the total angu]ar rotations of both continents
with respeét to the early pole and to the later average pole of rota-
tion of Le Pichon and Hayes (1971) provide us with a way to test the
symmetry of the axial segments of the Mid-Atlantic Ridge. Instead of
reconstructing the flow Tines of Africa and Brazil from points of known
counterparts in the Bullard et al's fit, points in the axial regions
of the Mid-Atlantic Ridge were chosen and were rotated with similar

angles using the average and early poles of rotation of Le Pichon and



76

Hayes (1971). These rotations originated flow lines that should have
matched the flow lines originated by the method of Le Pichon and Hayes
(1971) if a net symmetrical spreading is assumed.This evidentiy was
not the case (Fig. 30).The remarkable asymmetry of the position of the
axial segments of the Mid-Atlantic Ridge, suspected on the firts obser
vation of the tectonic map of the equatorial Atlantic ocean floor (Fig
8), is now confirmed.The theoretical trace of the Romanche Fracture Zo
ne delineated from a point on the ridge axis rotated towards the conti
nents, shows a rotational asymmetry of 50 (> 520 km) to the west in re
lation to the average pole of rotation of Le Pichon and Hayes (1971)

(Fig. 30). Besides the visible asymmetry, the theoretical flow line
reconstructed from a point of intersection of the ridge axis with
Romanche Fracture Zone differs more markedly from the actual trace of

the fracture zone (Fig. 30).

The asymmetry of the Mid-Atlantic Ridge axial segment to the
north of Saint Paul's Fracture Zone is also large (> 435 km) and  the
theoretical flow line seen on Figure 30 is for the most part in disa-

greement with the actual trend of the Saint Paul's Fracture Zone.

Together with the asymmetry of the position of the Mid-Atlan-
tic Ridge axis and may be related to its origin is the fact that the
present-day offset of the axial segments of the Mid-Atlantic Ridge
associated with Romanche Fracture Zone (940 km) is 2.5 times greater
than the supposedly original offset (370 km) when Africa and B8razil
are considered together. The offset associated with Saint Paul's
Fracture Zone (630 km) is about 2 times greater than the original

offset (330 km).
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The marked asymmetr. of the Mid-Atlantic Ridge axis as rvidenc
ed by the flow lines of Sain: Paul's and Romancie fracture zones implies
that the asymmetry of the ric:2 axis can be explained either by a west-
ward jump or jumps of the axi:l segments, or by asymmetric sea-floor
spreading with faster rates i7 the African plate. The other implication
is that Le Pichon and Hayes'{1971) reconstruction of flow lines in the
equatorial Atlantic can be misleading for age-interpretations of crus-

tal portions.

Around 2594 Tongitucz, and to the north of 49N latitude there
is an elevated basement area :hat Emery and others (1975) considered to
be an intégra] part of the Sizrra Leone Rise (Fig. 30). This area of
high oceanic basement is the 2nly evidence that suggests a possible for
mer spreading center that wou'd have jumped to the present-day axial re
gion. However,because this rezion seems to be the counterpart of the
Ceara Rise in the Brazilian m:zrgin and they both occupy a symmetrical
position in relation to Africz and Brazil they may have originated by
abnormally high volcanism (K.mar and Embley, 1977). Because fracture
zones are so continuous acros: the equatorial Atlantic, if ridge jumps
actually have occurred the original fracture zones controlled the
lenght of the spreading axes znd these changed their positions within

the boundaries (fracture zones) of the respective crustal segments.

If asymmetric spreacng caused the asymmetry, it is implied
that faster spreading rates ~:d been associated with the African plate
throughout the evolution of <-2 equatorial Atlantic. Because nomagnetic
anomalies are mapped consistz-:ly from the Mid-Atlantic Ridge axis in

the equatorial Atlantic, the -spothesis of an asymmetric sea-floor
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spreading remains untested. Although asymmetric spreading has been re
ported in the mid-oceanic ridge system south c¢f Australia by Weissel
and Hayes (1971), and Hayes (1976), magnetic anomaly maps of the North
Atlantic (Pitman and Talwani,1972) and the South Atlantic (Larson and
Ladd, 1973; Ladd, 1974 and Pitman et al., 1974) establish a reasonably
symmetric pattern of the magnetic anomalies on both sides of the Mid-
Atlantic Ridge axis. Areas that have been studied in more detail and
that were exp]ainéd as caused by processes of asymmetric apreading are
the Reykjanes Ridge (Talwani et al., 1971) and the Jan Mayen Ridge (Vogt
et al., 1972). Other evidence that suggests the possibility that asym
metric spreading has occurred in the equatoria] Atlantic is the fact
that there is an asymmetry in lengths of the marginal ridges on both
sides of the Atlantic (Le Pichon and Hayes, 1971). However, this asym-
'métry may be only apparent because Le Pichon and Hayes considered the
end of the marginal ridges where they become buried by sediments.Becau
se they are continuous features, different sedimentary processes on
both continental margins may have caused the asymmetrical burial of the

marginal ridges.
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INTRODUCTION

The continental margins of northeastern Brazil and the Gulf
of Guinea area of Africa are divided in sévera] sectors by prominent
marginal ridges. These ridges either outcrop as volcanic islands and
linear chains of seamounts or constitute buried basement highs. The
sectors are the following: the Liberia sector in Africa corresponding
to the Amapa sector on the Brazilian side; the African Ivory-Coast See
tor which is the counterpart of the Para-Maranhio sector in Brazil;the
Ghana-Togo-Dahomey-Nigeria sector which is the counterpart oftheCearE
sector in Brazil; and the Fernando Poo-Cameroon sector which corres
ponds to the Rio Grande do Norte—Pernambuco sector in Brazil (Fig. 3).
These sectors contain sedimentary basins that evolved independently
from each other. Neverthe]ess, they have a similar tectonic framework
and a comparable sedimentary history (Gorini and Bryan, 1974) .Each con
tinental margin sector will be discussed in detail with respect to its
physiography and tectonic framework and to the geology of the bordering
cratonic areas. The objective of this detailed discussion is to resent
comprehensive information on the geology of the African and Brazilian
margins in order to provide a background for comparing and contrasting
the two margins. Such a background is necessary in order to understand
the influence of early-rifting structures on the origin and evolution

of the tectonic fabric of the equatorial Atlantic floor.
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CONTINENTAL MARGIN OF GULF OF GUINEA

Liberia Continental Margin Sectcr

Physiography

The continental margin off Liberia has a smooth continental
rise that grades westward into the Sierra Leone abyssal plain. The con
tinental rise towards the south is wider than in the northern part of
the sector and it has an area of low-gradient named the Liberia Phteau
(Behrendt et al., 1974). The continental rise in the vicinity of the
Liberia Plateau gives way to a pronounced slope to the south {Fig.31}).
This slope has an ENE-WSW strike and is parallel to a series of buried
basement highs and/or seamoun:s that constitute the prominent | Grand
Cess Ridgé (Fig. 31; Behrendt et al., 1974). Sediment ponding behind
the Grand Cess Ridge is commom and the evolution of the continentalmar
gin in the southern portion of the Liberia sector has been controlled
by the damming of sediment behind the ridge (Schlee et al., 1974; Figq.
4, Profiles 23-35). Consequently, the Grand Cess Ridge is considered to
be the southern boundary of the Liberia sector. The northern part of

the sector will not be considered in this work.

The Grand Cess Ridge is traced westward into the northern
transverse ridge to the Saint Paul's Fracture Zone as discussed before.
The Grand Cess Ridge continues as a physiographic boundary as far west
as 190W, separating the lower continental rise off Liberia and the
Sierra Leone abyssal plain to the north from the flanks of the Mid-

Atlantic Ridge to the south (Fig. 8).
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General Geology and Tectonic Framework

Shield rocks predominate throughout Liberia and their radic
metric ages fall in three radiometric provinces (Hurley et al., 1971 ;
and Hurley and Rand, 1973). The Liberian-age rocks (ca. 2700 m.y.) are
present in northwestern Liberia, the Eburnean-age rocks (ca.2000 m.y.)
in southeast Liberia and the Pan-African age province (ca. 550 m.y.)is
restricted to a narrow outcrop be]t in the western littoral zone of
Liberia (Fig. 32). A shear zone dipping 50 to 709SW recognized by
Thorman (1972) and a steep gravity gradient recognized by Behrendt and
Wotorson (1970) mark the boundary between the Liberian and the Pan-
African age provinces. The Pan-African-age rocks mainly belong to a
mafic granu]ite facies whereas the Liberian and Eburnean-age rocks are
mainly amphibolite-grade granitic gneiss and metasediments  (Behrendt
et al., 1974). Sedimentary rocks of Paleozoic and Mesozoic age are pre
sent close to the littoral zone in sedimentary embayments. THo]eiitic
diabase dikes are common in northwestern Liberia (Dalrymple et al.,
1975) (Fig. 32). These dikes have a northwest-southeast trend that pa
rallels the coastline. K/Ar radiometric ages show variable ages that
range from 186 to 1,213 m.y. for dikes intruding Precambrian  rocks .
Diabase dikes intruding Paleozoic sedimentary rocks near the coastline
all fall within the range of 173 to 192 m.y. (Dalrymple et al., 1975).
Despite the apparent age difference between the dikes that intrude the
Precambrian rocks and those that cut the sedimentary Paleozoic rocks |,
on the basis of paleomagnetic directions Dalrymple et al. (1975) sug-
gests that both set of dykes may have been contemporaneous. The observ

40

ed age differences are thought to be caused by an excess of "“Ar in
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dikes that cut Precambrian rocks.

The tholeiitic diabase dikes probably constituted the feeders
for amygdaloidal basalt flows that unconformably overlie a Paleozoic(?)
sandstone (Schlee et al., 1974). Aptian-Cenomanian sedimentary rocks
present in the sedimentary embayments contain, among others,pebbles of
diabase suggesting that their deposition post-dated the diabase intru
sioning (Schlee et al., 1974). As revealed by drilling, the relation-
ship of the intrusives with the sedimentary succession is very similar
in both the offshore and onshore sedimentary basins. Diabase dikes and
sills intrude Paleozoic rocks that are unconformably overlainby basdt
flows. The extrusive and intrusive rocks are then overlain by sedimen-

tary rocks of Cretaceous age (Schlee et al., 1974).

The continental shelf off Liberia contains three main sedimen
tary embayments which are elongated in a direction subparallel to the
coastline. They contain at least 2000m of sediments that thicken sea-
ward to at least 3000m near the continental shelf edge (Behrendt et al,
1974; Fig. 33). Shallow basement occurs elsewhere in the continental
shelf. Magnetic Tineaments in areas of shallow magnetic basement in
the continental shelf were related to doleritic dikes that are essen
tially parallel to the dikes that cut the Paleozoic Precambrian rocks
(Fig. 33). The free-air gravity anomaly and isopach maps suggest main
centers of deposition to lie in the upper continental-rise area
(Behrendt et al., 1974). The sediments have been inferred to be thick
est under the continental slope. Farther seaward from the continental
slope, the sediments seem to thin. Thus, the depocenter of these basins

in the continental slope-upper continental rise is subparallel to the
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shelf edge, to the elongation of shelf basins, to the coastline and to
the doleritic dikes of Jurassic age (Behrendt et al., 1974; Schlee et
al., 1974). In contrast, immediately to the north of the Grand Cess
Ridge, sediments have infilled elongated depressions which are subpa-

rallel to the ridge and consequently these troughs are transverse to

the direction of the edge of the continental shelf (Fig. 34).

Discussion

The tectonic framework of the part of the Liberia margin con
sidered in this work seems to be influenced essentially by two main
structurg] directions. One direction is northwest-southeast and coin-
cides approximately with the direction of the continental shelf-edge ,
with the coastline and with the elongaticn of the depocenters of  the
continental margin.This direction is also coincident with the strike of
the doleritic dikes of Liberia and with the direction of the shear zo-
ne that corresponds to the radiometric-age boundary between Pan-Africa
and Liberian rocks. However,this northwest-southeast direction of appa
rent continental breakup for Liberia contrasts markedly with the north
east—southwester]y oriented main structural trends of the shield (Figqg.
32). Thus, the northwest-southeast trend of the Mesozoic or younger
structures most probably has developed following main structural trends
of Pan-African age that were reactivated in the Jurassic. In thisnorth
east-southwest structural trend, faulted blocks and faults formed loca
lized centers of deposition. The sediments in basinal areas of the con
tinental shelf prograded seaward apparently without major obstacles and

built up a continental margin sedimentary prism.
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The second structural trend is associated with the trend of
Grand Cess Ridge. This ridge was present as a continuous barrier for
sediments since the beginning of the continental margin deposition be-
cause it separates distinct continental-margin sedimentary provinces.
Linear depressions subparallel to the Grand Cess Ridge and between two
linear highs are evidences for confined preferential sedimentation in
the margin along an east-northeast west-southwest direction(Fig.34).
The continental shelf close to the projected landward extension of the
Grand Cess Ridge is almost bare of sediments and a possible fault is
inferred in the continental shelf and in the littoral zone of Liberia,
as its probable landward expression (Behrendt et al., 1974 ; Schlee et
al., ]974)f Consequently, a structural high in the continental shelf

appears to correspond to the continuation of the Grand Cess Ridge.

The 173-192 m.y. old diabase intrusions and possibly contempo
raneous basalt flows (Hettangian to Early Bajocian) although present
onshore and offshore, were most probably post-dated by younger volca
nics of early Cretaceous age evidenced by ages of volcanic rocks in
one offshore drill hole (Schlee et al., 1974). In the offshore area,
Cretaceous sedimentary tocks generally overlie basalts and flows as mn
tioned before. These sedimentary rocks were dated on the basis of spo
res, pollen, gastropods and ostracods as Albian or older (Schlee et al,
1974). The time gap (50 m.y.) between the Jurassic magmatism and  the
early-Cretaceous volcanism and sedimentary deposition may delineate a
time of development of the tectonic framework of the basinal areas clo
se to the coastline in which no appreciable sediment accumulation has

been preserved.
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Thus, the Liberia continental margin sector corresponds to a
sedimentary basin which had its tectonic framework established since
the early-rifting of North America and Africa. Tnis tectonic framework
is mainly represented by basinal areas that extend in a northwes t-south
east direction that are bordered by the rim of the Western African cra
ton in Liberia and by an east-northeast-west-southwest ridge (the Grand
Cess Ridge), that is traced laterally into a tectonic high in the con-
tinental shelf. Sedimentation off western Liberia was apparently open
westward and built up a continental rise that grades laterally into an
abyssal plain. This open sedimentation and the seaward thickening of
the basinal areas of the continental shelf suggest that these basins
had no major barriers or dams and thus fitting the pattern of half-

graben or open-type of basins.

In contrast, sediments were ponded to the north side of the
Grand Cess Ridge and prograded seaward along the strike of the ridge .
This longitudinal progradation caused the continental rise to become
wider in the southeastern part of the section. Elongated troughs pa-
rallel to the Grand Cess Ridge accumulated more sediments than the
adjacent regions. Because the Grand Cess Ridge is traced laterally into
the Saint Paul's Fracture Zone, it is apparent that fracture zone tec
tonics played an important role in developing the tectonic structures

present in southeastern Liberia.

Ivory Coast Continental Margin Sector

Physiography

The Ivory Coast continental margin sector is situated offshore

from southeast Liberia, the Ivory Coast and west-southwest Ghana. The
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Ivory-Coast sector is constitutad by a continental margin that prograd
ed south, southwest and westward. The morphology of the sector consist
ing of continental margin and abyssal provinces is bounded by the Grand
Cess Ridge to the north, the Ivory-Coast-Ghana Ridge and the southern
transverse ridge of Romanche Fracture Zone to the south, and the flanis

of the Mid-Atlantic Ridge to the west (Fig. 31).

The Ivory-Coast sector contains two distinct morphological re
gions that merge together. One region is relatively narrow and is 1lo
cated west of Cape Palmas;the other region corresponds to the remain—
der of the continental margin that is off the Ivory Coast and south-
west Ghana. The area situated to the west of Cape Palmas displays iso
baths that are subparallel to the narrow continental shelf south of
the Grand Cess Ridge, and that curve around the shelf edge off Cape
Palmas (Fig. 31). The continental slope of this region is topographi-
cally marked by several irregu]arities and has at 1east‘two seamounts
at its southeastern end (Figs. 3 and 4,profiles 20-22). This area ex
tends westward into a confined and narrow abyssal plain. The abyssal
plain coincides with the northern trough of the Saint Paul's Fracture
Zone which is confined between the Grand Cess Ridge and the transverse
ridge immediately to the south (Fig. 4, profile 27). Westward from ap-
proximately 10.50W Tongitude, the abyssal plain probably does not con
tinue into the generally flat topography of the trough of the Saint
Paul's Fracture Zone because the latter is slightly shallower in the
west and both have distinct acoustic stratigraphies (Fig. 4, profiles

27-31, 33 and 34). The southern portion of the continental rise west-

ward from Cape Palmas is increasingly more geomorphologically related
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to the rest of the Ivory Coast continental margin sector toward the

east (Fig. 31).

The continental margin off the Ivory Coast and Ghana has a
shelf-edge subparallel to the coastline except off Cape Three Points.
The continental shelf is widest southeast of Cape Three Points and gi-
ves way to a steep continental slope that descends directly to the
Guinea abyssal plain (Fig. 31). No continental rise is developed in
this region. The continental shelf is generally smooth and featureless
(Martin, 1971) and the shelf break occurs between 100 and 130m. "Le
Trou Sans Fond", a submarine canyon, incises the continental shelf and
is located at the inflexion point of the change in the direction of

the coastline of the Ivory Coast and Ghana (Martin, 1971).

The continental slope and the upper continental rise of the
Ivory Coast sector widens in the area immediately to the north of the
Ivory Coast - Ghana Ridge to form a low-gradient area named the Ivory
Coast marginal plateau (Delteil et al., 1974). The plateau lies bet-
ween 1500 and 2000m and is the result of ponding of sedimentation by
the Tinearly continuous Ivory Coast - Ghana Ridge to the south (Fig.31).
This preferential and semi-confined sedimentation and the bulging con
figuration of the isobaths immediately to the north of the ridge, sugg
est a west-southwest direction of sedimentary progradation. This con-
trast with a main north-south direction of progradation for the major
part of the Ivory-Coast sector. The continental rise morphology extends
into the Guinea abyssal plain through a topographic gap between the
Ivory Coast-Ghana Ridge and the southern transverse ridge of Romanche

Fracture Zone (Figs. 3 and 4, profiles 14-17). Consequently, the lower
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continental rise in the area within the topographic gap of the Roman
che Fracture Zone is shared by the Ivory Coast sector and by the Ghana

Togo-Dahomey-Nigeria continental margin sector to the south.

The Guinea abyssal plain is bounded to the north by the lower
continental rise in the region of the topographic gap of the Roﬁanche
Fracture Zone and by the southern transverse ridge of Romanche Fractu
re Zone at 6.50W (Fig. 31). A small elongated abyssal plain that coin-
cides with the degpest region of the Ivory—Coast sector has developed
immediately to the ﬁorth of the southern transQerse ridge of the Roman

che Fracture Zone in the main trough of this fracture zone (Fig.31).

General Geology and Tectonic Framework

Shield rocks which show northeast-southwest foliations form
fhé bulk of the rocks that border the Ivory Coast continenta]—mérgin
sector. Most of these rocks belong to the Birrimian shield that  has
been dated as 1600-2050 m.y. (Grant, 1969) and that constitutes the
Eburnean radiometric province (ca. 2000 m.y.) (Fig. 353 Hur]ey et al,,
19713 Hurley and Rand, 1973). These Eburnean-age rocks aré composed of
metamorphic schists that are intruded by granites and granodiorites
which are aligned in a northeast-southwest direction along the main
foliation trend of the shield. These schists contrast with the gneissic
rocks of Liberia to the west and with the crystalline massif of south-
ern Ghana (Spengler and Delteil, 1966). An important fault in the vi-
cinity of Accra, with a north-northeast - south-southwest strike, coin
cides with the radiometric-age boundary between Eburnean and Pan-Afri
can age rocks (Fig. 35; Grant, 1969; Hurley, 1972; Hurley and Rand

2

1973). The Pan-African age rocks, to the east of Accra faultgconstitute
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the Dahomeyan and Nigerian basement complex. The north—nbrtheast -south
southwest fault zone is complex and includes some areas of thrust fault
ing. The zone of thrust faulting is located between metasedimentary
groups to the east and sedimentary rocks to the west. The sedimentary
rocks are of late Precambrian to early Paleozoic age and belong to -
the so-called Voltaian Group. The metasedimentary rocks constitute the
Buem and Togo formations. The Voltaian group and the Buem and Togo for
mations were interpreted by Grant (1969) as belonging to a single sedi
mentary group that to the east of-the fault zohe became defdrmed and
metamorphosed because of tectonic events associated with the Pan-Afri
can thermotectonic event (Buem and Togo formations). To the west, the
sed{ments are lying on a stable platform (Voltaian Gfoup) (Fig. 35).
Burke (1969) reports recent earthquake activity in the vicinity of
‘Accra which may be connected with recent tectonic movements along
blocks bounded by this fault zone. Isostatic gravity anomalies associa
ted with the Accra fault zone show a steep gradieﬁt that coincides with
the zone of transition from Eburnean to Pan—African age rocks.A crustal
model to fit the gravity data implied two different crustal thicknesses
across the Accra fault zone (Crenn, 1957; Grant, 1973). Consequently,
geological, geophysical and seismological data point out that the Accra
fault zone is a deep structure in the Western African shield and, as
such, it has been a weakness zone since the Pan-African thermotéctonic

event.

The oldest sedimentary rocks (Tower Paleozoic) that outcrop
in the Ivory-Coast sector close to the coastline are those in the 1i-

ttoral zone of Ghana at Takoradi, Sekondi, Elmina and Accra (Machens

1973).

b
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Mesozoic and Tertiary rocks of the Ivory-Coast sector outcrop
mainly in the Ivory Coast and in southwestern Ghana and are related to
the Ivory Coast Basin (Spengler and Delteil, 1966). Other areas of ex
posed Mesozoic and Tertiary rocks are in the littoral zone of soutrern
Ghana and to the east of the Volta - delta region (Machens, 1973). The
area to the west of the Volta delta corresponds to the westward conti-
nuation of the Togo-Dahomey Basin that will be discussed later. Other
sedimentary basins in the Ivory-Coast sector include the offshore-Gha—
na Basin (Delteil et al., 1974) and a confined basinal area immediate-
ly to the southeast of Cape Palmas. This basin in the Liberian contiren
tal shelf is probably the continuation of the trough seen in profile
20 (Fig. 4). This basin probably is very restricted because most of
the continental shelf of the western Ivory Coast is relatively pare of

sediments (Lucien Montadert, pers. comm., 1975).

Ivory Coast Basin - The Ivory-Coast Basin is a marginal basin

along a narrow zone of the littoral of the Ivory Coast and southwest
ern Ghana. The portion of the basin in the coastal region is separated
from a shallow platform by a normal fault (Ivory Coast fault),(Spergler
and Delteil, 1966). To the north of the fault the shield is thinly co
vered by Mesozoic and Tertiary sediments whereas, immediately to the
south, sediments as thick as 5000m have been reported (Spengler and
Delteil, 1966). This marginal fault extends along the coastal plain of
the Ivory Coast and is generally oriented in an east-west direction.
Close to the city of Abidjan, there is a slight change in the strike
of the fault. Subsidiary faults parallel to the Ivory Coast marginal

fault were suggested by Spengler and Delteil (1966) (Figs. 36 and 37).
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The basin contains faulted blocks that extend in a northeast - south-
west direction parallel to the main structural direction of the rocks
of the Birrimian shield (Spengler and Delteil, 1966). However, these
structures are secondary in relation to the dominant east-west trend
of the marginal fault and only reflect local reactivation of old struc

tural trends of the shield.

The oldest sediments present in the Ivory Coast Basin are de
trital sedimentary rocks that directly overlie Precambrian rqcks.These
sedimentary rocks are of variable thicknesses (472;2000m) along the
basin and consist of sandstones, conglomerates and variegated shales
with some intercalations of black shales (Spengler and Delteil, 1966).
This.basa] series ranges in age from late Jurassic-early Cretaceous to
Aptian-Albian. The first marine transgression is dated as Aptian-Albian
in age. A period of marine regression is believed to have occured at
th? end of early Cretaceous which was followed by a per{od of marine
transgression“at the beginning of the late Cretaceous. The lower Ter-
tiary sedimentation was not extensive in the Ivory Coast Basin at least
in its onshore portion, and 0ligocene tocks have not been reported yet
(Fig. 37; Spengler and Delteil, 1966). Miocene marine sediments are
restricted to the vicinity of Abidjan. According to dri]]ing and seis-
mic profi]e data, Miocene sediments seem to lie discordantly over the
Cenomanian in the continental shelf. Mesozoic magmatism has not been
described in the Ivory Coast Basin (Spengler and Delteil, 1966) but its
"absence" may reflect the lack of ubiquitous drilling data in the off-

shore region of the basin.

Drilling data and some seismic profiles of deep penetration
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enabled Spengler and Delteil (1966) to conclude that the Ivory Coast
Basin is an open type of basin. Indeed, most of the sediments that
built up the sedimentary prism of the Ivory Coast continental margin
sector bypassed the Ivory Coast Basin and its offshore extension appa-
rently without being barred by offshore tectonic highs. Consequently ,
the continental margin sediments constitute the seaward progradation

of the Ivory Coast Basin.

The westward and southeastward continuation of the Ivory Coast
Basin in the continental shelf is not known. The Ivofy Coast fault
ends in the littoral zone east of Fresco and west of Axim (Fig.36). In
the western side of the Ivory Coast, the continental shelf break and
the relatively steep continental slope are apparently -in line with a
ridge (St. Paul's Ridge of-Behrendet et al., 1974) that is traced Ta-
tefa]]y into one of the transverse ridges of Saint Paul's Fracture Zo
ne (Fig. 7). This lineament may have controlled the linear character
of the shelf Break in this region. There is no specific data which
shows that this lineament extends into. the western extremity of Ivory
Coast fault, although the similarities in strike of the two features
are suggestive of mutual depeﬁdence. In contrast, the eastern extremity
of the Ivory Coast Fault has an almost orthogonal relationship with
the main trend of the flexure zone that corresponds to the northern
boundary of the offshore-Ghana Basin, and with the strike of the Ivory

Coast-Ghana Ridge.

Offshore-Ghana Basin - The offshore-Ghana Basin is a confined

basin between the littoral and a shelf-edge high in the continental

shelf off southern Ghana. A deep marginal fault separates the littoral
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region from the basinal area. The oldest sediments are early Paleozoic
in age (Cudjoe et al., 1973, in Delteil et al., 1974; Kevin Burke,pers.
comm., 1975). These sediments are overlain by a Mesozoic to Tertiary
sequence. The offshore-Ghana Basin has been interpreted as a horst and
graben structure generally caused by NE-SW or NW-SE trending faults
(Cudjoe et al., 1973, in Delteil et al., 1974).

The existence of a shelf-edge high in the southern  Ghanaian
continental shelf is inferred by several lines of evidence. The conti-
nental slope off southern Ghana is the steepest slope in the Gulf of
Guinea and links the continental shelf with the lowermost part of a
poorly developed continental rise to the south, suggesting that no
appreciable sediment progradation has taken place from the continental
shelf southward (Figs. 31 and 4, profiles 8-10). This steep slope is
continuous into the Ivory Coast-Ghana Ridge which, as far as seismic
profiles and the submarine morphology have shown, is a iinear barrier
for sediments (Delteil et al., 1974; Fig. 4, profi]es 11-14). Core
samples from the Ivory Coast-Ghana Ridge close to the continental shelf
recovered coarse detritic marine sediments dating from the middle to
late Albian (Fig. 31; Delteil et al., 1974). The coarseness of these
sediments contrasts with the argillaceous sediments of Albian age pre
sent to the north of the ridge and in the continental shelf off the
Ivory Coast (Delteil et al., 1974). These core samples were recovered
below 7m of Recent sediments suggesting that the Ivory Coast Ridge is
a structural high. Being a barrier for the continental-margin sediments
and also containing the coarse Albian sediments, the Ivory Coast-Ghana

Ridge has been interpreted as a high zone since the middle to late-Al-
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bian time (Delteil et al., 1974).

Indirect evidence suggesting that a high area existed close
to the edge of the Ghanaian continental shelf since the beginning of
the evolution of the offshore-Ghana basin is that sedimentary-facies
changes in the Mesozoic sequences of the basin were generally from the
east towards the west (Kazumi Miura, pers. comm., 1974). This is better
explained by an offshore barrier that remained high throughout the
evolution of the offshore-Ghana Basin and that prevented appreciable
sediment progradation from the north to the south and instead prograded

along the east-west axis of the basin.

In consequence of this east-west sediment progradation, con
spicuous sediment ponding along the northern side of the Ivory Coast-
Ghana Ridge and the accumulation area of the Ivory Coast Plateau were

‘created.

Dredge results (Delteil et al., 1974) at the eastern end of
the Ivory Coast-Ghana Ridge in the continental slope south of the Cabé
Three Points (Fig. 31) showed schists and micaschists;and coarse-grai-
ned, feldspathic, micaceous sandstones and micaceous, ferruginous sands
tones that were comparable to Devonian sandstones in Takoradi. These
results indicate that the Ivory Coast-Ghana Ridge in the dredged re-

gion is formed by continental rocks (Delteil et al., 1974).

A basinal area is present immediately to the north of the
Ivory Coast-Ghana Ridge in the continental rise (Delteil et al.,1974).
This basin is elongated and parallel to the ridge (Figs. 7 and 4, pro-
files 11 and 12). It probably represents the westward continuation of

the offshore-Ghana Basin. Because the tectonic high of the Ghanaian
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shelf is continuous with the Ivory Coast-Ghana Ridge and because the
ridge is most probably traced laterally into the southern transverse
ridge‘of Romanche Fracture Zone, the offshore-Ghana Basin and its pro
Tongation in the continental rise occupies the same relative position
as the main Romanche Fracture Zone trough in relation to the transverse
ridge (Fig.7).The marginal flexure zone in the Tittoral zone of south-
ern Ghana which corresponds to the northern boundary of the offshore-
Ghana Basin was probab]y a linear high limited by normal faults.. The
Paleozoic sedimentary cover of the crysta]]ine basement was entire]y
removed by erosion with the exception of regions close to the littoral,
adjacent to the flexure zone. This 1inear high has the same relative
pos{tion of the northern transverse ridge of Romanche Fracture Zone in
relation to the offshore-Ghana Basin and to the main trough of the

fracture zone.

Discussion

The Ivory Coast continental margin sector is tectonically bo
unded by three important structural lineaments. Two of them are sub-pa
ral]e] to each othér and correspond to the northern and southern boun-
daries of the sector. The northern boundary of the sector is associat-
ed with the Grand Cess Ridge and the southern 1imit is marked by the
Ivory Coast-Ghana Ridge. The third structura] boundary coincides with

the Ivory Coast fault.

Because a series of ridges and troughs associated with the
St. Paul's Fracture Zone acted as barriers and conduits,respectively ,
for terrigenous sediments, the continental margin westward from Cape

Palmas was semi-isolated from the rest of the continental margin sector
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up to the time when sill depths were reached by sedimentation.

The Liberia and the Ivory Coast continental margin sectors
have many similarities in tectonic settings and in geomorphology. The
Liberia and the Ivory Coast marginal plateaus for instance, have iden-
tical areas of occurence to the north of the prominent Grand Cess and
Ivory Coast marginal ridges respectively, as pointed out by Delteil et
al., (1974). Graben basins are associated with fracture-zone directiors

whereas the half-graben basin .is located between fracture zones.

Basic volcanic rocks dated at 160 to 165 m.y. have been re-
ported by Cudjoe et al. 1973 (in Delteil et al., 1974) on the continen
tal 'shelf of Ghana. This volcanism contrasts in age with the first Ap-
tian-Albian marine transgression in the Ivory Coast Basin and probab]y
ih the offshore-Ghana Basin, as suggested by core samples taken from
the Ivory Coast-Ghana Ridge. These volcanic rocks probably wefe the
result of the first tectonic movements that imprinted the horst and
graben framework of the offshore-Ghana Basin during the time when Afri

ca and Brazil were together.

The northeast-southwest structural trend of the shield rocks
of the Ivory Coast did not influence the localization of the main
structura] Mesozoic directions of the Ivory Coast continental margin
sector. In general, the Mesozoic structures cut the old weakness zcnes
of the shield at sharp angles. The northeast-southwest trend of the
shield influenced only locally the basement configuration (e.g. Ivory
Coast Basin and offshore-Ghana Basin). The North-northeast-south-south
west Accra fault zone that is probably a suture zone between two cra-

tons is cut at almost right angles by the lineament represented by the
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offshore-Ghana Basin.

In the lower continental rise of the Ivory Coast continental
margin, an abrupt transition from a thickly covered acoustic .basement
to a considerably shallower basement was mapped as the go-ca]]ed conti
nental rise fault (Arens et al., 1970). These aﬁthors tentatively in-
terpreted the continental rise fault as the possible boundary between
oceanic and continental crust. Le Pichon and Hayes (1971), in their
reconstruction of the equatorial Atlantic for 80 m.y.b.p., showed that
the continental rise fault coincided with the northwest-southeast ex-
tension of the North Brazilian Ridge (Hayes and Ewing, 1970). An intgi
pretation for the origin of the continental rise fault of Arens et al.
(1970) and of the northwest-southeast segment of the North Brazilian

Ridge will be given later.

- As discussed ear]ier, the southern transverse ridge of Ro-
manche Fracture Zone was tentatively traced into the Ivory Coast-Ghana
Ridge. This ridge represents a tectonic high in the continental rise
and tentatively followed, as a continuous feature, the tectonichigh
of the continental shelf edge of Ghana. By examining the morphology of
Romanche Fracture Zone in mid-ocean and the horst and graben character
of the offshore-Ghana Basin it is very tempting to conclude that the
marginal basin of the graben type was a consequence of fracture zone
tectonics. Because the offshore-Ghana Basin is entirely confined in
continental crust, the 1étter conclusion implies that fracture zone

tectonics do not discriminate continental from oceanic crust.
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Ghana-Togo-Dahomey-Nigeria and Fernando Foo-Cameroon

Continental Margin Sectors

Physiography

The continental margin off Ghana east of Volta delta,off Togo,
Dahomey and southwestern Nigeria has a smooth continental rise that
grades laterally into the Guinea abyssal plain. The Guinea abyssal
plain extends westward into the flanks of the Mid-Atlantic Ridge and
farther westward as tongue-]fke extensions of abyssal-plain regions
which coincide with generally east-west a]%gned froughé. The northern
boundary of the Ghana—Togo-Dahomey—Nigeria (GTDN) sector is placed in
the .continental slope off Ghana, westward from Accra, and in the Ivory
Coast-Ghana Ridge (Fig. 31). West of Ivory Coast-Ghana Ridge, the
northern boundary of the GTDN sector is not obvious because, as it was
shown earlier, sill depths have been crossed a]oﬁg the connection of
the Romanche Fracture Zone with the Ivory Coast-Ghana Ridge. Westward
from the buried extension of Romanche Fracture Zone, the southern trans
verse ridge of the same fracture zone continues to be a real boundary

between the Ivory Coast and the adjacent crustal segment to the south.

The GTDN sector is individualized from the Fernando Poo-Came-
roon continental margin sector to the south by a buried ridge,the Jean
Charcot Ridge (Fig. 31). From north to south isobaths representing
depths greater than 1000m do not parallel the bulge of the Niger delta
in the way the isobaths shallower than 1000m do. This is demonstrated
off Niger Delta by a pronounced bulge in the isobaths between 1500m and
3500m (Fig. 37). Although it may be interpreted as due to irregularities

in the topography caused by intensive diapirism of salt (Mascle et al.,
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1973) or mud (Delteil et al., 1974, 1975) the bend of the isobaths is
probably very significant because it is coincident with the location
of the Jean Charcot Ridge. The Fernando Poo-Cameroon continental mar-
gin sector lies between the Jean Charcot and the Fernando Poo-Annobon

Ridge (Fig. 31).

The continental shelf off southeastern Ghana bulges around
the Volta River delta but is essentially parallel to the littoral zone
thfoughout Togo, Dahomey and Nigeria (Fig. 31). It is generally wider
off the Niger Delta and it is indented by at least four prominent sub-
marine canyons in the GTDN and in the Fernandd Poo-Cameroon continen-
tal margin sectors. The Avon Canyon is located where the east-west ori
ented shelf-edge changes its strike to a northwest-southeast direction
in the region to the east of Lagos (Fig. 31). The Mahin canyon indents
the continental shelf very close to the Avon canyon and the two  may
merge on the continental rise (Brower, 1973). The Kwa Ibo and the Cala
bar canyons (Houbolt, 1973; Brower, 1973 and Allen, 1964) are present
to the west of Fernando Poo Island and extend into the continental rise
following the trend of the Fernando Poo-Annobon Ridge (Fig. 31). These
two canyons seem to end at about 2800m depth (Houbolt, 1973). Seaward
from the terminus of these two canyons, a channel (Principe Channel)is
continuous westward to 19F of longitude andto a depth of‘apptoximately
4600m (Houbolt, 1973) (Fig. 31). The location of the Kwa Ibo and the
Calabar canyons is coincident with the region of the Cameroon and Nige
ria where the littoral and the shelf edge change their strikes appreci

ably (Fig. 31).

The topographic gradient of the continental rise of the GTDN
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sector becomes essentially east-northeast-west-southwest in depths
greater than 4000m and grades smoothly into the Guinea abyssal plain.
The strike of the topographic gradient of the continental rise of the
Fernando-Poo-Cameroon continental margin sector is northeast-southwest
in the upper rise and becomes more east-northeast-west-southwest in

the lower continental rise.

The Fernando Poo-Annobon Ridge consists of various islands
in the Gulf of Guinea and intervening seamounts and basement highs
kFigs. 3 and 4, profiles 1-4). It has been an effective barrier in
preventing the coalescence of the Fernando Poo-Cameroon sector with
the continental margin off Gabon, Equatorial Guinea and Cameroon.Sf]]

depths have been crossed in the upper continental rise, but southward,

the ridge has been more effective as a sediment.barrier.

Genera] Geology and Tectonic Framework

The bahomeyan and Nigerian basement complex lies to the east
of the Accra fault in Ghané. This basement complex, although in some
places gives radiometric ages similar to the Birrimian shield (1600-
2050 m.y.) situated to the west of the Accra fault, generally yields
radiometric ages in the range of 500-700 m.y. (Fig. 38; Grant, 1973).
Close to the Accra fault or thrust zone, the Dahomeyan shield is com
posed of granulite-facies rocks, eclogites (Ghana), pyroxene-bearing
basic gneisses (Togo and Dahomey), and occasionally ultrabasic rocks
(Kabre massif in Togo) (Grant, 1973). Farther east, the Dahomeyan and
Nigerian basement complex is mostly constituted by amphibolite-facies
gneisses such as biotite-hornblende gneisses, amphibolites and meta-

basic rocks, migmatites, granites, gneissic potassium-rich syenites
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and metasedimentary rocks (Grant, 1973).

The foliation of high-grade metamorphic rocks is essentially
north-northeast-south-southwest and northeast-southwest and metasedi-
mentary belts generally follow the trends of that foliation. These
rocks yielded radiometric ages corre]atab]e with the time span of the
Pan—African thermotectonic event of Kennedy (1965, see also Grant,
1973). In some areas, there are rocks that show evident poliphase de
formational history that contrast with the structural history of rocks
eisewhere. Intruded in these poliphasic deformed rocks there are gra
nitic orthogneisses that had given radiometric ages older than 1650 +
220 m.y. (Jacobson et al., i963). Consequently, the Nigerian-Dahome-
yan shield is not constituted by rocks of Pan—African age only. In
some areas old basement rocks were clearly tectonically reactivated
ddring the Pan-African thermotectonic event (McCurry, 1971; Grant ,
1973). In others, shield rocks had their radiometric.c]ocks reset by
a strong therﬁa] event (500-700 m.y.) and in still other regions, geo
synclinal belts were deformed and incorporated in the cratonic area

by events of Pan-African age (McCurry, 1971; Grant,]973).

The granites that intruded the Dahomeyan-Nigerian basement
complex are essentially the so-called Older and Younger granites (Ja-
cobson et al., 1963; Black and Girod, 1970). The Older granites have
been emplaced in the basement rocks during the Pan-African thermotec-
tonic event. The emplacement of the Older Granites was followed by
widespread migmatization and granitization. A1l the known occurrences
of Older granites point to a synkinematic emplacement (Jacobson and

others, 1963). They consist of granites, granodiorites and quartzdio-
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rites that reach batholitic proportions in some areas.

The Younger granites correspond to non-crogenetic intrusions
(Black and Girod, 1970). They have been interpreted as magmatic  in-
trusions and the majority of the occurrences contain volcanic and/or
shallow crustal level acidic members together with plutonic represen-
tatives. The Younger granites correspond to the. late Paléozoic-Me;g
zoic granites of Niger and Nigeria and to the Tertiary granites of

the Cameroon (Black and Girod, 1970, Fig. 39).

The Younger granites span in age from the late Paleozoic
(Ar region) to Tertiary (Cameroon). In Niger and Nigeria they corres
pond to more than 60 massifs roughly lying in a north-south strip
(Black and Girod, 1970; Figure 39). Radiometric ages of Younger grani
tes in Nigeria have fallen in the mid-Jurassic (160 m.y.)  (Jacobson
and others, 1963). The granitic complexes ih Afr were dated by K/Ar
method as 295-m:y. (Black and Girod, 1970). In the Cameroon and Tchad
a group of more than twenty small plutons aligned in a northeast-south
west direction are inferred to be Tertiary from datings in two = of
these massifs (Lasserre, 1966; Fig. 40). In the Hoggar area ring com-
 plexes probab]y of Cretaceous age have been described (Black and Gi-
rod, 1970). In the Tchad, the Tibesti massif has been the center of
intense volcanism from the early Tertiary to the Quaternary which in
cludes basaltic and rhyolitic magmas with widespread ignimbrites

(Vincent, 1970).

The Mesozoic (mid-Jurassic)granites of Nigeria form ring com
plexes in which ring dikes, cone sheets, and volcanic cauldron subsi-

dence are common (Black and Girod, 1970; Jacobson and others, 1963;



Jacobson and others, 1958; Lasserre, 1966). Thasa post-orogenetic gra
nitic centers generally contain plutonic, hypabissal and volcanic aci
dic roeks together with minor gabbro, diorite,andesite, diabase and
basalt. Rhyolites and ignimbrites generally were extruded in vast
quantities before plutonic equivalents were emplaced by cauldron sub-
sidence (Jacobson et al., 1958; Black and Girod, 1970). The rhyolites
and the welded tuffs are now only partially preserved in areas that

subsided along ring-faults (Black and Girod, 1970).

The sifes of intrusion df the Younger granites were coinci
dent with strong uplift as evidenced by acidic volcanics lying imme-
diately above the basement. These sites, even today, represent pla-
teau areas (i.e. Jos Plateau) (Black and Girod, 1970). Although the
majority of these post-orogenetic granitic intrusions are roughly con
temporaneous, when each area of occurrence-is considered as a unit ,
each center of magmatism apparently corresponded to a unique magmatic
chamber duriné its emplacement (Black and Girod, 1970). This conclu-
sion arose because, apparently, igneous activity in each volcanic cen
ter ended before the initiation of a new magmatic center and because

the basement separating individual massifs was rarely intruded.

Petrographically, the Younger granites are constituted by
rhyolites,quartz-syenites, peralkaline granites, hastingsite-granites
and biotite-granites that make 95% of all petrological types. The re
maining 5% are represented by anorthosites and olivine-gabbros (Black

and Girod, 1970).

Partial fusion of crustal and sub-crustal rocks was probably

responsible for acidic and primary intermediate magma generation that

104
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gave rise to the Younger granites. Black and Girod (1970) argued that
besides the cauldron subsidence evidence, the existence at depth of
immense basaltic magma reservoirs as the source for granitic differen
tiates seems unlikely in view of the rarity of assaciated basaltic la
vas in a terrain sliced by pre-Ordovician wrench faults which provided
rgadi]y-opened conduits for the rise of basalts, as shown by the Ter
tiary-Recent volcanism. Characteristic of the Younger granites was a
widespread mineralization of tin, tantaium and niobium. Black and
Girod (1970) also poinfed’out the coincidence of the presencé of cas-
siterite.both in the Younger granites and in pegmatites of the Nige-
rian basement complex, and its absence in similar .igneous provinces in
several parts of the world. Tugarinov (1968) found isotopic lead ra
tios leading to a Katangan-Damaran (Pan-African) age in feldspar from
Yoﬁnger granites that further suggests the possibility of partial fu-

sion of crustal and sub-crustal rocks, for the origin of the Younger

granites.

The period of acidic magmatism in mid-Jurassic (160 m.y.) in
Nigeria and Niger was roughly contemporaneous with diabase intrusions
in Liberia and probably with basaltic magmatism in the offshore-Ghana

Basin at 160 m.y.

Tertiary granites in ring-dyke complexes and boss-Tike out-
crops are aligned in a northeast-southwest direction in the Cameroon
and Tchad. This strike follows the foliation direction of the shield
and the marked northeast-southwest direction of Annobon-Fernando Poo
and Mount Cameroon lineament with which the Tertiary granites merge.

Radiometric ages of 54 +22my., 33 +5my. and 38 + 4 my. have



been found for the granitic massif of Poly. The Mayo Darle massif has
yielded ages of 56 + 8 m.y. and 65 + 12 m.y. The Golda Zuelva granite
complex was found to be 38 + 5 m.y. (Lasserre, 1966; Fig. 40). These
Tertiary granites correspond to the youngest granitic intrusions in

Western Equatorial Africa.

Other magmatic intrﬁsions and éxtrusions from Mesozoic
through the Recent are widespread within the Nigerian basement com-
plex. Pre-Albian volcanics have been confirmed in the Abakaliki region
of the Benus Trough (Uzuakpunwa, 1974). These volcanics consist of
pyroclastics (agg]omerates and tuffs). The agg]omerates contain basalt
ciaéts and other rocks in a finegrained andesitic matrix. The  tuffs
are generally 1ithic in character and contain angular rock-fragments
that include basalt and eariier pyroclastics. These pyroclastics are
over]ain by shales of Albian (middle Albian?) age (Uzuakpunwa, 1974).
Contrary to the interpretation of Okezie (1965, in Uzuakpunwa, 1974)
who-be]ieved £hat these volcanics were products of late Cretaceous
volcanism, the pre-A]bian age is also evidence against the suggestion
of andesitic magmatism in the Santonian time in the Abakaliki region
of the Benue Trough, put forward by Burke et al. (1970) using Okezie's

interpretation.

In the Benue Trough, thin occurrences of tuffs and possibly
lavas were found interbedded with sediments older than Albian (?) -
Cenomanian (Carter et al., 1963). Lead-zinc mineralization, probably
associated with a large number of intermediate to basic intrusions,is
dominant in the Albian shales and fewer occurrences have been  found

in the Turonian strata. No mineralization has been found in post-Turc
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nian sediments (Nwachukwu, 1972). The erosicn surface which characte
rizes the Abakaliki folded belt where it becomes buried by younger SE
diments and the Calabar flank was locally overlain with efusives(tuffs
and lava flows) as shown by drilling wells (Fig. 38; Murat, 1970).0ne
of these wells penetratéd an effusive sequence more than 1300m thick
in the region of the Calabar flank. Very rare basic intrusions of la-
te Cretaceous—Eocene age can also be seen cutting through upper Seno
nian sediments on the western Timb of the Abakalikj uplift .(Murat,

1970).

Jos Plateau, Biu,, Southern Cameroon and Ngaoundere are re-
gions of Tertiary to Recent vb]canism of alkaline character. Southern
Afr, Hoggar and Tibesti were also affected by the alkaline magmatic
activity (Fig. 41). The alkaline magmatism resulted in wideSpread vol
canism. Generally, the extrusions were contemporaneous with important
epeirogenic movements that uplifted the sites of magmatié concentra-
tion (Jos P]aéeau-]OOOm of uplift; A?r—SOOm of uplift) (Black and
Girod, 1970). According to Black and Girod (1970) ,the volcanoes of
the Jos Plateau occur along the more recent north-northeaster]y'fauHs.
The same authors pointed out that, both in Niger and Nigeria,volcanic
craters of Tertiary to Recent magmatism are located on Younger grani
te ring-faults and on the intersection of these faults with pre-Ordo-

vician transcurrent faults of the basement.

The tectonic setting and the magmatic character of the rocks
extruded in the Tertiary-Recent times is very similar. The alkali-oli
vine-basalt-trachyte association is common to these volcanic rocks.

They are widespread in area of the Western African craton (Black and
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Girod, 1970; Figq. 41). The rocks are characterized by the predominance
of basic types (basanites, basanitoids, ankaratrites); by the scarcity
of intermediate types (hawaites, mugearites); and by the peralkaline
nature of some of the most differentiated members (peralkaline phono

lites, comendites, pantellerites) (Black and Girod, 1970).

Mount Cameroon is an active volcano (De Swardt,1954;Hedberg,
1968) and includes lavas which are particularly deficient in silica
and sometimes pota551c (nephelinites, leucitites and hauynophyres)
'(B]ack and Girod, 1970). To the northeast of Mount Cameroon, the
Adamoua plateau region (Sarcia and Sarcia, 1952) is partially covered
by basic volcanics of Teftiary to Recent age. These volcanics follow
a genera]~northeast-southwest trend, as far north as Mount “Kambo.
From Mt. Kambo northward, the Tertiary to Recent volcanism spreads
in area and forms several centers in the Cameroon (the Ngaoundere
beingAthe ]argest one,'Fig. 38). Andesites, as a minor constituent of
these volcanics in the Cameroons, have been often referred in the Ti

terature (Sarcia and Sarcia, 1952; Furon, 19605 Nwachukwu, 1974 ;Murat,
1970).

The Tertiary,to Recent alkaline volcanism is concentrated ge
nerally in areas that were previously intruded by the Younger grani
tes (Mid-Jurassic and Tertiary). This alkaline volcanism is not an
event restricted to the cratonic areas in equatorial Africa, it is
also present in the islands of the Gulf of Guinea that make up the

oceanic continuation of the Cameroon Trend (Furon, 1960).

The sedimentary basins of Mesozoic age that are present wit

hin the craton are ejther roughly parallel or roughly transverse to
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the foliation trends of the shield. These sedimentary basins are the

Dahomey, Benue-Niger Delta and the Douala (Fig.38).

Dahomey Basin or Togo-Dahomey Basin - The Dahomey Basin is a sedimen-

tary embayment located in Togo, Dahomey (now Benin) and westernmost

Nigeria and may extend westward into the offshore-Ghana Basin. South
eastward the basin is separated from the Niger Delta Basin by the
Okitipupa ridge which corresponds to a high area in the westward con
tinuation of the Benin Flank (Burke et al., 1970; Murat, 1970; Fig.

38).

The tectonic framework of the Dahomey Basin is poorly known.
The basin shoals considerably toward the cratonic area and Furon(1960)
reported a very fast transition from the thin cover of the shield
(300m) to sediments as thick as 1800m at Cotonou. Sediments, as thick
as 2400m (Porto Novo), are present in some parts of the littoral
(ASGA-UNESCO, 1968) and probably they attain considerabTe thicknesses
in the offsho%e portion of the basin. Two major faults of northeast-
southwest and north-northeast-south-southwest directions have been
mapped in the basin (ASGA-UNESCO, 1968; Murat, 1970; Fig.38). These

faults are subparallel to the foliation of the basement complex.

The shape of the Togo-Dahomey Basin may reflect its fundamen
tal structural orientation. The western side of the basin has essenti
ally an east—northeast—west-southwesp direction whereas the eastern
side of the basin has a northwest-southeast direction. The first di-
rection, as mentioned before, is in line with the northern boundary
of the offshore-Ghana Basin and may represent its continuation in

Togo and Dahomey,as suggested by structures mapped by Delteil et al.,



(1975). Another possibility is that the flexure zone of the littoral
of Ghana may be linked with normal faults in the area close to  the
Tittoral in the region of Cotonou and Porto Novo, as suggested by
the pronounced thickening of the sediments in those two areas (Fig.
38). It is not known if the shelf-edge high of the offshore-Ghana Ba
sin is continuous into the Togo-Dahomey Basin. The northwest-south-

east direction in the eastern side of the Dahomey Basin is  roughly
transverse to the trend of the Okitipupa ridge-Benin Flank of the
Benue Trough-Niger Delta basins'and roughly coincides with the di-

rection of the Calabar Flank to the south (Fig. 38).

The Dahomey Basin appears to have a stquture very similar
to that of the Ivory Coaét Basin. To the north, it may be bounded or
is in continuation with Romanche Fracture Zone structures and,tp the
sduth, it is bounded or interrupted by a ridge that is in the same
direction as ridges or highs that are associated with fracture zones
in the Gulf o% Guinea (Fig. 7). A major fault, similar to the Ivory
Coast, may be present along the continental shelf but very close to

the littoral (Fig. 42).

Campanian-Maestrichtian marine sediments are the oldest se
diments- reported in the Togo-Dahomey Basin on land, and these overlie
continental deposits (Furon, 1960; Reyment, 1966; Machens, 1973). As
far as the literature information is concerned,the offshore strati-
graphy of the basin is virtually unknown. However, the presence of

older sediments in the offshore region is very probable,beczuse the

re is no reason to suppose that the origin of the Dahomey Basin is

not contemporaneous with other marginal basins of the Gulf of Guinea.

110



111

Benue Trough - Niger Delta Basin - The Benue Trcugh is situated in ni

geria along the courses of the Benue and Niger rivers. It is an elon-

gated sedimentary basin containing sediments as old as Albian.

The Benue Trough encroaches into the African shield in a
northeast direction. It is a very linear feature 130-150 km wide and
either terminates in the north of the Biu Mountains or might extend
into the Tchad Basin (Fig. 38; Furon, 1960). Southestward, the trough
merges into the Anambra and Niger Delta basins that by themselves mer
ge into the coﬁtinenta] margin of Nigéria, Dahomey , Togo.and Ghana

(Fig. 38).

The Benue Trough is bordered by rocks of the Nigerian bésg
ment complex. The flanks of the basin correspond to an abrupt transi
tion from the exposed shield to the véry deeply covered basement  of
the trough (more than 6000m of sediments). The northern border of the
Benue Trough is oriented in a northeast-southwest direction and is
called Benin flank (Fig.38). The southern border of the Benue is also
represented by an abrupt lithologic transition from the shield rocks
to the sediments of the trough (Fig.38). To the southwest, this flank

is in line with the complex region of Abakaliki.

Several sedimentary embayments occur along the Benue Trough
that are transverse to its main axis: (a) The Middle-Niger embayment
with sediments dating from the Late Cretaceous (Adeleye and Dessau
vagie, 1971); (b) the Calabar flank; (c) the Mamfe embayment; and (d)
the upper Benue embayment (Fic. 38). The !Mid-Niger embayment contains
the middle course of the Niger river and probably is in line with the
northern boundary of the West-African craton where the Gao Rift is lo

cated (Furon,1960). This embayment is abruptly interrupted to the
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south by the thicker successions in the Benue Trough. The Mamfe embay
ment, to the east of the Abakaliki folded belt, contains volcanics

aligned in a northwest-southeast direction and it has approximately
the same trend as the Mid-Niger embayment (ASGA-UNESCO, 1968). This
embayment is separated from the Calabar flank to the south by the Oban
hills that consist of outcropping shield rocks. The Calabar flank
constitutes a region where the transition from the shield to the
deeply covered basement is abrupt and certainly represents an area
‘of intense norma] faulting with dowﬁ-to-the-basin blocks that are

flanked by the Oban massif horst (Fig. 38).

The Benue Trough contains sediments at least as old as early
Cretaceous, Albian-age sediments overlie continental sediments -and
volcanic rocks (Reyment, 1966; Uzuakpunwa, 1974). Basic vo]caniqs are
.pfesent in the Benue Trough as demonstrated by ancient centers of vol
canism (ASGA-UNESCO, 1968) and intercalations of volcanic rocks in

the sedinentaéy succession (Murat, 19705 Uzuakpunwa, 1974).

The first marine transgression took p]aée in the mid-Albian
(Reyment, 1966; Murat, 1970). The depocenter of the basin from the
early Cretaceous to the Santonian-Campanian time was close to the
southern flank of the trough, near the present position of the Abaka-
1iki folded belt (Murat, 1970; fig. 43a). To the north,towards the
Benin flank, a shallow platform, the Anambra platform, remainedstable
up to the same time. In the Santonian-Campanian time, tectonism caused
folding in the sediments of the trough and transformed the trough into
a positive area that underwent considerable erosion thereafter  (Rey

ment, 1966; Murat, 1970; Burke et al., 1970). In consequence, the de



pocenter of the basin changed to the former site of the Apambra plat

form that has since accumulated a great thickness of sediments (Anam-
bra Basin) (Stoneley, 1966; Murat, 19705 Fig. 43b). At the end of the
Eocene, a thick deltaic complex was deposited in the Anambra Basin .

and this preceded the development of the Niger Delta Basin following

an Oligocene period of subsidence in the Anambra Basin (Murat,1970).

The Santonian folding episode is presently represented by
fold axes running parallel to.the Benue Trough (Fig. 38). Dips are

generally 59 to 250 and rarely exceed 309 (Burke et al. » 1970).  The
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folds are in some places continuous for up to 60 km (Burke et al,1970).

The fo]ds are asymmetric, and minor reverse faults were detected in

a few outcrops (Burke et al., 1970). In the northern extremity of the

Benue Trough, close to Biu Mountains, the fold axes appear to be  pa

ra]]e] or in continuation with faulted blocks of shield rocks from

which the sedimentary cover has been eroded away (Fig. 44). These

blocks are horsts and their elongation and bordering faults are essen

"~ tially parallel to the fold axes of the over]ying.sedimentary.rocks.

The Upper Benue embayment has sediments as old as Albian (Grant,1971)
and an axis approximately transverse to the Benue Trough. The folding
axes of the sedimentary rocks are essentially parallel to the flanks
of the embayment and consequently exist at a very high angle to the

main direction of the fold axes in the Benue Trough (Figs.38 and 44).

Although the folding episode in the Benue Trough has been
generally referred to in the literature as a single folding event
(Burke et al., 1970; Murat, 19705 Reyment, 1966; Adeleye, 1975),

Nwachukwu (1972) presented evidence to suggest that separate
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Cenomanian and Santonian deformations had actually taken place.

Intermediate and basic intrusions in the Benue Trough dating
from Albian (or older) to Turonian have been reported in the lTiteratu
re (Cratchley and Jones, 1965; Reyment, 1966; Burke et al., 1970; Mu-
rat, 19705 Grant, 1971; Nwachukwu, 1972; Uzuakpunwa, 1974; Adeleye
1975). Andesitic magmatism contemporaneous with the fo]ding episoae
of the Benue Trough has been suggested by Burke for the Abakaliki ‘hg
gion on the basis of the presence of andesites reported by Okezie
(1943, in Burke et al., 1970). HoWever, Uzuakpunwa (1974)  concluded
that the Abakaliki pyroclastics of an andesitic matrix were most pro
bably related to volcanism associated with the early rifting of South'A
America and Africa, prior to the sedimentation of Albian shales as

discussed earlier.

The Niger Delta Basin is considered to occupy the area from
the Benin flank to the Cameroon. An important linear high in thesoutﬂ
westward continuation of the Abakaliki anticlinorium is inferred to
exist in the Niger Delta Basin from a detailed isopach map of the
Benin formation of Miocene age (J.C. Mueller from CONOCO, personal
communication). This map shows a thinner Benin formation along a
stretch that extends from the Abakaliki folded belt to the 1littoral
zone in the area of a gravity high mapped by Hospers (1965)(Fig.38) .
This Tinear high may have played a fundamental geological role in di
viding the Niger Delta Basin during the pre-Benin formation time.This
Tinear high is in line with the Jean Charcot Ridge in the continental
margin that most probably separated, from the beginning of their sedi

mentation, two separate continental-margin sectors as discussed earlier
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The Niger delta has been prograding the Titteral zone since the Early
Tertiary (Murat, 1970; Hospers, 1965; Fig. 45). Sediments bypassing
the subaerial part of the delta were responsible for building up the
huge sedimentary wedge of the continental margin and for constructing
the vast Guinea abyssal plain. The late Quaternary history of the Ni-
ger Delta has been studied in detail by Allen (1965) ‘and its influence

in the continental shelf and slope has been shown by Allen (1964).

Discussion - Because Benue Trough is located close to where the pre
dominantly north-south trending continental mafgins of the - | South
Atlantic curve'sharp]y to an east-west trend, the trough has attracted
considerable interest because its origin was thought fo be fundamental

to the understanding of the opening of the Atlantic Ocean.

. Cratchley and Jones (1965) interpreted the Benue Trough as
a rift-valley. Wright (1968) thought of the Benue Trough as a tensio-
nal graben system which originated because of the partial relief of
distorting stresses that accumulated as the southern portions of Afri
ca and South America were splitting apart. The Benue folded system

was believed to have originated when the continents (Africa and South
America) finally separated, and the southern half of Africa swung back

therefore compressing the sediments deposited in the Benue Trough.

Burke et al. (1970) interpreted the Benue Trough as the re
sult of tensional stresses which originated from misfit motion within
the African plate. This misfit motion was caused essentially by diffe
rent spreading rates of the proto-North and South Atlantic ocean

floors (Le Pichon, 1968). Because of the misfit motion within the

African plate, an RRR triple junction (McKenzie and Morgan, 1969) de-
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veloped in the Gulf of Guinea area. One of the ridges corresponded to
the site of the Benye Trough that was subjected to sea floor Spread-
ing processes. The geological setting was probably similar to the
modern Red Sea - Gulf of Aden region. Oceanic crust may have  formed
the f]oor of the trough during earlier stages of trough formation. A
great deal of sediments were deposited in this confined depression and
prograded Tongitudinally southwestward along the depocenter of the
bas1'nT Wheq the two continents finally separated, the West African
shield partly swung back and probably caused an epfsode of consumption
of the oceanic crust developed during the épreading phase of the
trough. This episode Was accompanied by ahdesitic magmatism and would
also have been responsible for the assumed Santonian phase of folding.
Simi]ar to Burke et al. (1970), Grant (1971) also 1nterpreted the Be
nue Trough as hav1ngor1g1nated from the Cnﬂacans separation of Africa
and Brazil. However Grant (1971) considered the Benue Trough as the
site of an RRF triple junction (McKenzie and Morgan, 1969). Being an
unstable triple junction when active, the RRF type could have explain
ed the ephemera] nature of the spreading movements under the Benue
Trough and it could have originated strains in the African plate that
would be partly accomodated by elastic distortion. After the spreading
had ceased under the Benue Trough, the partial recovery of the elastic
distortion would have caused the Santonian and younger folding move-

ments in the Benue Trough,

These hypothesis on the origin of the Benue Trough are based
on several inconclusive arguments. The fact that the andesitic magma-
tism in the Abakaliki region (Burke et al., 1970) actually predates

the folding episode (Uzuakpunwa, 1974) as mentioned earlier, makes



Burke et al.'s (1970) argumenzs of andesitic magmatism associated with
an episode of crustal consumpiion in the Benue Trough very difficult
to accept. Although hypothetical Andean-type of andesitic magmatism may
explain andesitic rocks in the Benue Trough and in the Cameroon, it
does not explain the association of andesites with Tertiary volcanics
in the Cameroon (Lasserre, 1958; Nwachukwu, 1972; Sarcia and Sarcia 5

1952), in the islands of the Gulf of Guinea (Hedberg, 1968; Mitchell-

Thomes ,1970; Machens, 1973) and in the northeastern Brazil (Cobra,1967).

Magnetic anomalies of opposite po]arities running parallel to
the Trough in the region of the Lower Benue depression were reported
by Burke et al.(1971). These znomalies were interpreted by the séme
authors as probable representatives of sea-floor spreading anomalies

but this interpretation is not unique.

The episode of folding interpreted as a single eventy by
Wright (1968), Burke et al. (]970)'and by Grant (1971) as  Santonian-
Maestrichtian may have constituted in fact two separate folding events
of post-A]bian—pre-Turonian age and of post—Turonian-pre-Maestrichtian
age (Nwachukwu, 1972), as mentioned earlier. These two episodes of
folding are evidence against the models of Burke et al. (1970) and
Wright (1968) of the Benue Trough, because these models imply that the
folding event must have occurred at the time of the final separation

of Africa and Brazil and, most probably as a single event.

High Bouguer gravity-anomaly values flanked on either side by
elongated negative anomalies in the Benue Trough as reported by Crat-

chley and Jones (1965) in the central part of the Benue Trough, are

11

not diagnostic of the nature of the basement floor of the Benue Trough.
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They were interpreted by these authors as due tc the ccmbined effects
of crustal thinning,basic to intermediate ignecus rocks, and possible
shallow crystalline basement. Burke et al. (1970) pointed out the si

milarity of the gravity profile of the Benue Trough with the gravity
profile of the Red Sea.

The Benue Trough is more or less parallel to the east-west
continental margin sectors of the Gulf of Guinea and of the northern
Brazil, and it is more-or less transverse to the prevailing north-

south Mesozoic structures in the South Atlantic.

Douala Basin - Douala Basin corresponds to the sedimentary

embayment that is‘]imited to the north by the Cameroon Trend and that
extends as far south as 3QN, close to the city of Kribi (Fig. 38).The
basin although believed to be continuous into the Calabar flank basi-
nal area by severa] earlier workers (Reyment, 1966; Reyre, 1966 and
Hedberg, 1968), is here thought to be tectonically bounded by thé Fer
nando Poo-Cameroon lineament. Douala Basin continues offshore in the
continental shelf where it may contain sedimentary sequences greater

than 7000m (Hedberg,]968).

The basal sediments of the Douala Basin are massive, cross-
bedded sandstones and pebble cong]omerates which rest unconformably
on the crystalline basement and constitute the Mundeck formation
(Hedberg, 1968). These sediments are continental in origin and are
non-fossiliferous. Lagoonal, littoral and neritic sediments that ran-
ge in age from Cenomanian (possibly Albian) to Maestrichtian (Hedberg,
1968) or from Turonian to Maestrichtian (Reyre,1966) conformably over

1ie the Mundeck formation. Deposition of the Mundeck formation Was



probably during the pre-Aptian time (Reyre, 1966). This is supported
by Reyment (1956) who demonstrated that the Mundeck equivalent in the
Calabar area of Nigeria is conformably overlain by marine shales of
Albian age. Other evidence that indirectly supports the pre-Albian

age for the basal sediments of the Douala Basin is based on the fact
that recent drilling from the basin has found evaporites in the off-
shore region (Grunau et al., 1975). These evaporites if corre]atab]é
with the evaporites of the marginal basins in the South Atlantic (As-
mus and Pohte, 1973; Leydén et al., 1976) are of Aptian agé and the
salt basins around Afriéa should include the Douala Basin as well. Be
cause thgse evaporites of the South Atlantic overlie continental de-
posits simi]ar to the Mundeck formation, it is very probéb]e that, at
least in the offshore portion of the basin, the basal sediments are
Aptian or pre-Aptian in age as suggested by Reyre (1966) for the on-

shore portion of the Douala Basin. Consequently, in the offshore por-
tion of the Douala Basin, marine sediments of Albian age probab]y

exist.

Severa] wells have been dri]]ed in the onshore portion of
the Douala Basin and they all showed a quick thickening of the sedi-
mentary succession between the boundary with the shield and the Titto
ral zone (Hedberg, 1968; ASGA-UNESCO, 1968). A deep well situated in

Lagbaba (Hedberg, 1968) bottomed in Turonian sediments at a depth of

172m (Fig. 46). In the littoral zone, at Suallaba, a 2,697m well
reached Maestrichtian sediments (Hedberg, 1968; Fig. 46). Belmonte
(1965, in Hedberg,1968) estimated that the Douala Basin attains a

depth of 7000 to 8000m between the Sanaga and Wouri Rivers. The se-

diment isopachs of the basin trend parallel to the boundary with the
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shield (ASGA-UNESC0,1968). This boundary and the isopachs bend  from
north-south to northwest-southeast and this bend is also visible in
the continental shelf-edge (Fig.38). The thickening of the basin to-
wards the 1ittoral zone and the continental margin suggests that no
major barriers for the sediment progradation were present in the off-

shore portion of the Douala Basin.

Hedberg (1968) pointed out that wells drilled in the offshore
portion of the Ca]abar flank basinal area did not show any evidence
of thinning towards the Fernando Poo Island (one well was dri]iedon]y
12 km from the island). A1l the wells showed a seaward thickening of
sedimentary formations. Hédberg-a]so pointed 6ut that Bouguer gravity
anomalies as low as +41 mgals occur in the northern part of Fernando
Poo Island. These values contrast with positive anoma]iés as high as
+140 mgals in the southerﬁ_portion of Fernando Poo and as high as 100
mgals for the Mount Cameroon (Fig. 46). Based on the well information
and gravity data, Hedberg (1968) also suggested that the Douala Basin
was continuous with the Calabar Basin. However, the Douala Basin in
the offshore region contains predominantly shales (S. Whitten from
Conoco, pers. comm., 1975) which contrasts marked]y with the sedimen-
tary sequence in southeastern Nigeria and off Calabar flank.This lat
ter sequence is mostly constituted by sands that are rich in oil (S.
Whitten from CONOCO, pers. comm., 1975). A seismic section along the
continental shelf from the southeastern portion of the Niger delta to
wards the Douala Basin shows distinct acoustic stratigraphies that
are bounded by shallow basement area that corresponds to the continua

tion of the Mount Cameroon-Fernando Poo-Annobon trend. According to



S. Whitten of CONOCO (pers.comm., 1975), the shallow basement area de
monstrates that Fernando Poo-Mount Cameroon trend has formed an ef-
fective barrier since Cretaceous time and which separates the structu
ral and stratigraphic deve]opmeht of Douala from the rich-in-o0il Niger
Delta Basin to the north. The present author fully agrees with  this
interpretation and suggests that the Cameroon Trend was probably a
geologic structure that was formed during the early rifting history

of Aftica and South America and was subsequently tectonically reacti-
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vated several times as suggested by the-associated magmatism and

faulting in the Douala Basin (Miocene; Hedberg, 1968).

The strong gradient of isopachs in the east-west direction
in the eastern part of the Douala Basin (ASGA-UNESCO, 1968) supports
the existence of a probable north-south striking system of normal
féu]ts that down-faulted basement blocks towards the west. Another
important trend of the Douala Basin that is shown by the shelf break
is the Nw-SE %tructura] direction that is essentially transverse to
the Cameroon Trend, is in the same direction as the Ca]abar flank and
is probably represented by normal faults. This direction is also re-
presented in the Mamfe embayment and in subsidiary faults of the
Cameroon Trend. Consequently, the author considers that the Douala
Basin is tectonically formed by a system of north-south, northwest -
southeast and northeast - southwest faults (Fig. 42). In short, the
Douala Basin appears to be a half-graben basin (open type) controlled
by the Cameroon Trend and faults of NW-SE and N-S directions. The
Cameroon Trend represented by the Fernando Poo-Annobon Ridge continu
ed to be an effective barrier in the continental rise for sediments

coming from the Douala Basin area.



Cameroon Trend - The Fernando Pbo—Annobon Ridge is constitut
ed by the oceanic islands of Fernando Poo, Principe, Sao Thome and
Annobon, seamounts and buried basement highs. The ridge has a conti-
nuous northeast-southwest strike and islands like Sao Thome and Fer-
nando Poo have their long axes oriented in that direction (Figs.7 and
31). The ridge extends into the contiment as a line of volcanoes and
volcanic rocks in the Cameroon region (Fig. 38). The lineament cofreg
ponds to the so-called Cameroon Volcanic Line (Furon, 1960) or Came-

roon Trend (Hedberg,1968).
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These islands are volcanic in nature and of very recent age.

| Fernando Poo Islands is as old as 1.1 m.y. (Hedberg, 1968) and its
volcanic rocks are essentially basaltic in composition (Hedberg,1968;
Mitchell-Thomes, 1970; Baker, 1973). Principe Island is  constituted
bx volcanic rocks of an a]ka]ic-caléic and an alkaline series n(Mit-
chell-Thomes, 1970) that'are probably of a pre-Miocene age (Hedberg ,
1968). 0i1 seepages from fractures in the volcanics have been report
ed in two localities in Priné?pe Island (Hedberg, 1968; Mitchell-Tho-
mes, 1970; Baker,1973). Sao Thome Island is mostly constituted by
olivine basalts, phonolites and subordinate trachytes and andesites

(Mitchell Thomes, 1970; Cotello Neiva, 1956 in Hedberg, 1968). Radio-
metric datings in S3o Thome Island gave an age range of 0.1 to 3.0
m.y. (Hedberg, 1968) and an albitized trachyte was dated at 15.7 +

0.8 m.y. (Grunau et al., 1975). Hedberg (1968) has mapped an occurren
ce of quartziferous sandstones and shales (1 kmz) that was quite sur-
prising because of the oceanic setting of S3ao Thome (Fig. 31). These
sediments correspond to two sedimentary units. The lower unit with

rare but not diagnostic fossils, and the upper unit with radiolarians



123

and foraminifera. Grunau et al. (1975) considered the lower unit as
possibly of Cretaceous age, and the upper unit as post-Paleocene age.
Hedberg (1968) has concluded from primary structures and textures
that the lower unit was of shallow-water origin, and that its heavy-
minera] assemblage and primary structures were very similar to the
ones of a Cretaceous basal sandstone of Gabon and Cameroon. J.Houbolt
(pers. comm., 1975) pointed out the similatities in sedimentary prima
ry structures of the sandstonés and shales of Sao Thome Island with
sands and muds recovered in the floor of and in the close vicinity of
the Principe Channel and other canyons in the Gulf of Guinea (Houbolt,
1973; Fig. 31). Consequently, on the basis that indeed the sedimenta-
ry formation of S3ao Thome Island represents continental rise or even
abyssa] sediments, the island seems not to be a volcanic pile only
bdt rather a tectonic block of continental rise that was uplifted

after it was partially covered by terrigenous sediments.” Widespread
magmatism along fractures eventually covered this block and thus vol-

canics constitute the bulk of the surface of the island.

Annobon Island is entirely constituted by basaltic rocks
that are characterized by the abundance of olivine phenocrysts and
scarcity of plagioclases. These rocks are probably Miocene or younger

in age (Hedberg, 1968).

Basement highs between the islands are generally detected on
seismic profiles in regions of the continental rise where the base-
ment is covered by sediments (Fig. 4, profiles 1-4). Several seamounts
are also present between islands. Southwestward from Annobon  Island

as far as 30S there are seamounts that are clearly in the continua-
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tion of the Fernando Poo-Annobon Ridge (Fig. 31}. Close to 49S a pro
minent seamount is the only topographic evidence of the possible con-
tinuation of the ridge to the south. Southwestward from 49S data are
sparse and the high relief of the Guinea Ridge prevents a clear under
standing of the relationship of the Fernando Poo-Annobon ridge to

the surrounding topography.

However, seismic profiles demonstrate the presence of a pro
minent fracture zane in the vicinity of the topographic "end" of the.
Fernando Poo-Annobon Ridge (Fig. 4, profiles 1, 14, 15 and 20). This
fracture zone is thought to be the Ascension Fracture Zone (Emery et
al., 1975). Because the most important fracture zones in the equatori
al Atlantic continue as prominent margina] ridges on both sides of
the ocean, and because of the ciose proximity of the Aécension Fractu
re Zone to the sodthernmost extension of the Fernando Poo-Annobon
Ridge, the ridge is believed to 1ie along the continuation of the

Ascension Fracture Zone in the continental rise of Gulf of Guinea.

The Fernando Poo-Annobon Ridge is linked to the continental
Cameroon Trend by means of an intervening high in the continental shelf
between Fernando Poo Island and Mount Cameroon, as discussed earlier
(Fig. 38). This high was created during the early rifting history of
Africa and Brazil and probably acted as a geomorphological barrier to
prevent the deposition of Aptian salt to the north of Douala Basin.
Although salt diapirs have been reported in the continental margin off
Niger Delta by Mascle et al. (1973) they actually correspond to
diapirs originated from layers younger than Aptian and probably are

mud diapirs (Delteil et al., 1975).
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In the continent, a line of volcanoes and volcanic rocks in
the Cameroon extends deeply inland, northeastward from Mount Cameroon
(Fig. 38). These volcanics are alkaline in nature and, as far north
as Mt. Kambo, they are continuous and essentially located in a north-
east-southwest direction, the same trend that characterizes the
‘Annobon-Fernando Poo-Mount Cameroon lineament. Northeastward from
Mt. Kambo, these basic volcanics are widespread in area in the Ada-
moua Plateau, and are present as far east as the region around Ngaoun
déré (Sarcia ané'Sarcia, 1972, F}g. 38). Neverthe]ess; the northeast-
southwest trend of the Cameroon Volcanic Line to the north of Mt.
Kambo is in line with seﬁarated occurrences of basic volcanics that
extend as far north as Mandaba Mountains and also in line with remar-
kably Tlinear occurrences of Tertiary granites dated by Lasserre (1966)
(?ig. 40). Consequently, the Cameroon Trend is extended as far north
as 119N in the region of Mandaba Mountains (Fig. 40). How far north-
eastward the~Cameroon Trend is supposed to extend from Mandaba Moun-
tains is speculative. More geophysical studies are necessary in the
Tchad Basin to define major basement structures.The inference that
the Cameroon Trend extends into the Tibesti Mountains (Furon, 1960)15
based on the facts that the Tibesti Mounfains are in the northeastward
continuation of the strike of the Trend and the magmatism of the
Cameroon and Tibesti is similar. Although the magmatic similarity is
remarkable between the two regions, this fact by itself does not ex-
plain the seemingly similar magmatism in the region of the Jos Plateau
and A?r that evidently does not have linear connections with the

Cameroon Trend (Fig. 41).

Southwestward, the Cameroon Trend through the islands of the



Gulf of Guinea was inferred to extend into the island of Saint-Helena
in the South Atlantic by Furon (1960). The present author velieves
that the coincidence of Saint-Helena Island in lying in the direct

prolongation of the strike of the Trend is purely coincidental.

Furon (1960) following Geze (1943) interpreted the Cameroon
Trend as a rift—va]]ey in.which its axial portion constitutes a tecto
nic line. This tectonic line is formed by several parallel fracture§
. that constituted conduits for magma outpourings that formed the volca
nic massifs of Cameroon, Manengouba and Bambouto (Fig. 47). Machens
(1973) interpreted the Cameroon Volcanic Line as a deep, median frac-
ture'line in a particu]ar]y strong warpéd block and tended to favor
the origin of the graben—]ike depressidn as due to the sinking of a
central strip as a result of the emptying of the magma chamber. Reyre
(1966) showed the Cameroon and Adamaoua upiift as a region of high al
titudes in the Cameroon (higher than 1500m) that was bounded to  the
south by a continuous fault or f]exure zone. This latter author point
ed out that the weak seismicity of-the volcanic lineament of Cameroon
rules out the possibility that the lineament represents a strike-slip
fault. Reyre (1966) also pointed out the very deep origin of the
Cameroon Trend due to the fact that the lineament is continuous from
the continent to the ocean and consequently is independent from the
Mohorovicic discontinuity. Hedberg (1968) concluded that there is con
siderable evidence of uplift along the length of the Trend. Magmatism
along the Cameroon Trend has been occurring since at least the Creta-
ceous and demonstrated by basal basaltic tuffs that contain plant re

mains believed to be representatives of the Upper Cretaceous (Senoni-
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an) (Guillemain in Furon, 1960; Machens, 1973).

Mount Cameroon is an active volcano and constitutes a typical
strato-volcano that is at least 4000m high (Furon, 1960). The mountain
is essentially aligned in a northeast-southwest direction and contains
several craters also glignéd in that direction (Hedberg, 1968). I'ts
last eruption was in 1954 as reported by De Swardt (1954; Fig.48)0ther

eruptions occurred in 1909 and 1922.

Three phases of volcanism in the Cameroon héve taken place.:
a) the first phase was characterized by basaltic and andesitic  flows
(late Cretaceous-early Tertiary); b) the second was mostly constituted
by phbno]ites and trachytes (Miocene); c) the third phase of Plio-Pleis
tocene age-renewed the basaltic vo]caniqity (Geze, 1943). Not included
in these phases are the Tertiary granites reported by Lasserre (1966).
These granites range in age from 54 + 22 m.y. to 33 + 5 m.y. and are
intruded in the shield as ring-like structures for their outcrop area.
Basic volcanism in Mount Koupe as Q]d as 35 m.y.,as reported by Tchoua
(1970), suggests the contemporaneity of basic and acidic.volcanism in

the Cameroon Trend (Fig. 38).

The Adamoua Plateau (Sarcia and Sarcia, 1952) is a vast shield
region with widespread volcanic, hypabissal and plutonic rocks of Me-
sozoic and younger age. A very marked lineament of Precambrian age,the
Ngaoundere fault zone, corresponds to a complex zone of fracturing that
has been reactivated in the Mesozoic and Tertiary as seen by the Sud-
Adamoua Graben (Le Marechal and Vincent, 1970) and by volcanic rocks
(Fig. 38). The Ngaoundere fault zone has an east-northeast-west-south-

west direction with several branches of mylonitization zones that mer-
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ge west-southwestward into a single zone of mylonitization (ASGA-UNE§
C0, 1968). This fault zone merges into the Cameroon Trend  volcanics
(Fig. 38). The Ngaoundére fault zone is probably buried by the volca-
nics of the Cameroon Trend toward the southwest and may extend into
the Tittoral region of the Gulf of Guinea. Thus, the Cameroon Trend
is believed to represent a structure otiginated during the early rif-
ting history of Africa and Brazil in consequence of the Eeactivation
of an important Precambrian weakness zone, the Ngaoundare fqult zone.
The rectivation of this Structure developed an important.fracture z0
ne in mid-ocean (Ascension Fracture Zone). The periodicity and the
recent magmatism of the Cameroon Trend suggest that the Trend is
still an active tectonic line that disregards the ocean-continent bo-
undary. The contemporaneity'of the magmatism along the lineament ru
les out a hot spot origin. Most probably the Cameroon Trend in the
ocean and in the continent corresponds to a complex of horst and gra-
ben features Qith associated fractures that constituted easy magma
conduits for a variety of magma types (basaltic, alkaline, calc-alka-

Tine and granitic).

Sediment Dispersal in the Gulf of Guinea

The tectonic framework of the bordering continent, the origi
nal offsets of rifting and subsequent spreading, and the fracture z0-
nes controlled the way the terrigenous sediments built the continental
margin of the Gulf of Guinea. The bulk of terrigenous sediments progra
ded seaward from the marginal basins of half-graben type. Terrigenous
sediments coming from continental areas associated with marginal basins

of graben type prograded longitudinally along the axis of the basins



and were barred to the south by prominent marginal ridges that lie
along the trends of the fracture zones. Because of these ridges, the
sediments ponded behind them and in some cases marginal plateaus such
as the Liberia and the Ivory Coast plateaus have developed in this
manner. The sediments confined between two marginal ridges prograde
farther seaward toward the flanks of the Mid-Atlantic Ridge than in
areas off the half-graben basins. Prominent troughs associated with
fracture zones were filled with terr1genous sediments coming from the

cont1nenta1 rise and constituted tongue-like abyssal plains (F1g 49).

The several levels of the crusta] segments bounded by Roman
che and Chain fracture zones (deeper), by Chain and Jean Charcot frac
ture zones (;ha]]ower) conditioned the evolution of the sedimentary
progradation off the Niger Delta. Because the segment bounded by Ro-
manche and Chain fracture zones was deepef, it-was the first to.recei
ve sediments from the Anambra Basin area and this can be shown by
the deepest réf]ectors in the area that are boﬁnded to the south by
the Chain Fracture Zone (Fig. 4; profi]es 6, 8 and 9). Only aftersill
depths had been crossed, the terrigenous sediments prograded over the
crustal segment between Chain and Jean Charcot fracture zones (Fig.4;
profi]es 6, 8-10, 12 and 13). This time may coincide with the develop
ment of the wide Guinea abyssal plain that continuously prograded to-
wards the flanks of the Mid-Atlantic Ridge, with the progradation of
the continental rise. The Jean Charcot Fracture Zone, that barred to
the south the sedimentation in the onshore-Anambra Basin,channelled
terrigenous sediments to the continental margin to the north of it.

This probably happened up to the Miocene, when the high area to the
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south of the Anambra Basin (Jean Charcot high) was overcome by the se
dimentation. Consequently, the continental margin barrier of the Jean
Charcot Ridge was also probably overcome by sediments coming from
the modern Niger delta. These sediments were barred to the south - by
the Fernando Poo-Annobon Ridge but still went towards the Guinea aby-
ssal plain flanking irregularly the high grounds of the.Guinea Ridge
(Fig. 49). |
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CONTINENTAL MARGIN OF NORTHERN DRAZIL

In this section, the continental margin sectors of the Brazi
lian side at the equatorial Atlantic are discussed in a detailed man-
ner similar to the discussion of the African side. At the end of the
descriptive part of each sector a comparison of the geological and
tectonic featUres of the correspondent parts of Brazil and Africa is
made. The shield geology of northern Brazi] is summarized in detailin

the appendix.

Amapa Continental Margin Sector

Physiography

The continental margin to the north of the northern east-
‘west segment of the North Brazilian Ridge presents a morphology that
contrasts with the continental margin to the south. After bulging
around the Amazon cone (Heezen and Tharp, 1961, Damuth,.]973; Damuth
and Kumar, ]9%5), the bathymetric contours of depths greater than
3750m, shift appreciably to the east, around the nOfthern east-west
segment of the North Brazilian Ridge (Fig. 50). This shift in bathy
metric curves demonstrates the importance of the North Brazilian Ridge
as a geomorphologic boundary for the continental margin off Amapa, Pa
ra and Maranhao states of Brazil. Consequently, that segment of the
North Brazilian Ridge is considered to be the southern limit of the

Amapa continental margin sector.

The widest part of the continental shelf in northern Brazil
lies off the Amazon River, in the Amapa continental margin sector(Fig.

51, Zembruscki et al., 1971). The Amazon canyon, which at present is



an inactive feature on the outer continental shelf (Zembruscki et al.,
19715 CGorini et al., 1971), was the main feeder canyon of terrigenous
sediments that formed the Amazon submarine cone (Fig. 51, Damuth and
Kumar,1975). Towards the east, the Amazon cone grades laterally into
the Ceara abyssal plain. The Ceara abyssal plain extends eastward to
the flanks of the Mid-Atlantic Ridge, is limited to the north by the
morpho]ogy of the Cearé Rise (Damuth, 1973; Embley and Hayes, 1972) ,
and to the south by the North Brazi]iqn Ridge (F<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>