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Marginal Fracture Zones as Structural Framework of 
Continental Margins in South Atlantic Ocean' 

JEAN FRANCHETEAU2 and XAVIER LE PICHON2 
29N-Brest, France 

Abstmd - A  late tectonic rnodel of the early opening S of the South tlantic is used to describe the structural 
frarnework of the continental margins and adjacent 
oceanic and coastal areas on both sides of the ocean. 
It is proposed that major offsets of the continental 
margins necessarily induce the subsidence of coastal 
basins where fracture zones intersect the continents. 
The configuration of the accreting plate-margin 
boundary gradually developed throughout the opening 
of the ocean afier Late Jurassic time. - 

We consider that the South Atlantic Ocean was 
created by the drift of Africa and South America 
and that the separation of South America and 
Africa began about 130 m.y. ago (Maxwell et al., 
1970). Actual rifting, or at least invasion of the 
sea, may have begun earlier, as indicated by the 
existence of Tithonian marine strata south of Sa0 
Salvador, Brazil .(L. de Loczy, persona1 com- 
mun.), but the main separation probably did not 
begin before Early Cretaceous. We adopt the 
predrift reconstruction of Bullard et al. (1965), 
because it can be reproduced accurately and has 
been shown to be compatible with a wealth of 
geologic and geophysical data (e.g., Hurley et al., 
1967; Hurley, 1968). The success of this recon- 
stmction shows that the drift has not been ac- 
companied by any sipficant deformation of the 
continents and that the opening of the South 
Atlantic should be discussed in terms of rigid 
plates. We consequently use the plate tectonic 
hypothesis to determine the precise geometry of 
the early opening following Le Pichon and Hayes 
(197 1) and to investigate how much the structurai 
framework of the continental margins is con- 
trolled by this geometry of opening. In particular, 
we will attempt to show that the margin offsets 
which result in the formation of marginal fracture 
zones in the adjacent ocean basins induce the 
formation of coastal basins on the adjacent shelf 
and continent. However, there are two major 
difficulties in this attempt: (1) the fracture zones 
in the South Atlantic are not well known, espe- 
cially near their heavily sedimented continental 
margin ends; (2) it is difficult to obtain a good 
review of the geology of the coastal basins from 
the published literature. In particular, we have no 
access to confidential oil industry survey results 

and obviously cannot take them into account. 
However, the rigor of our kinematic model leads 
to predictions which can be easily verified, and 
we hope that this preliminary attempt will lead to 
fruitful discussions and eventually to release of 
some oil industry geologic data. We want to 
stress that this paper is concemed only with &e 
opening between Africa and South America dur- 
ing the latest pst-Triassic phase of continental 
drift. 

On a spherical earth, the relative movement of 
two rigid plates can be represented at any given 
time by movement about a pole of rotation. Le 
Pichon and Hayes (1971) have suggested that the 
mechanical constraints imposed by the continep- 
ta1 segments of the lithosphere when continents 
h s t  split apart are much stronger than the con- 
straints imposed by the thin oceanic lithosphere 
produced at a normal accreting plate margin. The 
initial relative motion of the plates is stabilized 
and proceeds about the same pole of rotation 
during the early phase of opening. Peculiar mar- 
ginal fracture ridges are built as extensions of the 
important offsets of the continental margins. 
These marginal ridges are later modified by sedi- 
mentary processes but are v e j  good markers of 
the geometry of early opening of an ocean cre 
ated by the split of two continents. Consequently, 
this model provides a direct approach to the de- 
termination of the parameters of initial rotation. 
Using this model, Le Pichon and Hayes com- 
puted the best fit pole of early opening of the 
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FIG. 1-Highly schematic diagram showing how early open- 
ing induces formation of coastal basins. Opening occurs about 
pole P. Accreting plate margin is R. lncreasing subsidence 
away from R of plates covered by oceanic crust is shown by 
closer ruling. On continent, coupled to adjacent ocean floor, 
subsidence increases toward margins. Hinge or normal faulting 
occurs along prolongation of offset margins (small circles A) 
and rnay be influenced by preexisting line of weakness as in B. 
Thus coastal basins are limited by prolongations of transform 
faults. 

South Atlantic at 21.5" N lat., 14.0" W long., in a 
reference frame attached to Africa. In the com- 
putation, equatorial fracture ridges (St. Paul, Ro- 
manche, and Chain) on both sides of the Mid- 
Atlantic Ridge were used exclusively. Yet, the 
mode1 applies to the whole South Atlantic, for 
the Falkland Plateau northem scarp and the 
Falkland fracture zone, as well as the northern 
scarps of the Walvis and Rio Grande ridges, also 
are small circles about this pole of early opening. 
The pole, however, only describes the relative 
movement of the African and South American 
plates and does not apply north of Cape Palmas 
at the boundary of the Ivory Coast and Liberia 
or north of Cape Orange at the boundary of 
Brazil and French Guiana. For example, the 
Guinea fracture zone, farther north, is within the 
African-North American plates system. 

Accurate lu~owledge of the parameters of ini- 
tial opening is very helpful in understanding the 
structural framework imposed on the continental 
margins during their creation. Some offsets of the 
continental margins are transform faults during 
the early opening and must coincide with small 
circles about the pole of rotation. Large marginal 
fracture ridges, built on ocean floor, extend away 
from these continental margin offsets along the 

same small circles. In addition, as the ocean wid- 
ens by accretion of new lithosphere, the sea floor 
becomes more distant from the accreting plate 
margin and progressively subsides. The adjacent 
continental margin, which is coupled to the 
oceanic lithosphere, tends to subside with it. The 
subsidence is a direct function of the distance to 
the corresponding segment of accreting plate 
margin, because it is controlled by the thermal 
inertia of the lithosphere. Therefore, the thermai 
contrast on each side of a fracture zone with a 
large offset is important, and fracture zones act as 
regions of decoupling for blocks which have dif- 
ferential vertical movements (Fig. 1). The result- 
ing differential subsidence of parts of continental 
margins will lead to the formation of shelf and 
coastal basins, open toward the sea, and approxi- 
mately limited by the prolongations of the mar- 
gin offsets and corresponding fracture zones. The 
rigidity of the plates requires that the subsidence 
of the basins along the same plate margin begins 
simultaneously. However, the invasion of the sea 
is probably not simultaneous, but progresses 
from one or both ends of the rift. Subsequently, 
as the ocean widens and the margins subside, 
heavy terrigenous sedimentation may take place 
and result in a significant advance of the conti- 
nental margin between two closely spaced mar- 
ginal fractures, thus creating an extension of the 
continental coastal basins on the oceanic crust. 

Wilson (1965) has defined transform faults as 
lines of pure slip between two plates; therefore, 
the motion associated with such faults conserves 
crust. A ridge-ridge transform fault ends abruptly 
against the two offset crests of ridge. Therefore, 
its inactive prolongations should end abruptly 
against the continental margin, which is a fossil 
plate boundary at the time of the initial rift. 
However, the process of differential subsidence of 
the margins, which we just described, results in 
the creation of normal faults or hnge fault~ 
within the continents along the prolongations of 
the oceanic transform faults (Fig. 1). These hinge 
faults therefore will limit coastal basins. Further- 
more, as Wilson (1965, p. 344) noted, "If a conti- 
nent in which there exists faults or lines of weak- 
ness splits into two parts, the new tension frac- 
tures, or transform faults, may trail and be af- 
fected by the existing faults." The normal or 
hinge faults created in the coastal areas by differ- 
ential subsidence of the margins may therefore 
rejuvenate these old lines of weakness. The lines 
of weakness, however, even if they are reactivated 
during drift, could have directions very different 
from the early opening transform directions. Le 
Pichon et al. (1971b) have proposed to cal1 struc- 
tures which tend to organize themselves dong 
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s m d  circles of opening "transform directions." It 
should be stressed that, if Our reasoning is cor- 
rect, no significant horizontal motion should have 
occwred along the continental transform direc- 
tions during the course of drift. This is indeed 
demonstrated by Bullard et al.% (1965) fit. 

In Figure 2, Afiica arbitrarily has been held 
h e d ,  and two rotations have been applied to 
South America and its adjoining sea floor (see 
Table 1). The resulting relative positions of the 
continents are approximately those 80 to 90 m.y. 
ago, near the end of the first phase of opening (Le 
Pichon and Hayes,' 1971). According to Mc- 
Kenzie and Sclater (1971), the earthquake epicen- 
ters associated with the Mid-Atlantic Ridge (Bar- 
azangi and Dorman, 1969) also have been ro- 
tated, thus defining the probable location of the 
rift at the same time (Table 1). Theoretical flow 
lines in this model are smail circles about a pole 
at 21.5"N lat., 14.0°W long. and are shown in 
Figure 2. Table 2 gives the azimuths predicted for 
flow lines at their intersections with the continen- 
tal margins on both sides of the Atlantic. Where 
fracture zones exist, they should have the azi- 
muth given in the table. 

We have made a systematic examination of the 
available geologic, geophysical, and bathymetnc 
data to identify the major directions. These trans- 
form directions generally are clearly associated 
with an offset of the margins and can be related 
directly to present offsets of the rift, as revealed 
by seismic, magnetic, and/or bathymetric data. 
These transform directions and their correspond- 
ing active transform faults (Table 3) give strong 
support to the model. 

A casual examination of Figure 2 confirms 
that, on a large scale, Le Pichon and Hayes' pole 
of early opening accounts satisfactorily for the 
trend of the Romanche fracture zone (21.1" cir- 
cle) and that of the ridge connecting the island of 
Trindade to the Brazilian margin (40.4"). The 
northem east-west edge of the Walvis Ridge 
(47"), the Faikiand Plateau scarp (68"), as well as 
the southeastem continental margin of South Af- 
rica (68"), d l  follow closely the trends predicted 
from the study of equatorial fracture zones. The 
east-west northem scarp of the Rio Grande rise 
follows oniy approximately the 48" circle. 

We are aware that there are errors inherent in 
the model which stem from (1) errors in determi- 
nation of the pole of rotation resulting from inad- 
equate knowledge of the trends of the fracture 
zones and imprecision in the predrift reconstruc- 
tion of the continents, (2) imperfections in the 
rigidity of plates, and (3) existence of processes 

other than those related to early drift active in 
modifying the structures of the margins. 

The results show that the well-defined struc- 
tural trends related to the opening of the ocean 
conform closely to predicted transform directions 
everywhere within 50" of latitude. This demon- 
strates that the first two causes of error are negli- 
gible with respect to the third. In fact, although it 
is generally easy to recognize the trend of a frac- 
ture zone or subsiding trough, it commoniy is 
difficult to determine the precise location of the 
fault along which differential movement takes 
place. Thus, in the following discussion, the trend 
of the structures is more important than their 
exact location. 

The eastern end of St. Paul fracture zone 
-(18.65" circle) is parallel with a small circle and 
follows closely the Ivory Coast continental mar- 
gin, which it intersects just West of Abidjan (Fig. 
3). This fracture zone may have been important 
in shaping the narrow Ivory Coast basin within 
the Precambrian cratons (Spengler and Delteil, 
1966). Similarly, the Romanche fracture zone lies 
along a small circle (21.1") which parallels the 
continental margin along a steep WSW-ENE es- 
carpment called Ivory Coast-Ghana ndge (Arens 
et al., 1971). This ridge is particularly prominent 
in reflection profiles and appears as a basement 
uplift faulted on the south (Arens et al., 1971). 
The extension of the Romanche fracture zone 
passes just south of Accra and marks the north- 
West boundary of the Dahomey or western Benin 
basin filled with Cretaceous and Tertiary sedi- 
ments in common with most sedimentary basins 
dong the West African Coast (Reyre, 1966; 
Grant, 1969; Fig. 3). The important NNE-SSW 
Buem-Togo thrust zone, which formed during the 
Pan-African orogeny, is associated with mafic 
and ultramafic rocks and even alpine-type peri- 
dotites. This thrust zone marks a major boundary 
between two Precambrian cratons (Grant, 1969) 
and was, according to McCurry (1971), the locus 
of a collision between two lithospheric plates 
during the Pan-Afncan orogeny (Fig. 3). The 
Early Cretaceous opening of the South Atlantic 
Ocean apparently was not influenced by this col- 
liding plate boundary, an ancient line of weak- 
ness, which has since been reactivated as evi- 
denced by its seismic activity. Similarly, the 
roughly parallel Adamawa-Cameroun-SEO Tomé 
volcanic line, which has been active since Late 
Cretaceous time (see Reyre, 1966). is a reactiva- 
tion of an old line of weakness during the second 
phase of opening of the Atlantic. Its trend does 
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Fia. 2-Relative positions of South Amencan and African plates in Late Cretaccous near end of fvst phase of opening. 
Rotated epicenters after Barazangi and Doman (1969). Dotted lines are bathymetry on South Amencan plate (south of 29"s lat. 
after Lonardi and Ewing, 1971; north of 29"s lat. afler U.S. Navy Hydrog. Office, 1968). Continuous lines are bathymetry on 
Afncan plate (north of 27"s lat. after Comm. Carte Géologique Monde, 1%0. and Assoc. Afncan Geol. Surveys, 1968: south of 
Walvis Ridge after E. S. W. Simpson and E. Forder, unpub. map). Contours shown at 200; 1,400; 2,000; 3,000; and 4,000 m. Flow 
h e s  about carly pole are at 1 intervals. 
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not conform to the early opening trend. How- 
ever, the Buem-Togo thrust zone and the Ada- 
mawa-Carperoun lines intersect the Afncan mar- 
gin at the same points as the Romanche and 27' 
fracture zones, respectively. 

The eastern part of Chain fracture zone (23.2') 
is not apparent in Figure 2, but it is well known 
from the Mid-Atlantic Ridge crest to S0W long. 
According to the data of Arens et al. (1971), a 
buried segment extends eastward to at least 1.5' 
W long. The Chain fracture zone would, in this 
model, intersect Afnca east of Lagos (Fig. 3) at 
the limit between the Dahomey and Benue 
troughs (Grant, 1969; Wright, 1968) where as 
much as 5 km of Upper Cretaceous (Santonian ,to 
Aptian) sediments accumulated (see McConnell, 
1969; Reyment, 1965). Apparently, outbuilding 
of the Niger delta has been controlled by the 
Chain marginal fracture ridge on the north and a 
fracture zone on the south that corresponds to 
the important Pernambuco shear zone of Brazil 
(Beuylen, 1970; see Table 3). 

These fracture zones probably acted as dams 
f o ~  the delta sediments. Thus, the contin~ntal 
extensions of the three major equatorial fracture 
zones mark the edge of where pronounced subsi- 
dence occurred in the Early Cretaceous an'd 
where true marine sediments were deposited in 

Table 1. Roîatlopo Used For Figure 1 

Plate ~ i t .  long. m t a t i w  Angle1 

Africa Nat lbtata4 

Positive rotation of rnoving plate about pole Lirtad ia in ~ti-clockwise 
rcnsc, viewcd from above pole. 

Fit of 500-fm contours (Buliard et il., 1%5). ' Early rotation of Souih 4merica (in frame attached to Afriea) corn 
sponding to the last stage of development (about 80 rn.y.) of the mrg id  
fracture ridges aceording to Le Pichon and Hayes (1971). 
'Rotation applicd to Souih Amcrica to obtiin its pbition u ibown m 
Figure 1. This rotation is the toial p t - 8 0  m.y. rotation. 

Table 2. D i i o n s  of Early Opening Fracture Zones at S e l 4  Pdnts of MPrglas 

SOUTR AMERICA AFRICA 

Location kt. long. Colat.* Azimuth* Location Lat. long. Colat.* himuth** 
(Degrees) (Degrec.) 

Near Cayenne 5.0 -52.0 18.2 309.5 Southern Liberia 5.0 -9.0 17.2 74.1 
Wuth of Amazon 0.0 -50.0 21.3 297.3 Librevi l le  0.0 +9.0 31.1 45.2 
Areia Branca -5.0 -37.0 24.0 263.2 South of Pointe Noire -5.0 .+12.0 36.8 47.0 
~ a c e i o  -10.0 -36.0 29.1 262.4 South of Luanda -10.0 +13.0 41.2 50.1 
11héus -15.0 -39.0 33.8 268.5 North of Mofâmedes -15.0 +12.6 44.5 54.4 
Vit6r ia  -20.0 -40.0 38.8 270.2 South of Cape F ~ i a  -20.0 +13.0 49.2 56.1 
North of paranas& -25.0 -48.0 44.5 281.0 North of Lüderitz -25.0 +15.0 54.4 56.3 
East of P8rto Alegre -30.0 -50.0 49.8 282.6 South of Wreck point -30.0 +17.0 59.5 56.2 
La Pla ta  -35.0 -58.0 56.5 290.7 Ikirban -30.0 +31.0 67.3 44.5 
South of Bahia Blanca -40.0 -62.0 62.3 293.7 West of Cape TOM -34.Q +18.0 63.3 56.5 
North of Golfo San 

Jprge -45.0 -66.0 68.1 296.7 bit of Port  Elizabeth -34.0 +27.0 67.8 48.8 
Santa Cruz -50.0 -68.0 73.1 297.8 
Cabo San Mego -55.0 -65.0 76.8 294.4 

*Metance t o  early-opening pole a t  18.8'N lit.. 39.9'~ long. i n  South American fr-. and 21.5'~ ht.. 1 4 . 0 ~ ~  long. i n  
African (L Pichon and Hayes, 1971). 

*Azîmuth f a  di rect ion Of early f l a r  l i n e i  counted u a t  f r m  north. 
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the Albian-Aptian, and the limits of coastal ba- 
sins which are filled with Late Jurassic to Holo- 
cene sediments (Hourcq, 1966). 

A good discussion of this problem by Burke 
(1969) showed the importance of oceanic fracture 
zones in controlling the distribution of Creta- 
ceous and Tertiary sedimentary basins in western 
equatonal Afnca. However, Burke suggested that 
the extension of Chain fracture zone passes near 
Accra, whereas we have shown that this is the 
Romanche fracture; Burke also shows the exten- 
sion of the Romanche fracture zone along the 
border of the Ivory Coast basin, whereas we have 
shown that it is the St. Paul fracture. 

On the South American side, the three major 
equatorial fracture zones also mark the limits of 
Cretaceous coastal basin (Beurlen, 1970; see Ta- 
ble 3, Figs. 4, 5). The St. Paul fracture zone 
passes north and is presumed to be the northern 
limit on the continental shelf of the large Creta- 
ceous basin just east of the mouth of the Amazon 
(Beurlen, 1970, Fig. 57). In this basin, 4,000 m of 
sediments accumulated beginning in the Albian, 
and the first marine sediments are Maestrichtian. 
The Romanche fracture zone is the northern limit 
of the Cretaceous coastal basins of Mgranhao 
(Fig. 4), which are filled with as much as 8 km of 
sediments. These two Brazilian basins (Siio Luis 

and Barreirinhas), like the Dahomey or western 
Benin basin, have been created by normal fault- 
ing and have had their sedimentation controlled 
by the same structural high on the north. Also, 
the Chain transform direction whch follows At01 
das Rocas and Fernando de,@oronha marks the 
northern boundary of a c o a h l  basin filled with 
Turonian and younger sediments, the Apodi Pla- 
teau basin (Fig. 5), which would be the homolog 
of the Benue trou&. 

South of the Niger delta, the Cameroun basin 
seems to be bounded by the 27' fracture zone on 
the north and the Ascension fracture zone (30') 
on the south (Fig. 3). Figure 6 and Table 2 show 
the correspondence between the Ogooué-Gabon 
basin on the African side and the Sergipe-Ala- 
goas and Recôncavo basins on the Brazilian sidi 
(see Beurlen, 1970, Fig. 49). 

A detailed bathymetric map of the continental 
shelf and slope off Angola (M. Magnier, persona1 
commun.) has been used to show that, in detail, 
the mode1 accounts for the trend of the promi- 
nent bathymetric offsets (Fig. 7). The fracture 
zone we postulate north of Luanda (40.4') would 

mstanee  t o  
& r l y  Pola Wirgin 

FZ Nime R i f t  Axii Rift  Offse t  (Oegreea) Africa suuth h r i e a  Offse t  

St.  Paul 0.841, 27.5% 

Ronaache 0.7OS. 20.1%' 

chaiil i.sOs, 14.5% 

Near St. Betsni  15's. 1341 

10.5OS. 12.5% 

2008. 12% 

21.50.. 12% 

26OS, 1441 

Northern l i m i t  of Ivory 
Coast basin 

Northern l i m i t  
Lkhomey b a i i n  
Northern l i m i t  of 
Benve crmgh and Niger 
dslt .  
Southern l i m i t  of 
Niger d e l t a  
Northern l i m i t  of 
Ogooué basin 
Swthern  l imi t  of 
Ogooué b a i i n  

Northern l imi t  of 
Cuam. basin 
Southern l imi t (1)  of 
Cuisr i  b i s i n  
Smthern  l i m i t  of 
Benguela basin 
northern l imi t  of walria 
Ridge 

Within SU A f r i c m  
c o i s t i l  b i s i n  

Northern l i m i t  of b i i i n  
eamt of m t h  of bmiron 
River 
Northern l imic  of 
krinhûo b i s i n i  
Northern l i m i t  of 
Apodi Plateau b i s i n  

Oppoiitc Perninbuco 
ahear zone 
Swthcrn l i m i t  of 
Sergipe b i a i n  
Southcrn l i m i t  of h a n -  
E ~ Y O  b i s i n  and nor thcm 
l imi t  of Almada b i i i n  
Suhar ine  r idge  eimt 
of Prado 
Trinidide U s e  

Northern liait of 
Slo Paulo embay.iait 
Within STo Pm10 
cmbapent 
Sovthcm lait of SOo 
Paulo p la teau  and 
e b i ~ n t  and northern 
l imi t  of Rio Crinde Bis. 
Northern liait of 
Pcloti. b..in I (150) 
Southcrn l i m i t  of 
Pelotas bas in  I (150) 

Neir T r i i t i n  da 
Cunha 37O8, 18% R (3W) 56.5 Southern.limit of Uorthem l h i t  of Pio 

SU  fric% c0.s ta1  badm Si l ido  b a i i n  1 
8- Cov~h 41's. 16% L (200) 61.0 Smthern  l i m i t  of Cape Northcrn l i m i t  of 

~ ~ - 0 ~ ~ ~ ~ .  IUVS~ b a i i n  -hi. n1.n~. b..in I O )  
-)klmnd 47%. 11%' L (-11) 60.0 Southern l i m i t  of Northcrn l i m i t  of 

southsast.rn s a i t i n m t r l  h l k l i n d  Pl i teau  and 
s i r g i n  SM Jorp b i s i n  L (1250) 

5WS, 8% 71.0 Limit T r ~ i k c i  baiin- Saithem l i m i t  of Paik- 
Mozambique Ridge land Plateau R (?) 

*il f o r  r i g h t  l a t e r a l .  L f o r  l e f t  l a t e r a l ;  o f f s e t  i n  b x i t h i n  parenthasu:  diatanec i n  deptees. 
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Fia. 3-Geology of eastern margin of West African craton after Grant (1969). Prolongation of major fracture zones within 
continent has been added. From West to east: St. Paul (18.65'). Romanche (21.1°), Chain (23.2"), 27", and Ascension (30'). 
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FIG. 4-Isopach map of Maranh'o basins after Beurlen (1970). Prolongation of Romanche fracture zone (21.1') has been 
added. Note parallelisnt between predicted direction and faults and elongation of basins. Thickness in meters. 1, crystalline rocks; 
2, Paleozoic; 3, nonmarine Albian and Aptian; 4, marine Albian; 5, manne Upper Cretaceous; SL, S'o Luis; Gu, Gurupi River; 
PA, Pamaiba River. 

be a structural limit for the important Cuanza 
basin, which has accumulated more than 3,500 m 
of sediments since the Neocomian (Brognon and 
Verrier, 1966). This fracture zone finds its coun- 
terpart in the submarine ridge extending from the 
island of Trindade to Brazil. The isopach maps of 
Brognon and Verrier (1966) suggest that there 
may be, north of Luanda, an important barrier 
which acted as a dam for the post-Aptian sedi- 
ments. The southern limit of the Cuanza basin 
corresponds to an offset of the margin off Novo 
Redondo (42.5', Fig. 7)'. This northeast-south- 
West offset of the African margin is compatible 
with the pronounced east-west trend of the 5 + 
km/sec basement complex just south of Rio de 
Janeiro (Ewing et al., 1969; Figs. 8, 9). The 42.5' 
"Novo Redondo fracture zone" corresponds to 
the northern limit of what Butler (1970) termed 
the "Sa0 Paulo embayment." This coastal basin 

Fto. 5-Geoloeic mar, of Awdi Plateau basin in Brazil (after is beneath the continental shelf between Rio de -- - . -- . 
Beurlen, 1970). Note ~arallel~sm between Chain fracture zone 
(23.2') prolongation (dark line) and southern edge of basin. Janeiro and Sao Paulo, and is filled with more 
Crosses are crysta~iine rocks; large dots, A ~ U  sandstone; hori- than 4 km of Cretaceous and younger sediments 
mntal lines, Turonian limestones; vertical lines, Senonian lime- ( ~ ~ t l ~ ~ ,  1970; ~~~d~~ et al., 1971). A seismic 
Stones; fir,e dots, early Tertiary; white, Quaternary; AR, Ara- 
cati; MO, Mossoro; Macau; AP, APodi; U, UPanema; A, 3 1, the Cuvo region, just north of Novo Redondo, important 
Açu. volcanic activity (basalts and andesites) began in the Neoco- 

mian (see Reyre, 1966). 
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FIG. 6-Cretaceous basins in Brazil and Gabon are shown in Buliard et al. (1965) reconstruction (after Allard and Hurst, 1969). 
Ascension (30') and 32.5O fracture zones roughly bound parts of three coastal basins (Gabon, Sergipe-Alagoas, and Recôncavo). 

reflection survey of the shallow structure of the 
Sao Paulo embayment by Butler (1970) has re- 
vealed the probable presence of diapirs and sug- 
gests a complete analogy in the history of this 
embayment and the Cuanza basin. The southem 
limit of the SBo Paulo embayment is marked by 
the 47' fracture zone (Figs. 2, 9), which corre- 
sponds to the Walvis-Rio Grande fracture. 
Within this embayment two other offsets exist- 
near 43.3' and 44.9' in Figure 9. The 43.3' circle, 
on the African side (Fig. 7), is an important offset 
that marks the southern limit of the Benguela 
basin. 

WALVIS AND RIO GRANDE RIMES 
The Walvis and Rio Grande ridges are the two 

largest bathymetnc features in the South Atlantic 
Ocean; yet they are not related to major offsets of 
the continental margins. Wilson (1965) first sug- 
gested a "hot-spot" origin for these features. 
Morgan (1971) recently revived the hypothesis. 
The apparent obliquely diverging trends of these 
two features would be due to drifting of both 
plates toward the north with respect to the deeper 
hot-spot source. Actually, Figure 2 shows that 
both features are made of east-west sections 
roughly parallel with small circles of opening, 
and ending abruptly against north-south sections 
roughly perpendicular to small circles of opening. 

In particular, the northern scarp of Walvis Ridge 
follows exactly the 47' circle of Figure 2. A re- 
cent ship cruise of the Centre Océanologique de 
Bretagne has confirmed that the Walvis Ridge 
consists of a linear double ridge, with a central 
trough filled with sediments. Dredges have 
brought back pillow lava basalts from the north- 
ernmost ridge. The northern scarp of Rio Grande 
ridge follows approximately the 48' circle. Le 
Pichon et al. (1966) have shown that it is a sharp 
basement wall, with numerous outcrops of late 
Mesozoic and Cenowic sediments, on top of 
which pillow lavas have been photographed. 
South of this wall, the main part of the rise is 
made by a pile of stratified, apparently terrige- 
nous sediments, in which Lonardi and Ewing 
(1971) have recognized Layer A, which is proba- 
bly of Eocene age. North of the scarp, Plate 1 of 
Lonardi and Ewing (1971) clearly shows fracture 
wnes which parallel it, between 47 and 48' (Fig. 
2). Also, the north-south sections of Rio Grande 
and Walvis are parallel in Figure 2 and do not 
diverge from each other as would be implied by a 
hot-spot origin. Thus, the hot-spot ongin of both 
ridges seems to us untenable and may have origi- 
nated from using an inaccurate, highly simplified 
bathymetry. The east-west-trending northern 
scarps of Walvis and Rio Grande ridges most 
probably are related to major fracture zones 
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FIG. 7-Bathymetric maps off Angola (M. Magnier, personal commun.). Note agreement between predicted trends of margin 
offsets and actual trends. 
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which were active diiring the first phase of open- 
ing, between Early Cretaceous and 80 m.y. ago, 
and the north-south sections may be related to a 
readjustment of the crust at the time when the 
pole of opening shifted north (Le Pichon and 
Hayes, 1971). Thus, we feel that both north-south 
segments probably were produced at the same 
tirne. 

Yet (Fig. 2), the north-south segment of the 
Rio Grande ridge is close to the African margin, 
whereas the equivalent north-south part of the 
Walvis Ridge is along the rotated epicenter belt. 
There is no symmetry between the ocean basins 
on each side of the rotated epicenter belt, or 
between the two north-south segments. Most 
probably an eastward shift of the Mid-Atlantic 
Ridge has occurred since the creation of the rise 
(Le Pichon, 1968). 

The fact that the northern scarp of Rio Grande 
Rise (48" circle) corresponds to the southern 
scarp of Walvis Ridge, and not to its northern 
part, is not explained by the model. Further, the 
difference in structure of the Rio Grande Rise 
and the Walvis Ridge is not explained by the 
model. The Rio Grande Rise is composed of 
three units: (1) an east-west trending unit, (2) a 
north-south basement scarp, and (3) a unit which 
is a thick pile of stratified sediments on top of 
south-dipping basement. We propose herewith a 
hypothetical explanation for these differences 
which can be easily checked by examination of 
data already collected by several institutions. 

Figure 10 shows the proposed hypothetical re- 
construction. It is assumed that the Rio Grande 
Rise originally fitted south of the Sa0 Paulo pla- 
teau and embayment. Units 1 and 2 of the Rio 
Grande Rise appear to be the homolog of the 
east-west and north-south parts of Walvis Ridge. 
The north-south walls of Walvis Ridge and Rio 
Grande Rise now lie at roughly the same distance 
from the margins. Inspection of the detailed 
bathymetry in Plate 1 of Lonardi and Ewing 
(1971) shows more clearly than Our Figure 10 
that there is a good morphologie fit of unit 3 of 
the Rio Grande Rise south of the Sa0 Paulo 
plateau between two steep WNW-ESE escarp- 
ments. Thus, according to this hypothesis, unit 3 
of the Rio Grande Rise was a part of the Brazil- 
ian continental rise during the early opening. We 
will not discuss this hypothesis, but will simply 
note facts which provide some support to this 
model. 

1. Samples of early Eocene "turbidites" have been dredged 
from the summit of unit 3 of the Rio Grande Rise, in 800-m 
water depth (Le Pichon et al., 1966). 

2. Leyden et al. (1971) reported the results of a seismic 
refraction survey in this area. They showed that the structure of 

FIG. 8-Depth to basement (km) off southern Brazil over S b  
Paulo embayment (after Ewing et al., 1969, with 42.5O fracture 
zone added). 

the region where the Rio Grande Rise is supposed to have fitted 
is typically oceanic whereas just northwest the S5o Paulo pla- 
teau is a typical continental nse. 

3. The steep WNW-ESE basement scarp, 800-1,000 m high, 
which is supposed to have bounded unit 3 of the Rio Grande 
Rise on the north before its detachment from the Brazilian 
margin, has a topographic, magnetic, and seismic structure 
typical of a fracture zone (Leyden et al., 1972; Lonardi and 
Ewing, 1971, Plate 1). 

The Walvis fracture zone (47") intersects the 
African Coast just north of Cape Fria. In south- 
ern Angola, a volcanic lineament active in the 
Cretaceous and Miocene, where pst-Triassic 
and pre-Late Cretaceous volcanic manifestations 
also are found (Reyre, 1966), lies roughly in the 
prolongation of the Walvis Ridge and extends far 
into the African continent. Along this major li- 
neament, products of deep origin (alkaline ring 
dikes, carbonatites, kimberlites) are emplaced be- 
tween the Wealdian and Albian (see Reyre, 
1966). On the Brazilian side, the prolongation of 
the Rio Grande fracture zone (48" circle in Fig. 
8) is parallel with the WNW-ESE axis of the 
Paranh basin (the Torres .syncline; see Butler, 
1970), where a sequence of Paleozoic and Meso- 
zoic sediments is capped by the extensive Serra 
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FIG. IO-Hypothetical reconstruction of Rio Grande Rise durii 

Geral plateau basalts, of Early Cretaceous age 
(120-130 m.y.; Amaral et al., 1966). 

Qtudies to compare the structures and geologic 
histories of the east-west and north-south parts of 
the Walvis and Rio Grande ridges would be ad- 
vantageous. In particular, the JOIDES drillings 
21 and 22 show that the east-west part of Rio 
Grande Rise was originally a shallow region 
which began to subside during the Campanian. 
There is no evidence, however, that the rise ever 
subsided below the carbonate compensation 
depth (Maxwell et al., 1970). Similar drilling of 
the corresponding east-west segment of Walvis 
Ridge and on the north-south segments of both 
ndges is required. In any case, it is clear that the 
open ocean existed south of the Walvis-Rio 
Grande fracture earlier than north of it. 

To surnmarize, we believe that the Walvis and 
Rio Grande ridges are composite structures. The 
east-west segments are part of a major transform 
fault whereas the north-south segments may be 
related to major crustal readjustment when the 
pole of rotation shifted, probably about 80 m.y. 
ago. The third unit of the Rio Grande Rise prob- 
ably was part of the Brazilian continental rise. 
However, it is puzzling that the large size of the 
fracture zone does not correspond to a large con- 
tinental offset. 

ng early opening. Fit has becn made by eye. 

A contour map of the top of probable base- 
ment (Ludwig et al., 1968a) for the Argentine 
continental margin delineates the location and 
extent of major coastal basins (Fig. Il). Series of 
NW-SE to WNW-ESE basins, such as the Salado 
basin south of the Rio de la Plata (56.5" circle in 
Fig. 2), Bahia Blanca (or Colorado) basin near 
40"s (61" circle in Fig. 2), San Jorge basin in the 
Gulf of San Jorge (68" circle in Fig. 2), and the 
Malvinas basin south of the Falkland Islands, 
have their long axes along the predicted trans- 
form directions (Fig. 11). Zambrano and Urien 
(1970) have discussed the history and structural 
framework of these basins. According to these 
authors, the basins began to subside and accumu- 
late sediments in the late Jurassic-Early Creta- 
ceous. The basins have the same tectonic pattern 
and are probably grabens originated by a pattern 
of northwest-southeast-trending faults. The block 
faulting responsible for the creation of the basins 
(and the extension of mafic rocks in Uruguay and 
Argentina) was probably the expression of the 
incipient breakup between the South American 
and African plates dong the flow lines we have 
shown. 

If the early-opening pole is correct, we should 
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expect to find important structura1 features asso- 
ciated with the African continental margin as 
Afiican counterparts of the Argentine basins. 
The only Atlantic coastal basin with Cretaceous 
or Tertiary sediments south of Walvis Ridge is 
just north of Lüderitz (South-West Africa) 
around 25"s lat. (Reyre, 1966). This African ba- 
sin is the homolog of the Pelotas basin of south- 
em Brazil and Uruguay described by Butler 
(1970). The 56.5" small circle, which corresponds 
to the Argentine Salado basin, intersects the Afri- 
can Coast near 28-29"s lat. Fuller (1971) sug- 
gested there is a line of old weakness in this 
vicinity (his line b in the Orange River-Kheis) 
marked by extensive Mesozoic Stormberg vol- 
canic activity, which would have controlled the 
emplacement of kimberlites. 

In Our model, the Bahia Blanca basin is the 
wunterpart of the southern part of the Cape 
Town-Orange River basin over the south African 
continental shelf, described by Bryan and Simp- 
son (1971). 

The 68" small circle, which approximates the 
trend of the San Jorge basin, is parallel with the 
Falkland Plateau northern escarpment. Le Pi- 
chon et al. ( 197 la) have described this scarp as a 
2,900-m high wall which forms the southern 
boundary of the Argentine basin. East of 40°W 
long,, a linear basement structure (the Falkland 
fracture zone) marks the continuation of the 
Falkland scarp. This fracture zone can be traced 
to 28"W long., where it abruptly ends against a 
north-south segment, as in the case of Walvis and 
Rio Grande ridges. On the African side, a line of 
seamounts which is part of the Cape ïùse follows 
the 68" circle. These seamounts may have been 
emplaced along a former transform fault during 
the early opening of the South Atlantic. If the 
model is correct, future bathymetric surveys in 
the Cape Rise region should reveal major north- 
east-southwest ridges and lines of seamounts. 

The steep linear southeast African continental 
margin between Durban and the Agulhas Bank is 
very well approximated by the 68" circle (Fig. 2). 
We believe this is strong, but not definitive, evi- 
dence for placing the southeastem boundary of 
the Afiican plate along this margin during the 
early stage of opening of the South Atlantic. 
However, it is not known if the part of the South 
American plate which was lying south of this 
boundary was oceanic or continental in charac- 
ter. An oceanic area next to"southem South 
Amenca, South Africa, and northwest Antarctica 
has been advocated by Crowell and Frakes 
(1968) to account for the facies distributions of 
late Paleozoic glacial deposits. In Dietz and 
Sproli's (1970) reconstruction, the fit of Africa 

and Antarctica leaves most of the linear conti- 
nental margin between Durban and Agulhas 
Bank bounded on the south by a gap. The solu- 
tion of this problem of the oceanic gap lies in the 
true nature of the crust of the Falkland Plateau, 
ie., whether it was part of the Gondwanaland 
continent, or whether it has been built on oceanic 
crust. 

According to Ewing et al. (1971) the Falkland 
Plateau, east of the Falkland Islands, is an exten- 
sion of the South American continent. The pla- 
teau is shown by them to consist of a thick 
wedge-shaped body of sediments dipping and 
thickening toward the south. The basement has a 
velocity close to 6 km/sec, like that determined 
for continental basement on the Argentine shelf 
(Ludwig et al., 1%8a). The southern limit of this 
continental block corresponds to the Falkland 
trough, where the sediments lie on oceanic crust 
(Ewing et al., 1971), and its eastem limit proba- 
bly corresponds to 40°W long. 

If we accept these results, the southeastern 
Africa continental margin from southwest of 
Cape Agulhas to near Durban represents an an- 
cient line of shear between continental parts of 
the African and South American plates. The 
Transkei basin, between South Africa and the 
Mozambique Ridge, would be truly oceanic, as 
shown by seismic refraction measurements (Lud- 
wig et al., 1968b; Green and Hales, 1966), and its 
age would be Early to middle Cretaceous. It is 
also unlikely that the Agulhas Plateau represents 
a microcontinent, because the inclusion of the 
Falkland Plateau in the reconstructions of Bu1- 
lard et al. (1965) and Dietz and Sproll (1970) 
leaves very few gaps. 

M. Ewing et al. (1969) reported that cores of 
Cenomanian age (90-100 m.y.) were recovered 
from the Agulhas Plateau. This age is compatible 
with a drift origin for the Transkei basin, starting 
in Early Cretaceous time. In this interpretation, 
the Transkei basin is structurally part of the At- 
lantic Ocean, and the age of its floor should 
increase toward the northeast. 

In Figure 2 we have rotated the epicenters 
associated with the South Atlantic ridge to show 
the approximate position of the accreting plate 
margin near the end of the early phase of open- 
ing, in Late Cretaceous time. For this we implic- 
itly make the assumptions that (1) the shape of 
the accreting plate margin has remained invari- 
ant; (2) spreading has proceeded symmetrically 
since that time, i.e., the same surface of crust has 
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been produced on either side; and (3) the plate 
margin has never jumped in position. 

McKenzie and Sclater (1971) have shown that 
the present shape of the accreting plate margin, 
as defined by the epicenters, does not deviate by 
more than 200 km from the Bullard et al. (1965) 
shape of the initial rift. Second-order deforma- 
iion of this shape has been produced by at least 
two successive, widely different finite rotations 
duriiig the opening. Thus, McKenzie and Scla- 
ter's test shows that the shape of the plate margin 
is inherited from the initial break and that the 
major rift and margin offsets are in fair corre- 
spondence. It also shows that the ridge, as an 
average and to a first approximation, has held a 
central position with respect to the margins. 

In general, the second-order deformation of 
the accreting plate-margin shape seems to be pro- 
duced by jumps in position and not by asymmet- 
ric spreading. For example, in Figure 2, the 68" 
Falkland fracture zone must have been the loca- 
tion of a very large offset of the ridge crest in the 
initial phase of opening, if Our interpretation is 
correct. This offset may have been of the order of 
1,000 km or more, yet the present offset does not 
exceed 200 km. The rift south of the 68" circle 
must have jumped eastward at the end of the first 
phase of opening. Figure 2 shows that, in general, 
south of the 45" small circle, the epicenter belt 
lies closer to the American margin; between the 
40" and 30° circles it lies closer to the American 
margin; and between 30" and 21" it lies closer to 
Africa again. Whether this second-order asym- 
metry is always related to jumps of the rift can- 
not be determined with the data available. 

CONCLUSION 
Our data suggest that the structural framework 

of the continental margins on both sides of the 
South Atlantic has been controlled principally by 
the offsets and marginal ridges created by the 
initial openings. As was realized by Reyre (1966, 
p. 272), "l'essentiel est de souligner le rôle que ces 
transversales profondes franchissant les frontières 
océaniques, paraissent jouer dans la localisation 
des bassins sédimentaires côtiers" (the essential 
point is to emphasize the role which these deep 
transverse features, crossing the ocean borders, 
seem to play in localizing the coastal sedimentary 
basins). Each of these coastal basins seems to be 
bordered by structural highs in the prolongation 
of oceanic fracture zones along what we have 
called "transform directions," which correspond 
exactly on both sides of the Atlantic. 

Our mode1 has predictive values for many 
poorly k n ~ w n  features, such as offsets of margins, 
fracture zones, age and nature of sea floor south 

of Africa, composite nature of the Walvis and 
Rio Grande ridges, significance of the Falkland 
Plateau, etc. 

Finally, we have described the second-order 
deformation of the accreting plate margin 
throughout the opening of the ocean and related 
it to probable jumps in the rift position at the 
time when there was a significant change in the 
position of the pole of opening. 
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