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Abstract:

The opening of the Equatorial and South Atlantic Oceans is still a matter of debate, particularly as
concerns the locations of the intraplate deformation. We propose here a critical review of the kinematic
models published since Bullard et al., 1965, based on a series of constraints: new interpretation of the
magnetic anomalies, seafloor isochrons, flow lines, fracture zones, continental and oceanic
homologous structures and radiometric dating of igneous rocks. All of these models present numerous
unexplained misfits (gaps, overlaps and misalignments). We present here a new evolution of the
Equatorial and South Atlantic Ocean from the tightest reconstruction to Chron C34. This new model
confirms the hypothesis of a northward propagation of the South American deformation proposed by
Eagles, but rejuvenates slightly the ages for this propagation and refines the plate reconstructions. In
particular, we highlight the role of the kinematic «buffer» Santos block, located between the salty
Aptian Central segment in the North and the Volcanic Hauterivian Austral segment in the South. The
new initial fit presented in this study represents the tightest reconstruction that could be obtained and
constitutes the base canvas on which the problem of the continental margin genesis should be
addressed.
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1. Introduction

Several authors have tried to solve the problem of the pre-opening fit in the South Atlantic
Ocean in the past. Nevertheless, even the most recent entire reconstructions of the break-up
history (NUrnberg & Mdller, 1991, Lawver et al., 1999, Schettino & Scotese, 2005, Eagles,
2006, Konig & Jokat, 2006, Torsvik et al., 2009) present numerous unexplained misfits
(gaps, overlaps and misalignments) that we will show and analyse in this review. Attempts to
obtain the pre-opening fit (and to evaluate its age) and the early evolution of an ocean are
also strongly dependent on the hypothesis made for the location of the first typical oceanic
crust and often require an assessment of the rigidity of surrounding plates. This procedure
has been undertaken for the South Atlantic Ocean (Burke & Dewey, 1974; Pindell & Dewey,
1982; Curie, 1984; Unternehr et al. 1988; Niurnberg & Miiller, 1991; Lawver et al., 1999;
Dickson et al., 2003; Macdonald et al., 2003; Eagles, 2006; Torsvik et al., 2009) and for the
Central Atlantic (Olivet, 1984, Olivet et al., 1996, Sahabi et al., 2004, etc.). In the central
segment of the South Atlantic Ocean, this work is complicated by the lack of well-defined
magnetic anomalies in the early history of the ocean.

The aim of this work is to reassess the plate tectonics kinematics in this region in order to 1)
obtain the tightest pre-opening reconstruction without unacceptable misfits 2) obtain the
precise evolution of the opening of the South and Equatorial Atlantic Oceans, taking into
account all geological and geophysical constraints and 3) discuss the probable existence, the
location and evolution of the intraplate deformation during the opening of the South Atlantic
Ocean.

2. The South Atlantic Ocean: early history, main structures and
hypotheses.

The mega-continent Pangea was the result of an aggregation of two super continents,
Laurasia and Gondwana, which formed the Caledonian-Hercynian Mountains during the
permo-triassic period (Figure 1). At the end of the Triassic, the break-up of the mega-
continent occurred asynchronously on an ancient suture zone and corresponds to three
phases:

1- The first signs of the distension within Pangea started in the Trias; the separation between
the Gondwana and the Laurentia began in the Late Sinemurian (Sahabi et al., 2004) with a
rifting marked by major igneous eruptions in the Central Atlantic Magmatic Province (CAMP)
dated about 200Ma (May, 1971; Bertrand & Westphal, 1977; Marzoli et al., 1999b). Within
the Gondwana, the disruption occured during the early Jurassic, between Africa and South
America and between Australia, Antarctica, Madagascar and Indus (Norton & Sclater, 1979;
Patriat et al., 1982; Eagles & Konig, 2008) coinciding with the Karoo volcanism. Those
disruptions (red lines on figure 1) created three mega-blocks that now form the oldest in situ
margins known in the world.

2- During the Early Cretaceous, around the magnetic anomaly MO (around 125 Ma,
Gradstein et al,, 2004) that marked the beginning of the quiet magnetic period, a new
configuration took place: the three super-blocks further subdivided into smaller blocks (green
lines on figure 1). This new disruption initiated the formation of the North Atlantic Ocean,
between North America and Greenland, forming the Labrador Sea (Watt, 1969; Austin &
Howie, 1973), and between North America and Europe — Iberia in the south, extending to the
Bay of Biscay (Pitman & Talwani, 1972; Kristoffersen, 1978; Olivet et al., 1984, Olivet, 1996).
The Early Cretaceous breakup afftected the northern and eastern margins of Antarctica,
forming the North and SW Indian Ocean (Norton & Sclater, 1979; Sahabi, 1993), which
separated the Indian and Australian continents. The South Atlantic Ocean also opened
during this period, mainly on the Pan-African suture in the south, but also disrupting the E-W



segment of the Sdo Francisco — Sangha cratons in the north (Heilbron et al., 2000; Aslanian
et al., 2009).

3- Last, a third generation of disruption (blue lines on Figure 1) occurred during the Tertiary
period, in the Red Sea, the Gulf of Aden (Laugthon et al., 1970; Girdler & Styles, 1978;
Cochran, 1982) and the Norwegian Sea, separating Greenland from Scandinavia (Talwani &
Eldholm, 1977; Olivet, 1978; Unternehr, 1982; Nunns, 1983). Rifting in the Labrador Sea was
thus extincted and the active spreading center moved to the east forming a massive lava flow
province between Greenland and Norway and eventually resulting in the present-day mid-
Atlantic ridge located in Iceland (White, 1992; Srivastava & Roest, 1999).

Focusing on the South Atlantic Ocean, it can be divided into four ~2000km-long segments
(Figure 2): from North to South, the Equatorial segment, the Central segment, the Austral
Segment (Popoff, 1988) and the Falkland Segment.

The Equatorial segment is separated from the Central Atlantic Ocean by the
Marathon Fracture Zones, to the north of the Demerara and Guinean plateaus (Figure 2). Its
southern limit, marked by Romanche and Chain Fracture Zones, north to the Potiguar Basin,
corresponds to the Ivory Coast and Ghana transform system and its Brazilian homologous
margins (Hayes & Ewing, 1970, Le Pichon & Hayes, 1971; Mohriak, 2004). In between, a
strongly segmented oceanic ridge gives rise to the link between the shifted Central and
South Atlantic Ridges. Despite the lack of magnetic lineaments due to its position close to
the Equator, the beginning of the seafloor spreading in this segment is dated to the upper
Albian (Oliveira Marinho, 1985; Blarez, 1986; Gouyet, 1988).

The Central segment (sightly larger than the tropical segment of Popoff (1988), which
starts at Ascension FZ in the North), is positioned between the Benue Trough to the North
and the Rio Grande Fracture Zones to the South, and is characterized by the presence of a
large evaporitic basin, developed in the Aptian (Brognon & Verrier, 1966; Reyre, 1966;
Butler, 1970; Asmus & Ponte, 1973; Leyden et al., 1976; Asmus, 1984; Mohriak &
Rosendahl, 2003). The seafloor spreading in this region began after the Barremian age,
during the quiet magnetic time in Early Cretaceous time (after chron MO0), so that no
magnetic lineament marks the beginning of the oceanic crust accretion. Some authors
(Mohriak, 2001) proposed an oceanic crust propagators such as the Abimael Ridge
advancing from the Pelotas basin in the south towards the southern Santos Basin in the
north impinge on the salt basin.

The Austral Segment is limited between the Rio Grande Fracture Zones to the North
and the Falkland-Agulhas Fracture Zones to the South. The seafloor spreading began during
the early Cretaceous (Rabinowitz & LaBrecque, 1979), but debate still remains about the age
of the magnetic anomalies observed in this area. This segment is characterized by the
presence of Seaward Dipping Reflectors (SDRs), which indicate the presence of volcanism
during the genesis of the margin, indicated both along the Brazilian and Argentine basins and
their conjugates Namibia — South Africa (Hinz, 1981; Talwani & Abreu, 2000; Franke et al.,
2007).

The Falkland Segment is the junction between the Atlantic ridge and the South
Western Indian Ridge (SWIR). It is complicated by the presence of the fossil Agulhas ridge.
The seafloor spreading is presumed to have begun around 134 Ma at M10 (Rabinowitz et al.,
1976, Goodlad et al., 1982, Martin et al., 1982). The formation of this segment, linked to the
movement of the Antarctica plate, will not be discussed in this paper.

2.1. Geophysical and geological data used as kinematic constraints

Fracture zones have been proved to be powerful and precise data to constrain the relative
movements between two plates (Rabinowitz & Labrecque, 1979; Olivet et al., 1984, Cande et
al., 1988; Fidalgo, 2001; Labails, 2007), particularly in the Equatorial Ocean where magnetic



data are lacking (Campan, 1995). In the Central and Austral segments however, despite the
fact that a large number of linear anomalies are evident on the 1mn x 1mn satellite-derived
free air gravity data (Sandwell & Smith’s, 1997), very few of them can be prolonged towards
the continents because of the thick sedimentary layers that mask and complicate the gravity
response: to constrain the initial reconstruction, we therefore principally used three main
Fracture Zones (Ascension, Rio Grande and Agulhas-Falkland FZs) and some minor fracture
zones in the Southern segment (Figure 2).
We compiled and re-interpreted magnetic data on both sides of the Austral Segment:
On the African side (Figure 3), we compiled the magnetic profiles of Rabinowitz (1976) and
Rabinowitz & Labrecque (1979), the NGDC profiles (Geodas world data base), two magnetic
profiles of Bauer et al. (2000) and the magnetic map of Corner et al. (2002) in Walvis Basin,
and BGR magnetic map (web site: // www.bgr.bund.de/, contact Dr. Bernd Schreckenberger)
in the southern part of the Orange Basin. On the American side (Figure 4), we compiled the
magnetic profiles of Cande & Rabinowitz (1978), Rabinowitz & Labrecque (1979) and Hinz
et al. (1999), the NGDC profiles (Geodas world data base), the aero-magnetic profiles and
map of Max et al, (1999) in the Argentine Basins, BGR magnetic map (web site:
//www.bgr.bund.de/, contact Dr. Bernd Schreckenberger) in the Colorado Basin, the
magnetic maps of Zalan & de Oliveira (2005) and an industrial magnetic map of the Pelotas
Basin.

Despite general agreement, our new interpretation differs from that of Rabinowitz &

Labrecque (1979), mainly because we had access to additional data on both sides of the
ocean (see Figures 3 & 4):

- in the Orange basin, M11 and M9 anomalies of Rabinowitz & Labrecque (1979)
are hardly recognizable and probably over-interpreted; they do not exist on the
South American side. We therefore grouped them and the G anomaly into the
new anomaly called Large Marginal Anomaly (LMA). This continuous anomaly is
therefore characterized by large amplitude and irregular width signature (see
Figure 4 in Corner et al., 2002), similar to the ECMA and WACMA in the Central
Atlantic Ocean (Vogt et al., 1973; Sahabi et al., 2004). In the Orange Basin, the
LMA presents a double branch (the previous G anomaly for Rabinowitz &
Labrecque, 1979). Offshore the Argentine Basins, south of 37°S, the LMA also
corresponds to the G anomaly of Rabinowitz & Labrecque (1979). In the Pelotas
basin, however, and based on an industrial magnetic map, we reinterpreted their
G anomaly as M4 anomaly. LMA and G anomalies are therefore shifted to the
west, north of the Salado Basin. Note that the South American LMA does not
present a southern double branch shape, contrary to the African LMA. Whereas
the M7 anomaly can be defined in the southern part of the Orange Basin (Figure
3) and offshore Rawson Basin (Figure 4), the M9 anomaly is hardly recognizable
on both sides of the Atlantic.

- North of 24°S on the African margin, Rabinowitz and LaBrecque (1979) shifted
the M4 anomaly to the west. Based on the Corner et al. (2002) magnetic map,
our interpretation for the M4 anomaly is positioned further to the east.



On the South American side, our M4 interpretation is similar to the interpretations
of Hinz et al. (1999) and Max et al. (1999) between 43°S and 45°S. South of
45°S, we re-interpreted the M2 anomaly of Max et al. (1999) as the southern
branch of the M4, following the interpretation of Hinz et al. (1999). North of the
Salado Basin, we re-interpreted, using an industrial magnetic map, the G
anomaly of Rabinowitz and LaBrecque (1979) as the northern part of the M4
South American anomaly. North of Salado Basin, our interpretation therefore
shows a westward shift of both chron M4 and LMA. The large Rio de La Plata
estuary between Montevideo and Buenos Aires (36 — 37°S) might have been

implanted on a weakness zone associated with this lineament.

In the Walvis basin, we defined, on the base of up-dated NGDC database and
the Corner et al. magnetic map (2002), a new MO anomaly that give rise to a
continuous M0-M2-M4-LMA sequence along the African margin, without any
shift.

In Pelotas Basin, we defined a M2 anomaly (its western limit corresponds to the
M3 anomaly of Rabinowitz & Labrecque, 1979) that allows positioning a
continuous M0-M2 sequence along the American margin, without any shift.

It is worth noting the good correspondence between the “LMA” and the SDRs in the

Argentine Basins (south of 37°S; Hinz et al., 1999, Franke et al., 2006; Moulin et al., 2006).

On the African side, the BGR-16 profile (near Cape Town; Total, pers. comm.) also shows a

coincidence between SDRs and the LMA. Towards the north (in the Pelotas and Orange

basin), this correspondence is not so clear. However, Fontana (1996) and Cainelli & Mohriak

(1998) interpreted the feather edge of the seaward-dipping reflector wedge imaged in the

Pelotas Basin to correspond to a marked magnetic anomaly (Mohriak, pers. com.)

In addition to the well-defined fractures zones and the magnetic lineaments, we also used

offshore and onshore conjugate systems to constrain the kinematic reconstructions (Figure

2):

In the Equatorial Segment, the Demerara and Guinean plateaus in the north
(Gouyet, 1988, Gebco97, Digital Atlas Web Site: www.nbi.ac.uk) and the Kandi
(Guiraud & Alidou, 1981) and Sobral lineaments (Gouyet, 1988; Caby, 1989) on
both plates, which represent the same Panafrican fault zone (Gouyet, 1988,
Caby, 1989).

In the Central Segment, the Panafrican fault systems Ngaoundéré - Sanaga
lineaments (Black & Girod, 1970 in Cornacchia & Dars (1983); Dumont, 1986,
1987) and Patos - Pernambuco lineaments (Almeida & Black, 1967, in



Cornacchia & Dars, 1983; Almeida et al., 1970). In this segment, we also used
the internal and external Aptian salt boundaries (in pink on Figure 2), drawn using
the compilations of Butler (1970), Mascle & Renard (1976), Curie, (1984) (based
on Franks & Nairn, 1973, Pautot et al., 1973, Leyden et al., 1976 and Lehner &
De Ruiter, 1977) and Heilbron et al. (2000), and our own seismic re-interpretation
of several seismic cruises: WALDA (Pautot et al., 1973; Renard & Mascle, 1974),
VEMA (Leyden et al., 1972); Atlantis Il (Emery et al., 1975), PROBE (Rosendahl
et al., 1991; Rosendahl & Groschel-Becker, 1999; Meyers et al., 1996), published
industrial profiles (Marton et al., 2000), ZAIANGO (Contrucci et al., 2004, Moulin
et al., 2005) and an industrial compilation for the Brazilian side (Unternehr,
comm. pers). The Hinge Lines associated with the proximal rift border fault are
drawn according to an industrial compilation (Unternehr, comm. pers.), Heilbron
et al., 2000, Karner & Driscoll, 1999 and industrial seismic profiles (Moulin et al.,
2006).

- In the Austral segment, we used the limits of the SDRs, according to Bauer et al.,
(2000) for the African side and our seismic interpretation of industrial profiles
(Gondcalves de Souza, 1991 and Moulin et al., 2006) for the South American
side. The limits of the Parana Province and dyke positions comes from a
compilation of results of Almeida et al. (1970), Jacques (2003a; 2003b), Turner et
al. (1994), Araujo et al. (2000) and Marzoli et al. (1999a). The conjugate limit of
Etendeka province comes from the geological map of Africa (Choubert et al.,
1968).

2.2. Plate reconstruction software: PLACA

All this kinematic work was conducted using the open-source PLACA software
(Matias et al., 2005). This software was developed for earth scientists working on the plate
tectonics theory. It enables the representation of plate reconstructions and the determination
of best-fit poles using magnetic anomalies, fracture zones or volcanic alignments. The best-
fit poles can be computed either visually (for example with the method of Olivet (1978) and
Bonnin (1978)) or by systematic routine search. Once the best-fit pole is obtained, several
statistical tests can be made to evaluate the confidence of the fit. This code is free of access
at http://www.ifremer.fr/drogm/telechargement/placa_version_0_1.

2.3. First Models: rigid plates hypothesis

In 1965, on the basis of the work of Carey (1955), Bullard et al. proposed the first South
Atlantic Ocean statistical reconstruction (Figure 5-A). The authors pointed out a geometrical
problem: how can we reconstruct the initial pre-opening fit both in the Equatorial and South
Atlantic Oceans at the same time?

The first trials to resolve this problem implied rigid plates, without any intraplate
deformations.



Following Bullard et al. (1965), many authors (Dietz, 1973, Mascle & Sibuet, 1974, Smith &
Briden, 1977, and Sibuet & Mascle, 1978) proposed a synchronised opening of the whole
South Atlantic Ocean. As Figure 5-A shows, the adjustment of the southern and northern
parts of the South Atlantic is impossible to carry out with this assumption (see the gaps, in
blue on the figure). In Bullard’s model, for instance, the fit of the South Atlantic implies a
huge gap in the Equatorial segment, leading Sibuet & Mascle (1978) to propose that this gap
was occupied by the western part of the Bahamas platform and part of Cuba Island.
Following these attempts, and on the basis of newly identified Mesozoic magnetic
anomalies in the Austral segment, Rabinowitz & LaBrecque (1979) proposed a diachronic
opening of the Central and Austral segments (Figure 5-B). Their fit, at Valanginian time (130
Ma), is close to Bullard’s pre-drift reconstruction, with a 200 km-gap between the Guinea and
Demerara plateaus (dotted lines in Figure 5-B). The movement given by their pole at 2.5°S
and 45°W allows for an opening of the Austral segment at Valanginian time and of the
Central segment at Aptian time (113 Ma), but of course, due to the position of the pole,
implies a 300 km large compression in the north, between the plateaus of Guinea and
Demerara (in green on Figure 5B), which is inconsistent with geological observations
(Oliveira Marinho, 1985; Gouyet, 1988).
The last attempts with fully rigid plate assumption involved the hypothesis of a rift
propagation (Vink, 1982; Martin, 1984). In order to avoid any gap, Vink (1982) proposed a fit
with many overlaps (Figure 5-C). This reconstruction is built up from the Rabinowitz &
LaBrecque Aptian reconstruction with a supplementary movement with a pole around
Demerara and Guinea plateaus (in Aptian position) to avoid the gaps in the South Atlantic
Ocean. The resulting overlaps are assumed to result from differential stretching (the more
overlapped, the more stretched) due to the propagation of the rifting, which therefore is
progressive and diachronic (Figure 5-D-a). However, this reconstruction shows extremely
significant overlaps in the Benue Trough and in the Central segment, totally incompatible
with the geological constraints, and implies huge differences in the stretching processes
(Martin, 1984). Martin therefore proposed, following an idea of Courtillot (1982), that this
propagation of rifting is a natural consequence of relative movements starting from a close
pole of rotation. The rotation induces a stretching of the lithosphere until a critical distance, x,
where the oceanic accretion occurs. As separation increases, the critical value x moves
northwards. If we assume that the critical distance may change along the plate boundaries,
windows of rift propagation can be created on a smaller scale. Despite the fact that a rotation
pole in the Benue will have strong consequences in the Equatorial segment, Figure 5-D-b
shows that the resulting magnetic lineaments created with this model are oblique to the
margin, with an angle pointing towards the north, whereas the Mesozoic magnetic anomalies
in the Austral segment are parallel to the coast (Rabinowitz & LaBrecque, 1979, and this
study), rendering this model unacceptable also.

2.4. Introduction of the Intraplate deformation

At the same time, Burke & Dewey (1974) explored the idea of continental intraplate
deformation. In order to close both the Equatorial and South Atlantic Oceans (at the same
time), they suggested introducing an intraplate deformation in the Africa plate at the Benue
Trough. This trough was interpreted as an aborted third branch of a triple junction Ridge-
Ridge-Ridge during the Santonian, in relation to the presence of a hot spot.

Following Burke & Dewey’s hypothesis, several authors focused on African intraplate
deformation as the only solution to the kinematic problem (Pindell and Dewey, 1982;
Fairhead, 1988; Guiraud & Maurin, 1992).

Figure 6-A shows the Pindell & Dewey pre-opening fit (1982), which includes intraplate
deformation in the Benue Trough area. They started from the Aptian pole of Rabinowitz &
LaBrecque (1979) (plain limits in Figure 5-B), and deformed Africa between Valanginian and
Late Aptian with the pole 19°N, 2°E, (o = -8°): West Africa is fixed to South Africa in order to
keep the Aptian adjustment in the Equatorial Atlantic Ocean. The movement of the south-



eastern African block induces a compressive motion in the Benue Trough, increasing
eastwards, which is incompatible with the geological data (no compression on field,
Unternehr et al., 1988). Furthermore, an overlap still remains between the Demerara and
Guinean plateaus and between the two hinge lines in the Central Segment. Finally, the
southernmost Atlantic complete fit is not achieved (Figure 6-A). Following the African option,
Guiraud & Maurin (1992) proposed a more complex kinematic model with three African
blocks, including the history of the Atlantic, Indian and Tethys oceans but, as already noted
by Unternehr et al. (1988), the movements induced by African intraplate deformations are not
sufficient to close the South Atlantic Ocean (Moulin, 2003).

Meanwhile, in 1984, Curie explored the hypothesis of an intraplate discontinuity in South
America (Figure 6-B). The introduction of a discontinuity in the area between the Rio Grande
Rise to Cochabamba Santa Cruz bend, in the Bolivian Andes, allowed Curie to close the
southern part of the South Atlantic independently of the adjustment of the equatorial margins
and of the central segment. This reconstruction implies a large compression west of the
Paran& Basin. Due to the presence of the Parana volcanism (Serra Geral Fm., with Early
Cretaceous ages, (133 Ma, Renne et al., 1992)), the direct and quantifiable observations for
such an intraplate deformation are difficult along the Southeastern Brazilian sedimentary
basins. However, Eyles & Eyles (1993) highlighted the existence of a dextral strike-slip
movement of 150 km in the Paleozoic rocks that form depocenters in the northern part of the
Parana basin, based on a sub-surface study. The offsets of the Upper Paleozoic glaciogenic
infill, the Parana — Etendeka volcanic episodes both around 133 My (Renne et al., 1992,
Marzoli et al., 1999a), just before the opening of the ocean, the formation of a major barrier
for salt deposition just after the rifting, and the later emplacement of the Rio Grande Rise and
Walvis Ridges associated with a thermal anomaly (Mascle & Renard, 1976), plead in favour
of a major discontinuity at this problematic junction and are used by several authors
(Unternehr et al., 1988; Conceicao et al., 1988, Nirnberg & Mduller, 1991; Lawver et al,,
1999; Macdonald et al, 2003; Schettino & Scotese, 2005; Kbnig & Jokat, 2006; Eagles,
2006). Unternehr et al. (1988) proposed that this zone, which is located and limited in
extension through the plates is a discontinuity of second order, as defined by Olivet et al.
(1984) and QOlivet (1996), played a major role in the development of the Sout Atlantic Ocean.
Nevertheless, the American option alone induces a strike slip movement of more than 400
km in this area (Figure 6-A and Unternehr et al, 1988), which led to combining options
(intraplate deformation in both South America and Africa plates).

In 1991, Nurnberg & Mdller published a new global model based on Satellite Altimetry data,
bathymetric charts and compilation of magnetic anomaly picks, which remains the basic
reference for oceanic crust ages. Following the suggestion of Curie (1984) and Unternehr et
al. (1988), their pre-opening reconstruction integrates both African (two blocks) and South
American (four blocks) continental intraplate deformations (Figure 7). They started with a
initial reconstruction in order to match the Demerara and Guinea plateaus as well as the
Equatorial Fracture zones defined from Geosat and Seasat altimetry data, bathymetry and
magnetic data. In this study, we defined the limits of these two plateaus in more detail, using
new high resolution data (Gouyet, 1988, Gebco97, 1mn x 1mn satellite-derived free air
gravity data, Guyaplac seismic profiles). With these new limits, a 150 km large gap remains
between these two conjugate plateaus, which implies a huge compression. Note that a
150 km compression is of the same order of magnitude as that which induced the Pyrenées.
Such a deformation has never been seen on seismic profiles or represented in
paleogeographic maps of the Equatorial Atlantic Ocean (Matos, 2000). Moreover, the
conjugate Kandi and Sobral lineaments show an offset of 140 km, which disqualifies the
reconstruction in the Equatorial segment. In the Central segment, the Rio Grande Fracture
Zone conjugate segments have an offset of around 100 km and the salt basin limits overlap
the conjugate continents. Hinge lines also overlap in the Tucano Basin (JRT Basin). In the
Austral segment, the conjugate LMA system alternatively presents large gaps and overlaps.
Thus, the Narnberg & Mdiller model was indeed an important stage in the definition of the
South Atlantic Ocean fit and its evolution, including several intraplate deformations both in



South America and Africa, but it does not fit the new, updated geological and geophysical
data set.

The reconstruction of Lawver et al., 1999 (Figure 8A), which was an issue of the international
PLATES project (University of Texas: http:/www.ig.utexas.edu/research/projects/plates) differs
from that of Nlrnberg & Muller (1991) only in the Austral segment: the induced intraplate
deformations are coherent with geology, but the reconstruction does not take into account
the symmetry of the magnetic anomalies: the conjugate LMA system presents a 150 km
large overlap. Northwards, the Rio Grande Fracture Zone System shows a 100 km large
offset. Moreover, Lawver and co-authors used poles similar to those of Nirnberg & Muller
(1991) in the Central and Equatorial segments and their reconstruction present the same
misfits that disqualify it. This problem is recurrent in all most recent reconstructions from
2003-2006, which are based on the model of Nirnberg & Muller (1991) for the Equatorial and
Central Segments (MacDonald et al., 2003; Eagles, 2006; Konig & Jokat, 2006).

The model of Kbénig & Jokat (2006), for instance, results from a new set of rotations, issued
from new published high-resolution aeromagnetic data from the eastern Weddell Sea (Figure
8-C). It describes the early opening of the Weddell Sea between South America and
Antarctica and the Mesozoic break-up of Gondwana, at the Jurassic Quiet Zone (JQZ) stage,
and is supposed to be the tightest initial reconstruction. In addition to the inherent problems
with the poles of Nirnberg & Miuller in the Equatorial and Central segment, this
reconstruction presents a certain number of misfits: 450 km-dextral strike slip motion along
the Gastre System Faults associated with 180 km of extension, 130 km-extension in the
Colorado basin, and more than 250 km overlap of the LMA system and a 300 km large offset
in the Falkland Fracture zone system.

The model of Eagles (2006) supposes a northwards propagation of the intraplate
deformation inside South America. We only found the pole between the southern parts of
South America and Africa in the paper’s tables and we assume that Eagles used Nirnberg &
Miller’s pole for the rest of the ocean. Anyway, this pole has dramatic misfits in the Austral
segment with the 300-450 km large overlap of the LMA (Figure 8-D).

The last published model (Torsvik et al., submitted October 2008, accepted Fev. 2009) is
based on the Nirnberg & Miuller (1991) reconstruction in the central segment, which has
large overlaps and misfits (Aslanian et al., 2009) and gives a bad framework for the rest of
the system (Aslanian & Moulin, submitted). It also used in the Austral Segment the magnetic
data set given by Muller et al., (1997) without considering the latest published magnetic data
sets (Aslanian & Moulin, submitted).

The model of Schettino & Scotese (2005) does not use the model of Nirnberg & Miuller
(1991) for the Equatorial and Central Segments and is based on synthetic apparent polar
wander (APW) paths for major continents (Figure 8-B). We will only discuss in detail the
reconstruction of the South Atlantic Ocean. The match of Demerara and Guinean conjugate
plateaus is relatively good, but this reconstruction present an overlap of the Sao Luis and
West African Precambrian shields, from 140 km in the west part to 280 km in the Niger area.
In the Central segment, the Aptian salt basin is characterized by critical overlapping on
continental regions at conjugate margins. In the Austral segment, this reconstruction also
presents an overlap of more than 100 km wide of the LMA system.

The existence of several intraplate deformations on both Africa and South America plates is
now well accepted, but none of these reconstructions presents a fit in agreement with both
geological and geophysical data.

3. Towards a new model: a 13 piece jigsaw puzzle

3.1. Step 1: the Equatorial Segment

Following NUrnberg & Miiller’s approach, we began with the Equatorial segment. Despite the
lack of magnetic lineaments, we will show that the tectonic evolution of this segment is
relatively well constrained by geological structures.



We first took into account the fit at Chron C34 (83 Ma), which is a quite well defined period
due to the presence of well-marked fractures zones and clear magnetic anomalies (just after
the Quiet Cretaceous Magnetic period).

Four different models exist for this period: Cande et al., (1988), Nirnberg & Muller (1991),
Campan (1995) and Miller et al. 1999 (which was integrated in the PLATES compilation
program, Gahagan, L., pers. comm.). Their differences are very slight, depending on the
weight given to the magnetic data or the fractures zones. We chose the reconstruction of
Campan (1995), which is very close to the reconstruction of Muller et al. (1999): it constitutes
a compromise between the adjustment of the magnetic anomalies and the zones of fractures
and presents the best fracture zone adjustment in the Equatorial Atlantic Ocean (whereas
the adjustment of the magnetic anomalies and the fracture zones in the Austral segment is
slightly of lesser quality) as shown on Figure 9. We have overprinted on this figure the small
circles described by the intermediate pole 105Ma-C34 of Campan (1995) and extrapolated
them to the fit (black dotted arcs). The perfect correspondence between those small circles
and the Equatorial fracture system implies that fracture zones do not change direction
between the anomaly C34 and the fit, and have the same Eulerian Pole throughout this
period. We can therefore use these fracture zones like rails, using the 105Ma-C34 of
Campan, to move plates until we match the American and African conjugate structures
(margins, lineaments, cratons, plateaus).

On Figure 10, the South American Plate has been rotated along these guides, in order to
match the Demerara and Guinean plateaus (41.1°N, 27.78°W, o =17.66°). The position of
200 and 2000m-isobaths extracted from the Gebco chart (Gebco97), which are supposed to
correspond respectively to the platform and the ocean/continent boundary (Bullard et al.,
1965), both present a good adjustment except for the Amazon and Niger deltas where the
Tertiary sedimentation is characterized by extremely high rates in both regions. The llha de
Santana Plateform, in the northern region, corresponds to a concave inflection of the African
Coast. A gap persists east of the Sobral-Kandi system, which is also marked on the African
side, in the prolongation of the Benue Trough, by a negative gravity anomaly (see also
Figure 9). This indicates the existence of a basin associated with the continental rift before
the opening with the Atlantic Equatorial (Ponte & Asmus, 1976; Gouyet, 1988). Note also the
parallelism of the coastlines that tends to prove the absence of deformation in the Guyana
and West African Precambrian shields. Lastly, the adjustment of the Demerara and Guinean
plateaus as well as the alignment of the Kandi and Sobral lineaments are very good and give
good longitudinal control: no further movement can be applied to this area. This fit thus
presents the Equatorial segment in its tightest possible position, which therefore represents
an incompressible zone.

The final total Eulerian pole is situated at 54,27°N, 34,98°W (o = 50,43°). Note that this
Eulerian pole is very close to the Aptian Eulerian pole of Rabinowitz & LaBrecque (1979)
(565,1°N, 35,7°W, a = 50.9°), which was used by Curie for her fit (55,1°N, 35,7°W, a = 49,4°).

3.2. Step 2: the Central and Austral Segments and intraplate deformation

The consequences of this initial fit of the Equatorial Atlantic Ocean on the complete South
America / Africa reconstruction is shown on Figure 11. A number of fracture zone misfits and
a huge oceanic gap in the Austral Segment are observed. South of the Rio Grande Fracture
Zone, conjugate MO magnetic anomalies are separated by 170 to 280 km. In the Central
Segment nevertheless, the external limits of the conjugate Aptian salt layers (the
"compressive Brazilian and African salt front"), which fringe the first true oceanic crust, are
face to face.

As already noticed by Unternehr et al. (1988) and Nurnberg & Mller (1991), the closing of
the entire South Atlantic Ocean absolutely requires to take into account both African and
South American intraplate deformations.

We therefore compiled all published geological and geophysical information about
Cretaceous continental deformation on the South American and African plates in all
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deformation style (extension, compression, transpression, transtension, sinistral or dextral
shear) and all published quantity of deformation. As suggested by Guiraud & Maurin (1992),
all the Cretaceous structures that force the intraplate deformation are localised on Pan-
African sutures. This observation corroborates a more detailed interpretation of the
geological data (Martin et al., 1981). As Olivet et al., (1984) quote: deformations are
generally concentrated on pre-existing crustal zones of weakness (the “second-order
boundary”) and form more or less continuous bands which are defined like limits of second
order blocks relatively undeformed. The description below follows the model of Guiraud &
Maurin, (1992) in Africa, and the assumptions of Curie (1984), Szatmari et al., (1985),
Unternehr et al. (1988), Conceicao et al., 1988, Milani & Davidson (1988), Nirnberg & Mdller
(1991) and Fairhead & Maus (2003) in South America.

3.2.1. African intraplate deformation

Most of the troughs and faults are situated within the mobile zones of the Panafrican fold
belts (Figure 1), and following Guiraud & Maurin (1992), we separated the Cretaceous Africa
plate into three main blocks: West Africa block, Nubian block, and Austral block to which we
added the additional microplate of Benue (Figure 12). As already noticed, the boundaries
between these blocks form more or less continuous bands of deformation that we
represented by simple lines on figures for graphical purposes, but the deformation is spread
laterally on both sides of this line, within the suture belt.

Along these boundaries, the type and the magnitude of the deformation are given either by
geological or geophysical studies. The geophysical estimations give maximum deformation
(Fairhead, 1988) but as they are based on a simple 2D-gravimetric model, they must be
considered with precaution.

The Benue microplate is bounded northwards by the Benue Trough, northeastwards by the
Bongor rift and southwards by the Precambrian Ngaoundéré lineament, which shows a small
reactivation at Lower Cretaceous (Cornacchia & Dars, 1983). The Benue Trough is
described as a sinistral strike-slip fault with some evidence of extension: 85 km for Fairhead
(1988), between 10 and 50 km for Unternehr et al., (1988) and between 60 and 70 km, with
20 to 30 km of sinistral strike-slip movement, for Nirnberg & Muller (1991); both estimations
are based on kinematic studies. In the North-East limit, Guiraud & Maurin (1992) describe
the Bongor Rift as a NNW-SSE-trending extensional Trough dated from Neocomian to
Barremian. The order of magnitude of the movement in the rift is unknown. It is prolonged
northwards by the Tchad shear zone. The Ngaoundéré lineament is a dextral Aptian strike-
slip fault, which is the prolongation of the Central African shear zone described by
Cornacchia & Dars (1983), Cornacchia (1986) and Benkhelil (1988) with a 40-50 km dextral
strike-slip zone.

In the northern prolongation of the Benue Trough, the Tenere Basin, the Amguid-Gassi Touil-
Algeria and 10°E lineaments (Boudjema, 1987; in Guiraud & Maurin, 1992; Guiraud et al.,
2000) constitute the boundary between the West African and Nubian blocks. Fairhead (1988)
estimates the NE-SW-trending extension in the Tenere Basin to be about 60 km. Further
north, sinistral strike-slip movements of the Amguid-Gassi Touil-Algeria and 10°E lineaments
are poorly known. Boudjema (1987), in Guiraud & Maurin (1992) described a transpressive
Cretaceous deformation in the El Boid - Gassi Touil basins.

The boundary between Nubian and Austral blocks is composed of the Central African shear
zone that ends eastwards in the Sudan Rift. Cornacchia & Dars (1983), followed by
Cornacchia (1986), Benkhelil (1988) and Fairhead (1988) indicate a 40-50km sinistral strike-
slip deformation in the Central African shear zone, with a small extensive component
(Fairhead, 1988, Genik et al., 1992, Guiraud & Maurin, 1992). In the Sudan rift, composed of
Muglad, Blue Nile, White Nile and Melut basins, Fairhead (1988) estimates the extensive
global movement at about 50 km, whilst Jorgensen & Bosworth (1988) minimize it to 14 km.
The SE termination of the rift is poorly defined, but the Cretaceous rift of Anza (Bosworth &
Morley, 1994) may correspond to the final termination of the plate limits.
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Guiraud & Maurin (1992) and Maurin & Guiraud (1993) described two phases of deformation,
emphasizing the role of Tethyan margin evolution on the Nubian plate movement. The first
phase of deformation occurred from Valanginian to lower Aptian, with transtension in the
south of Tchad, north of Cameroon and the High Benue Trough, and sinistral movement
along the Amguid-Gassi Touil-Algeria fault system. The Nubian block moved northwards,
relative to the west African block, in relation to the opening of the Indian Ocean (the closing
of Tethys Ocean), whilst the Austral block moved northeastwards, in relation to the opening
of the South Atlantic Ocean (Guiraud & Maurin, 1992). A change in the direction of the
Nubian plate movement from North to North-East occurred in the middle Aptian, related to a
sharp activation of the sinistral Maghrebian-South Anatolian shear zone and acceleration of
the opening of the East Mediterranean Basin; the second phase corresponding to the
opening of the Equatorial Atlantic Ocean with a dextral movement along the fractures zones,
an extension in the basins of Ténéré, Kenya, Sudan and Syrte and a transtension in the
Benue basin and Central African shear zone. No reversal movement is described between
these two phases. The north-eastward movements of the Nubian and Austral African blocks
during the last stage are given by a pole close to that defined independently by Klitgord &
Schouten (1986) in the Central Atlantic Ocean, with different rotation angles.

3.2.2. South America Intraplate Deformation

In South America, we compiled the studies of Curie (1984), Szatmari et al., (1985),
Unternehr et al., (1988), Conceicao et al., 1988, Milani & Davison (1988), Nirnberg & Miller
(1991), Fairhead & Maus, (2003), Jacques (2003a, 2003b), Eagles (2006) and divided the
plate into 9 pieces: Guyana, NE-Brazil, Tucano, Sao Francisco, Santos, Rio de la Plata,
Argentina, Salado and Patagonia blocks (Figure 13).

We separated the South America plate of Nirnberg & Mdller (1991) into 5 additional blocks
according to the work of Szatmari et al., (1985), Milani & Davison (1988) and Fairhead &
Maus, (2003). The north-east block integrates the Potiguar and Araripe Cretaceous basins
and is delimited westwards by the Precambrian Sobral lineament and southwards by the
Tucano-Recdncavo- Jatoba basins that delimit the Tucano block described by Szatmari et
al., (1985) and Milani & Davison (1988) and Szatmari & Milani (1999). In this area, Fairhead
& Maus (2003) described possible sinistral strike-slip Aptian movement. Mohriak &
Rosendahl (2003) suggest that the offshore area (east of the Tucano basin) was
characterized by strike-slip movements during the early stages of drifting.

We also separated the Sdo Francisco and Santos blocks from the Guyana block along a
boundary including the Transbrasiliano and the Sobral lineaments for kinematic reasons: the
opening of the Santos basin predates the opening of the structures in the Sdo Francisco
block, as we will show later. The position of the Transbrasiliano lineament is difficult to know
precisely but can be drawn using the terrestrial geophysical data from Fairhead & Maus
(2003). It has been active since Panafrican times and is still active (large seismic activity
recorded in 1957, Sykes, 1978). The western end of this limit is unknown and we prolonged it
into the Andean Cordillera virgation. The boundary between the Sao Francisco and the
Santos blocks is unknown and we arbitrarily chose a parallel to the Santos and Rio de la
Plata limit, which follow marked NW lineaments expressed by Mesozoic dikes.

The boundary between the Santos block and the Rio de la Plata block corresponds to an
extensional-dextral shear zone described by Curie (1984), Conceicdo et al. (1988),
Unternehr et al. (1988) and Nirnberg & Mdaller (1991). The estimated movement varies from
20-30 km dextral and 60-70 km extensive movement for Nirnberg & Mller (1991) to 100 km
extensive movement according to Sibuet et al. (1984), or hundreds of km of dextral shear
movement according to Unternehr et al. (1988) (more than 350 km with 150 km extension),
This limit is hidden by the huge Early Cretaceous Serra Geral volcanism of Parana Basin, but
Zalan et al., 1990 described in a regional structural framework, a serie of linear tectonic faults
and Eyles & Eyles (1993) inferred, from a sub-surface study of the upper Paleozoic
glaciogenic infill, the possible existence of a 150 km dextral strike-slip movement in the
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Parana Basin. Indirect methods (like gravity or magnetism) could help to detail this network
of faults zone. These discontinuities drawn on the figures must be regarded as symbolic
areas that indicate where the deformation related to each rifting/drifting event should be
found.

According to Conceicao et al. (1988) and Nurnberg & Muller (1991), the Salado block is
bounded by the Salado and Colorado basins. The geological investigations in these two
basins describe an extension of about 20-25 km, associated to 20-30 km of shear movement
(Zambrano et al., 1970; Urien & Zambrano, 1973). Franke et al, 2006, using seismic
reflection and refraction data, compared the Colorado Basin to a “pull-apart” basin with
extension and strike-slip movement. This block separates the Rio de la Plata block in the
north from the Argentina block in the south.

Further south, the boundary between the Argentina and Patagonia blocks is located in the
Gastre Fault system where Jacques (2003a; 2003b), following Rapela et al. (1991) and
Rapela & Pankhurst (1992), described a dextral movement along the northern border of the
San Jorge embayment. The implication of this great system on the formation of the Falklands
is beyond our subject and will not be discussed in this paper (we will consider the Patagonia
block as attached to the Argentina block).

According to Unternehr (1988), Milani & Davidson, (1988), Nurnberg & Muller (1991),
Fairhead & Maus (2003), there is only a single phase of deformation during the breakup of
South America, which occurred in Neocomian time. These deformations occurred during the
initial phase of the opening of the Austral segment and were almost completed before the
Albian (Unternehr et al., 1988). However, there are several works which report magmatism
and tectonic activity involving extensional and compressional events in the South American
eastern margin during the Cretaceous and Tertiary (Gondcalves et al., 1993; Mohriak, 2003;
Zalan & Oliveira, 2005).

3.2.3. Precision

Information about intraplate deformations is therefore very disparate and their quantification,
when available, can vary significantly. The question of their use and efficiency to constrain
models naturally arises. We will show through an example that even qualitative information
can be a drastic constraint in precise kinematic reconstructions.

Figure 14 represents Africa with the four Cretaceous sub-plates in their present day positions
(black limits). Red and green limits represent two possible rotations of the Nubian block, with
the quantified deformation that they produce at the blocks boundaries (again, the
deformations produced within a block are symbolised on figures by simple lines at the
frontiers of the blocks). The insert in figure 14 is a zoom of the Benue and Nubian blocks
limit. The figure shows that a small difference in movement (less than 40 km on average) on
this limit, due to the rotation of the plate, implies large qualitative differences in the Sudan
Rift and even opposite deformation in the Amguid-Gassi Touil-Algeria and 10°E lineaments
system. A small difference in position of one limit can have drastic consequences on the
distant boundaries of the plates. So, even a qualitative description of intra-plate deformation
can be a strong constraint for kinematic reconstruction (with a precision of about 40 km in
this case). Note that this example involves only the movement of the Nubian sub-plate. The
precision of reconstruction will increase with the number of blocks used: as the number of the
blocks increases, the more difficult it is to respect all constraints of deformation but also, the
number of satisfactory solutions strongly decreases. We employed all this data using a trial-
error method with the PLACA free share software (Matias et al., 2005).

Even if some boundaries show signs of an absence of deformation (as the perfect parallelism
of the coastlines of the Guyana and West African shields), some diffuse deformation could
also occur within some blocks. Fidalgo (2001) showed that this type of deformation cannot
be excluded. Deformation does not concentrate exclusively at the borders of plates, but
occurs in a more diffuse way on the oceanic domain and also in continental sedimentary
basins. According to Fidalgo (2001), the order of magnitude of this deformation is
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approximately 50 km. This will be taken into account when trying to find the tightest fit for the
South Atlantic Ocean.

3.3. Initial fit

Figure 15 and zooms on Figures 16 and 17 present our tightest initial fit (ante chron M7). The
Eulerian poles are listed in Table 2. The fit has been processed independently in the Central
and Austral Segments.

According to Guiraud & Maurin (1992), we rotated the Austral block with the pole used by
Fairhead (1988) and the Nubian block using the same pole. These authors did not give the
angles for the rotation. In order to be coherent with the geological and geophysical intraplate
information, we applied an angle of 1,5° for the Austral and an angle of —2.36° for the Nubian
block (with respect to the fixed West African block). In order to minimize the extension in the
Bongor rift, the Benue microplate was also moved. This reconstruction implies 30 km of
compression in Tunisia, 110 km of sinistral strike-slip movement along the 10°E lineament,
80 km of extension in the rift of Niger, 70 km of dextral strike-slip movement along Central
African shear zone and 72 km of extension in the rift of Sudan (Figure 15).

In order to better match the Patos/Ngaoundere, Pernambuco/Sanaga and Ascension
Fracture zone systems and to take into account the presence of the Araripe, Potiguar and
offshore basins, we slightly rotated the NE Brazil microplate. Following Szatmari et al.,
(1985), Milani & Davison (1988) and Szatmari & Milani (1999), we also moved clockwise the
Tucano microplate. The Sao Francisco block was moved in order to maintain the coherence
of the whole system and to tighten the central segment. These movements infer 10-20 km of
extension in the Araripe & Potiguar basins, 50-60 km of extension in the Tucano basin and
60 km of dextral strike slip motion along the Sobral- Transbrasiliano system (Figure 15 & 16).
Note that in this tightest position, a 280 km wide gap remains between the two conjugate
African and Brazilian hinge lines (in blue in Figure 16; Aslanian et al., 2009). The salt basin
could not have formed at this stage because the boundaries show critical misfits in the
southern Brazilian province, extending onto Africa.

The position of the three southern Rio de la Plata, Salado and Argentina blocks is given by
the fit of the conjugate LMA, the fit of the Rio Grande and Agulhas-Falkland Fracture zones
(Figure 17). Some gaps and overlaps still remain usually less than 50 km large, which is the
order of magnitude of the diffuse deformation. These overlaps may be due to the presence of
the intraplate limit (as in the case of the intraplate limit between the two Rio de la Plata and
Salado sub-blocks at 30°), the sparsity of the magnetic data in some areas (as for the
southern 70 km gap) or a smaller segmentation (as proposed by Jacques, 2003b and Franke
et al, 2007 for the southern 70km overlap). This reconstruction implies 50-70 km of
extension distributed between the Salado basin and the Andean Cordillera, a 60 km strike-
slip movement in the Salado Basin and 50 km of extension in the Colorado Basin.

These two fits, in the Central and Austral segments, imply a huge deformation in the Parana
area (about 350 km of strike slip movement and 115 km of extension) that has never been
observed (although the presence of the large lava flow may hinder such observations). The
only information comes from Eyles & Eyles (1993) who quote a 150 km dextral strike-slip
movement in the Parana Basin. In order to match this value, we therefore dissociated the
Santos block from the S&o Francisco block so that the deformation can be distributed
between Parana basin and the Ribeira Belt, which corresponds to metasedimentary rocks
deformed during the Brasiliano orogeny (Heilbron et al., 2000). This movement, confirmed by
the presence of the M3 or MO magnetic anomaly (Cande & Rabinowitz, 1978) and the
presence of a fossil ridge on a seismic profile of the Santos basin (Moulin et al., 2006)
implies an eastward ridge jump as already suggested by Pontes & Asmus (1976) and Kumar
& Gambéba (1979). The reconstruction allows 1) to align the coastlines on both sides of Rio
de Janeiro, 2) to obtain good parallelism of the conjugate coastlines in the whole central
segment and 3) to provide a more coherent and reasonable deformation in the Parana (150
km dextral strike slip motion associated with 70 km of extension). In the Ribeira belt, this
configuration presents an extension of 60 km which is also coherent with geological and
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geochemical studies (Figure 18): Tello Saenz et al. (2003), Guedes et al., (2005),
Hackspacher et al. (2004) and Bueno (2004) show evidence of NE-SW-trending dike
activities directly related to the breakup of the South Atlantic Ocean. The age of these dike
activities and tectonic reactivation ranges from 120Ma (Tello Saenz et al., 2003) to 135-
137Ma (Guedes et al., 2005). Moreover, Guedes et al. (2005) show that this group of dikes is
correlated with the well-defined magmatic event of the Parana basin lavas and NW-SE Ponta
Grossa dike swarm (127-137 Ma; Mantovani et al., 1985; Hawkesworth et al., 1992; Renne
et al., 1992; Turner et al., 1994). It is worth noting that NW-NNW-trending orientation of these
dikes, parallel to local fractures and faults, in the Ribeira Belt (Guedes et al., 2005) differs
from the ENE-trending orientation of the Rio de Janeiro dike swarm, which are parallel to the
Precambrian structures, in the north, and to the N-S orientation of the Pelotas dike swarm
(Renne et al., 1996) in the south.

From a geodynamic point of view, we can say that the Santos Block plays a role of kinematic
buffer, a kind of relay zone, between the movements that created the northern Campos and
Espirito Santo basins, which are characterized by the presence of an Aptian salt layer and
huge oil reservoirs, and the southern volcanic basins of the South Atlantic Ocean. However,
we would like to emphasize again that the discontinuities in the Parana Basin and in the Sao
Francisco Basin must be regarded as symbolic: in these areas the deformation may be
dispersed throughout a larger area, diluted among several fault zones displaying minor
reactivations, that, compiled, should account for the amounts of extension and compression
described in the text.

3.4. Chron M7 (~132 Ma after Gradstein et al., 2004)

No kinematic reconstruction has been published for this time. This stage is marked by the
presence of M7 magnetic anomalies in the southern part of the Austral Segment (Figures 3 &
4), implying movements within the southern plates system. Between the initial fit and chron
M7, the Argentina and Salado blocks moved westwards, relative to the West African block.
We therefore linked them and moved them together after Chron M7.

According to Guiraud & Maurin (1992) and Maurin & Guiraud (1993), the first phase of
deformation in Africa occurred from Valanginian to Early Aptian. Nevertheless, the movement
of the Austral African block from the fit to the present day position (dotted lines on Figures 19
to 22) increases the deformation in the Parana Basin, due to the resulting movement of the
South American sub-plates (in order to fit the magnetic anomalies). We infer that most of the
movement of the Austral and Nubian African blocks for the first stage occurred between
chrons M4 and M2, during the Barremian, in order to maintain a coherent evolution of the
deformation in Parand and Santos basins. Throughout our reconstruction, we will keep the
African blocks in the same situation as in the initial fit, until chron M4. That does not exclude
very small movements during the Neocomian time.

Figure 19 presents our reconstruction at Chron M7. The blocks involved in the central
segment do not move and stay in the same position. The movements of the southern South
American blocks imply a strike-slip movement in the Punta del Este — Salado basins and in
the Andean Cordillera (Salado-Argentine and Rio de la Plata blocks boundary). The studies
of Zambrano et al., 1970; Urien & Zambrano, 1973; Jacques, 2003b; Franke et al., 2006
confirm this kind of movement.

3.5. Chron M4 (~130 Ma after Gradstein et al., 2004)

Four kinematic models have been published for this period: Curie (1984) considers chron M4
as the initial fit, NOrnberg & Miller (1991) and Lawver et al., (1999) concentrate the
deformation at this stage in the Parana Basin and Konig & Jokat (2006) use the non-
deformed reconstruction of Martin et al., (1982). All these models produce unacceptable
deformations (400 km dextral motion in the Paran& basin or 100 km of compression between
the conjugate Demerara and Guinean plateaus) and/or a large overlap on the conjugate

15



magnetic anomalies. This points out the need for a new and constrained kinematic
reconstruction.

Between M7 and M4, the Rio de la Plata plate started to move westwards and
allowed the beginning of the opening in the northern part of the Austral segment and the
recording of the magnetic anomalies.

Figure 20-A presents our reconstruction at Chron M4. In the Austral segment, this
reconstruction tries to produce the best reasonable fit of the magnetic anomaly, fracture
zones systems and conjugate structures. The small circles given by this pole are parallel to
the Rio Grande and Falkland fracture zones. This reconstruction presents a pretty good fit of
the M4 anomaly in the entire Southern Segment, with misfits below 30 km (Figure 20-B).
These misfits may be linked to diffuse deformation or to varying quality of magnetic data on
both sides. The misfit of the Rio Grande Fracture Zone system is of the order of magnitude of
diffuse deformation and can be explained by deformation induced by the presence of the
volcanic rocks in the Parana Province.

The inferred deformations are a dextral strike-slip movement of 60 km associated with 50 km
of extension in the Parana basin and 60 km of extension associated with 100 km of strike slip
motion in the north of the Santos plate.

3.6. Chron M2 (127.5 Ma after Gradstein et al., 2004)

Despite the fact that chron M2 seems to be the most continuous and well-defined anomaly in
the Austral Segment, very few precise studies exist: Kénig & Jokat (2006), in their study of
the general evolution of the Mesozoic break-up of the Weddell Sea, propose one of the rare
reconstructions at Chron M2. As we already quote, they used similar poles to NlUrnberg &
Maller (1991) in the Central and Equatorial segments and their reconstruction presents the
same misfits. We consequently propose here a new reconstruction.

Between M4 and M2, the Rio de la Plata block and the Argentine-Salado blocks were
connected and these three blocks moved together. The Santos plate started to move slowly
westwards, following the movement of the southern part of South America. In the Austral
segment, the movements are calculated in order to obtain the best fit of the magnetic
anomalies, fracture zone systems and conjugate structures (Figure 21). On the African plate,
the Nubian block moved northwards and the Austral block northeastwards. This last small
movement may have lasted until chron MO or until the end of the Aptian. It could also be
distributed from M4 to Aptian, but the main movement seems to have occurred between M4
and M2 as this enable to minimize the deformation in Parana and Santos areas.

Figure 21 shows our reconstruction at chron M2. Note the nearly perfect fit of the conjugate
isochrons M2 (Figure 21-B): the main misfits probably arise from the varying quality of
magnetic data. The offset of the Rio Grande and Falkland — Agulhas Fracture Zone system is
about 20 km. The small circles given by the Eulerian poles are parallel to these fracture
zones. This reconstruction only creates 50 km of extension in the Parana basin and 30 km of
extension in the northern limit of the Santos block.

3.7. Chron MO (125Ma after Gradstein et al., 2004)

Five main reconstructions have already been published: Rabinowitz and LaBrecque (1979),
Nirnberg & Miuller (1991), Schettino & Scotese (2005), Konig & Jokat (2006) based on
Martin et al., (1982) and Eagles (2006).

Rabinowitz and LaBrecque (1979) did not integrate intraplate deformation and propose an
unsatisfactory fit of the southern fracture zones (Rio Grande & Agulhas-Falkland). Niirnberg
& Mdaller (1991) deform only the African plate at this stage and present a better fit but the
main problems in the Equatorial segment remain. Following Nirnberg & Muller (1991),
Schettino & Scotese (2005) deform only the African plate. This reconstruction shows an
unsatisfactory fit of magnetic anomalies and creates a significant overlap in the Equatorial
Segment. The reconstruction of Konig & Jokat (2006) comes from the reconstruction of
Martin et al. (1982). They proposed a very good fit of magnetic anomalies (close to the pole
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proposed by this study), but they did not integrate intraplate deformation, implying a large
overlap in the Equatorial Segment. Eagles (2006) reconstruction presents a good fit of
magnetic anomalies but has drastic consequences in the Equatorial Ocean and the
Recbncavo-Tucano-Jatoba rift.

According to Guiraud & Maurin (1992), MO marked the end of the first deformation in Africa,
which occurred from Valanginian to Aptian. Due to the increase in the deformation in the
Parana Basin induced by the movement of African blocks, we infer that most of the
movements of the Austral and Nubian African blocks occurred between chrons M4 and M2.
According to Guiraud & Maurin (1992), the Nubian block moves northwards, whilst the
Austral block moves north-eastwards.

In South America, except for the Santos Block, which continues its slow westwards
movement, the northern part (Tucano-NE Brazil-Guyana-Séo Francisco blocks) does not
move. The Argentina-Salado-Rio de la Plata blocks move together and allow a very good fit
of the MO conjugate anomalies. The small circles given by the Eulerian pole are parallel to
the Rio Grande and Falkland fracture zones.

Figure 22 presents our MO reconstruction. At this time, there is still a 40 km deformation in
the Parana basin and 30 km in the northern limit of the Santos block.

3.8. Aptian-Albian (112 Ma)

The Aptian-Albian Boundary corresponds to the end of the salt deposition and the break-up
within both the central and Equatorial segments.

Rabinowitz & LaBrecque (1979) proposed a reconstruction at the end of the salt deposition,
which shows an overlap in the Demerara-Guinea area and an unsatisfactory fit of the salt
boundaries (a gap of 100 km in the Sergipe-Gabon Basins). In their model, this
reconstruction followed a compressive stage in the Equatorial Segment, due to the opening
of the South Atlantic Ocean and the rigid plate hypothesis they assumed.

Between Chron MO and this time, the African blocks movement changed considerably.
Meanwhile the Austral block slowly stopped its rotation to reach its present day position with
respect to the West African block, the Nubian Block rotated through the north-east, in
agreement with the observations of Guiraud & Maurin (1992). At Aptian-Albian Boundary, the
Africa plate is no longer deformed. In the South American plate, movements between
Tucano, NE Brazil and S&o Francisco blocks took place after MO and ceased at Aptian-
Albian Boundary. Our reconstruction is presented in Figure 23 and is slightly tighter than the
reconstruction of Unternehr et al, (1988). This reconstruction presents a gap of 80 km
between the salt boundaries in the Sergipe-Gabon basins associated with 40 km of overlap
in the Namibe Basin, slightly smaller than in the Unternehr et al., (1988) and in Rabinowtiz &
LaBrecque (1979). However we could not further minimize these misfits by block movements
without irrational deformation. We suggest that they are probably the result of badly defined
salt limits in the northern part of the central segment or salt deposit diachronism. The
positioning of the Brazilian salt boundary on Angolan-Namibian crust might indicate that the
southeastern portion of the salt layer in Santos basin is underlain by volcanic crust, as
proposed by Gladczenko et al., (1997), Mohriak, (2001) and Davison, (2005). Ponte et
Asmus, 1976; Kumar et al.,, 1977; Cande & Rabinowitz (1978b); Kumar et Gamboa, 1979,
Sibuet et al., 1984, Gladczenko et al., (1998) suggested a ridge crest jump from an extincted
spreading center in the eastern part of the Santos basin by Late Aptian. At this time,
occurred simultaneously the opening of the Equatorial Atlantic Ocean occurred, allowing a
possible connection between the North and South Atlantic Ocean waters (Eagles, 2006). As
a matter of fact paleontological analysis of early post-salt sediments in the South Atlantic
indicate an intriguing connection with North Atlantic Tethys fauna (Dias-Brito, 1982; Azevedo,
2004).

After this period, the northern part and the southern part of South America are not deformed.
A small deformation still remains between these two parts, in the Parana area. This
deformation will last until chron C34, as already noticed by Gibert et al., (1989) and Campan
(1995).
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3.9. Intra-Albian (106 Ma)

During Albian time, the opening of the Equatorial Atlantic and the South Atlantic Ocean
continues.

Eagles (2006) presents a reconstruction for an intermediate stage at 102-96 Ma in order to
take into account the “subtle change in FZ curvature about halfway” between the normal-
polarity anomaly C34 and chron MO (between 84 and 125 Ma after Gradstein et al., 2004).
This change was already noticed by Rabinowitz & LaBrecque (1979) and is similar to that
one described by Marks & Tikku (2001) one at 96Ma (Eagles, 2006). Nevertheles, this
additional reconstruction implies an unreasonable intraplate deformation (90 to 130 km
extension) in the Parana area for this period.

On Figure 24, in the Austral Segment, the position Argentina — Salado — Rio de la Plata
blocks is adjusted using one single intermediate C34-MO pole. The small circles described by
this Eulerian pole present small misfits (<20 km) with the FZs, but avoid irrational
deformation in the Parana area. These misfits may result from a deformation of the oceanic
crust related to the volcanic activity of Walvis-Rio Grande Ridge. A small deformation still
remains in the Parana block. Gibert et al., (1989) and Campan (1995) already noticed this
problem. Campan (1995) showed that it is impossible to correctly adjust both magnetic
anomalies and fracture zones on the whole of the South Atlantic Ocean at Chron 34.

4. Discussions

4.1. Age of the first oceanic crust

The age of the first oceanic crust varies progressively from South to North as indicated by
magnetic anomalies and flow lines.

South of the Austral segment, the age of the first accretion is linked to the age of the
anomaly G and depends on its determination, which fluctuates between anomaly M13
(~139.5 Ma) (Rabinowitz & LaBrecque, 1979) and anomaly M22 (~150.5 Ma according to
Gradstein et al., 2004) (Du Plessis, 1977).

On the another hand, Courtillot et al. (1999) proposed a causal link between flood basalts
and continental break-up. Thus, in the Central Atlantic Ocean, Sahabi et al. (2004) showed
that the beginning of the seafloor spreading at Late Sinemurian (195Ma) coincides with the
main tectonic and volcanic phase (Central Atlantic Magmatic Province: CAMP: 200Ma after
Marzoli et al., 1999b). We therefore compiled published geochemical data and radiometric
dates for the dikes and the lava flows (Figure 18). This compilation shows a peak of volcanic
activity in the Late Hauterivian-Early Barremian (134-130 Ma after Gradstein et al., 2004). As
our model presents an age for the tightest fit, which precedes the Chron M7 (132 Ma), we
infer that the first oceanic crust in this southern area occurred between M9 and M7 (between
134 and 132 Ma), in the Hauterivian time. In the rest of the Austral segment, the first
accretion occurred between chron M7 and M4 (132 and 130 Ma after Gradstein et al., 2004),
in the Late Hauterivian. These results confirm the age proposed by Austin & Uchupi (1982)
for the first seafloor spreading in the Austral segment.

The Santos basin is an area of particular interest. Some authors noticed linear magnetic
anomalies but their determination are not clear and their age varies from M3 to MO (Cande &
Rabinowitz, 1978a, b). Taking into account the deformation in the Parana area, our
reconstructions propose that the Santos block started to move slowly between chrons M4
and M2. The presence of an intrabasinal ridge jump was first proposed by Pontes & Asmus
(1976) and Kumar & Gamboa (1979). This ridge jump occurred after the deposition of the
salt layer otherwise salt would be found in the Namibe basin (conjugate of the Santos basin),
where the break-up occurred. We infer that this jump occurred at the same time as the rest of
the central segment, where the first seafloor spreading is dated by the last salt deposition,
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which corresponds to the break-up, at the Aptian-Albian boundary around 112 Ma (Moulin et
al., 2005). Mohriak (2001) suggests that the oceanic propagator (Abimael Ridge) advanced
from the Pelotas Basin, south of the Floriandpolis Fracture Zone (Sao Paulo Ridge) towards
the Santos Basin, but was aborted during the penetration in the Late Aptian salt layer, and
was deflected in an en-echelon pattern towards the eastern margin of the salt basin, as the
breakup progressed from Santos to Campos basins (Mohriak et al., 2008).

In the Equatorial Atlantic Ocean, Pontes & Asmus, (1976), Szatmari et al. (1987), Matos
(2000) on the basis of intensive onshore and offshore exploration, and then Mohriak (2003)
and Zalan (2004) on the basis of compilation and analysis of new available data, dated the
main phase of rifting at the Alagoas stage (Late Aptian). Pontes & Asmus (1976) dated also
the first marine sequence of the equatorial basins in the Early Albian. In agreement with
these studies, our model shows that the opening of the Equatorial Atlantic Ocean occurred
during the Aptian-Albian boundary, contemporenaous to the onset of seafloor spreading in
the Central Segment. Moreover, the paleontological evidence of Tethyan influence in the
Early Albian suggest that the opening of the Central Atlantic Seaway connecting the Aptian
salt basin to the North Atlantic waters might have occurred by Late Aptian, either through the
transform margin between the Amazon Cone and the Potiguar Basin (Ilvory Coast to Nigeria
in Africa), or through the Benue Trough.

4.2. Kinematic evolution and intraplate deformation

Our new model of kinematic evolution, based on FZs, new magnetic anomaly identification,
other isochrons, flow lines, onshore and offshore geological and geophysical data and their
full and simultaneous fitting made by a numerical trial-error method using PLACA software, is
summarized on Figure 25.

We can summarize four stages:

Stage 1 - The Austral Segment: Between LMA and M4 the opening of this segment started
following the massive outpouring of basalt lavas in the Parana-Etendeka province. Major
crustal discontinuities such as the NW lineaments in the Parana Basin are associated with
dike swarms in the Ponta Grossa Arch. Before M7 in the Orange and Argentine Basins, with
deformation between Salado and Argentine blocks; this deformation stops at M7. After M7,
the opening occurred between Walvis and Pelotas Basins, with the start of the movement of
the Rio de la Plata block. North of the Parana area and for the Austral African block,
movements are very small during this period.

Stage 2 - The Santos « Buffer » block: Between M4 and until Aptian, the Santos block
started to follow the general westward movement of the southern part of South America,
whilst the Rio de la Plata bock and the Argentine-Salado block are connected between M4
and M2. The Santos block plays the role of a kinematic buffer between the movements that
created the northern Aptian basins with rich source rock lacustrine sediment and salt
deposition and the southern volcanic basins with narrow lacustrine rifts and no salt
deposition of the South Atlantic Ocean. In the same period and until Late Aptian, the Austral
African block moved slightly north-eastwards, allowing some extensional movement in the
Central Segment. North of Santos basin, there were block movements affecting the salt
basin. There is still some deformation in the Parand area.

Stage 3 - The central segment: The Late Aptian/Early Albian limit marked the end of salt
deposition and the opening of the central segment and coincided with the second stage of
Guiraud & Maurin (1992). The Santos Block is now connected to the northern part of the
South Atlantic plate, and the opening of the central segment implies an eastward ridge jump,
very close to the African coast, in the South Kwanza Basin, allowing a first “continuous”
oceanic ridge from the Ascencion FZ in the north to the main limit of Walvis and Rio Grande
FZ to the South. The Santos Basin system is therefore left on the Brazilian side. Between MO
and Late Aptian/Early Albian, the different blocks of the northern part of South America
moved slightly to reach their presentday position in regard to the Guyana block. After the
Late Aptian/Early Albian time no major intraplate deformation occurred both in the Africa and
South America plates (except in the Parana area).
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Stage 4 - The Equatorial Segment: In Albian time, the Equatorial Atlantic Ocean opened,
allowing the definitive water connection between the Central Atlantic and the South Atlantic
oceans.

As already noticed by Eagles (2006), the opening of the South Atlantic Ocean is mainly
linked to the South American plate deformation. This deformation propagates northwards
along six main basins already described by Eagles (2006), but with much older active
periods. Our detailed model highlights the buffer role of the Santos block, between two very
different segments, and gives precise reconstruction (especially for the initial fit) in coherence
with geophysical and geological data. Contrary to Eagles (2006) reconstruction, but following
Gibert et al., (1989) and Campan, (1995), we also highlighted an intraplate deformation in the
Parand area that exists until C34. Geochemical studies (Deckart et al., 1998; Hackspacher et
al., 2004; Guedes et al., 2005) showed an alkaline volcanic episode at 82-83 Ma in the
coast-parallel dike swarm near Rio de Janeiro. This event is currently explained by the arrival
of the “Tristan da Cunha” plume. The constant misfits between fracture zones and magnetic
anomalies are arguments for the existence of a link between the last stage of this old
persistent intraplate deformation in the Parana area and those post-breakup volcanic events.
Another important tectono-magmatic event is registered in the Late Cretaceous — Early
Tertiary, with manifestations of igneous activity around 60-50 Ma in the Cabo Frio region
(Mizusaki et al., 2002). Reactivation of the large deformation zone in the northern part of the
Parana area might also be associated with this episode, which has often been interpreted as
a hot-spot manifestation (Thomaz-Filho et al., 2005).

This new, precise model of evolution confirms the main hypothesis of Eagles (2006), but
details and modifies the timing and the pre-break-up reconstructions on the South and
Equatorial Atlantic Oceans. It minimizes the intraplate deformation as much as possible
when no published works were found; the limits must be therefore regarded like symbolic
lines where is compiled the amount of deformation diluted on larger areas; they indicate
where the deformation related to each rifting/drifting event should be found. Following Eagles
(2006), we also point out the importance of onshore studies, which will improve our
knowledge of the timing and amount of deformation and offer opportunities to refine our
model. This mainly applies for the area westwards of the Paran& Basin, which according to
our model, should have experienced 125 km of compression towards the Andean bend.

The consequences induced by a pre-break-up kinematic reconstruction are tremendous for
the genesis of continental passive margin that marked the break-up area (age, timing,
constraints on movements) and on the timing of the first evolution of the oceanic crust (see,
for example, Sahabi et al.,, 2004, Labails, 2007, Labails et al., 2007). The new initial fit
presented in this study, based on satellite altimetry, oceanic and continental geological
constraints and new interpretation of magnetic data, represents the tightest reconstruction
that could be obtained and represent the base canvas on which the problem of the
continental margin genesis should be addressed (Moulin, 2003; Aslanian et al., 2009). For
instance, the presence of the significant depths of the Late Jurassic to Early Cretaceous
petroleum-producing rifts of Reconcavo, Tucano, Jatoba, Sergipe-Alagoas, Gabon and
Equatorial Guinea in the Central Segment of South America and Africa while the Africa plate
has only started to move at M4 with very small horizontal movements, addresses the
question of the relation between thinning and large horizontal movement in such areas. Like
Aslanian et al., (2009) already have shown it in the Central segment, it seems most
improbable that the continental crust maintains its integrity throughout this thinning process,
which seems to mainly concern the lower/middle continental crust.
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Figure 1: Reconstruction at Permo-triassic time (~250 Ma) (Olivet & Aslanian, pers. comm.)
just before the break-up of the mega-continent Pangea. This break-up occurred in three main
episodes separated by about 60 Ma. The Upper Triassic episode (in red, about 200-190 Ma)
separated the Pangea in three equivalent blocks (Laurussia, Africa and South America,
Madagascar, India, Antarctica and Australia). The second episode (in green) occurred during
the Early Cretaceous (about 133-120 Ma), and the last episode (in blue) during the Tertiary
(60 Ma: chron). Note the almost general coincidence between the different break-ups and
older orogenic belts (Hercynian — Panafrican and Proterozoic). Hammer Projection.
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Figure 2: General tectono-structural map of the South Atlantic Ocean at Chron 34 (84 Ma).
For this well-constrained reconstruction, we used the Eulerian pole from Campan (1995) for
the Equatorial and South Atlantic oceans and the Eulerian pole from Sahabi (1993) for the
South Western Indian Ocean. This figure summarizes all the geological structures that will be
used in this study. Fracture zones and seamounts are based on interpretation of satellite
derived gravity Tmn X 1mn grid (Sandwell & Smith, pers. comm.). The bathymetric contours
near Walvis Ridge are based on the lfremer detailed bathymetric map (Needham et al.,
1986). The large red line represents the accreting oceanic ridge at Chron 34. Sedimentary
Cretaceous basins are represented by green lines (after Choubert et al., 1968; Almeida et
al., 1970; Urien & Zambrano, 1973; Hinz, 1999; Turner et al., 1994; Trompette, 1994).
Cratons are represented by brown 1lines (after Trompette, 1994).
Aptian salt extension (pink areas) are based on a compilation of different sources (Pautot et
al., 1973; Renard & Mascle, 1974; Emery et al., 1975; Lehner & De Ruiter, 1977; Rosendahl
et al., 1991; Rosendahl & Groschel-Becker, 1999; Meyers et al., 1996; Marton et al., 2000;
Contrucci et al., 2004; Moulin et al., 2005 for the African side, and Butler, 1970; Mascle &
Renard, 1976; Leyden et al., 1976 in Curie, 1984; Heilbron et al., 2000; Unternehr,. pers.
comm.. for the Brazilian side). The location of the Abimael ridge (interpreted by Mohriak,
2001, as an aborted oceanic propagator across the Rio Grande Fracture Zone) is given by
the letters A. R. with a black arrow. Seaward Deeping Reflectors (SDRs) (green light areas)
are from Gondcalves da Souza (1991) and Moulin et al. (2006) for South America, and Bauer
et al. (2000) for Africa. The M-sequences magnetic anomalies are based on our new
interpretation (see Fig. 4 and 5), whereas the C34 anomaly is based on the interpretation of
Klitgord & Schouten (1986). The main structural constraints (lineaments and plateau limits)
used for the kinematic reconstructions (blue lines) are drawn according to Gouyet (1988),
Choubert et al. (1968), Gueguen (1995), Almeida et al. (1970) and Curie (1984). Cretaceous
volcanism (in red) and triassic volcanism (in purple) limits are by Almeida et al. (1970,)
Jacques (2003a; 2003b), Turner et al. (1994), Araujo et al. (2000), Marzoli et al. (1999a) and
Choubert et al. (1968). Hinge lines (thick red lines) are based on the compilation of the
interpretation of Unternehr (comm. pers.), Heilbron et al. (2000), Karner & Driscoll (1999) and
Moulin et al. (2006). Mercator projection.
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Figure 3: General magnetic map of the southern segment of the South Atlantic Ocean
(African side). A) data control of selected magnetic profiles (in red, profiles used by
Rabinowitz and LaBrecque, 1979 and Rabinowitz, 1976; in blue, additional profiles of NGDC
data base) and magnetic maps (green boxes) used for the Mesozoic magnetic anomaly
interpretation between 40°S and 20°S (Corner et al, 2002; BGR (site web:
//www.bgr.bund.de, contact Dr. B. Schreckenberger), and our grid based on NGDC
database). B) Our new Mesozoic magnetic sequence interpretation. The black line in the pink
area (magnetic anomaly M2) corresponds to the maximum amplitude of the anomaly. The
eastern edge of the prominent Large Magnetic Anomaly (LMA - in blue - see details in the
text) corresponds to the G anomaly of Rabinowitz and LaBrecque (1979). Same geological
structure legends as in Figure 2. Mercator projection.
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Figure 4: General magnetic map of the South Segment of the South Atlantic Ocean (South
American side). A) data control of selected magnetic profiles (in red, profiles used by
Rabinowitz & LaBrecque, 1979 and Cande & Rabinowitz, 1978; in green, profiles used by
Max et al., 1999 and in blue, additional profiles of NGDC data base) and magnetic maps
(green boxes) used for the Mesozoic magnetic anomalies interpretation between 50°S and
25°S (Max et al., 1999, BGR, (site web: //www.bgr.bund.de, contact Dr. B. Schreckenberger);
Industrial Magnetic map, pers. comm., Zalan & de Oliveira, 2005, and our grid based on
NGDC database) B) Our new Mesozoic magnetic sequence interpretation. The black line in
the pink area (magnetic anomaly M2) corresponds to the maximum amplitude of the
anomaly. The western edge of the prominent Large Magnetic Anomaly (LMA - in blue - see
details in the text) corresponds to the G anomaly of Rabinowitz and LaBrecque (1979). Same
geological structure legends as in Figure 2. Mercator projection.
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Figure 5: The first four « rigid » models, with the constraints used in this study. The West
Africa block is considered as the fixed plate. Overlaps between the hinge lines are in green,
gaps in blue. A) The first computer-assisted statistical reconstruction (Bullard et al., 1965)
shows a good fit in the southern part of the South Atlantic Ocean but has dramatic
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consequences in the Equatorial Atlantic Ocean (huge gap between Demerara and Guinea
plateaus) This illustrates the impossibility to close together the Equatorial and South Atlantic
oceans. B) Rabinowitz & LaBrecque (1979) proposed a model with 2 phases, at the Anomaly
G (130 Ma according to the scale from Larson & Hilde, 1975, used by Rabinowitz &
LaBrecque in 1979; 139.5 Ma after the scale of Gradstein et al., 2004) and at 107 Ma (Late
Aptian from Rabinowitz & LaBrecque, 1979, or 112 Ma after the scale of Gradstein et al.,
2004). During the first phase, this model implies the same dramatic consequences in the
Equatorial Ocean. C) The « propagating » model of Vink, 1982. This model presents an
important overlap of the hinge lines in the central segment. D) Two sketches for propagating
models proposed by Vink (1982) and Martin (1984). Note that the magnetic anomalies are
oblique to the margins. See details in the text. Same geological structure legends as in
Figure 2. Mercator projection. See Table 1 for the Eulerian poles used in this figure.
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African and South American intraplate deformation
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Figure 6: The first non-rigid models. The West Africa block is considered as the fixed plate.
Overlaps between the hinge lines are in green, gaps in blue. A) The first non-rigid Africa
reconstruction (Pindell & Dewey, 1982). These authors followed the assumption of Burke &
Dewey (1974) and included intra-plate deformation in the Africa plate, especially in the
Benue Basin. This reconstruction implies compressive motion in the South Sudan Rift and
important overlap of the Equatorial plateaus and of the hinge lines in the central Segment. B)
The first non-rigid South America model (Curie, 1984). Both Equatorial Ocean and the
southern segment are closed simultaneously. This model implies a 400 km strike-slip
movement in the Parand basin. Same geological structure legends as in Figure 2. Mercator
projection. See Table 1 for the Eulerian poles used in this figure.
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Figure 7: Pre-drift reconstruction of Nirnberg & Miller (1991) at 150 Ma (Tithonian, 150.8
according to Gradstein et al., 2004). The West Africa block is considered as the fixed plate.
Overlaps between the hinge lines are in green, gaps in blue. Following Curie (1984) and
Unternehr et al. (1988), these authors proposed a model with both African (Benue Trough
and Niger Rift) and South American (Colorado, Salado and Parana basins) acceptable intra-
plate deformations. This model shows overlap in the northern part of the Central Segment
(South-Gabon / Sergipe basins) and of the LMA (more than 50km) between 28°S and 30°S.
It implies a gap between the Demerara and Guinea plateaus of more than 150km and an
offset between the Kandi and Sobral conjugate lineaments of 140 km. The Rio Grande
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Fracture Zone (FZ) presents an offset of 75km. Same geological structure legends as in
Figure 2. Mercator projection. See Table 1 for the Eulerian poles used in this figure.
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Figure 8: Four last pre-rift reconstructions published in the last 10 years. The West Africa
block is considered as the fixed plate. Overlaps between the hinge lines are in green, gaps in
blue. A) The model of Lawver et al. (1999) is issued from the international PLATES project
(University of Texas, http:/www.ig.utexas.edu/research/projects/plates). It presents, in the
Equatorial and Central Segments, a configuration equivalent to that of Nirnberg & Mdller
(1991) with the same unacceptable misfits. In the Austral Segment, the LMAs show an
overlap of 150 km, and the Rio Grande fracture zones an offset of more than 100 km. B) The
model of Schettino and Scotese (2005) is based on the synthetic apparent polar wander
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(APW) paths for major continents (North America, South America, Eurasia, India, Central
Africa, Australia and Antarctica) for the last 200 Ma. It presents a very important overlap of
the coastline in the vicinity of the Niger Delta. C) The reconstruction of Kénig & Jokat (2006)
at Jurassic Quiet Magnetic Zone (JQMZ). As that of Lawver et al. (1999) presents, in the
Equatorial and Central Segments, a configuration equivalent to that of Nirnberg & Muller
(1991) with the same unacceptable misfits. It implies important intra-plate deformations (450
km-dextral strike-slip movement in the Gastre System fault (G.S.F.) and extension of 150 km
in the Salado Basin). The LMA anomalies present an important overlap (between 230 and
350 km in the southern part of the Austral Segment) and the Falkland FZs, an offset of 300
km. D) The reconstruction of Eagles (2006) at 150 Ma, is based on the northward
propagation of the opening and the fit of the fracture zones, south of 20°S. The author
supposes the presence of intra-plate deformations inside South America, but gives only the
Eulerian pole from the movement between the southern part of the South America and the
Africa plates; we can therefore only present a zoom on the Austral segment. In this segment,
LMA anomalies show a dramatic overlap. Same geological structure legends as in Figure 2.
Mercator projection. See Table 1 for the Eulerian poles used in this figure.
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Figure 9: Kinematic reconstruction at Chron 34 (84Ma) of the Equatorial Atlantic Ocean. The
figure shows, on each plate, the gravity data from Sandwell & Smith (1997) between the
coast and the anomaly C34. The Africa Plate, and its attached gravity grid, is fixed; the South
American plate and gravity grid have been rotated with the Eulerian pole from Campan
(1995). Note the perfect alignment of the FZs. The heavy red line represents the accreting
ridge at that time, the thin red lines, the first accreting ridge before the breakup and the
dotted red lines, the ridge at 105Ma. The black dotted lines represent the small circles
(relative movement between the Africa and America plates) calculated with the intermediate
pole between C34 and 105 Ma (Campan, 1995), extrapolated to the fit. Note the very good fit
between these small circles and the fracture zones, which indicates that no change in
movement direction occurs between C34 and the fit. The West Africa block is considered as
the fixed plate. Same geological structure legends as in Figure 2. Mercator projection. See
Table 2 for the Eulerian poles used in this figure.
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Figure 10: Initial reconstruction of the Equatorial Atlantic Ocean proposed by this study. The
figure shows, on each plate, the gravity data from Sandwell & Smith (1997) between the
coast and the break up. The Africa Plate, and its attached gravity grid, is fixed; the South
American plate and gravity grid have been rotated, following the direction of the small circles
shown on figure 9. The heavy red line shows the breakup separation between the plates by
an incipient seafloor spreading. Note the remarkable alignment of the conjugate pre-breakup
fault systems (in blue: Kandi/Sobral, Patos/Ngaoundere, Pernambuco/Sanaga lineaments
and Demerara/Guinea plateaus), which is also corroborated by geophysical data (Fainstein &
Milliman, 1979). Note also the homology of the 200m and 2000m isobaths, extracted from
Gebco97, on each plate, except in the Amazon and Niger deltas (where important
accumulation of Cenozoic sediments occurred. Same geological structure legends as in
Figure 2. Mercator projection. See Table 2 for the Eulerian poles used in this figure.
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occurred in this area. Overlaps between the hinge lines are in green, gaps in blue. Pink lines
represent the salt boundaries. Mesozoic magnetic anomalies are the same colors as in
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Figures 3 and 4. The large gap shown on this reconstruction illustrates the impossibility,
already described by Bullard et al. (1965), to close together the Equatorial, Central and
Austral segments, The Ascension, Rio Grande and Falkland fracture zones present an offset
of respectively 27, 88 and 107km. Same geological structure legends as in Figure 2.
Mercator projection. See Table 2 for the Eulerian poles used in this figure.
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Figure 12: General structural map of the African plate. We have reported on this map a compilation of the published geological and geophysical
data concerning the Cretaceous basins (quantitative and qualitative information) and maximum continental deformation on the African plate.
The origin of information is given by different colours (red for geology, blue for geophysical and green for kinematic models). Following Guiraud
& Maurin (1992), we dissociated the Africa plate in four blocks: the West Africa, the Nubian, the Austral blocks and the microplate of Benue. The
intraplate deformation between these blocks is summarized on a single line (thick black lines) for a graphic purpose. Mercator projection.
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Figure 13: General structural map of the South American plate. We have reported on this map a compilation of the published geological and
geophysical data on Cretaceous basins (quantitative and qualitative inofrmation) and maximum continental deformation on the South American
plate. The origin of information is given by different colours (red for geology, blue for geophysical and green for kinematic models). We
individualized in the South American plate nine blocks: the Guyana, the NE-Brazil, the Tucano, the Sado Francisco craton, the Santos, the Rio
de la Plata, the Argentina, the Patagonia blocks, and the Salado microplate (see text for details and references). The intraplate deformation in
between these blocks is summarized on a single line (thick black lines) for a graphic purpose. Mercator projection.
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Figure 14: Constraints given by geological and geophysical information on intraplate deformation. The figure presents three positions for the
Nubian bock: actual position (black) and two rotated positions (green and red). The inset is a zoom on Nubian and Benoue blocks boundary.
The figure shows that a small movement difference in the rotation in the Nubia-Benoue boundary (less than 40 km) has dramatic consequences
on the rest of the limits of the Nubian block: the quantity of deformation can increase noticeably and the style of deformation can even reverse.
Conversely, even qualitative information (for instance, the type of Lineament of 10° East: compressive or extensive) may be used to constraint
the reconstruction: for example, the proposed rotation N°2 is geologically impossible due to the transpressive character of the 10°East
Lineament (Boudjema, 1987, in Guiraud & Maurin, 1992)
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Figure 15: Our reconstruction before the break-up (LMA, ~133 Ma, Gradstein et al., 2004). The Africa plate is divided into four blocks. The
South America plate is divided into 9 blocks. Both plates are deformed taking into account the cretaceous geological information. The inferred
intraplate deformations are indicated in black. This figure shows the tightest possible reconstruction according to geological and geophysical
information (see text and Figures 6 and 17 for details). A dextral strike-slip movement of 150km persists in the Parana Basin, which is
consistent with the deformation proposed by Eyles & Eyles (1993). This reconstruction also implies 70km of extension in the Parana Basin,
125km of compression in the Andean Mountains and 50 to 70 km of extension distributed in the Colorado-Salado Basins and in the Andes. The
West Africa block is considered as the fixed plate. Eulerian poles are given in table 2. Mercator projection. See Table 2 for the Eulerian poles
used in this figure.
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(thick black lines) are still separated by 200-300km, (blue area), which implies strong consequences on passive margin genesis in the Central
segment (Moulin et al., 2005; Aslanian et al., 2009). Eulerian poles are given in table 2. Mercator projection. See Table 2 for the Eulerian poles
used in this figure.
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Figure 17: Zoom of the tightest pre-break-up fit in the Austral Segment of the South Atlantic
Ocean (see position in figure 15). The West Africa block (not shown on this figure) is
considered as the fixed plate. The African LMA is in dark blue and the South American LMA
light blue. This reconstruction shows a general good fit between the magnetic anomalies.
However, some gaps or overlaps still exist due either to the sparcity of the data, the
presence of a boundary or a smaller segmentation, and the oceanic propagator (pink arrow)
is not aligned with the spreading ridges south of the Rio Grande Fracture Zone (see text for
details). The thick dotted black line represents the future rupture zone. For the geological
structures represented, we used the same legend as in Figure 2. Oblique Mercator
projection. See Table 2 for the Eulerian poles used in this figure.
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Figure 18: Chrono-stratigraphic chart (Gradstein et al., 2004) for the Lower Cretaceous to
the Upper Cretaceous, in connection with a synthesis of volcanic ages known in this area.
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Figure 19: Our South Atlantic Ocean reconstruction at Chron M7 (132 Ma, (Gradstein et al.,
2004). Mercator projection. A) Zoom of the Austral Segment (Oblique Mercator Projection).
The Salado and Argentina blocks are moved to adjust the magnetic anomalies (orange thick
line for the African side, and yellow thick line for the South American side). The rest of the
blocks remain in pre-break-up position (figures 16, 17 & 18). This reconstruction implies 80
km of sinistral strike-slip movement in the Salado Basin, which are not documented. The
West Africa block is considered as the fixed plate. For the geological structures represented,
we used the same legend as in Figure 2. See Table 2 for the Eulerian poles used in this
figure.
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Figure 20: Our South Atlantic Ocean reconstruction at Chron M4 (boundary Barremian / Hauterivian, 130 Ma, (Gradstein et al., 2004)). The
deformation in the Central segment is identical to those previously shown, except in the Parand Basin where the deformation corresponds to
40km of extension associated with 60km of dextral strike-slip motion. This reconstruction implies a more intensive intra-plate deformation. The
Santos block is detached from the Sdo Francisco plate; it moves westwards following the Rio de la Plata and the Salado-Argentina blocks.
These additional movements minimize the deformation in the vicinity of the Parand Basin and imply 60km of extension in the northern part of
the Santos-Plate and 20km of compression in the Andean Mountains. Note in the south segment the perfect symmetry of the magnetic
anomalies M4 (dark grey for the African side, and light grey for the South American side). The West Africa block is considered as the fixed plate
and we used the same legend as in Figure 2 for the geological structures. For the magnetic anomalies, we used the same colours as in Figures
3 and 4. The map is in Mercator projection. See Table 2 for the Eulerian poles used in this figure.

Right (A): Zoom of the South Segment in order to illustrate the assembly of the magnetic anomalies M4. The other magnetic anomalies are
represented in the same colours as in Figures 3 and 4. The projection of the map is Oblique Mercator.
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Figure 21: Our South Atlantic Ocean reconstruction at Chron M2 (~127.5 Ma, Mid-Barremian (Gradstein et al., 2004)). The deformation in the
Central Segment is identical to those previously shown, except in the Parana basin. This reconstruction implies 30 km of extension associated
with 40 km of dextral strike motion. Note in the South Segment the perfect symmetry of the magnetic anomalies M2 (dark pink for the African
side, and light pink for the South American side), without any additional intra-plate deformation: the four southern blocks move with the same
relative pole. Between Chrons M2 and M4, the Santos block stops to move independently and becomes linked of the Sdo Francisco block. The
West Africa block is considered as the fixed plate and we used the same legend as in Figure 2 for the geological structures. For the magnetic
anomalies, we used the same colours as in Figures 3 and 4. The map is in Mercator projection. See Table 2 for the Eulerian poles used in this
figure.

Right (A): Zoom of the South Segment in order to illustrate the assemblage of the magnetic anomalies M2. The other magnetic anomalies are
represented in the same colours as in Figures 3 and 4. The projection of the map is Oblique Mercator.
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Figure 22: Our South Atlantic Ocean reconstruction at Chron M0 (boundary Aptian / Barremian, ~125 Ma, according to Gradstein et al., 2004).
The Africa plate undergoes its last phase of deformation. This reconstruction implies in Africa: 72 km of extension in the Sudan Rift, 70 km of
sinistral strike slip motion along the Central African shear zone, 80 km of extension in the Tchad Basin, 100 km of dextral strike-slip motion
along the 10° lineament

and 30km of compression in north-eastern part of Algeria. In South America, it implies 10-20 km of extension in the NE-Brazil block, along the
Potiguar and Araripe basins, 50-60 km of extension in the Tucano basin, 60 km of dextral strike-sli p motion along the Transbrasiliano
lineament. Finally, the deformation in the Parana basin is limited to 14 km of extension. Note in the south segment the perfect symmetry of the
magnetic anomalies MO (dark green for the African side, and green for the South American side), without any additional intra-plate deformation
in the South of South America: the four southern blocks move with the same relative pole. The West Africa block is considered as the fixed plate
and we used the same legend as in Figure 2 for the geological structures. For the magnetic anomalies, we used the same colours as in Figures
3 and 4. The map is in Mercator projection. See Table 2 for the Eulerian poles used in this figure.

Right (A): Zoom of the South Segment in order to illustrate the assembly of the magnetic anomalies MO. The other magnetic anomalies are
represented in the same colours as in Figures 3 and 4. The projection of the map is Oblique Mercator.
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Figure 23: Our South Atlantic Ocean reconstruction at Upper Aptian — Lower Albian time

(112Ma).

It is impossible to adjust the FZ in the southern segment with a rigid South American plate. A
deformation persists in the Parana Basin, associated with 45 km of extension. The West
Africa block is considered as the fixed plate and we used the same legend as in Figure 2 for
the geological structures represented. The map is in Mercator projection. See Table 2 for the

Eulerian poles used in this figure.
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Figure 24: Our South Atlantic Ocean reconstruction at Intra-Albian time (106 Ma).
It is impossible to adjust the FZ in the southern segment with a rigid South American plate. A
deformation persists in the Parana Basin, associated with 30 km of extension The red line
represents the accreting ridge at this time (Intra-Albian), located eastwards of the Aptian salt
basin in the Brazilian margin. The West Africa block is considered as the fixed plate and we
used the same legend as in Figure 2 for the geological structures represented. The map is in
Mercator projection. See Table 2 for the Eulerian poles used in this figure.
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Figure 25: New initial evolution of the Equatorial and South Atlantic Oceans from ante-M9 to
C34 proposed by this study, from LMA (~133 Ma), M7 (~132 Ma), M4 (130 Ma), M2 (127,5
Ma), M0 (125 Ma), Late Aptian (112 Ma); Intra-Albian (106 Ma) and C34 (84 Ma). The West
Africa block is considered as the fixed plate (large mauve nail). The small mauve nails
symbolize that the block does not move, in respect to the West Africa block, for this period.
Large red lines give the location of the intra-plate deformation between two chrons. The
coasts of the moving plates are underlined in orange. See Table 2 for the Eulerian poles
used in this figure.
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Table 1. Finite Rotations used for the historic (with respect to West Africa), classed by
authors and by order of apparition on figures (see Figures 5, 6, 7 and 8).

Pole of Rotation

Age, Ma Chron Latitude, deg Longitude,
deg

Angle, deg

Mobil Plate with respect to W.
AFR

4.3. Fit Bullard et al., 1965
130 44.0 -30.6

4.4. Fit Rabinowitz & LaBrecque, 1979
130(140.2) Ano G 45.5 -32.2

4.4.1. Fit Vink, 1982
(~137) M11 47 -33.8

4.4.2. Fit Pindell & Dewey, 1982

165 (125) MO 55.10 -35.70
165 (125) MO 19.0 2
165 (125) MO 19.0 2

4.4.3. Fit Curie, 1984

117 (130) M4 55.1 -35.7
117 (130) M4 455 -32.2

4.5. Fit Niirnberg & Miiller, 1991
150 (150.8)  Tithonian

49.23 -31.83
150 (150.8)  Tithonian 47.77 -32.35
150 (150.8)  Tithonian 46.72 -32.67
150 (150.8)  Tithonian 46.997 -32.33
150 (150.8)  Tithonian 16.5 6.7
150 (150.8)  Tithonian 16.5 6.7
4.6. Fit Lawver et al., 1999
130 (~133) M9 49.234 -31.826
130 (~133) M9 47.477 -31.805
130 (~133) M9 42.785 -31.878
Fit Schettino & Scotese, 2005
140 49.052 35.72
140 48.878 -35.593
140 46.817 -35.314
140 46.843 -35.409
140 12.234 19.01
140 30.18 9.13
4.7. Fit Konig & Jokat, 2006
130 (134) M10 49.352 -32.10
167.2 JQz 46.558 -33.013
167.2 JQZ 42.604 -33.44
167.2 JQZ 43.26 -34.088
167.2 JQz 35.523 -32.532
4.8. Fit Eagles, 2006
1507 Ante-M11 56.1 -39
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Argentina / W. AFR

Salado / W. AFR

Austral / W. AFR

Nubia / W. AFR

Guy., NEB, Tuc., SF Santos / W.
AFR

Plata / W. AFR

Argentina / W. AFR

Guy., NEB, Tuc., SF Santos / W.
AFR

Plata/ W. AFR

Argentina / W. AFR

Salado / W. AFR

Austral / W. AFR

Nubia / W. AFR

Guy., NEB, Tuc., SF Santos / W.
AFR

Plata / W. AFR

Argentina / W. AFR

Salado / W. AFR

Falkland / W. AFR

Argentina, Salado / W. AFR
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Table 2. Finite Rotations for Equatorial and South Atlantic Oceans during Mesozoic Evolution
used in this study (with respect to the fixed West Africa block). The ages are given according

to timescale from Gradstein et al., 2004. See Figures 2, 15, 19, 20, 21, 22, 23 and 24.

Pole of Rotation

Age Ma)  Chron Latitude, deg

Longitude, deg  Angle, deg

Source

4.9. Ams (Guyana) with respect to W. Africa

84 C34 61.66
~106 Intra-Albian 55.43
112 Aptian-Albian 54.27
125 MO 54.27
4.10. NE Brazil with respect to W. Africa

84 C34 61.66
~106 Intra- Albian 55.43
112 Aptian-Albian 54.27
125 MO 554

4.11. Tucano with respect to W. Africa

84 C34 61.66
~106 Intra- Albian 55.43
112 Aptian-Albian 54.27
125 MO 58.19

4.12. Sao Francisco with respect to W. Africa

84 C34 61.66
~106 Intra- Albian 55.43
112 Aptian-Albian 54.27
125 MO 53.65

4.13. Santos with respect to W. Africa

84 C34 61.66
~106 Intra- Albian 55.43
112 Aptian-Albian 54.27
125 MO 52.85
127.5 M2 52.05
130 M4 52.11
132 M7 52.11
133 LMA 52.11

4.14. Plata with respect to W. Africa

84 C34 61.66
~106 Intra- Albian 53.65
112 Aptian-Albian 52.622
125 MO 51.66
127.5 M2 51.76
130 M4 52.73
132 M7 51.56
133 LMA 51.56

4.15. Argentina with respect to W. Africa

84 C34 61.66
~106 Intra- Albian 53.65
112 Aptian-Albian 52.622
125 MO 51.66
127.5 M2 51.76
130 M4 52.67
132 M7 52.57
133 LMA 52.73
Salado with respect to W. Africa

84 C34 61.66
~106 Intra- Albian 53.65
112 Aptian-Albian 52.622
125 MO 51.66
127.5 M2 51.76

-34.37
-34.9
-34.98
-34.98

-34.37
-34.9
-34.98
-36.31

-34.37
-34.9
-34.98
-38.71

-34.37
-34.9
-34.98
-35.44

-34.37
-34.9
-34.98
-34.85
-34.51
-34.64
-34.64
-34.64

-34.37
-34.88
-35.214
-34.99
-35.07
-35.12
-34.58
-34.58

-34.37
-34.88
-35.214
-34.99
-35.07
-35.34
-35.25
-35.51

-34.37
-34.88
-35.214
-34.99
-35.07

33.55
46.75
50.43
50.43

33.55
46.75
50.43
49.95

33.55
46.75
50.43
48.76

33.55

46.75

50.43
51

33.55
46.75
50.43
52.02
52.51
52.99
52.99
52.99

33.55
47.14
50.85
52.5
52.83
53.63
54.75
54.75

33.55
47.14
50.85
52.5
52.83
53.29
53.98
54.75

33.55
47.14
50.85
52.5
52.83

Campan, 1995
This study
This study
This study

Campan, 1995
This study
This study
This study

Campan, 1995
This study
This study
This study

Campan, 1995
This study
This study
This study

Campan, 1995
This study
This study
This study
This study
This study
This study
This study

Campan, 1995
This study
This study
This study
This study
This study
This study
This study

Campan, 1995
This study
This study
This study
This study
This study
This study
This study

Campan, 1995
This study
This study
This study
This study
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130 M4 52.67 -35.34 53.29 This study

132 M7 52.66 -35.43 53.73 This study

133 LMA 52.82 -35.98 54.27 This study

4.16. Austral with respect to W. Africa

112 Aptian-Albian 0 0 0

127.5 M2 27 _18 01 This study (modified from Guirand
' & Maurin, 1992)

130 M4 27 _18 15 This study (modified from Guirand
’ & Maurin, 1992)

Afr Nubia with respect to W. Africa

112 Aptian-Albian 0 0 0

127.5 M2 66 19 05 This study (modified from Guiraud
’ & Maurin, 1992)

130 M4 This study (modified from Guiraud

27 18 -2.36 & Maurin, 1992)

4.16.1. Afr Benue with respect to W. Africa

112 Aptian-Albian 0 0 0

127.5 M2 44 -84.9 -0.14 This study

130 M4 13.22 1.85 -2.31 This study
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