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ABSTRACT 

- A schema t i c  mode1 of t h e  e v o l u t i o n  of t h e  S o u t h  A t l a n t i c  
ocean  i s  proposed  t o  d e m o n s t r a t e  t h e  p o s s i b i l i t i e s  o f f e r e d  by t h e  
Deep Sea  D r i l l i n g  P r o j e c t  w i t h i n  t h e  framework of P l a t e  T e c t o n i c s  
t o  r e c o n s t r u c t  a l o g i c a l  e v o l u t i o n  o f  t h e  h i s t o r y  o f  t h e  ocean  
b a s i n s  and t h e i r  pa leoenvi ronment .  The emphas is  i s  p u t  on t h e  
methodology a v a i l a b l e  t o  r e c o n s t r u c t  t h e  ocean  c r u s t  morphology 
and i t s  sed imen ta ry  cove r  a t  a l 1  s t a g e s  t h roughou t  t h e  opening  o f  
t h e  ocean. P a l e o b a t h y m e t r i c ,  deep p a l e o - w a t e r - c i r c u l a t i o n  and 
pa l eo - sed imen ta ry  - f a c i e s  maps a t  f i v e  d i f f e r e n t  s t a g e s  o f  t h e  
opening  a r e  p r e s e n t e d  and  d i s c u s s e d ,  The l a s t  t y p e  o f  maps a r e  
i n  g r e a t  p a r t  based  on a new p a l e 0  - C a r b o n a t e  Compensation Depth  
Curve f o r  t h e  South  A t l a n t i c  which i s  t e n t a t i v e l y  proposed here., 

1 NTRODUCTION 

I t  h a s  l ong  been known t h a t  t h e  s e d i m e n t a r y  r e c o r d  s h o u l d  be  
much more comple te  i n  t h e  ocean  b a s i n s  t h a n  on t h e  c o n t i n e n t s ,  
because  e r o s i o n  i s  a more widesp read  phenomenon on l a n d  than  i t  is  
on t h e  deep s e a  f l o o r .  A s  i t  i s  t h e  s e d i m e n t a r y  r e c o r d  which 
c o n t a i n s  most of t h e  i n fo rma t ion  a v a i l a b l e  t o  r e c o n s t r u c t  t h e  
pa leoenvi ronment  a t  t h e  t i m e  t h e  s ed imen t  was d e p o s i t e d ,  any 
pa leoenvi ronment  r e c o n s t r u c t i o n  rel ies  h e a v i l y  on i t s  s t u d y .  
Accord ing ly ,  t h e  deep  h o l e s  made by t h e  D r i l l i n g  Vesse1 Glomar 
C h a l l e n g e r  fo r  t h e  Deep Sea  D r i l l i n g  P r o j e c t  i n  t h e  wor ld  ocean  
have p rov ided  a comple te ly  new b a s i s  t o  app roach  a pa l eoenv i ron -  
men ta l  s t u d y  of Our p l a n e t .  T h i s  i s  s p e c i a l l y  s o  because  P l a t e  
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Tectonics  has given a  coherent  framework within  which t h e  var ious  
d a t a  co l l ec t ed  from t h e  ocean f l o o r  can be in t eg ra t ed  t o  recons t ruc t  
a l o g i c a l  evo lu t ion  of  t h e  h i s t o r y  of t h e  ocean bas ins  and t h e i r  
paleoenvironment. 

Paleoenvironmental oceanography i s  a  new sc ience  which is  
progress ing  very r ap id ly ,  Any syn thes i s  i n  t h i s  domain would be 
d i f f i c u l t  t o  do and beyond t h e  scope of t h i s  paper, We have 
at tempted here  t o  give  a  s p e c i f i c  example of what can be done t o  
r econs t ruc t  t he  evolu t ion  of  a  given ocean, l im i t ed  ourselves  t o  
t he  ocean c r u s t  morphology and i t s  sedimentary cover,  We have 
chosen the  South A t l a n t i c  Ocean because t h e  age of i t s  c r u s t  i s  
known everywhere, through magnetic anomaly i d e n t i f i c a t i o n ,  and 
because t h e  age d i s t r i b u t i o n  shows t h a t  i t  has been s t e a d i l y  
widening s i n c e  i ts  e a r l y  opening 125 t o  130 May (mi l l ions  years )  
ago, There a r e  and t h e r e  have been no deep sea  t renches  along 
i t s  borders,  A s  a  consequence, t h e r e  i s  a  marked c o n t r a s t  i n  t h e  
sedimentary provinces ,  t he  deep bas ins  being e a s i l y  acces s ib l e  t o  
t h e  products of e ros ion  of  t he  con t inen t s  whereas t he  a x i a l  mid- 
A t l a n t i c  r idge  only r ece ives  pe l ag i c  sedimentation. 

Although i t  i s  t h e o r e t i c a l l y  poss ib l e  t o  r econs t ruc t ,  a t  
l e a s t  i n  a  schematic way, t h e  complete evolut ion of an ocean, the 
d a t a  w e  have a r e  s t i l l  q u i t e  l imi t ed  and, f o r  t h i s  reason,  many of 
t h e  conclusions a r e  no t  ye t  f i r m  and may even be erroneous,  The 
emphasis is  on t h e  demonstrat ion of a  new methodology a v a i l a b l e  
t o  us t o  make such a  recons t ruc t ion ,  24 success fu l  ho les  ( f igure  
1) have been r e a l i z e d  by t h e  Glomar Challenger i n  t h e  South 
A t l a n t i c  during d i f f e r e n t  l egs  ( 3 ,  36, 39 4 0 ) .  Two of t he  
I n i t i a l  Reports a r e  publ ished (3, Maxwell e t  a l . ,  1970; 36, 
Barker e t  a l . ,  1974). Legs 39 and 40 I n i t i a l  Reports  (Perch- 
Nielsen e t  a l , ,  1975; B o l l i  e t  a l , ,  1975) a r e  s t i l l  i n  p re s s  but 
should be published soon, Only 4 of  these  d r i l l i n g s  have been 
made i n  deep bas ins  (Argentine, B r a z i l  and Cape bas ins ) ,  I t  i s  
consequently o f t e n  r i s k y  t o  i n t e r p o l a t e  between ho le s  over such a  
wide d i s t ance ,  a l though some reasonable guesses can be made, 

I n t h e f i r s t  p a r t ,  w e  w i l l  d i s c u s s  some of t he  main f e a t u r e s  
of  the  present  South A t l a n t i c  environment, a s  i t  gives  us  one of 
t h e  keys t o  i n t e r p r e t  the  sedimentary record,  In  the  second p a r t ,  
we w i l l  p resen t  the  methodology used t o  r econs t ruc t  the evolut ion 
o f  t he  ocean. I n  the  l a s t  p a r t ,  we w i l l  b r i e f l y  comment 
paleogeographic and paleosedimentary maps of the  South A t l a n t i c  
ocean, from i t s  b i r t h  t o  i t s  presen t  s tage .  

1, PRESENT ENVIRONMENT OF THE SOUTH ATLANTIC OCEAN 

Physiography 

I n  a  geo log ica l  s ense ,  the  South At l an t i c  Ocean can be 
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considered t o  have been crea ted  by t h e  d r i f t i n g  apar t  of the  South 
American and the  African cont inents ,  It  should consequently 
extend northwards £rom the  Falkland Plateau i n  the south. Thus 
i t s  northern limit corresponds t o  t h e  very l a rge  equator ia l  
f r a c t u r e  zones, of which the  Romanche f rac tu re  zone i s  the  l a rges t .  
Its southern limit is t h e  Falkland - Agulhas f r a c t u r e  zone system 
( f i  1 )  These f r a c t u r e  zones were flow l i n e s  of the  r e l a t i v e  
continent motion during the  opening (e,g, LE PICHON and HAYES, 
1971a), 

I t  i s  now known t h a t  the  depth of the ocean i s  governed by 
the slow cooling of the  p l a t e s  a s  they move away from the  r idge  
c r e s t  where they were produced by sea-floor spreading (LANGSETH 
e t  a l , ,  1966; McKENZIE and SCLATER, 1969). A t  the acc re t ing  
p l a t e  boundary, whose sur face  expression is t h e  r idge c r e s t ,  t he  
p la te ,  which has jus t  been formed by rapid in t rus ion  of hot 
mater ial  from below, i s  extremely hot  throughout i t s  thickness.  
From then on, i t s  evolution w i l l  be e s s e n t i a l l y  due t o  l o s s  o f  
heat through the  sea-floor which r e s u l t s  i n  thermal contract ion,  
A s  i s o s t a t i c  equilibrium preva i l s ,  the  sea-floor w i l l  deepen by 
roughly 30 % more than the  amount corresponding t o  the cont rac t ion  
of the p l a t e ,  t o  compensate f o r  the  increasing water load. Thus, 
the  depth of t h e  ocean only depends on its age, a s  is  convincingly 
demonstrated by the empir ical  curve first compiled by SCLATER e t  
a l .  (1971) (see f i g e  6). The present  O May, isochron follows the  
c r e s t  of the  mid-Atlantic ridge and roughly corresponds t o  t h e  
2600 m isobath,  On each s ide ,  the  sea-floor progressively deepens 
t o  reach depths la rger  than 5000 m under the  basins, 

However, two main volcanic r i s e s ,  which run approximately 
east-west near 30°S, t he  Walvis Ridge and the  Rio Grande Rise, 
a re  superposed on t h i s  general  regular  bathymetric t rend  ( f ig ,  1). 
Together with the  midaAtlantic ridge,  they divide the  South 
At lan t i c  ocean i n t o  four  main basins ,  t h e  Braz i l  and Argentine 
basins t o  the  west and the  Angola and Cape basins  t o  the  e a s t ,  
I n  addi t ion,  a s  noted previously,  the  major f r ac tu re  zones, which 
a l s o  run a t  cross-trend with the mid-Atlantic r idge,  a r e  l a rge  
topographic f ea tu res  which provide east-west gaps through the  
r idge but prevent deep north-south flow, 

. ,. . . ; ' ;. . ;  
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A ' 4 I . .: - , ., . 

- 3  . 

LADD (1976) has presented a synthesis  of  the VINE and 
MATTHEWS (1963) magnetic anomaly i d e n t i f i c a t i o n s  i n  the  South 
At lan t i c  ocean, from the Recent Gauss anomaly a t  the c r e s t  of the  

8 ridge t o  anomaly M 13, a t  the  f o o t  of the  cont inenta l  margin, i n  
the Cape basin,  Each of these anomalies corresponds t o  an 
isochron whose age is  approximately known through cor re la t ion  with 
D.S,D,P, r e s u l t s ,  We have used the time s c a l e s  proposed by 
THIERSTEIN (1977) f o r  the  Cretaceous and TARLING and MITCHELL 



F i g u r e  1. Topographic  map of t h e  S o u t h  A t l a n t i c  ocean.  DSDP 
d r i l l i n g  s i t e s  a r e  i d e n t i f i e d  by t h e i r  numbers. 
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(1 976) fo r  the Cenozoic, The e a r l i e s t  anomaly i den t i f i ed  corres- 
ponds t o  Valanginian, roughly 125 Maya ago and i t  can be inferred 
tha t  creat ion of oceanic c rus t  s t a r t e d  immediately before, some- 
time between 130 and 125 M,y, It is  of course e n t i r e l y  possible 
that ,  p r io r  to t h a t  t h e ,  a continental r i f t i n g  s tage  was present 
f o r  an extended period of time. 

Sedimentary cover 

It was previously mentioned t h a t  the depth of the  sea-floor 
is d i r ec t ly  re la ted  t o  i t s  age, However this observation applies 
to the igneous oceanic c rus t  as it has been produced a t  the ridge 
crest ,  As the  p l a t e  moves away from the r idge cres t ,  it is  
progressively covered by a l aye r  of sediments which tends t o  
increase with age. The thickness of the l aye r  m a y  reach 
several kilometers at the foo t  of the  continental  margin, It 
loads the c rus t  which readjus ts  i s o s t a t i c a l l y  by sinking. If 
there were no i s o s t a t i c  adjustment, the water depth a f t e r  sediment 
loading wouïd be smaller than the ocean c rus t  depth without 
sediment by a distance equal to the l ayer  1 thickness, A s  there 
is i s o s t a t i c  adjustment, the  ac tual  depth is decreased by 1/2 
(using densi t ies  of 2.2 g/cm3 for  the sediments and 3.4 g/cm3 f o r  
the mantle), 

Figure 2 shows the isopach map of the sediment thickness 
modified a f t e r  EWING et  âL. (1 973) using some addi t ional  data  from 
EMERY e t  al. (1975) off South Africa. It i s  obvious on t h i s  map 
tha t  the thickness of sediments i s  negligible near the ridge cres t ,  
i n  the zone where the oceanic c rus t  i s  very young, It is  spec ia l ly  
s m a l l  between 300 and 1 OOS, It exceeds 1000 meters over most of 
the Argentine basin and p a r t  of the  Brazi l  basin and over the 
continental margin area. Thus, except i n  the  l a t t e r  areas, the 
sea-floor depth i s  not s ign i f ican t ly  modified by the presence of 
sediments, 

Water c i rcula t ion 

Since WUST (1939), it i s  known tha t  a s ign i f i can t  fac tor  i n  
the deep sea  environment i s  the deep water c i rcula t ion,  A s  the  
deep basins of the South Atlantic  ocean a re  open both t o  the north 
and south, they are swept by a vigorous deep w a h r  c i rcula t ion 
which originates i n  high northern and southern la t i tudes .  Figure 
3 schematically shows the deep water c i rcu la t ion  pat tern,  The 
bottom water is  dominated by the spreading of the Antarctic Bottom 
Water (AH) which i s  controlled by powerfd. western boundary 
currents. The resul t ing bottom water temperature i s  very low, 
l e s s  than 1,60C i n  the three basins i n  which the  Antarctio Bottom 
Current (AABC) enters, t h a t  i s  the Argentine and Brazi l  basins to 
the west and the Cape basin t o  the eas t ,  In contrast,  the 
temperature is somewhat higher i n  the  Angola basin (.2.4'~). 
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Figure 2.  Oblique Mercator p r o j e c t i o n  map of the  South A t l a n t i c  
showing the  d i s t r i b u t i o n  of the  th ickness  of t he  uncon- 
s o l i d a t e d  o r  semi-consolidated sediments a f t e r  EWING e t  
a l .  (1973). Isopachs a r e  i n  meters.  The pole of 
p r o j e c t i o n  is a t  30°N, 60°E. The equator of p r o j e c t i o n  
i s  v e r t i c a l  and is  i d e n t i f i e d  on the  top of t he  f i g u r e  t o  
h e l p  i n  e s t ima t ing  the  d i s t o r t i o n .  The same p ro j ec t i on  
i s  used throughout t h i s  paper. 
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A s  the upper l i m i t  of the AABW i s  s i tua ted  between 3500 and 
4200 meters (LE PICHON e t  al., 1971 b; JOHNSON e t  ai,, 1979 ,  
the sea  f l oo r  morphology controls i t s  spreading, In par t icular ,  
the passage of the AABW from one basin t o  the  other  of ten  occurs - 
through narrow passages o r  channels, It en te rs  the Argentine 
basin from the south through a gap i n  the Falkland Fez, (LE PICHON 
e t  al., 1971 a) ,  follows the Argentine continental  rise, enters  
the Brazi l  basin through a gap i n  the Rio Grande r i s e ,  ca l led  the 
Vema Channel (LE PICHON e t  al, 1971 b). It then continues t o  the 
north a though  a s m a l l  branch enters  the Angola basin through the  
Romanche Fez, However, the s i i l  depth i n  the  Romanche F,Z, i s  
only 3750 m (METCALF e t  al., 1964), so t h a t  the  core of the AABW 
i s  prevented from entering the  Angola bas in . '  

Another branch of the AABC crosses the mid-Atlantic r idge and 
enters the Cape and Agulhas basins, Most of the water is 
prevented from entering the Angola basin by the  W a l v i s  ridge, 
There i s  only l imited access near 6-70W and 35-36OS ( S W O N  and 
RI JSWI JCK, 1969; CONNARY, 1972; CONNARY and EWING, 1974) 

Ewing e t  al. (1973) have shown t h a t  the AABC has control led 
the d i s t r ibu t ion  of sediments i n  the whole Argentine basin s ince  
the deposition of a major seismic re f lec tor ,  ca l led  r e f l ec to r  A, 
which i s  now known t o  be qui te  probably üpper a igocene  (+ 30 M.Y.) 
i n  age ( ~ e r c h - ~ i e l s e n  e t  al,, 1 975). This control  incïudes non 
deposition o r  even erosion where the current  flows and t ranspor t  
of large  quant i t ies  of f i n e  c lay  i n  suspension i n  what has been 
cal led the nepheloid layer ,  In addition, as we w i l l  see later, 
the deep cold water i s  highly corrosive and dissolves the  carbonates. 
This has been c lea r ly  demonstrated by MELGUEN and THIEDE (1974, 
1975) and CHAMJXY .(1975) on the f lanks of the Vema Channel and the 
adjacent Tao Grande Rise, Yet, it i s  qu i te  c lea r  t h a t  s m a l l  
changes in the morphology of the basins may deeply a f f e c t  the 
circulat ion of the AABC, One should note fu r the r  that ,  above the  
M W ,  the North Atlantic b e p  Mater (NAIN) flows from north t o  
south. Its upper l i m i t  i s  near 1000 m, 

Figure 3 also  shows i n  a schematic fashion the main surface 
current pat tern,  This pa t te rn  controls  the  d i s t r ibu t ion  of 
primary p rodud iv i ty  i n  surface waters, It is spec ia l ly  high 
dong  the equatorial  zone, off Angola and t o  the south, 

Lysocline and CCD 

A study of the preservation of the  calcareous microfossils i n  
recent sediments demonstrates t ha t  they su f f e r  increasing dissolu- 
t ion with increasing depth, as has long been hown. It is useful  
t o  characterize the degree of dissolut ion by two d i f fe ren t  levels ,  
which have been câi led the lysocline and the  Carbonate Compensation 
hpth (CCD). 
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Figure 3. Bathymetric and paleocurrents map. Heavy arrows : 
surface currents; dashed arrows, NADC; dotted arrows, 
AABW. Horizontal hachures : bottom temperature greater 
than 1.6OC; oblique hachures, less than 1.6OC. 
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The lysocline has been defined by BERGER (1970 a)  as  the 
leve l  a twhich the degree of dissolution of the calcareous 
microfossils shows a rapid increase. For example, i n  the case of 
planktonic foraminifera, the percentage of fragmentation of the - 

t e s t s  of foraminifera passes a t  t h i s  level  from 20 o r  l e s s  t o  more 
than 50% (MELGUEN and THIEDE, 1974). The lysocline i s  a t  different  
depths for different types of microfossils. It i s  for  example 
deeper for the coccoliths than fo r  the f oraminif era ( SCHNEIDERMANN, 
1973; BERGER, 1973; BERGER and ROTH, 1975 ). Throughout t h i s  paper, 
the lysocline used w i l l  be the foraminiferal lysocline. 

The lysocline is  specially well defined i n  the Western South 
Atlantic where it coincides with the upper boundary of the AIIBW, 
I n  the Vema Channel and on the Rio Grande Rise, a detai led study 
by MELGUEN and MIEDE (1 974) has shown that  the lysocline sharply 
separates well preserved from poorly preserved calcareous 
assemblages. BERGER (1968) has shown tha t  the lysocline i s  
situated, as an average, 500 m. above the CCD and this has been 
verified i n  the South West Atlantic (MELGUEN and THEDE, 1974). 

The CCD was introduced by ARRHENIUS i n  1952 to define the 
leve l  a t  which the r a t e  of supply of calcium carbonate i s  equal to 
the r a t e  of dissolution, so t h a t  no more carbonate sediment i s  
deposited (BRAMLETTZ, 1961 ). Although the depth of the CCD i s  
mainly controlled by the temperature of the water and the pressure, 
the r a t e  of dissolution tending to  increase as the temperature 
decreases and the pressure increases, many other factors  are 
signif icant, such as the primary productivity (BRAMI;ETTE, 1 965; 
WPAN, 1968; BROECKER, 1971; BERGER and EIûTH, 1975), the 
carbonate supply from the continent and the distance t o  the 
continent (BERGER, 1970 a; BERGER and WDumPERER, 1974), the 
succession of transgressions and regressions and the climate 
(sEIBOLD, 1970; BERGER and WINIERER, 1974) e t c  ... Therefore the 
CCD cannot be defined f o r  the South Atlantic Ocean as a whole but 
i t  varies from basin to basin (fig. 4) and even within a basin. 

According to ELLIS and MOORE (1 973), the CCD varies from 
5000 m. in the Argentine basin to 5200 m. i n  the Cape basin and 
ta more than 5500 m. i n  the Angola Basin. For Berger (1 968), the 
CCD varies from 5200 t o  5800 m. from north to south i n  the Angola 
basin. BISCAYE e t  al. (1976) indicate a depth la rger  than 
6000 m. i n  the Angola basin. nius, there i s  s t i l ï  some disagree- 
ment among the different  authors, We assume, f o r  this paper, 
that  the CCD i n  the Cape, Brazil and Angola basins i s  respectively 
200, 500 and 1000 m. deeper than i n  the Argentine basin. These 
differences may be mainïy explained by the AABC circulation pre- 
viously discussed, Tn the Angola basin, where the input of AABC 
is minimum, the degree of saturation of the water in carbonate is 
higher a t  comparable depths than i n  the western basins, which 
resu l t s  i n  a lower dissolving ('DUWUSHI, 1975). On the other 
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Figure 4. Calcium carbonate content  i n  sur face  sediments of t he  
South A t l a n t i c  Ocean i n  percen t  versus water depth i n  
ki lometers .  1,2,3,  Argentine and B r a z i l  bas ins ,  Angola 
bas in  and Cape bas in  r e spec t ive ly  a f t e r  ELLIS and MOORE 
(1973); 4 ,  Falkland r i s e  and 50"s a f t e r  BISCAYE e t  a l .  
(1976). 
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hand, the degree of under sa tura t ion (acidi ty)  of the bottom water 
i n  the western basins i s  strongly affected by the AABC, This is 
demons t r a t ed  by the f ac t ,  mentioned previously, t h a t  the  upper 
l i m i t  of the AABW coincides with the lysocl ine  i n  the Vema Channel. 

In the South Atlantic,  the  f e r t i l i t y  of the surface waters i s  
a s ignif icant  fac tor  i n  the control  of the CSD, In areas of high 
productivi ty (e.g. equatorial  zone and upwelling areas i n  general, 
STEEW-NEILSEN and JENSEN, 195'7), two opposite processes a f f e c t  
the CCD, The increased supply of calcium carbonate tends t o  
lower it whereas the additions of organic material  tends t o  
increase the ac id i ty  a t  the sediment-water in ter face  and i n  the  
sediment i t s e l f ,  and thus t o  r a i s e  the CCD. . This i s  why the CCD 
i s  shallower i n  the Falkland plateau area and along the Angola 
margin than i n  the adjacent basins, 

Finally, the concentration of calcium carbonate i n  sediments 
i s  obviously affected by the input  of non cdcareous  terrigenous 
material  which di lu tes  it. Supply of terrigenous sediments i s  
important d o n g  the continental margins, especia l ly  off l a rge  
r ivers ,  such as the Orange, the Congo, the Niger, the Amazon and 
the Parana, The di lu t ion i s  maximum o f f ' t h e  Congo and along 
northern p a r t  of the Argentine continental margin, I n  the 
Argentine basin, however, the main p a r t  of the terrigenous material  
comes from the  south i n  suspension i n  the AABC (BISCAYE and DASCH, 
1968; HOLLISTERandELDER, 1969; EWINGet al., 1973). Along 
the African margin, the  terrigenous material  derived from the Congo 
i s  transported by surface currents  i n  the cen t ra l  p a r t  of the  
Angola basin and to  the south of the Guinea basin along the coast  
of Gabon (Bornhold, 1973). South of the Walvis ridge, the 
terrigenous materiai derived from the Orange and Kunene r i v e r s  i s  
transported by the Benguela current  along the continental margin 
toward the southern p a r t  of the Angola basin. The Olifants and 
Berg r i ve r s  d s o  supply terrigenous sediments t o  the Cape basin 
(SIESSER e t  aL,, 1974). 

Surface sediment d is t r ibut ion 

We have ju s t  seen t h a t  the surface sediment d i s t r ibu t ion  on 
the sea-bottom is controlled by a mul t ip l ic i ty  of complex f ac to r s  
among which the  ocean basin morphology, the biogenic productivity,  
the terrigenous supply, the oceanic c i rcula t ion and obviously the 
CCD play a major role. Figure 5 shows this d i s t r ibu t ion  i n  a 
simplified manner, the major sedimentary f ac i e s  being the only 
ones shown, This map i s  a compilation based on the numerous 
studies which have been made i n  the South Atlantic  s ince the ea r ly  
work of MüRRAY and RENARD (1 891 ) during the Challenger expedition 
(1 891 ), PFtATJE, i n  1939, taking i n t o  account the work of WUST 
(1 936), pointed out the importance of the AABC i n  the d i s t r ibu t ion  
of the sedimentary facies. TUFEKIAN (1 964), GOLDBEE and GRIFFIN 
(1964), BISCAYE (1965), EMlXG (1965)~  LISITZIN (1971), EWING e t  al 
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Figure  5. Map of present-day sedimentary f a c i e s  d i s t r i b u t i o n .  1, 
mud; 2 ,  c o c c o l i t h s  and foraminifer-bear ing mud; 3 ,  
z e o l i t i c  mud; 4 ,  ca lca reous  ooze o r  chalk;  5 ,  marl; 
6 ,  pe lag i c  c lay ;  7 ,  diatom-bearing pe l ag i c  c lay ;  8 ,  
r a d i o l a r i a n  and diatom-bearing mud; 9, s h a l e  and 
sandstone; 10, evapor i tes ;  1, dolomitic limestone; 
12, saprope l .  The same symbols are  used throughout 
t h i s  paper.  
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(1973), E U E  and MOORE (1973), CALVEXT and PmCE (19711, RAIfSAY 
(1974), SIESSER e t  al. (1974)~ MICLGUEN and T'HïEDE (19741, CiAmR 
(1 975), BISCAYE e t  al. (1 976), BU= and STANTON (1 976) have 
studied some of the major aspects of the sedimentation i n  the 
South Atlantic,  

To define the major pelagic f ac i e s  and t h e i r  succession as a 
function of increasing water depth, we have used the common DSDP 
c lass i f i ca t ion  with modifications coming from the  study of MELGUEN 
and THIEDE (1974) i n  the Vema Channel and on the Rio .Grande rise, 
The continental margin sediment d i s t r ibu t ion  i s  however more 
d i f f i c u l t  t o  schematize i n  this way, We have been forced t o  adopt 
a highly simplified fac ies  d i s t r ibu t ion  which is  i n  p a r t  based on 
Our own observations i n  the Sao Paulo basin (CNEXO cruise,  unpub- 
l i shed  report),  on the Niger Delta (THIAFI e t  al., 1 9 7 4 ) ~  and on the  
Angola margin (MELGUEN e t  al,, 1975). 

The sedimentary fac ies  adopted f o r  this study are the 
f ollowing : 

- consists  essen t ia l ly  of s i l t y  c lay  with less than 10 1% of 
calcareous o r  s i l iceous biogenic components. It i s  charac te r i s t i c  
of pa r t s  of continental margins with large  terrigenous input, 

- coccolith and foraminifer bearing mud d i f f e r s  from the preceding 
by a greater  abundance (IO - 30 %) of calcareous M c r e  and nanno- 
f o s s i l s  as a r e su l t  of a greater  biogenic productivi ty o r  of a 
smaller supply of terrigenous material, It is  charac te r i s t i c  of 
the base of the continental margin, the continental r ise and the 
lower flanks of the Md-Atlantic ridge j u s t  above the CCD, In 
the l a t t e r  c a s e . i t  depends not so much on the  degree of d i lu t ion  
as  on the degree of carbonate dissolut ion.  

- radiolarian and diatomaceous bearing mud is similar  t o  the  previous 
one, but  with si l iceous ins tead of calcareous microfossils, It 
is, i n  general, charac te r i s t i c  of high productivi ty areas with 
high terrigenous material supply, 

- - m a r i  contains 30 to 60 % of calcium carbonate, consisting essen- 
t i a l l y  of microfossils and nannofossils, On the continental 
margin, however, m a r l s  may include terrigenous components, 

- cdcareous  ooze or  chalk contains more than 60 1% of calcium 
carbonate (nannof o s s i l s  and f oraminif e r s  ) . This facies ,  charac- 
t e r i s t i c  of oceanic ridges i s  a lso  found along continental margins 
with li t t l e  supply of terrigenous material, 

- pelapic c l ax  contains l e s s  than 2 % of calcium carbonate. It 
is  found i n  deep basins, a t  o r  below the CCD and generally 
represents the residue of sediments heavily dissolved. Pelagic 
clays are of ten associated with zeol i tes ,  especia l ly  i n  areas 
infïuenced by volcanism, 
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MELGUEN and THIDE (1974) have determined the  depth range of 
most of  t h e  pe l ag i c  f a c i e s  w i th  r e s p e c t  t o  the  CCD i n  the  a r e a  o f f  
Braz i l .  From bottom upward, p e l a g i c  c l ay  i s  found below o r  a t  
the  CCD; c o c c o l i t h  and fo ramin i f e r s  bear ing  mud, from t h e  CCD t o  
200 m. above it;  then marl which extends  up t o  approximately 1000 
m above t h e  CCD; and f i n a l l y  ca lca reous  ooze and chalk  above t h i s  
1000 m l e v e l .  These cons ide ra t i ons  do not apply t o  the  con t inen t a l  
margin a r e a  where t he  major f a c t o r  i s  not  s o  much depth a s  t he  
supply of  t e r r i genous  ma te r i a l .  Thus, f o r  example, the  c o n t i n e n t a l  
margin of  Argentina is  mostly covered by mud whereas the Cape bas in  
c o n t i n e n t a l  margin i s  highly  ca lca reous  ( f i g .  5).  I n  t h e  same way, 
t he  d i s t r i b u t i o n  of b iogenic  s i l i c e o u s  mud i s  pr imar i ly  r e l a t e d  t o  
t he  s u r f a c e  water  p roduc t iv i t y ,  and t o  the  oceanic c i r c u l a t i o n .  
I n  t h e  Argent ine  bas in ,  f o r  example; t he  d i s t r i b u t i o n  of d i sp laced  
An ta rc t i c  diatoms,  fo l lows the  f low of the  An ta rc t i c  Bottom Water 
(BURCKLE and STANTON, 1976). 

To conclude,  we may po in t  ou t  t h e  main c h a r a c t e r i s t i c s  of the 
map i n  f i g u r e  5 .  These a r e  the  wide a r ea  of ca lcareous  f a c i e s  
over the  mid-ocean r i dge ;  the  r e s t r i c t i o n  of the  t e r r igenous  
sedimentat ion t o  p a r t  of the  Argentine and Angola bas ins ;  the  
r e s t r i c t i o n  of s i l i c e o u s  mud t o  southwest ,  around the  Falkland 
p l a t eau  and over t he  Argentine b a s i n  (small  a reas  r i c h  i n  s i l i c e o u s  
d e b r i s ,  such a s  Walvis Bay a r e  no t  represen ted) ;  t he  v a r i a b l e  
ex t en t  of  t he  pe lag ic  Clay a r ea  i n  the  deep bas in s ,  r e f l e c t i n g  
changes i n  the  CCD l e v e l .  These changes a r e ,  a s  previously  
mentioned, s t r o n g l y  r e l a t e d  t o  t h e  flow of the  AABC, which increases  
the  carbonate  d i s s o l u t i o n  and supp l i e s  t he  deep bas in s  wi th  suspended 
c lay .  

II . METHODS OF RECONSTRUCTION 

Paleobathyme t r y  

The pre l iminary b a s i s  f o r  any recons t ruc t ion  of the  paleo- 
environment of an ocean i s  a  paleobathymetric map. SCIATER and 
McKENZIE (1973) p rev ious ly  proposed a  recons t ruc t ion  of t h e  paleo- 
bathymetry of the  South A t l a n t i c  ocean. However, t he re  a r e  now 
much b e t t e r  magnetic d a t a  which a l low us  t o  ob ta in  a  more p rec i s e  
r econs t ruc t i on .  

The f i t  of the  South American and African con t inen t s ,  a s  
obtained by BULIARD e t  a l .  (1965), demonstrates t h a t  t he re  has 
been no s i g n i f i c a n t  i n t e r n a 1  deformation a s  they moved a p a r t  and, 
consequently,  t h a t  they have behaved a s  r i g i d  p l a t e s  throughout 
the  opening. Consequently, we can ob ta in  the  pas t  r e l a t i v e  
p o s i t i o n s  of  the  two cont inen ts  a t  d i f f e r e n t  s t ages  dur ing the  
opening by f i t t i n g  toge ther  corresponding isochrons of t he  ocean 
c r u s t .  The l i n e a r  magnetic anomalies assoc ia ted  wi th  spreading 
of the  Sea-floor (v ine  and Matthews l i n e a t i o n s )  were c r ea t ed  a t  
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the  acc re t ing  p l a t e  boundary ( the  r i d g e  c r e s t )  and subsequently 
c a r r i e d  away on e i t h e r  s i d e  of the  boundary. The f i n i t e  r o t a t i o n  
which w i l l  f i t  them toge ther  w i l l  a l s o  r e s t o r e  t he  p l a t e s  t o  t h e i r  
proper p o s i t i o n s  with r e spec t  t o  t he  r i d g e  c r e s t ,  a t  t h e  time the  
anomalies were created.  I t  w i l l  a l s o  r e s t o r e ,  of course ,  t h e  
o lder  isochrons  t o  t h e i r  proper r e l a t i v e  p o s i t i o n s  a t  t he  t ime,  
thus  obta ining the  corresponding d i s t r i b u t i o n  of sea-f loor  ages  by 
sub t r ac t ing . f rom the  r o t a t e d  isochrons t h e  age of t h e  recons t ruc t ion .  
The process is  equivalent  t o  e l imina t ing  t h e  por t ion  of s ea - f loo r  
younger than t h e  age of t he  r econs t ruc t ion .  

LADD (1976) has obta ined such f i t s  by t r i a l  and e r r o r  method 
f o r  some of t h e  most c l e a r l y  i d e n t i f i e d  anomalies. We have used 
h i s  parameters and those of S ibue t  and Mascle ( i n  p repa ra t ion )  
t o  recons t ruc t  maps of the  d i s t r i b u t i o n  of  ocean c r u s t  i sochrons  
a t  d i f f e r e n t  geo log ica l  s t a g e s ,  of which f o u r  a r e  shown i n  t h i s  
paper : the  Albian (anomaly MO, 100 M .y. ) , t h e  Coniacian-Santonian 
(anomaly 34, 86 M.y.), t he  Maas t r ich t ian  (anomaly 31, 68 M.y.) and 
the  Lower Oligocene (anomaly 13 ,  34 M.y.). These maps a r e  p l o t t e d  
on an oblique Mercator p ro j ec t ion  which avoids  d i s t o r t i o n .  The 
corresponding parameters a r e  given i n  t a b l e  1. 

~ f ,  a s  discussed prev ious ly ,  a  p i e c e  of  ocean f l o o r  of a  g iven 
age i s  assoc ia ted  wi th  a  given depth i t  i s  then t r i v i a l  t o  conver t  
these  ocean f l o o r  paleo-isochrons maps i n t o  paleobathymetric maps. 
The empir ical  curve which r e l a t e s  depth t o  age i s  shown i n  f i g u r e  
6. An empi r ica l  formula was obta ined by l e a s t  squares by LE 
PICHON e t  a l . ,  (1973) on the  b a s i s  of d a t a  compiled by SCLATER e t  
a l .  (1971). The curve may be 200 m t o o  low between 80 and 120 
M.y. on the  b a s i s  of r ecen t ly  compiled North A t l a n t i c  b a s i n  d a t a  
(TREHU e t  a l . ,  i n  p re s s ) .  However, t h i s  k ind of e r r o r  i s  probably 
wel l  w i th in  the  accuracy of t h i s  method. 

We discussed e a r l i e r  the  e f f e c t  of t he  sediment cover on the  
depth of the  sea-floor.  Given a sediment th ickness  of 1, t h e  sea- 
f l o o r  depth w i l l  be smal ler  than the  t h e o r e t i c a l  depth of 1/2. 
This co r r ec t ion  w i l l  t hus  be s i g n i f i c a n t  only where the  sediment 
th ickness  i s  l a r g e r  than 500 meters ,  g iving a  co r r ec t ion  l a r g e r  
than 250 m .  I n  add i t i on ,  i t  w i l l  ge t  sma l l e r  wi th  i nc reas ing  age. 
A s  can be seen i n  f i g u r e  2 ,  the  c o r r e c t i o n  w i l l  thus  only be 
s i g n i f i c a n t  i n  the  ocean basins .  The e s t ima te  of the  sediment 
th ickness  a t  the  time of the  r econs t ruc t ion  was made on t h e  b a s i s  
of f i g u r e  2 and of t h e  d i f f e r en t  DSDP holes .  We then obtained 
paleoisopach maps by success ive ly  peel ing o f f  the  p a r t  of the  
sediment l aye r  younger than the  age of t he  recons t ruc t ion .  
Although the  paleoisopach maps obta ined (not  shown f o r  l a c k  of  
space) a r e  not  very accura te ,  they a r e  s u f f i c i e n t  f o r  co r r ec t ion  
purposes except over t he  con t inen ta l  margins where, anyway, t he  
empir ical  law r e l a t i n g  depth t o  age breaks down because of s t rong  
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Figure 6. Empirical  depth-age curve f o r  t he  ocean bottom, f o r  
ages g r e a t e r  than 8 0  m.y. a f t e r  LE PICHON e t  a l .  (1976) 
based on d a t a  of  SCLATER e t  a l .  (1971) and TREHU e t  a l .  
( i n  p r e s s ) .  Continuous curve,  D = 7 100 - 3 904 exp 
(A/78 - 606 exp (A/5.98) where D i s  the  depth  i n  meters 
and A i s  t h e  age i n  m.y.  
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coupling between the  c o n t i n e n t a l  l i t hosphe re  and the  oceanic 
l i t hosphe re  . 

However, even if the  dep th  i s  anomalous wi th  r e s p e c t  t o  t he  
t h e o r e t i c a l  dep th ,  ava i l ab l e  d a t a  suggest  t h a t  t he  subsidence 
curve is  not .  I t  is  then s t i l l  pos s ib l e  t o  ob ta in  an es t imate  
of t h e  paleodepth by proceeding backward from the  p resen t  depth 
and removing the  amount corresponding t o  t h e  t h e o r e t i c a l  subsidence 
between the p resen t  and the  age f o r  which t h e  r econs t ruc t i on  i s  
made. This  method can be app l i ed  not  only t o  the  lower c o n t i n e n t a l  
margin a r ea  bu t  a l s o  t o  o the r  anomalous a r e a s  such a s  f r a c t u r e  zones 
and the  Walvis and Rio Grande r i s e s .  I t  is  thus  i m p l i c i t l y  assumed 
t h a t  t he se  volcanic  r idges  have always maintained the  same depth  
di f ference between t h e i r  summit and the  ad jacen t  sea - f loor .  Th i s  
hypothesis ,  which was a l ready  used by SCLATER and McKENZIE (1973) 
seems reasonable t o  us and l eads  t o  paleobathymetric r econs t ruc t i ons  
which seem t o  be i n  good agreement wi th  d r i l l i n g  r e s u l t s .  

To summarize, a f t e r  applying the  adequate sediment th ickness  
c o r r e c t i o n ,  t he  depth of t he  t r ansve r se  volcanic  r i dges  and p l a t e a u s  
was obta ined by assuming a  cons tan t  depth  d i f f e r e n c e  between t h e i r  
summits and the  adjacent  sea - f loor .  The paleodepths a r e  not  c o r r e c t  
i n  the  con t inen t a l  margins a r e a s  due t o  i n s u f f i c i e n t  d a t a  on sed i -  
ment th ickness .  

Th i s  l a s t  r e s t r i c t i o n  could be a  very s i g n i f i c a n t  problem f o r  
the i n t e r p r e t a t i o d  of the  sedimentary record of t he  JOIDES d r i l l  
holes ,  because we need an accura te  r econs t ruc t i on  of t h e  paleo- 
bathymetric evolut ion f o r  t h i s  purpose. I t  can be seen i n  f i g u r e  
1 t h a t  many of these  ho les  a r e  i n  s o  c a l l e d  "anomalous areas" 
where t h e  use of  the empi r ica l  curve of  f i g u r e  6 may lead  t o  e r r o r s  
l a rge r  than 1000 meters i n  t he  e s t ima te  of t h e  present  depth.  
For tuna te ly ,  f o r  these  ho les ,  we have d e t a i l e d  informat ion on the  
sediment th ickness  which enabled us  t o  ob t a in  wi th  good accuracy 
the  paleobathymetric evo lu t ion  by proceeding backward from the  
present  depth us ing the  empi r ica l  curve a s  a  subsidence curve and 
not a s  an abso lu te  depth curve. 

A f i n a l  remark of t e c h n i c a l  na tu re  should be made here .  The 
empi r ica l  age-depth formula used here  is  based on the  magnetic 
reversa1  time s c a l e  proposed by HEIRTZLER e t  a l .  (1968) which i s  
s l i g h t l y  d i f f e r e n t  from the  TARLING and MITCHELL (1976) time s c a l e  
used i n  t h i s  paper. Th is  is  not  a  major problem, however, a s  t h e  
empir ical  curve of SCLATER e t  a l .  (1971) r e l a t e s  depth  t o  magnetic 
anomaly number. Thus, provided one uses  t he  same time s c a l e  
throughout t he  co r r ec t i on  process ,  i t  i s  then pos s ib l e  t o  apply t h e  
new time s c a l e  t o  the  co r r ec t ed  sea- f loor  paleobathymetry without 
e r r o r .  
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Paleo CCD 

The d i scuss ion  of t he  sur face  sediment d i s t r i b u t i o n  has 
demonstrated t h a t  the  v a r i a t i o n  of l e v e l  of the  CCD is  a  c r u c i a l  . 

f a c t o r  i n  t he  f a c i e s  d i s t r i b u t i o n .  I t  is thus necessary t o  know 
i ts  evolu t ion  through time a s  we l l  a s  space i n  o rder  t o  r econs t ruc t  
maps of p a l e o d i s t r i b u t i o n  of sediments. Unfortunately,  t h i s  i s  
not  an easy problem a s  was shown by the  considerable  d i f f e r e n c e s  
i n  the  e s t ima te s ,  made by recen t  papers ,  of  the  presen t  CCD i n  the  
d i f f e r e n t  bas ins  of t he  South A t l a n t i c .  This i s  p a r t l y  due t o  t he  
f a c t  t h a t  the  CCD v a r i e s  not  only from bas in  t o  bas in  but  a l s o  
w i th in  t h e  same bas in ,  and p a r t l y  t o  i n s u f f i c i e n t  da t a .  

With t he  p re sen t  d i s t r i b u t i o n  of d a t a ,  it i s  of course  
impossible t o  approach adequately t h e  pa leovar ia t ion  of t he  CCD i n  
space.  I t  i s  necessary t o  make some s impl i fying assumptions i n  
o rder  t o  e x t r a p o l a t e  d a t a ,  from one t o  a  few p o i n t s  a t  most, t o  
t he  whole surface  of the  South A t l a n t i c  sea- f loor .  I n  t h i s  paper, 
we have t r i e d  t o  e s t a b l i s h  an average curve f o r  t h e  deep Argentine 
and Cape bas ins  cons ider ing ,  by re fe rence  t o  p resen t  observat ions  
d i scussed  e a r l i e r ,  t h a t  i t  i s  shallower than the  CCD i n  t he  B r a z i l  
and Angola bas ins  but  deeper than t h e  CCD over t h e  high p roduc t iv i ty  
a r e a s  of the  Falkland p l a t eau  and the  Angola c o n t i n e n t a l  margin. 
Thus Our average curve provides  a  r e f e rence  l e v e l  from which we 
es t imate  by dif ference t h e  CCD i n  t h e  o ther  l oca t ions .  

This  hypothesis  seems t o  be confirmed by d a t a  ava i l ab l e  from 
the  var ious  d r i l l e d  s i t e s .  I f ,  f o r  example, we compare the  
curves  of evo lu t ion  of paleodepth of the  pe lag ic  Clay f a c i e s  on the  
Falkland p la teau  t o  those i n  the  Argentine and Cape bas ins ,  the  
former a r e  gene ra l ly  s i t u a t e d  2 000 m shallower.  A s i m i l a r  
observat ion i s  made when we compare the  paleodepths of the  marls 
depos i ted  a t  the  l y soc l ine  l e v e l  i n  the  Cape basin  ( f i g .  10)  and i n  
t h e  a r ea  of high p roduc t iv i ty  of the  easternmost Walvis r idge  ( s i t e s  
361 and 363) .  The l y s o c l i n e ,  dur ing middle Eocene and lower 
Oligocene,  seems t o  have been from 1 000 t o  2 000 m shallower i n  
t he  l a t t e r  a rea  than i n  the  Cape bas in .  

We base ou t  es t imate  of t h i s  pa leo  CCD curve shown i n  f i g u r e  
12 on an ana lys i s  of the f a c i e s  of a l 1  JOIDES sediment cores  
recovered i n  the  South A t l a n t i c .  For t h e  periods where these  d a t a  
d i d  not  give us any r e l i a b l e  es t imate  of t he  paleo-CCD, we have 
used values  previously  proposed by o the r  authors (RAMSAY, 1974); 
BERGER and ROTH, 1975; VAN ANDEL, 1975) based on d a t a  coming from 
o t h e r  p a r t s  of t h e  ocean. 

The type of  information coming from a  desc r ip t ion  of the  s ed i -  
mentary f a c i e s  a t  t he  d i f f e r e n t  d r i l l i n g  s i t e s  is  v iv id ly  i l l u s t r a -  
t e d  by the  5  s i t e s  d r i l l e d  on a  t r a n s e c t  of the mid-Atlantic r idge  
dur ing  l e g  3 ( f i g .  7 ) .  S i t e s  1 6  t o  19  a r e  s i t u a t e d  a t  increas ing  
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Figure 7 .  Sedimentary f a c i e s  evolut ion as a function of the distance 
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Figure  8. E v o l u t i o n  of s ed imen ta ry  f a c i e s  a t  s i t e s  360 and  361 
d r i l l e d  on t h e  Cape c o n t i n e n t a l  margin and i n  t h e  Cape 
b a s i n  (DSDP l e g  40; BOLLI e t  a l . ,  1975). 
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dis tances  from the ridge c r e s t ,  and consequently increasing depths 
and ages. F i r s t ,  we note t h a t  the surface sediments pass from 
chalk t o  marly chalk t o  pe lagic  Clay w i t h  increasing depth, 
indica t ing  t h a t  the present CCD i s  s i t u a t e d  between 4 300 and 4 700 
meters here. Second, we know t h a t ,  a s  the oceanic c rus t  operates  
l i k e  a  conveyor b e l t ,  progressively moving down the  f l anks  of the  
r idge,  the calcareous mud from the c r e s t  area w i l l  be t ransgress-  
ive ly  covered by sediments more affected by d isso lu t ion .  Thus, 
a t  s i t e  19, t h e  e a r l i e s t  Eocene sediments a re  Eocene chalk which 
changes t o  marly chalk i n  upper Oligocene and f i n a l l y  t o  pelagic  
Clay a f t e r  a  h ia tus .  Thi rd ,  the v e r t i c a l  succession of f a c i e s  
does not only r e f l e c t  the  deepening of the ocean c r u s t  but a l s o  
the va r i a t ions  of the CCD. This i s  shown in  s i t e  15 where 
pelagic  clay i s  present i n  middle Miocene between two chalk i n t e r -  
va l s ,  thus indica t ing  a  shallowing of the  CCD a t  the time. 
Similar lv,  i n  s i t e  19, marly chalk appears i n  Upper Eocene between 
two chalk i n t e r v a l s  indica t ing  t h a t  the lysoc l ine  reached site 
19 i n  upper Eocene due t o  a  shallowing of the  CCD. 

I t  is obviously not poss ib le  i n  t h i s  paper t o  descr ibe i n  
d e t a i l  the information given by the  24 d r i l l  s i t e s ,  and which 
p e r m i s u s  t o  estimate the paleo-CCD. We jus t  give a s  an example 
i n  f i g u r e s  8 and 9 the ana lys i s  of s i t e  360 d r i l l e d  i n  Cape basin 
i n  2 949 m water depth. The sediments a t  t h i s  s i t e  have c l e a r l y  
recovered CCD va r i a t ions  i n  t h e i r  f a c i e s  ( f ig .  8) ,  i n  the proportion 
of carbonate (f ig .  9), i n  the  Sand f r a c t i o n ,  i ts  r e l a t i v e  abundance, 
i t s  composition and the  preservat ion of the  foraminifera  t e s t s  
t h a t  i t  contains  (fig. 9). 

The nature of the sediment f a c i e s  was determined on smear 
s l i d e s .  I t  i s  a  more or  l e s s  marly nanno chalk. The Eocene 
sediments a r e  r i c h e r  i n  Clay and l e s s  calcareous than the Oligo- 
Pliocene sediments. This  could r e s u l t  e i t h e r  from increased 
d i l u t i o n  by terrigenous mater ia l  o r  by increased dissolut ion.  
I t  is the purpose of the  study of the  Sand f r a c t i o n  (63 t o  2 000 
microns) (MELGUEN and THIEDB, 1974) t o  discr iminate  between t h e  
two p o s s i b i l i t i e s .  We know for example t h a t  marls deposited a t  
the lysocl ine l eve l  a re  character ized by a  degree of fragmentation 
of planktonic foraminifera c lose  t o  o r  g rea te r  than 50 %. Figure 
9 i l l u s t r a t e s  t h a t  the fragmentation was g rea te r  than 50 % i n  
middle Eocene. Note a l s o  the r e l a t i v e  abundance of d i s so lu t ion  
r e s i s t a n t  components such a s  benthic  foraminifera and f i s h  debr is .  
Thus we can conclude t h a t  t h i s  s i t e  was c lose  t o  the  lysocl ine 
during the Eocene. Note a l s o  i n  f i g u r e  9 the indica t ions  of 
another l e v e l  c lose t o  the  lysocl ine  during middle Miocene. 

I n  prac t ice ,  we have considered three  types of f a c i e s  a s  
being spec ia l ly  s ign i f i can t  i n  est imating the  pos i t ion  of the  CCD: 
pelagic  clay deposited a t  or  below the  l e v e l  of the CCD, marls 
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deposited a t  the  lysocl ine l e v e l ,  roughly 500 m above the  CCD and 
chalk deposited a t  l e a s t  1 000 m above the  CCD. We have then 
summarized the paleofacies information f o r  each of the  d r i l l  s i t e s  
on a curve which gives .the evolution of the  paleodepth with time. . 

Figures 10 and 11 give the  two most important s e t s  of such curves. 
Figure 12 shows the paleo-CCD curve t h a t  we have adopted. For 
comparison purposes, we have a l s o  shown t h i s  paleo-CCD curve on 
f igures  10  and 11. 

Below, we w i l l  d i scuss  t h i s  paleo-CCD curve t h a t  has t o  be 
s t i l l  considered a s  q u i t e  hypothet ical  and is only considered a s  
an average curve f o r  the  deep Argentine and Cape basins. 

- Aptian-Albian (see f i g .  12 f o r  corresponding age i n  M.Y.) 

The value of 1 500 m chosen, which is  very shallow, i s  
re la t ed  t o  the period of deposit ion of black sha les  with in tens ive  
carbonate d isso lu t ion  (MELGUEN, i n  preparat ion) .  Although p a r t  
of the d isso lu t ion  occurred a f t e r  sedimentation, a s  shown by the  
existence of numerous moulds of coccol i ths  now dissolved (NOEL and 
MELGUEN, i n  p ress ) ,  and although there was abundant terr igenous 
supply a t  the time, we s t i l l  consider the  lack of calcium carbonate 
a s  r e f l ec t ing  a very high CCD ( s i t e  361), see  f i g .  10 f o r  paleodepth). 
Black sha les  were a l s o  deposited during Albian on the Falkland 
plateau a t  a paleodepth c lose  t o  1 500 m. 

- Coniacian - Santonian 

4 000 m a f t e r  RAMSAY (1974) 

- Santonian - Campanian 

The value of 3 200 m i s  based on s i t e  361 i n  the Cape basin 
which contains very r a r e  and highly dissolved calcareous nanno- 
f o s s i l s ,  The paleodepth i s  3 000 m and we have chosen 3 200 m 
f o r  the  paleo CCD t o  agree with the value proposed by VAN ANDEL 
(1 975 1. 

- Campanian - Maastrichtian 

The value of 4 500 m chosen i s  the one proposed by RAMSAY 
(1974) a s  we have only i n d i r e c t  evidence, t h a t  i s  the presence of 
chalk during the  Maastrichtian and the Campanian-Maastrichtian 
respect ively i n  the Argentine ( s i t e  358) and B r a z i l  ( s i t e  355) 
basins. The paleodepths of 2 700 and 3 100 m respect ively suggest 
a CCD deeper than 3 700 and 4 100 m. 

- Maastrichtian - Paleocene 

The estimate of 3 000 m i s  based on the  presence of pelagic  

397 
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c l a y  a t  a  paleodepth of  3 000 m a t  s i t e  328 i n  t h e  Argentine bas in .  
T h i s  value i s  confirmed Sy the pïeserice of pe lag ic  Clay a t  s i t e s  
301 and 355 a t  the  Maastrichtian/IJaleocene boundary, a t  paleodepths 
o f  3 200 - 3 4C0 m. 1 t agrees  wi th  t he  es t imate  of RAMSAY (1974). 

- Upper Yaleocene 

The e s t ima te  of  3 600 m is  made on t h e  b a s i s  of  the  presence 
of pe lag ic  c l a y s  a t  a  paleodepth of 3 600 m i n  t h e  B r a z i l  ba s in  
( s i t e  355). Th is  is  i n  agreement w i th  t h e  3 500 rn proposed by 

VAN ANDEL (1975) and c l o s e  t o  t h e  4  000 m proposed by RWSAY (1974). 
However, t h e r e  is  chalk  a t  a  paleodepth of  3 600 m i n  the  Cape 
bas in  ( s i t e  361) a t  t h a t  time which sugges t s  a  much deeper CCD. 
The chalk  depos i t i on  is only a s h o r t  event  a s  t he  Paleocene/Eocene 
boundary i s  a l r eady  marked by t h e  presence of n a r l s  deposi ted  c l o s e  

_---- NON CONDENSED 
SEDIMENTARY SEQUENCEÇ - H I A T U S  

*m.** PELAGIC CLAY 

MARL DEPOSITED AT THE 
LYSOCLINE LEVEL 

Figure 10. Paleobathymetric evo lu t ion  of s i t e s  355 (Braz i l  basin;  
l eg  39) ,  360 and 361 (Cape b a s i n ,  l eg  40) ,  328 and 358 
(Argentine bas in ,  l e g s  36 and 39).  Hiatuses  i nd i ca t e  
changes in oceanic p a l e o c i r c u l a t i o n .  The CCD curve of  
z igu re  12 has been drawn i n  accordance with t he  
paleobathymetry of r e p r e s e n t a t i v e  f a c i e s ,  such a s  
pe lag ic  c l a y ,  marl deposi ted  a t  the  l y soc l ine  l e v e l  and 
chalk  (average values  from Argentine and Cape bas ins ) ,  
Water dep ths  i n  meters ,  age i n  m.y .  
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t o  t h e  lysoc l ine .  Unless t h e  chalk  i s  n o t  i n  p lace ,  t h i s  sugges t s  
a very l a r g e  di f ference i n  CCD between t h e  Cape and B r a z i l  ba s in  
which seems un l ike ly  t o  us. 

- Eliddle Eocene 

The es t imate  of 2 ?O0 m i s  based on good da t a  from s i t e  360 
i n  t h e  Cape basin ,  where marls  were depos i ted  a t  a paleodepth o f  
2 000 m c l o s e  t o  t he  l y soc l ine  l e v e l  (f ig.  10).  This  i s  confirmed 
by t h e  appa r i t i on  of pelagic  Clay a t  a paleodepth of 3 700 m a t  
s i t e  361. BERGER and RO'TH (1975) have proposed a paleo-CCD of  
3 000 m which i s  i n  reasonable agreement consider ing t h a t  i t s  l e v e l  
i s  genera l ly  deeper i n  the  Cape and Argentine bas ins  than t o  t h e  
nor th.  

_--- NON CONDENSED 
SEDIMENTARY SEPUENCES - H I A T U S  

eee PELAGIC CLAY 

**,, MARL DEPOSITED AT THE 
LYSOCLINE L E V E L  

Figure 11. Paleobathymetric evolu t ion  of s i t e s  15, 19,  20, d r i l l e d  
on the  f l a n k s  of the  Mid-Atlantic Ridge (DSDP, l e g  3 ,  
MAXWELL e t  a l . ,  1970). The CCD curve i s  shallower than 
t h e  lysoc l ine  l e v e l  of s i t e s  17  and 19. Both s i t e s  
a r e  s i t u a t e d  i n  t he  Angola bas in ,  where t he  CCD i s  much 
deeper than i n  the  Argentine and Cape basins .  Water 
depths i n  meters ,  age i n  m.y. 
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- Lower Oligocene 

We have adopted a value  of 3 000 m c l o s e  t o  t h e  3 200 m of 
BERGER and ROTH (1975). The only ava i l ab l e  da t a  i s  a s l i g h t l y  
higher degree  of fragmentation of planktonic  foraminifera  (30 %) 
a t  s i t e  360 a t  a paleodepth of 2 250 m ( f ig .  10). This  suggests  
a l eve l  s l i g h t l y  above the  l y soc l ine ,  hence Our choice. 

- Middle Miocene 

The es t imate  of 3 000 m i s  based on the  presence of marls  
deposi ted a t  the  l y s o c l i n e  l e v e l  a t  a paleodepth of  2 500 m a t  
s i t e  360 i n  the  Cape bas in  and on the  presence of pe lag ic  c l ays  
a t  a paleodepth of 3 000 m a t  s i t e  15 on the  B r a z i l  bas in  f lank  of 
t he  mid-Atlantic r i dge  ( f i g .  7 and 11). Our es t imate  i s  500 m 
deeper than the  one proposed by BERGER and ROTH (1975). 

From t h e  Middle Miocene t o  p re sen t  t ime,  the  CCD has dropped 
t o  4 500 - 4 800 m and more depending on the  d i f f e r e n t  bas ins  
( f i g .  4).  

.THIS WORK 
AFTER BERGER 8 ROTH 1975 

4 AFTER RAMSAY 1974 

Figure 12. CCD f l u c t u a t i o n s  s ince  Aptian time i n  the  South A t l a n t i c  
ocean (average values from Argentine and Cape bas ins ) .  
Water depths i n  meters,  age i n  m.y. 
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The paleo-CCD curve o f  f i g u r e  12 ,  which t r i e s  t o  give a rough 
approximation of the gene ra l  evo lu t ion  of t he  CCD i n  t h e  Argentine 
and Cape bas ins ,  w i l l  t hus  be the  b a s i s  of Our at tempt a t  recon- 
s t r u c t i n g  the  pa leofac ies  maps. Although t h i s  curve w i l l  undoubt- 
ed ly  be modified, i t  w i l l  a l low us  t o  demonstrate the  bas ic  meth- 
odology of recons t ruc t ion .  

Deep water  c i r c u l a t i o n  

We have seen the importance of t he  water  c i r c u l a t i o n  i n  t he  
presen t  deep s e a  f l o o r  of t he  South A t l a n t i c  ocean, and e s p e c i a l l y  
of the  AABC which plays  a major r o l e  i n  the  processes  of t r a n s p o r t  
of sediment, e ros ion  and sedimentation c o n t r o l  and d i s s o l u t i o n .  
I t  is consequently e s s e n t i a l  t o  be ab l e  t o  r e c o n s t r u c t ,  a t  l e a s t  
i n  a genera l  way, the  p a l e o c i r c u l a t i o n  of t he  deep s e a  f l o o r .  A 
f i r s t  approach, which was followed by EWING e t  a l ,  (1971), i s  t o  
use t h e  information given by seismic  r e f l e c t i o n  da t a  on the  
r e l a t i o n s h i p  of  se ismic  r e f l e c t o r  cha rac t e r s  t o  the  AABW c i r c u l a -  
t ion .  These authors  showed t h a t  a l 1  over t h e  Argentine bas in  a 
new type of sedimentation c l e a r l y  r e l a t e d  t o  the  AABC was i n s t a l l e d  
a t  the  age of a major se ismic  r e f l e c t o r ,  c a l l e d  r e f l e c t o r  A ,  which 
i s  now known t o  da t e  from the  Upper Oligocene (PERCH-NIELSEN and 
SUPKO, 1975). A second approach i s  r e l a t e d  t o  the  f a c t  t h a t  
bottom c u r r e n t s  r e s u l t  i n  d i s s o l u t i o n  and e ros ion  which appear a s  
h i a t u s e s  i n  t h e  sedimentary column. Thus a s tudy of t he  d i s t r i b u t i o n  
of h i a t u s e s  on the  ocean g ives  some b a s i c  informat ion f o r  a recon- 
s t r u c t i o n  of pa leocur ren ts .  

Hiatuses  become widespread dur ing the  Maas t r ich t ian  and most 

s p e c i a l l y  a t  the  l i m i t  Upper Cretaceous/Cenozoic over the  Falkland 
p l a t eau ,  the  Rio Grande Rise and the  Sao Paulo p la teau .  They 
suggest  the  presence of s t rong  bottom water c i r c u l a t i o n  a t  depths  
ranging between 1 000 and 3 000 m ,  Over t h e  Walvis Ridge, h i a t u s e s  
a r e  f requent  a t  the Coniacian-Santonian l i m i t ,  but no t  i n  
Maastr icht ian ( s i t e  363). 

I n  Ear ly  Cenozoic, h i a t u s e s  appear i n  the  Argentine and Braz i l  
ba s in s ,  during the Paleocene/Eocene a t  s i t e s  358 and 328 and 
e s p e c i a l l y  dur ing  the Eocene/Oligocene a t  s i t e s  329, 327, 358, 22 
and 355. They suggest the  i n s t a l l a t i o n  of deep water c i r c u l a t i o n  
a t  t h a t  time, I t  seems t h a t  the  AABC f i r s t  appears i n  the Cape 
basin  i n  Eocene but i t  probably only becomes a s t rong  well-defined 
cu r r en t  i n  Oligocene . 

These observat ions  agree  wi th  the  conclusions of MARGOLIS and 
KENNETT (1970), KENNETT e t  a i .  (19741, SHACKLETON and KENNETT 
(1975 a and b )  t h a t  the  AABW c i r c u l a t i o n  begins i n  Eocene/Oligocene 
and t h a t  the  AABC becomes w e l l  e s t ab l i shed  i n  Upper Oligocene. 
M a j o r  f l uc tua t ions  of the  AABC occurred i n  Miocene, Pliocene and 
Ple is tocene dur ing peaks of t he  An ta rc t i c  g l a c i a t i o n  (BERGER, 1973; 
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1974; WATKINS and KENNETT, 1971). 

We have no d i r e c t  information e i t h e r  on the  f i r s t  passage of 
t h e  AABC through the  Romanche F rac tu re  Zone o r  on t he  i n s t a l l a t i o n  
of the  NADC. SCLATER and McKENZIE (1973) have proposed an  
oligocene age f o r  t h e  former (35 May.) whereas BERGGREN and 
HOLLISTER (1974) proposed a l a t e r  age between Oligocene and Upper 
Miocene. The NADC seems t o  be w e l l  e s t ab l i shed  i n  the North 
A t l a n t i c  by lower/middle Eocene (BERGGREN and HOLLISTER, 1974). 

The major po in t  i s  t h a t  i n  t h e  f i rs t  s t a g e  of opening of the  
ocean, i n  Lower Cretaceous ,  t h e r e  i s  no evidence f o r  any s i g n i f i c a n t  
deep o r  in te rmedia te  water  c i r c u l a t i o n  i n  t he  South A t l a n t i c .  

Facies  d i s t r i b u t i o n  map 

Knowing t h e  paleobathymetry and t h e  approximate paleo-CCD, i t  
i s  poss ib le  t o  r econs t ruc t  a pa l eo fac i e s  d i s t r i b u t i o n  map, on the  
b a s i s  of t h e  present  d i s t r i b u t i o n  of f a c i e s  with respec t  t o  CCD and 
of  the  probable r e l a t i v e  abundance of the  t e r r igenous  sedimentat ion,  
e s p e c i a l l y  on t h e  Argentine and Angola con t inen t a l  margins. 

I t  i s  necessary ,  of course ,  t o  t r y  t o  account f o r  t he  s p a t i a l  
v a r i a t i o n  of t h e  CCD a t  any given t ime.  This i s  mostly r e l a t e d  t o  
t h e  in f luence  of t h e  AABC a f t e r  i t s  es tabl ishment  a s  d i scussed  f o r  
t h e  present  s i t u a t i o n .  P r i o r  t o  i t s  es tab l i shment ,  we have 
supposed t h a t  t he  CCD i s  a t  the  same depth  i n  the B r a z i l  and Angola 
b a s i n s ,  roughly 500 m deeper than i n  t he  Cape and Argentine bas ins  
t o  t ake  i n t o  account the  e a s i e r  access  t o  c o l d w a t e r  t he re .  

There is however an except ion which concerns t h e  e a r l y  per iods  
of  s t agna t ion  dur ing  which t he  CCD wasve ry  shallow. This was f o r  
example t he  case  dur ing  t h e  Coniacian n o r t h  of t he  Rio Grande-Walvis 
topographic b a r r i e r .  The CCD, t h e r e ,  seems t o  have been i n t e r m i t t e n t l y  
c l o s e  t o  the  pho t i c  zone whereas i t  was a t  a  paleodepth of 3 200 rn 
i n  t h e  Cape and Argentine bas in s .  

I I I ,  SCHEMATIC MODEL OF EVOLUTION 

Figures  1 3  t o  22 p resen t  a  s e r i e s  of paleobathymetric,  
pa leocur ren t  and pa l eo fac i e s  maps cons t ruc ted  according t o  the 
methodology previously  discussed and which schematize the  evo lu t ion  
of the  sou th  A t l a n t i c  ocean, a s  i t  widens, deepens and a s  a  vigour- 
ous deep thermohaline c i r c u l a t i o n  progress ive ly  g e t s  e s t ab l i shed .  
Three main per iods  can be recognized: from Valanginian t o  Santonian,  
t h i s  i s  the  e a r l y  opening s t a g e  which goes from the  con t inen t a l  r i f t  
t o  the  narrow confined bas in  s t age ;  from Campanian t o  e a r l y  
Oligocene,  t h e  ocean progress ive ly  opens t o  the no r th  and t o  the  
sou th  a s  t h e  topographic b a r r i e r s  formed by the l a r g e  f r a c t u r e  zones 
and the  Walvis-Rio Grande r i d g e s  break; t h e  deep water  c i r c u l a t i o n  
i s  i n i t i a t e d ;  from upper Oligocene t o  the  p resen t ,  the  modern 
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p a t t e r n  of deep-sea c i r c u l a t i o n  and sedimentation i s  e s t ab l i shed  
and i s  mostly modulated by the  c l ima t i c  f l u c t u a t i o n s  assoc ia ted  wi th  
the  An ta rc t i c  g l a c i a t i o n ,  which c o n t r o l ,  i n  a g rea t  p a r t ,  the  CCD 
v a r i a t i o n s  and the  AABC c i r c u l a t i o n .  

Early opening: Valanginian-Santonian (127 - 82 M.y.) 

Fig.  13 ,  14,  15,  1 6 -  

Figures 1 3  and 15 i l l u s t r a t e  t h a t  we a r e  dea l ing  wi th  two 
narrow bas ins ,  closed t o  the  nor th  and sou th ,  but  f a i r l y  deep a s  
they a r e  a l ready deeper than 3 km 100 M.y. ago and they a r e  deeper 
than 4  km 80 M.y. ago when the  f i r s t  breaks i n  the  topographic 
b a r r i e r s  appear, f i r s t  t o  the  south,  then t o  the  nor th  'Equatorial  
Frac ture  Zone) and i n  the  cen te r  (Walvis - Rio Grande). 

Figure 14 shows the  d i s t r i b u t i o n  of sediment 100 M.y. ago; 
f i gu re  16 shows i t  ju s t  p r i o r  t o  the  break (roughly 85 M.y. ago) 
whereas f igure  17 shows i t  immediately a f t e r  the  break (80 M.y. ago). 
The South A t l a n t i c  c o n s i s t s  now of two narrow confined bas ins ,  
charac te r ized  by a f requent  s tagnant  environment where black s h a l e s  
and sapropels  (black depos i t s  very r i c h  i n  organic  ma t t e r )  a r e  
sedimented. To the  South of the  Walvis-Rio Grande b a r r i e r ,  these  
black sha les  a r e  deposited dur ing Aptian Albian a t  depths  g r e a t e r  
than 3 000 m ( f i g .  13 ,  14) over a  th ickness  of s e v e r a l  hundred 
meters. They a r e  very f i n e ,  very homogeneous and very poor i n  
microfoss i ls .  I n t e rmi t t en t  l aye r s  of coarse  sandstones ,  o f t en  
r i c h  i n  p lan t  d e b r i s ,  have been deposi ted by t u r b i d i t y  cu r r en t s .  

To the n o r t h ,  evapor i tes  (products of evaporat ion of s a l t  
water  which include anhydri te  and h a l i t e ,  assoc ia ted  w i t h  dolomite)  
are deposi ted wi thin  s a l t  bas ins  whose l i m i t s  a r e  ou t l i ned  i n  f i g .  
14 (LEYDEN e t  a l . ,  1976). Seismic r e f l e c t i o n  da t a  suggest  t h a t  
the  evapor i te  th ickness  exceeds s eve ra l  hundred meters.  However, 
we have no d i r e c t  information on these  evapor i t e s .  The evapor i t e s  
seem t o  be ove r l a in  by dolomit ic  marls  which have been reached i n  
s i t e  364 on t h e  Angola margin (BOLLI e t  a l . ,  1975). 

To the sou th ,  the  s a p r o p e l i t i c  sedimentation ends during Albian 
time, which confirms the  paleobathymetric information of an e a r l i e r  
opening across  the  Falkland-Agulhas b a r r i e r  than across  the  
Equa tor ia l  Frac ture  Zone b a r r i e r .  Thus the  oceanic sedimentation 
regime progress ively  g e t s  e s t ab l i shed  t o  t h e  south and i s  r e f l e c t e d  
on the  mid-Atlantic f l anks  by the  depos i t i on  of pe l ag i c  calcareous  
sediments and on the southern border where s i l i c e o u s  mud i s  
deposi ted under a  high produc t iv i ty  zone. To the  nor th ,  the  
s a p r o p e l i t i c  sedimentation i n t e r m i t t e n t l y  cont inues  and the  cor res -  
ponding d e p o s i t s  have been cored on t h e  Angola margin, on the  
nor thern f l a n k  of the  Walvis Ridge and on the  Sao Paulo p la teau  
(BOLLI e t  a l . ,  1975; PERCH-NIELSEN e t  a l . ,  1975). Maris and 
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Figure  13. Paleobathymetry of t h e  South A t l a n t i c  Ocean a t  Albian  
t ime (anomaly MO = 100 m.y.). Two major b a s i n s  a r e  
w e l l  d i f f e r e n t i a t e d  n o r t h  and south  of the  Rio Grande 

- .  R i s e  and Walvis Ridge. Water depths  i n  km. 
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Figure 14. Albian (anomaly m O = 100 m.y.) sedimentary f a c i e s  
d i s t r i b u t i o n  based e s s e n t i a l l y  on DSDP legs  36 and 40 
(BARKER, DALZIEL e t  a l . ,  1974; BOLLI , RYAN e t  a l . ,  i n  
p r e s s ) .  Limits  of the  S a l t  bas ins  a r e  from LEYDEN e t  
a l .  (1976). The CCD i n  the  southern bas in  i s  around 
1 500 m. 
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Figure 15. Paleobathymetry of the South Atlantic Ocean during 
Coniacian/Santonian time (anomaly 34 : 86 m.y.) Water 
depth in km, 
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Figure 16 .  Coniacian/Santonian (anomaly 34 : 86 m.y.) sedimentary 
f a c i e s  d i s t r i b u t i o n  based on da t a  from DSDP l egs  36, 39, 
40 (BARKER , DALZIEL e t  a l ,  , 1974; PERCH-NIELSEN, SUPKO 
e t  a l . ,  i n  p re s s ;  BOLLI, RYAN e t  a l . ,  i n  p re s s ) .  
CCD l e v e l  around 3 200 m i n  the  Cape and Argentine 
bas ins ,  and around 2 000 m i n  the  B r a z i l  and Angola 
basins .  For f a c i e s  symbols see  f i g u r e  5 .  
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marly l imestones  a l t e r n a t e  wi th  t h e  sapropels .  They con ta in  
microfaunas which a r e  q u i t e  s i m i l a r  t o  those l i v i n g  i n  t h e  Tethys 
( the  ocean s i t u a t e d  between Euras ia  and Af r i ca )  a t  the  time (BOLLI 
e t  a l . ,  1975). 

Progress ive  es tabl ishment  of oceanic c i r c u l a t i o n :  

Campanian-Early Oligocene (82 - 35 M.Y .) Fig.  17,  l 8 ,  19, 20* 

Figure 18 shows t h a t  t h i s  i s  t h e  s t age  of complete d i s r u p t i o n  
of t he  d i f f e r e n t  east-west topographic b a r r i e r s .  A t  anomaly 34 
time (82 M.y., f i g .  1 5 ) ,  t h e r e  i s  a l ready  a  200 km gap between the  
w e l l  def ined marginal f r a c t u r e  zones of the  e q u a t o r i a l  f r a c t u r e  
zones. S i m i l a r l y ,  t o  t he  south,  t he  long Falkland-Agulhas f r a c t u r e  
zone has a l ready  been broken and the  opening e n t e r s  i n to  a new s t a g e  
where i t  i s  not  cons t ra ined  any more by t h i s  s t r o n g  Africa-South 
America coupling (LE PICHON and HAYES, 1971). The Walvis-Rio 
Grande b a r r i e r  i s  s t i l l  nea r ly  continuous but the  f i rs t  gaps appear .  

This  opening of the  B r a z i l  and Angola bas ins  t o  the  nor th  i s  
c l e a r l y  r e f l e c t e d  i n  t he  sedimentary records  from the  Santonian/ 
Campanian l i m i t  upward, a s  marls  have been d r i l l e d ,  f o r  example, 
on the  f l a n k  of  the  Walvis r i dge  ( s i t e  363), on the  Angola margin 
( s i t e  364), on t h e  Sao Paulo p la teau  ( s i t e  356) and on the  Rio 
Grande r i s e  ( s i t e  357). These marls a r e  ove r l a in  by chalks  
(BOLLI e t  a l .  , 1975; PERCH-NIELSEN e t  a l , ,  1975). Campanian 
cha lk  has a l s o  been d r i l l e d  i n  the  B r a z i l  basin ( s i t e  355). 
Figure 1 7  shows t h a t ,  t o  t he  south,  i n  the  Cape and Argentine basins,  
t h e r e  is no s t r i k i n g  sedimentation change from the  Santonian t o  the  
Campanian. 

During the  Maas t r ich t ian ,  over t h e  whole South A t l a n t i c ,  t h e r e  
i s  an ex tens ive  sedimentation of cha lk ,  which i s  r e l a t e d  t o  a  
deepening of the  CCD (4 500 m ,  f i g .  12) .  These chalk depos i t s  a r e  
e s p e c i a l l y  widespread nor th  of Walvis-Rio Grande, where t he  t e r r i -  
genous supply seems l e s s  abundant than t o  the  south.  

I t  is probably dur ing Maas t r ich t ian ,  a s  previously mentioned, 
than an in te rmedia te  depth c i r c u l a t i o n  (1 000 - 3 000m) progress-  
i v e l y  g e t s  e s t a b l i s h e d ,  a s  numerous h i a t u s e s  appear a t  t h i s  paleo- 
depth on the  Rio Grande r i s e  and Falkland pla teau.  This  paleo- 
c i r c u l a t i o n  is  t e n t a t i v e l y  sketched on f i g .  18,  although the  arrows 
a r e  highly  hypothe t ica l .  

A t  t h e  beginning of Paleocene ( f ig .  20). t he  CCD g e t s  much 
shallower (3 000 m i n  the  Cape and Argentine bas ins  and t h i s  is 
r e f l e c t e d  i n  a  r eg re s s ion  of the  chalk f a c i e s  and an extension of 
the  pe lag ic  Clay f a c i e s .  This  shallowing of the  CCD seems t o  be 
p a r t  of a  worldwide phenomenon descr ibed by WORSLEY (1974). Thus, 
the  Paleocene i s  cha rac t e r i zed  by highly condensed sedimentary 
s e r i e s ,  s t rong ly  a f fec ted  by d i s so lu t ion .  
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Figure 17. Santonian/Campanian (anomaly 34 : 82 m.y.1 sedimentary 
facies distribution based on DSDP legs 36, 39, 40 
(BARKER , D A U I E L  et al. , 1974; PERCH-NIELSEN , SUPKO 
et al., in press; BOLLI, RYAN et al., in press). CCD 
level around 3 200 rn in the Cape and Argentine basins, 
and 3 700 rn in the Brazil and Angola basins. 
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Figure  18. Pa leobathymetry  and p a l e o c i r c u l a t i o n  o f  t h e  Sou th  
A t l a n t i c  Ocean d u r i n g  M a a s t r i c h t i a n  t ime (anomaly 31 : 
68 m.y.). Water d e p t h s  i n  k i l o m e t e r s .  
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F i g u r e  19.  M a a s t r i c h t i a n  (anomaly 31 : 68 m.y.1 s ed imen ta ry  f a c i e s  
d i s t r i b u t i o n  b a s e d  on DSDP l e g s  36,  39,  40 (BARKER, 
DALZIEL e t  a l . ,  1974; PERCH-NIELSEN, SUPKO e t  a l . ,  i n  
p r e s s ;  BOLLI, RYAN e t  a l . ,  i n  p r e s s ) .  CCD l e v e l  
a round 4 500 m a c c o r d i n g  t o  RAMSAY (1974) .  For f a c i e s  
symbols s e e  f i g u r e  5 .  



X. LE PICHON, M. MELGUEN, AND J.C. SIBUET 

Figure  20. Maastr ichtian-Paleocene (anomaly 29 : 64 m.y.) sedimentary 
f a c i e s  d i s t r i b u t i o n  based on DSDP legs  36, 39, 40 d a t a  
(BARKER, DALZIEL e t  a l . ,  1974; PERCH-NIELSEN, SUPKO e t  
a l . ,  i n  press ;  BOLLI, RYAN e t  a l . ,  i n  p r e s s  ). We have 
used t h e  sarne r econs t ruc t ion  a s  i n  f i g u r e  19. CCD l e v e l  
around 3 000 m i n  t he  Cape-Argentine b a s i n s ,  and 3 500 
m i n  t he  Angola and Braz i l  ba s in s .  For symbols see  
f i g u r e  5 .  
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Present-day p a t t e r n :  Upper Ol igocene-Present  (30-0 M.y.) Fig.  21, 22. 

The modern deep-sea c i r c u l a t i o n  was f i r m l y  e s t a b l i s h e d  i n  
Ol igocene .  T h i s  i s  t h e  t ime a t  which t h e  nar row p a s s a g e s ,  such  
a s  t h e  Fa lk land  and Vema c h a n n e l s ,  reached a  d e p t h  g r e a t e r  than 
4 000 m. I t  i s  a l s o  t h e  t ime a t  which t h e  new c u r r e n t - r e l a t e d  
sediment d e p o s i t i o n  p a t t e r n  g e t s  e s t a b l i s h e d  i n  t h e  Argen t ine  
b a s i n  ( r e f l e c t o r  A of EWING e t  a l . ,  1973) .  H i a t u s e s  are f a i r l y  
widespread a l 1  ove r  t h e  w e s t e r n  s i d e  of t h e  Sou th  A t l a n t i c  ocean.  
The deep  AABW c i r c u l a t i o n  might have been t h e  cause  o f  t h e  s h a l l o w  
CCD (3  000 m i n  t h e  Cape and A r g e n t i n e  b a s i n s ) .  I n  any c a s e ,  t h e  
p e l a g i c  c l a y  f a c i e s  cove r s  a  l a r g e  s u r f a c e .  

F igure  21. Paleobathymetry and p a l e o c i r c u l a t i o n  of  t h e  South A t l a n t i c  
Ocean d u r i n g  lower Ol igocene  t ime (anomaly 1 3  : 34 m.y.). 
Heavy arrows : i n t e r m e d i a t e / s u r f a c e  c u r r e n t s ;  dashed  
ar rows : NADC; d o t t e d  ar rows : AABW. Water d e p t h s  i n  
km. 
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I t  i s  c l e a r  t h a t ,  by lower Oligocene,  the  ocean b a s i n s  have 
reached a  s i z e ,  which i s  comparable t o  t h e i r  p r e sen t  s i z e ;  t h e i r  
d e p t h s  exceed 5 000 m and t h e  deep water  c i r c u l a t i o n  is  wel l  es tab-  
l i s h e d .  Thus, from then on, t he  f a c i e s  d i s t r i b u t i o n  can be con- 
s i d e r e d  a s  r e p r e s e n t a t i v e  of t he  p resen t  oceanic environment. I t s  
evo lu t ion  i s  going t o  r e f l e c t ,  p r imar i l y ,  the p rogress ive  d e t e r i o r -  
a t i o n  of t h e  c l ima te  which l eads  t o  p rogress ive ly  co lder  sur face  
temperatures ,  v a r i a t i o n s  i n  the  i n t e n s i t y  of t he  AABW c i r c u l a t i o n  
and i n  t he  con t inen t  e ro s ion  p a t t e r n .  

Figure 22. Lower Oligocene (anomaly 1 3  : 34 m.y.) sedimentary f a c i e s  
d i s t r i b u t i o n  based on DSDP l e g  3, 36, 39, 40 da t a  
(MAXWELL e t  a l . ,  1970; BARKER e t  a l . ,  1974; PERCH- 
NIELSEN e t  a l , ,  i n  p ress ;  BOLLI e t  a l . ,  i n  p r e s s ) .  
CCD l e v e l  around 3 000 m i n  t h e  Cape and Argentine b a s i n s ,  
3 500 m i n  the  B r a z i l  bas in ,  4 000 m i n  the  Angola bas in .  
The CCD d i f f e r e n t i a t i o n  from basin  t o  bas in  i s  due t o  
the  es tab l i shment  of the AABW c i r c u l a t i o n .  For f a c i e s  
symbols s ee  f i g u r e  5 .  



MODEL OF THE EVOLUTION OF THE SOUTH ATLANTIC 

TABLE 1: Parameters  of  r e c o n s t r u c t i o n  o f  p o s i t i o n s  o f  South  ~ m e r i c a '  
w i t h  r e s p e c t  t o  A f r i c a  

1. a f t e r  SIBUET and MASCLE ( i n  p r e p a r a t i o n )  

2. a f t e r  LADD ( i n  p r e s s )  

.- 

BPOCH 

1 
Albian 

Conacian-Santonian 2 

Maastricht ian 
2 

Lower Oligocene 
2 

CONCLUSION 

A s  mentioned i n  t h e  i n t r o d u c t i o n ,  pa leoenvironmenta l  ocean- 
ography i s  a  new s c i e n c e  which i s  p r o g r e s s i n g  very r a p i d l y .  T h i s  
s tudy i s  no t  a  s y n t h e s i s  b u t  t r i e s  t o  o f f e r  a  working mode1 of  t h e  
e v o l u t i o n  of t h e  sea - f loor  o f  t h e  South A t l a n t i c  ocean,  based on 
p l a t e  t e c t o n i c s  c o n s i d e r a t i o n s  and i n t e g r a t i n g  r e c e n t  deep s e a  
d r i l l i n g  r e s u l t s .  The emphasis i s  p u t  on t h e  methodology now 
a v a i l a b l e  t o  r e c o n s t r u c t  t h e  ocean c r u s t  morphology and i t s  s e d i -  
mentary cover .  Three main s t a g e s  a r e  recognized i n  t h e  opening of 
the  South  A t l a n t i c ,  a  conf ined b a s i n  s t a g e ,  from 130 t o  80 M.y., an 
embryonic deep c i r c u l a t i o n  s t a g e  from 80 t o  35 M.y. and a  modern 
s t a g e  from 35 m.y. t o  present .  Pa leoba thymet r i c ,  deep paleo-water  
c i r c u l a t i o n  and paleo-sedimentary f a c i e s  maps a t  f i v e  d i f f e r e n t  
ages i l l u s t r a t e  t h i s  schematic  r e c o n s t r u c t i o n .  

MAGNETIC 
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