
Clim. Past, 8, 1047–1058, 2012
www.clim-past.net/8/1047/2012/
doi:10.5194/cp-8-1047-2012
© Author(s) 2012. CC Attribution 3.0 License.

Climate
of the Past

The Aptian evaporites of the South Atlantic: a climatic paradox?

A.-C. Chaboureau1,2,3, Y. Donnadieu2, P. Sepulchre2, C. Robin1, F. Guillocheau1, and S. Rohais3
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Abstract. For a long time, evaporitic sequences have been
interpreted as indicative of an arid climate. Such systematic
interpretations led to the suggestion that the Central segment
of the South Atlantic (20–0◦) was characterized by an arid
climate during the upper Aptian. Indeed, synchronous to this
period that corresponds to the rifting and to the opening of
this part of the South Atlantic, a large evaporitic sequence
spreads out from the equator to 20◦ S. Using the fully ocean
atmosphere coupled model FOAM, we test the potential for
the Aptian geography to produce an arid area over the Cen-
tral segment. Sensitivity to the altitude of the rift shoulders
separating the Africa and the South America cratons, to the
water depth of the Central segment and to the drainage pat-
tern have been performed. Using seawater salinity as a di-
agnostic, our simulations show that the southern part of the
Central segment is characterized by very high salinity in the
case of catchment areas draining the water out of the Cen-
tral segment. Conversely, whatever the boundary conditions
used, the northern part of the Central segment remains hu-
mid and salinities are very low. Hence, we conclude that
the evaporites deposited in the southern part of the Central
segment may have been controlled by the climate favouring
aridity and high saline waters. In contrast, the evaporites of
the northern part can hardly be reconciled with the climatic
conditions occurring there and may be due to hydrothermal
sources. Our interpretations are in agreement with the gradi-
ent found in the mineralogical compositions of the evaporites
from the North to the South, i.e. the northern evaporites are
at least 4 times more concentrated than the southern one.

1 Introduction

Several aspects of the Early Cretaceous (anoxic events, asso-
ciated biological crises, high volcanic activity) make it a very
well-studied period, representing a pivotal transition in the
global climate system. Despite some short periods of cool-
ing in the Lower Cretaceous (Frakes and Francis, 1988; De
Lurio and Frakes, 1999; Price, 1999), this period is character-
ized by warm polar and tropical temperatures (Frakes, 1999;
Puceat et al., 2007), and marked by a gradual warming from
Aptian-Albian age to Cenomanian age (Clarke and Jenkyns,
1999; Huber et al., 1995; Puceat et al., 2003).

The Aptian-Albian boundary, 112 million years ago (here-
after Ma), turns out to be a key-period of the Cretaceous
with major shift in the paleogeography with the breakup of
the Gondwana supercontinent leading to the separation of
the South America and Africa (N̈urnberg and M̈uller, 1991;
Austin and Uchupi, 1982; Rabinowitz and LaBrecque, 1979).
During the latest stage of the breakup at the upper Aptian,
a massive evaporitic sequence, from 1 to 2 km thick, was
deposited along the brazilian and african margins (Fig. 1a
and b) (Asmus and Ponte, 1973; Brognon and Verrier, 1966;
Butler, 1970; Mohriak et al., 2008; Mohriak and Rosendahl,
2003) in 1 to 5 millions of years (Davison, 1999; Doyle et al.,
1977, 1982; Mussard, 1996; Teisserenc and Villemin, 1990).
These evaporites are located in the entire Central segment
between the Walvis-Rio Grande Fracture Zone and the As-
cension Fracture Zone (Fig. 1). At that time the equatorial
segment, further North, also recorded locally evaporite depo-
sition (Fig. 1a). According to recent plate kinematic models,
these segments were localized near the equator at that time,
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Fig. 1. (a)Location of the Central segment and the salt sequence along the Brazilian and African margin (modified from Moulin et al., 2010).
WA, West Africa Craton; CC, Congo Craton; KC, Kalahari Craton; AMZ, Amazonia Craton; SF, São Francisco Craton; FZ, Fracture Zone.
(b) Mineralogy of the massive evaporites in the Central segment, at time of filing, according to the cinematic reconstruction of Moulin et
al. (2010).

between 0 and 20◦ S for the Central segment, where massive
evaporites were deposited (Moulin et al., 2010; Torsvik et al.,
2009). Actually, modern evaporites are deposited in semi arid
to hyper arid desert, around 20–30◦ N and S of the Equator
(Warren, 2006). These evaporites in the Central and Equa-
torial segments close to the equator raises many questions
about the occurrence and the position of humid climatic belt
at this time.

In addition to the massive nature of the evaporites of the
Central segment, another feature is their mineralogical com-
position (Fig. 1b). They contain (1) a small proportion of
calcium sulfate compared to the abundance of chloride min-
erals (sylvite, carnaillite and bischofite), and (2) an unusual
calcium chloride salt, the tachyhydrite, in large thicknesses
(Belmonte et al., 1965; de Ruiter, 1979; Meister and Aurich,
1971; Teisserenc and Villemin, 1990; Wardlaw, 1972), which
precipitates in highly saline brines in excess of 370 psu. Al-
though these peculiar evaporites constitute a large proportion

of the total salt deposited, they are essentially localized in
the Northern part of the Central segment, in the basins of
Sergipe, Alagoas, Gabon, and Congo, near the equator ac-
cording to the palaeogeographic recontructions (Moulin et
al., 2010), (Fig. 1b). Further south, evaporites mainly consist
of gypsum and halite, which precipitate in the lower salin-
ity brines, respectively, between 150 and 300, and 300 and
370 psu (Holser, 1979). To explain the presence of the un-
usual evaporites to the North, Hardie (1990) suggested a
hydrothermal water-rock interaction, probable in continen-
tal extensional basins, tectonically and magmatically active.
This hypothesis raises the question of the role of geodynamic
in the development of these evaporites.

Finally, although evaporites are essentially dependent on
the climatic conditions, which determines the evaporation
rates of sea water and the concentration of the solutions, they
also depend on the isolation of the basin. The latter is con-
trolled by the influx of waters with lower salinity, supplied by
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Figure 2Fig. 2.Topography and bathymetry used in the GCM Model, from Sewall et al. (2007).

seawater or by a fluvial tributary and by the connection with
an ocean or a sea, which supplies water of reduced salinity.
When the total volume of seawater and freshwater input is
lower than the water loss (evaporation), the water evolves to
hypersalinity, and allows the deposition of different evapor-
itic minerals. We can finally ask the question of the influence
of paleogeography on the deposition of the South Atlantic
evaporites.

Given the location of evaporites, their high mineralogical
variability, and the geodynamic specific context during their
deposit, crucial issues need to be assessed: What was the cli-
mate during the salt deposit and what was the role of the
paleogeography? How did these factors control the evapor-
itic sedimentation in the Central segment, and the repartition
of the different evaporites mineralogies? To investigate these
questions, we simulate the salinity of the Central Segment
at the upper Aptian using realistic boundary conditions and
a fully coupled ocean atmosphere model, FOAM. Given the
uncertainties on the boundary conditions, a suite of sensitiv-
ity experiments is performed (bathymetry, topography).

2 Methods

The model experiments were performed with the Fast Ocean-
Atmosphere model (FOAM) developed by Jacob (1997).
FOAM successfully simulates many aspects of the present-
day climate and compares well with other contemporary
medium-resolution climate models; it has also been used
previously to investigate Cretaceous and Neoproterozoic

climates (Donnadieu et al., 2006; Poulsen et al., 2001, 2002,
2003). This model is a fully coupled ocean-atmosphere gen-
eral circulation model. The atmosphere component has a hor-
izontal resolution of R15 (4.5◦ latitude× 7.5◦ longitude, ap-
proximately 499 km× 817 km) and 18 levels in the vertical.
The ocean component has 24 vertical levels and a horizontal
resolution of 1.4◦ latitude× 2.8◦ longitude, approximately
155 km× 305 km. A coupler links the ocean and atmospheric
models. The experiments were integrated for 1000 yr without
flux corrections or deep ocean acceleration. During the last
100 yr of model integration, there is no apparent drift in the
upper ocean (between the surface and 300 m depth), and less
than 0.05◦C yr−1 change in globally averaged ocean temper-
ature. The results discussed above correspond to the mean
climate averaged over the last 50 yr.

Numerical climate modeling is subject to uncertainties, as
simulations are highly dependent on the prescribed bound-
ary conditions. Here we attempt to provide our model with
boundary conditions that are constrained at best for the Ap-
tian. First, all simulations share the early Aptian global pa-
leogeography of Sewall et al. (2007) in which we slightly
modified the mountain reliefs and the shorelines (Fig. 2).
The elevation of the Andes was fixed to 900 m a.s.l. (above
sea-level) due to the presence of back-arc basins with ma-
rine sedimentation along the Andes (Legarreta and M. A.,
1991; Uliana and Legaretta, 1993), involving a relatively low
relief. Shoreline along Argentina was also amended, accord-
ing to several sedimentological studies involving alluvial to
lacustrine depositional environment in several basins located
along the Argentina margin, i.e. the San Jorge basin (Homovc
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Table 1.Description of the different simulations.

Topography Bathymetry watershed CO2 Vegetation Orbital
(m) (m) boundaries (ppm) parameters

TopoA 900 40 Diverge 1120 Sewall et al. (2007) Default
outside of Exc: 0.0167
the Central Obl: 23.446
segment Prec: 77.96◦

Bathy 900 200 Diverge 1120 Sewall et al. (2007) –

TopoB 900 40 Converge 1120 Sewall et al. (2007) –

TopoHigh 3000 40 Diverge 1120 Sewall et al. (2007) –

et al., 1995; Paredes et al., 2007), the Valdez-Rawson basin
(Milani and Thomaz Filho, 2000; Otis and Schneidermann,
2000), the Salado basin (Milani and Thomaz Filho, 2000),
and the Colorado basin (Milani and Thomaz Filho, 2000).
Shorelines along Africa were also modified according to pa-
leogeographic maps of Guillocheau et al. (2008). The last
change concerns the Central segment that was still continen-
tal on the reconstruction of Sewall et al. (2007). However,
the salt from the Central segment was deposited in a marine
setting but during the late Aptian rather than the early Ap-
tian. In order to account for the fact that we want to simulate
the late Aptian time period, we have modified the shorelines
along the brazilian margin by changing some land points into
oceanic points. From this we ran four experiments to test the
impact of topography, surface water routing, and bathymetry
on global and regional climate. Table 1 summarizes the de-
tailed boundary conditions of the four simulations. First, the
configuration of the watersheds was tested with rift shoul-
ders height fixed to 900 m a.s.l. and a shallow bathymetry of
40m in the Central segment to get as close as possible to
shallow conditions, and to allow the stability of the model.
The catchments of the rift shoulders were imposed to be di-
rected outside of the Central segment in a first simulation
(TopoA), and towards the Central segment in a second run
(TopoB, see Table 1). In a second time, and because of the
uncertainties on the paleobathymetry during the evaporites
deposition, bathymetry was deepened and fixed to 200 m in
the Central segment (Bathy). Finally, the rift altitude was
changed to 3000 m a.s.l. (Topohigh). In all other aspects, the
boundary conditions were identical. The atmospheric CO2
was kept constant and fixed at 1120 ppm, a high value typi-
cal of the Cretaceous (Royer et al., 2004). The solar constant
was fixed to 1351.6 W m−2 according to the stellar evolution
predicted by Gough (1981). Earth orbital parameters were set
to present-day values. The vegetation was imposed according
to Sewall et al. (2007).

3 Results

3.1 Salinity

Simulated surface salinity within the central segment varies
strongly with the model settings used (Fig. 3). In TopoA sim-
ulation, it ranges from 35 to 40 psu. The highest values are
recorded at 18◦ S, in the middle of the segment. Salinity val-
ues simulated in TopoB are far lower than TopoA, ranging
from 20 to 35 psu (Fig. 3). Runoff, similar to the TopoA sim-
ulation, is in this case directed inside the Central segment
and is much higher in the north than in the south. This in-
put of fresh water in the segment explains the lower values
of salinity. In the Bathy case (Fig. 3), simulated salinities are
very similar to those from the TopoA simulation, but slightly
lower in the south. In this area, maximum values are not
higher than 39.1 psu. Salinity decreases gradually towards
the north of the Central segment, reaching values of about
35.7 psu. Finally, with the establishment of a large rift relief
in the TopoHigh simulation (Fig. 3) and a watershed con-
figuration similar to the TopoA simulation, the north–south
salinity gradient in the Central segment is greater than for
the TopoA simulation. Indeed, in TopoHigh run, salinities
exceed 40 psu, and decrease sharply to the north, reaching
values close to 31 psu. This is the result of the modifica-
tions simulated in the runoff distribution. In details, runoff
increases largely to the northwest of the rift (400 cm yr−1 to
the northwest and 0 to 10 cm yr−1 in the East). Whatever the
bathymetry, topography or configuration of watersheds, the
North Central segment still has lower salinity values. Further
north, in the equatorial segment, the salinity is very low in
all simulations and reflects the runoff routing, directed to the
north. Finally, high surface salinity is recorded to the South-
West of the Eurasia continent (not shown), until 41 psu, and
is in good agreement with the evaporites referenced here
(Chumakov et al., 1995).
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Fig. 3.Annual surface salinity (psu) and annual runoff (cm yr−1) for the TopoA, TopoB, Bathy and TopoHigh runs. The white to black color
scale represents the runoff and the blue to red scale the salinity.

3.2 Climate

We quantify the aridity of the climate with the precipitation
minus evaporation diagnostic (P − E). In Fig. 3 we present
annualP − E distribution for the TopoA and the TopoHigh
runs. Indeed, the general pattern of the mean annualP − E

is similar for the TopoA, TopoB and Bathy runs. For these
three runs, the North of America and Africa is affected by
a strongly positiveP − E, around 5 mm day−1, indicating
that precipitations dominate. On the contrary, the South of
these continents is characterized by a negativeP − E, around
−1 mm day−1. The Central segment, located between 0 and
22◦ S, is also affected by both of these climatic regimes. In
the northern part, the Central segment is characterized by
positiveP − E values, ranging from 1 to 4 mm day−1. The
southern part of the Central segment presents negative val-
ues ofP − E, to −2.5 mm day−1. The establishment of a
high rift relief (Fig. 4b) induces a more positiveP − E in
the North of the basin, near 6 mm day−1, and slightly more

negativeP − E in the South, around−3 mm day−1. North-
ern Gondwana (20◦ S to 20◦ N) is affected by a strong rain-
fall seasonality driven by the latitudinal shift of the ITCZ
(Fig. 5). The positive value ofP − E to the North of the
Central segment is caused by intense rainfalls that occur dur-
ing the austral spring, summer and autumn (Fig. 5c). This is
due to the shift of the Intertropical Convergent Zone (ITCZ)
over the equatorial areas. The North of the Central segment,
near the equator, is located below the ITCZ and is then char-
acterized by high precipitations, up to 12 to 14 mm day−1

in austral summer and autumn seasons (Fig. 5c). However,
during the austral winter, the precipitation are weak, with
less than 2 mm day−1 (Fig. 5a), because of the shift of the
ITCZ to northern latitudes. The South of the Central seg-
ment, away from the equator, is less affected by the sea-
sonal oscillation of the ITCZ and is characterized by weak
rainfall in all the year, less to 4 mm day−1 (Fig. 5a). Dur-
ing the austral winter and spring, the rainfalls are even close
to 0 mm day−1 here (Fig. 5e). Precipitations over lands are
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dependent on the moisture sources and on the potential oro-
graphic effects. During austral autumn and winter, moisture
is carried by NE and SE trade winds coming from the Tethys
ocean. During summer, moisture comes from the NE trade
winds from the Tethys ocean, but also from south-westerly
winds from the Pacific ocean. In TopoA experiment, moun-
tains are reduced over the Gondwana due to low rift relief
and Andes altitudes (900 m). Whatever the season, the mois-
ture belt is then continuous over the continent (Fig. 5a and c),
the relief being too low to act as a topographic barrier. Im-
portant changes appear in the intensity and the geographic
repartition of rainfalls in the TopoHigh case, when a high rift
relief is used. Rainfall is intensified over the rift relief, reach-
ing up to 20 mm day−1 during summer and autumn seasons,
and the humid climatic belt appears discontinuous over the
African continent (Fig. 5d). However, the source of mois-
ture does not change. The onset of high rift shoulders causes
high atmospheric rising motion (convection) over the rift re-
lief as well as income of moisture from the ocean (advection),
eventually causing high rainfalls over the area. Strong mois-
ture advection linked to temperature and pressure gradients
between the ocean and the continent, associated with rever-
sal winds, are typical from monsoon systems, and have been
well described by Fluteau et al. (1999) for the evolution of the
Asian monsoon with the uplifts of the Tibetan plateau and of
the Himalayas. The high rift shoulders trigger more reduced
salinities in the northern part of the Central segment (down
to 12 psu, as previously shown in Fig. 3), where the rainfall
reach 16 mm day−1 (Fig. 5d and f). However, in the south-
ern part, precipitations are reduced, less than 1 mm day−1,
and the salinities increase slightly, up to 40 psu (Fig. 3). The
main pattern of precipitation in the Central segment is simi-
lar between a no-rift relief simulation and a rift relief, but the
north-south salinity gradient is strengthened with high rift
shoulders. The rainfalls involved with the orographic effect
of high rift shoulders trigger a dilution of the brine, caus-
ing even less favourable salinity conditions in the north of
the Central segment. However, whatever the rift relief, the
Central segment is affected by seasonal rainfall due to the
movement of the ITCZ, with pronounced dry and wet sea-
sons. The seasonal shift of the ITCZ defines the latitudinal
boundaries of wet and dry areas. Figure 4e and f show that
whatever the season, rainfalls are more abundant in the north
of the Central segment than in the south for all seasons.

4 Discussion

4.1 Role of catchment divide and runoff

The results of our model simulations highlight the role of
paleogeographic configuration on salinity in the Central seg-
ment. The simulations have shown the role of the runoff on
the dilution of the evaporitic basin, here the Central Segment.
When runoff is directed toward the Central segment, high

rainfalls near the equator induce low salinities. Conversely,
when the catchment divide is reverted and runoff is directed
outside of the Central segment, the salinities are much higher,
and more favorable to the deposition of the salt. However, the
maximum values do not exceed 40 psu. This remains much
lower values than those reported by Holser (1979) to precip-
itate medium to highly soluble salts (i.e. between 370 and
400 psu). This difference is probably due to the resolution
of the model which does not allow to represent an isolated
basin submitted to marine influence, as a sabkha environ-
ment. A depth of 40 m cannot allow a supersaturation of
the water as intense as in a sabkha, and to obtain salinites
close to those expected in this case. However, although the
bathymetry is not representative of a sabkha environment,
high values are simulated in the Central segment, well above
the average surface salinity of the global ocean of our simu-
lations (35.29 psu), reflecting favorable conditions for the de-
velopment of evaporites. These results suggest that reduced
freshwater inflows in the central segment are required to al-
low the formation of evaporites at these latitudes. Several
factors can reduce freshwater inflows. Narrow and steep rift
shoulders would allow limiting the runoff on the watershed,
because of their low drainage surface. Another hypothesis is
an inversion of the catchment divide, before the deposition
of the salt, and a redirection of the runoff routing outside of
the Central segment. To this end, an elevation of the relief
is necessary to change runoff flow to the opposite direction.
This elevating could be triggered by an exhumation phase
expected in the end of the rift evolution, before the break up,
involving the lower crust (Aslanian et al., 2009). Indeed, this
exhumation phase, which evolves in an elevated position dur-
ing the thinning process (Aslanian et al., 2009; Moulin et al.,
2005) can trigger an additional uplift of the margin (Moulin
et al., 2012). In addition, a large unconformity is recorded
throughout the Central segment, prior to the filing of salt
(Braccini et al., 1997; Caixeta et al., 2007; Campos Neto
et al., 2007; Grosdidier et al., 1996; Mbina Mounguengui et
al., 2008; Milani et al., 2007; Rangel et al., 2007; Teisserenc
and Villemin, 1990; Winter et al., 2007). This unconformity
could be a reflection of a brief elevation of the terrain at the
origin of this erosion phase, and could trigger a reversal of
the polarity of the watershed, and a redirection of the runoff.
This hypothesis is consistent with the geochemical study of
Harris (2000) that highlights, with parameters providing in-
formation on source terranes with a Al2O3/TiO2 ratio, a shift
in the provenance of sediment. This suggests a significant re-
organization of the drainage system at the end of the rift, be-
fore the salt deposit. Whatever the active mechanism, a limit
of the runoff within the central segment is imperative for the
establishment of salt.

4.2 Central segment: south versus north

Our simulations have revealed a latitudinal climatic pat-
tern between a wet northern part with low salinities, and a

Clim. Past, 8, 1047–1058, 2012 www.clim-past.net/8/1047/2012/



A.-C. Chaboureau et al.: The Aptian evaporites of the South Atlantic: a climatic paradox? 1053

Figure 4

a.    TopoA b.    TopoHigh
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Fig. 4. Annual P − E (precipitation minus evaporation) for the TopoA and the TopoHigh simulations. Positive blue (negative red) colors
represent precipitation (evaporation) mechanisms.

southern part more arid with higher salinities. During the
rifting, in Barrmian time, the Central segment was a mainly
lacustrine environment where organic matter was deposited
(Braccini et al., 1997; Caixeta et al., 2007; Campos Neto et
al., 2007; Grosdidier et al., 1996; Mbina Mounguengui et al.,
2008; Milani et al., 2007; Rangel et al., 2007; Teisserenc and
Villemin, 1990; Winter et al., 2007). According to a recent
study (Brownfield and Charpentier, 2006), the distribution
of the quality and type of source rocks in the Central seg-
ment allows to define climatic conditions. According to the
authors, pre-salt hypersaline lacustrine source rocks, pre-salt
oils with hyper-saline biomarkers and high abundance of la-
custrine carbonates are recorded to the south of the present-
day Congo River, and are the witness of a dry climate. On
the contrary, to the North, the authors identified the presence
of mixed type I–III source rocks rather indicative of more
humid conditions, and coherent with more clastic sediments
in this area, compared to the South. Thus, the latitudinal cli-
matic pattern simulated is consistent with the sedimentary
record from the Central segment before the salt deposit.

The distribution of evaporites in the central segment is also
not homogeneous, and presents a latitudinal mineralogic dis-
tribution. As mentioned above, the North Central segment is
mainly characterized by the presence of moderately to highly
soluble salts (sylvite, carnaillite, and bishofite tachyhydrite,
also called “potash salt”), while the southern part is charac-
terized by more common salts and less soluble gypsum and
halite type. The formation of the different evaporitic miner-
als results from the evaporation of seawater, which causes
the precipitation of an ordered sequence of increasing min-
eral solubility (Braitsch, 1971; Harvie et al., 1984; Usiglio,
1849). According to this sequence, the precipitation of gyp-
sum begins when seawater is concentrated 3.8 times, and
halite where concentrations exceed 10 times that of seawater.
Sulfate salts of magnesium appear to 70 times the concentra-
tion of seawater, and finally potassium salts only when con-
centration exceeds 90 times that of seawater (Borchert and

Muir, 1964; McCaffrey et al., 1987). Thus, potassium salts
such as sylvite and carnaillite, highly soluble, are the last to
be formed during the evaporation of seawater. Our simula-
tions raise a paradox, since the most soluble and concentrated
salts are present in the North Central segment, where con-
ditions are wetter and less favorable, while the less soluble
evaporites located in the South, are found under favorable
conditions to their development. Thus, if in the South, the
conditions did not exceed the crystallization of halite in the
sequence of evaporation, a simple climatic control seems in-
sufficient to explain the presence of highly soluble evaporites
in the northern part. A second controlling factor seems essen-
tial to explain the unusual presence of highly soluble salts.
The hypothesis of a CaCl2 enrichment of the brines, by hy-
drothermal water-rock interaction could explain the presence
of these highly soluble salts. Hardie (1990) proposed this hy-
pothesis to explain the huge amounts of calcium imposed by
the high thickness of the tachyhydrite, that seawater could
not provide. The enrichment by hot hydrothermal brines
could result in the development of a proto-oceanic crust as
spreading centers in the North of the Central segment. The
brine in the evaporitic basin would have been in contact with
seafloor basalts, and could have been enriched in calcium by
the alteration of volcanic materials, with high content of pla-
gioclases. This interpretation is in good agreement with the
volcanism identified to the North of the Central segment, as
Seaward dipping reflectors (Mohriak et al., 1995). Moreover,
the presence of high concentrations of Pb, Zn, Fe, and Mn in
the salt is a good indicator of hydrothermal brine (Wardlaw
and Nicholls, 1972). These upwelling brines, characterized
by an unusual composition and a high salinity, are important
contributors to solute in the evaporitic basin, explaining the
presence of the unusual salt. Furthermore, recent papers men-
tion that seawater chemistry was not constant over the past
600 Myr (Hardie, 1996; Spencer and Hardie, 1990), and has
oscillated between (1) Na-K-Mg-Ca-Cl and (2) Na-K-Mg-
Ca-Cl-SO4 types, controlled by fluctuations of the mid-ocean
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Fig. 5.Seasonal average precipitations (mm day−1). (a) For the TopoA in austral winter (DJF);(b) for the TopoHigh in austral Winter;(c) for
the TopoA in austral summer (JJA);(d) for the TopoHigh in austral summer. Latitudinal evolution of the seasonal average precipitation
(mm day−1) in the Central segment (between 5◦ W and 25◦ W) (e) for the TopoA and(f) for the TopoHigh.

ridge hydrothermal brine flux (Hardie, 1996; Spencer and
Hardie, 1990) or combined with the dolomitization of the
platform carbonate (e.g. Holland et al., 1996). Such changes
in seawater chemistry controlled the type and the order of
potash minerals (Warren, 2006), with two potash endmem-
bers, (1) calcium chloride and (2) Mg-sulphate brines. Ac-
cording to Brennan and Lowenstein (2002) and Lowenstein
et al. (2003), the seawater in the Early Cretaceous had a
CaCl2 – rich composition, which does not precipitate the
MgSO4 potash salts, but rather the sylvite, carnaillite, bishof-
ite and tachyhydrite potash salts (Warren, 2006). This water
chemistry has probably favored the presence of these evap-
orites in the Central segment, and may explain the absence
of MgSO4 salts. Thus, these two combined control factors
(upwelling brines and ocean chemistry) would explain the

formation of these potash evaporites, under a less favorable
climate.

To summarize, while the climate may have been the main
factor controlling the evaporites deposition in the South of
the Central segment, the evaporites deposited in the North
of the Central segment may be due to peculiar geodynamic
conditions. However, we can not determine to what extent
the hydrothermal influences compensate the aridity of the cli-
mate. Furthermore, although the climate of the Central seg-
ment seems always more humid to the North, the high vari-
ability of the regime of the seasonal precipitation probably
played a role in the preservation of evaporites. This season-
ality is also recorded in the equatorial segment, further North,
where evaporites are also recorded and mainly composed of
anhydrite and gypse (Davison, 2007; Paz et al., 2005; Za-
lan, 2007). The most soluble salt is the halite (Conde et al.,
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2007; Davison, 2007), and no potash salt is recorded in this
area (Fig. 1a). A dry season induced by the seasonality could
be sufficient to allow the formation of evaporites and their
preservation.

4.3 Rift relief

Many uncertainties remain about the altitude of the rift
flanks. The establishment of a rift relief close to 3000 m high,
an extreme value, causes the appearance of important perma-
nent precipitation in the North. A very rainy area sits west of
the rift, all year, resulting from the establishment of an im-
portant convective cell near the rift, similar to the monsoon
atmospheric dynamics observed by Fluteau et al. (1999). The
establishment of a high relief rift created conditions less fa-
vorable in the north for the evaporites deposition. During the
deposition of salt, it is possible that the relief was reduced,
and that it no longer played the role of topographic barrier.
Indeed even when the runoff is directed outside of the Cen-
tral segment, precipitation induced by orographic effect over
the rift leads to lower salinities in the basin. A reduction of
the rift relief is consistent with the study of spores and pol-
lens from the North of the Central segment (Grosdidier et
al., 1996) which highlights the evolution of specimens char-
acterizing a significant relief landscape in a humid climate
to specimens depicting a flattened relief in a more arid cli-
mate just before the salt deposit. Furthermore, Harris (2000)
conducted a geochemical study on rift sediments of the Cen-
tral segment, and highlighted carbon isotopic variations of
carbonates reflecting a greater contribution of decomposed
vegetation just before the salt deposit. He interprets this shift
as a consequence of the decrease of the slope in the context
of topographically degrading rift allowing the development
of thicker soils. However, as mentioned earlier, an additional
uplift is expected to explain the change in the drainage basin.
Thus, despite the uncertainties in the altitude of the rift, it
is very likely that it has been greatly reduced but not com-
pletely flattened, and that a slight relief persists during the
deposition of the salt. Finally, on the contrary to the topog-
raphy, a deepening of the bathymetry does not seem to be a
major factor controlling the salinity in the Central segment.

4.4 Climatic belt

We show that during the South Atlantic opening in Aptian
time, the Central segment was located near a humid climatic
belt. These modelling results are not in agreement with pa-
leoclimatic maps of Chumakov et al. (1995) and Scotese et
al. (1999), which indicate an arid climate over all Africa and
America. According to Chumakov, the humid climatic belt
set up during the Albian time. To achieve these paleoclimatic
maps these authors used climate indicators such as evapor-
ites, bauxites, tillite and mapped the positions of the vari-
ous major climate zones. For the evaporites, our results show
that although commonly associated with an arid climate, they

can be combined with various other mechanisms and lead to
hedge interpretations. In the case of the South Atlantic, al-
though evaporites are listed across the Central segment, we
show that they are not all representative of an arid climate
and that it is likely that climate humid belt was present over
the Gondwana from the Aptian. According to recent publi-
cations (Lentini et al., 2010), these humid conditions would
have even played a role in the nature and the distribution of
the sedimentary fill of rift basins of the central segment, in-
fluencing the type and quality of the source rocks and clas-
tic facies distribution and carbonate. Along the Equator, our
model results show high precipitation rates, which are over-
estimated regarding the data (Spicer et al., 1993; Beerling,
2000; Chumakov et al., 1995; Sewall et al., 2007). This bias
is very likely linked to the prescribed zonal vegetation, which
relies on present-day Plant Functionnal Types (PFTs), not
adapted to the characteristics (e.g. evapotranspiration rates)
of Cretaceous vegetation. Such a feature has been highlighted
in recent studies and should be considered in the future de-
velopment of past vegetation models (Boyce and Lee, 2010).
Indeed, Boyce et al. (2009) highlighted in their study that the
capacity of flowering to transpire water, which is an impor-
tant contributor to rainfall, was not constant through time but
increased. According to a later study (Boyce and Lee, 2010),
the increase of transpiration capacity induced a rise of mois-
ture recycling and an overall increase of rainfall. Thus such
changes in the PFTs can modify the climate, but are not con-
sidered at present by the model. Despite these limitations,
we are able to provide new quantifications of the climate at
Aptian time. A subsequent study by coupling a vegetation
model, however, could refine these results.

5 Conclusions

In this paper, we quantify the role of paleogeography on
the development of evaporites through changes of runoff
routing and topography. To allow the deposition of the
Aptian salt, a decrease of the fresh water input via the runoff
is required to obtain high salinities. However, because of
the presence of a humid climatic belt north of the Central
segment, the conditions remain not favorable. This raises a
paradox, because the more soluble and more volatile salts
are recorded to the North. Here, a geodynamic control factor
is suspected, through the establishment of hydrothermal flux
and contamination of the brines, to allow the formation of
the highly soluble salt. On the other hand, in the south of
the Central segment, the climatic control factor is likely,
since conditions are favorable. These evaporites of the South
Atlantic are thus not all associated with an arid climate,
and cannot be used as paleoclimatic indicator in this case.
It is very likely that, despite the presence of evaporites, a
humid climatic belt near the equator was present over the
Gondwana from the Aptian. In this sense, it suggests it is
not the connection between the North and South Atlantic
during Albian time that controls the apparition of this humid
climatic belt. Finally, our simulations suggest that during
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the Aptian salt deposition, the relief was probably partially
eroded and did not act as topographic barrier.

Edited by: H. Brinkhuis
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