Geological Society of America Bulletin, published online on 13 January 2012 as doi:10.1130/B30515.1

Episodic burial and exhumation in NE Brazil
after opening of the South Atlantic

Peter Japsen®', Johan M. Bonow?, Paul F. Green?, Peter R. Cobbold?, Dario Chiossi4, Ragnhild Lilletveit®,
Luciano P. Magnavita®, and Augusto Pedreira’
'Geological Survey of Denmark and Greenland (GEUS), @ster Voldgade 10, 1350 Copenhagen, Denmark
2Geotrack International, 37 Melville Road, Brunswick West, Victoria 3055, Australia
3Géosciences (UMR6118), Centre National de la Recherche Scientifique (CNRS) et Université de Rennesl, 35042 Rennes, France
“Satoil do Brasil, Praia de Botafoga 300, 22250-040 Rio de Janeiro, Brazl
5Satoil Angola Team, Grenseveien 21, 4035 Savanger, Norway

SPetrobras, Avenida Republica do Chile 330, Rio de Janeiro, 20031-170, Brazl
"Geological Survey of Brazil (CPRM), Avenida Ulysses Guimaraes 2862, Salvador, 41213-000, Brazil

ABSTRACT

It is a common assumption that elevated
passive continental margins have remained
high since rifting and breakup. Here, we
show that the Atlantic margin of NE Brazil
has undergone a more complex history. Our
synthesis of geological data, landscape analy-
sis, and paleothermal and paleoburial data
reveals a four-stage history: (1) After Early
Cretaceous breakup, the margin underwent
burial beneath a thick sedimentary cover;
(2) uplift episodes in the Campanian and
Eocene led to almost complete removal of
these deposits; (3) the resulting large-scale,
low-relief erosion surface (peneplain) was
deeply weathered and finally reburied at the
Oligocene-Miocene transition; and (4) Mio-
cene uplift and erosion produced a new, lower-
level peneplain by incision of the uplifted and
re-exposed Paleogene peneplain. Previous
studies have identified aspects of this inter-
pretation, but we have defined the absolute
timing and magnitude of discrete events of
burial and exhumation that followed Early
Cretaceous rifting and Eocene-Oligocene
peneplanation. We suggest that a late sedi-
mentary cover protected Paleogene weather-
ing profiles until the present day. The uplift
phases in Brazil are synchronous with uplift
phases in Africa and the Andes. The Andean
phases coincided with rapid convergence on
the western margin of South America, and
the Campanian uplift coincided with a decline
in spreading rate at the Mid-Atlantic Ridge.
Consequently, we suggest that both vertical
movementsand lateral changesin the motion
of the plates have a common cause, which is
lateral resistanceto plate motion.
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“ Throughout the coast of Brazl, and certainly
for a considerable space inland, from the Rio
Plata to Cape . Roque, lat. 5°S, a distance
of more than 2,000 geographical miles, wher-
ever solid rocks occurs, it belongs to a granitic
formation. The circumstance of this enormous
area being thus constituted of materials, which
almost every geologist believes to have been
crystallized by the action of heat under pressure,
gives rise to many curious reflections. Was this
effect produced beneath the depth of a profound
ocean? Or did a covering of strata formerly
extend over it, which has since been removed?
Can we believe that any power, acting for atime
short of infinity, could have denuded the granite
over so many thousand square leagues?’

—Charles Darwin, Bahiaor San Salvador, Brazil,
29 February 1832 (Darwin, 1839, p. 12)

INTRODUCTION

Landscapes along the Atlantic margin of NE
Brazil are in many respects similar to those
along other elevated passive continental mar-
gins (cf. Ollier and Pain, 1997; Japsen et d.,
2009a, 2012) around the world, including West
Greenland, Scandinavia, and SE Australia
(Lidmar-Bergstrém et al., 2000; Bonow et a.,
2006a, 2006b). Common characteristics are
high-level, low-relief plateaus cut by deeply
incised valleys, Mesozoic-Cenozoic rift sys-
tems along the coast, where erosional uncon-
formities commonly truncate a tilted, postrift
sequence, and a transition from continental to
oceanic crust offshore. In NE Brazil, the pla-
teaus reach more than 1 km above sea level
(adl), and they are in many places separated by
escarpments from low-level, low-relief surfaces
below 500 m adl (Figs. 1A, 1B, 2, and 3).

It is a common assumption that elevated
passive continental margins have remained high
since the time of rifting and breakup, and the
absence of pogtrift sediment on many elevated
passive continental margins is taken as evidence
for nondeposition (e.g., Ussami et al., 1986;
Ollier and Pain, 1997; Karner and Driscoll,
1999; Watts, 2001). Such assumptions have far-
reaching implications for understanding land-
scape development, hydrocarbon systems, and
the properties of the lithosphere itself. However,
studies of several elevated passive continental
margins have challenged the assumption of
permanent uplift, instead reveaing histories of
multiple episodes of postrift burial and subse-
quent uplift and erosion (e.g., Cobbold et a.,
2001; Japsen et a., 2006, 2012; Burke and
Gunnell, 2008; Turner et a., 2008).

Rifting of the Brazilian margin started in the
Early Cretaceous and led to the formation of
the Reconcavo-Tucano-Jatoba Rift, which
reaches far into the continent (Figs. 1B and 2A)
(Magnavita et a., 1994; Davison, 1999; Blaich
et d., 2008). Continental breakup took place
at the Albian-Aptian transition (Torsvik et a.,
2009). Although there is evidence that the NE
Brazilian margin underwent postrift thermal sub-
sidence (McKenzie, 1978; White and McKenzie,
1988), there is also evidence for other events:

(1) On the basis of vitrinite reflectance data,
Magnavita et a. (1994) inferred that up to 2 km
of postrift section have been removed from
the Reconcavo-Tucano-Jatoba Rift as a result
of erosion. Consequently, the postrift section
within therift isthin (<400 m).

(2) Marine, postrift sediment of Albian age
crops out a 800 m ad on the Plandto (pla-
teau) do Araripe (Arai, 2000), and correlative
deposits are at 600 m ad in the Recdncavo-
Tucano-Jatoba Rift (Magnavita et a., 1994).
The present elevation of these marine, postrift
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Figure 1. Maps of NE Brazil and of the main study area in eastern part of Bahia State. (A) Overview map (high grounds in yellow)
(Amante and Eakins, 2008). RTJ—Recdncavo-Tucano-Jatoba Rift, SF—Sao Francisco. (B) Three-dimensional (3-D) map of altitude
showing plateaus at ~1000 m above sea level (asl). CD—Chapada Diamantina, PM—Planalto de M ar acas, PC—Planalto da Conquista.
Early Cretaceousrift basins: Al—Almada, Ca—Camamu, R—Reconcavo, T—Tucano. (C) M ap of fission-track agesin outcrop samples
from this and previously published studies (Fig. 4). Young ages, postdating rifting, are not only in the coastal strip (asin conventional
models of elevated passive continental margin development), but also occur hundreds of kilometer sinland, suggesting profound denu-
dation there. (D—E) Geological maps (CPRM, 2003) and paleotemper aturesfor Campanian and Miocene paleother mal episodes accor d-
ing to apatite fission-track analysis (AFTA) data from outcrop samples.

strata in the interior of Brazil thus testifies to  deposits within the Reconcavo Basin (Viana (4) The plateau remnants are not easy to ex-
postrift subsidence followed by significant et a., 1971; Petri, 1972) (Fig. 2A). Thisobser-  plain in the context of a rifted margin. Peulvast

uplift. vation indicates that the removal of the postrift et a. (2008) suggested that the plateaus of Araripe
(3) The outlying Lower Miocene, marine  section was completed prior to Miocene trans-  and Borborema at 750-1100 m ad are remnants
Sabia Formation rests on Early Cretaceous rift  gression and reburia of the margin. of a continuous and low-lying, Late Cretaceous
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Figure 2. Geological map and interpretation of peneplainsin the study area. (A) Geological map (CPRM, 2003) draped over a topo-
graphic model with limits of the Early Cretaceous rift basin (see Fig. 1B) after Magnavita et al. (1994) and Scotchman and Chiossi
(2008). (B) Map of the higher surface and the lower surface in areas wherethey are well preserved. Edges of map coincide with black
frame in Figure 1A; profile 1 continues 30 km east of this frame. Higher surface often coincides with presence of Cenozoic laterite.
L ower surface extends across basement, rift sediment, and the L ower Miocene Sabia Formation. (C) Two profilesto illustrate mapping
of low-relief surfaces and interpreted peneplains, i.e., higher surface and lower surface (Bonow et al., 2009). Plateaus are part of one,
seawar d-dipping surface (profile 2). Locations of profiles are in Figure 2B. CD—Chapada Diamantina, PM—Planalto de Maracas,
PC—Planalto da Conquista. Mapped, low-relief surfaces cut across basement (consisting of rocks that have different resistanceto ero-
sion) aswell asthe sedimentary sequence of the Recdncavo-Tucano-Jatobd Rift. Hence, surfacesare erosional features. Accor ding to our
interpretation, the higher surface formed as a peneplain by fluvial erosion to near sea level during the Eocene-Oligocene. The higher
surface was subsequently buried at the Oligocene-Miocene transition and then uplifted and re-exposed in the Miocene. Uplift caused
riverstoincise, after which the lower surface formed below the higher surface.

rift flank that was uplifted in post-Cenomanian
time, following deposition of the youngest rocks
now on the plateau. However, apatite fission-
track data from the region indicate that rocks
now at the surface have cooled by at least 50 °C

since the Campanian (Harman et al., 1998;
Morais Neto et al., 2006, 2008, 2009), imply-
ing that kilometer-thick deposits once covered
the present-day plateau surface but have been
removed since the Late Cretaceous.
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(5) Offshore, in the Camamu Basin (Fig. 1B),
Late Cretaceous strata are thin or absent, and
the Cenozoic succession is ~1 km thick, above
a prominent Eocene unconformity (Cobbold
et d., 2010). On the basis of vitrinite reflectance
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Figure 3. Altitude between Chapada Diamantina in the north and Planalto da Conquista in the south with interpretation of two pene-
plains, the higher surface (HS) and the lower surface (LS). The lower surface is between 300 and 400 m above sea level (adl) and dips
dlightly eastward. Sharp, erosional, winding escar pment separ ates the lower surface from higher surface. The higher surfaceisparticu-
larly well preserved on Planalto da Conquista (~900 m ad) where the surface coversan area of ~18,000 km? within the frame of Fig. 3; note
the wide and shallow valley that trendstoward east. The higher surfaceisalso clearly defined on Chapada Diamantina (~1200 m adl).

data, Scotchman and Chiossi (2008) estimated
that uplift and subsequent erosion have removed
a kilometer-thick Cretaceous postrift section
from the nearshore parts of this basin.

With this in mind, we report the outcome
of an integrated study of landscape develop-

ment and thermo-tectonic evolution of the
elevated passive continental margin in NE
Brazil, focusing on the Recdncavo-Tucano-
Jatoba Rift and the extensive plateaus in the
eastern part of the State of Bahia (Fig. 1A)
(see also Bonow et al., 2009; Japsen et al.,

Geological Society of AmericaBulletin,

2008a, 2008b, 2009b). We compare our re-
sults with those of similar studies on both
sides of the South Atlantic and also with
those in the North Atlantic domain, where
breakup happened ~50 m.y. later than along
the Brazilian margin.
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METHODS

We did field work in the main study areain
2007 and in the State of Minas Gerais in 2009
(near Belo Horizonte; Fig. 1A). The details of
all analyses are available as supplementary in-
formation online.

TECHNIQUE FOR MAPPING OF
MAJOR LANDFORMS

We used a digital elevation model with 90 m
grid (Jarvis et al., 2008) as input data for our
landform andlysis (Figs. 2 and 3). From the
elevation data, we constructed a contour map,
which is the primary input for the surface map-
ping. In the study area, we found that a 100 m
contour gives areasonable picture of the general
landscape (cf. Bonow et al., 2006b). Further-
more, a contour map depicts the fully three-
dimensional picture of the landscape, whereas
the relief along a topographical profile depends
on the location and azimuth of the transect
(Figs. 2B and 2C). To support the mapping, we
used profiles along a square grid with a spac-
ing of 0.1°. Topographical profiles were plotted
along the grid lines together with maximum and
minimum heights, which we extracted every
100 m aong the grid within a swath, 0.2° wide,
centered along the topographical profile (Fig.
2C). The contour map and profiles were plotted
on paper at a scale of 1:250,000. We analyzed
70 profiles with lengths of up to ~110 km.

\We began the mapping of the surfacesin core
areas that we defined from the contour map as
areas of low relative relief and only minor flu-
via valeys. In such areas, the maximum height
along each swath coincides with the topographi-
cd profile. In thisway (due to support from the
profiles), we could map the same surface also
in areas that are much more affected by fluvia
erosion and thus more dissected. We determined
the edge of a surface where there was a rapid
change of inclination on the contour map. This
method is also useful for identifying offsets
within asurface, e.g., by faults(cf. Bonow et d.,
2006b). We aso identified surfaces incised be-
low a higher plateau by aid of the minimum
height along the profiles because such surfaces
are guided by fluvial erosion to a base level. In
summary, we identified the levels of the low-
relief surfaces on the map and on the profiles. To
ascertain that the interpretation was consistent,
we checked that we could follow the surfaces
from profile to profile. To distinguish erosion

1GSA Data Repository item 2012051, full details
of thermochronological analyses, landscape analy-
sis, and analysis of sonic data, is available at http://
Www.geosoci ety.org/pubs/ft2012.htm or by request
to editing@geosociety.org.
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surfaces from structural surfaces, we compared
our mapped surfaces with geological maps of
the area (CPRM, 2003) and were thus able to
identify lithologica control on the mapped
surfaces (cf. Fjellanger and Etzelmuller, 2003;
Japsen et a., 2009a). We find that fluvial ero-
sion down to the base leve is the key to under-
standing the formation of extensive, low-relief
surfaces such as those mapped here. Base level
controls the fluvia erosion, and unless a local
base level is present, represented, for example,
by aresistant rock surface or an interna drain-
age basin, the ultimate base level is sea levdl,
particularly for locations dong continental
margins after rifting and breakup. The process
of valley widening by river erosion eventually
results in a large-scale, low-relief erosion sur-
face—a peneplain. Valley incision below such a
surface is evidence for alowering of base level
(uplift of thelandmass or drop in sealevel), with
subsequent formation of new valley floors grad-
ing to sealevel and thus possibly resulting in the
formation of anew peneplain. The height differ-
ence between the valley floor and the overlying
surface therefore indicates the amount of uplift
or fal in base level.

THERMOCHRONOLOGICAL
ANALYSIS

We obtained apatite fission-track anaysis
(AFTA®) data from 83 outcrop samples from
NE Brazil at elevations up to 1.6 km adl (loca
tions shown in Fig. 1). Of these outcrop sam-
ples, 43 are of Precambrian basement, 13 are of
Proterozoic sediment, and 27 are of Phanerozoic
sediment. We also obtained AFTA data from 47
samples of Upper Jurassic-Lower Cretaceous
sediment from seven boreholes down to 5.3 km
below ground level in the Tucano and Recon-
cavo Basins and one sample of Proterozoic sedi-
ment from a well in the Sanfranciscana Basin
(Fig. 1A). We aso incorporated previously
published AFTA data from 10 outcrop samples
from Turner et a. (2008). Vitrinite reflectance
data came from 144 samples of primarily Lower
Cretaceous sediment, mainly from wells in the
Tucano and Reconcavo Basins. Full details of
al AFTA and vitrinite reflectance data, together
with anaytica details and technica back-
ground, are provided in the online data supple-
ment (see footnote 1).

AFTA data in outcrop samples that have ex-
perienced different maximum paleotempera-
tures (e.g., reflecting different buria depths)
prior to cooling in a single dominant episode
show awell-defined relationship between mean
track length and fission-track age (Green, 1986).
Samples that have undergone only minor heat-
ing (say <60 °C) have old ages with relatively
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long mean track lengths (>13 um), whereas sam-
ples heated above ~110 °C, in which all fission
tracks weretotally annealed prior to the onset of
cooling, give much younger fission-track ages
(“reset ages’) and long mean lengths around
~14 um or more. Between these two extremes,
adecrease in fission-track age (representing in-
creasing maximum paleotemperatures prior to
the onset of cooling) is accompanied by a re-
duction in mean track length as tracks formed
prior to the onset of cooling are progressively
shortened. In the final stages of annedling, in
samples heated to around 100 °C, the partialy
annealed tracks become so short that their con-
tribution to the mean length is diminished. The
mean length therefore increases with further
reduction in fission-track age, trending upward
toward the long mean length characterizing the
reset ages and resulting in the characteristic
“boomerang” trend. For further explanation, see
Green (1986).

However, data from NE Brazil show a much
more complex pattern of variation (Fig. 4), sug-
gesting a more complex thermal-history frame-
work involving a number of cooling episodes,
and detailed assessment of data in individual
samplesis required before any rigorous conclu-
sions can be reached. Nevertheless, the consis-
tent trend shown by the datain Figure 4 suggests
that a common style of thermal history affected
the entire region, with different samples reach-
ing differing pal eotemperatures in the dominant
regional cooling episodes. Since samples of sedi-
mentary rock and basement plot together and
define a common trend in Figure 4, the domi-
nant, palecthermal events affected both basins
and basement regions aike.

To investigate the details of the thermal his-
tory, we extracted thermal-history constraints
from the AFTA and vitrinite reflectance data in
each sample following the principles outlined
by, eg., Green et a. (2002, 2004) and Green
and Duddy (2010). The process begins with
construction of adefault thermal history, assum-
ing that the sample has never been any hotter
than the present-day temperature. The default
thermal history for an outcrop sample of sedi-
mentary rock represents residence since deposi-
tion at the prevailing mean surface temperature,
while for basement outcrop samples, a similar
approach can be adopted using the age of the
oldest overlying sedimentary unit. For down-
hole samples, the default thermal history is con-
structed from the burial history defined from the
sedimentary section preserved in the well, com-
bined with the present-day thermal gradient.

Note that this approach does not imply that
the default thermal history is a redlistic sce-
nario; it ssimply allows an initial assessment
of the data. If the default thermal history can
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explain the AFTA data, possibly combined
with the presence of shorter tracks inherited
from sediment provenance regions, then it is
not possible to extract further thermal-history
information. Alternatively, if the AFTA data
show a greater degree of postdepositional an-
nealing (i.e, fission-track age and/or track-
length reduction) than expected from the
default thermal history, then the sample must
have been hotter in the past, and informa
tion on the magnitude and timing of heating
and cooling events can be extracted from the
data. In this case, modeling AFTA parameters
through likely thermal-history scenarios within
a framework constrained as far as possible by
geological data (through the default thermal
history) allows definition of the range of condi-
tions giving predictionsthat match the observed
data within 95% confidence limits (i.e., £2c).
In samples of sedimentary rock in which the
AFTA data are dominated by tracks formed
prior to deposition, it is often not possible to
separate postdepositional effectsfrom theinflu-
ence of tracks formed prior to deposition, and
only a limit to the magnitude of the maximum
postdepositional temperature can be obtained.
We did not attempt to constrain the entire ther-
mal history of each sample using AFTA, because
the data are dominated by the effects of the maxi-
mum paleotemperature, which overprints the
previous history. Instead, we focused on deter-
mining the key aspects of the thermal history that
control the fission-track age and length distribu-

400

Fission-track age (Ma)

tion, i.e., maximum pal eotemperature, and the
time at which cooling began. Estimates of these
parameters were extracted from the AFTA data
using a kinetic model of fission-track annealing
that takes full quantitative allowance of the in-
fluence of wt% Cl on annedling rates (Carlson
et a., 1999; Barbarand et al., 2003). The process
was explained by Green et a. (2002) and illus-
trated further by Green and Duddy (2010).
Independent estimates of maximum paleo-
temperature were derived from vitrinite reflec-
tance data using the kinetic model of Burnham
and Sweeney (1989). We routinely found con-
Sistent interpretations from the two techniques
using this approach (e.g., Japsen et a., 2007b;
Green and Duddy, 2010).

AFTA data contain a high degree of redun-
dancy, in the sense that many different histories
can produce similar datathat cannot be resolved
(cf. Chalmers et al., 2010), and for this reason,
integration of geological constraints is vital to
extracting accurate thermal-history information.
Thermochronology studies conventionally as-
sume monotonic cooling histories, but preserva-
tion of even athin veneer of sedimentary cover
shows that underlying basement was at the sur-
face when the sediment was deposited. Failure
to take such constraints into account can result
in misleading interpretations (cf. Persano et a.,
2006, 2007; Brown, 2007; Gibson, 2007; Green
and Duddy, 2007), since AFTA data can only
define progressive cooling events and will not
independently identify reheating.
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Even where no sedimentary outliers are pre-
served, we favor an interpretation scenario in-
volving aseries of heating and cooling episodes.
Such histories appear reasonable in NE Brazil,
where outliers of Cretaceous sediment are wide-
spread. AFTA datain individual samples allow
resolution of multiple episodes through the
distribution of track lengths, together with the
fission-track age reduction. In favorable cases,
three discrete episodes can be resolved from
data in a single sample. Typicaly, the earli-
est event will reset the fission-track age. If the
sample then cools and is reheated to 90 °C or
100 °C, tracks formed after the earlier cooling
will be shortened to around 10 pm; renewed
cooling followed by rehesting to a lower peak
paleotemperature, say 70 °C, will shorten those
tracks formed after the second cooling event
to around 13 pm. Quantitative modeling of the
fission-track age and track-length datawill show
that all aspects of the data can only be explained
by a scenario involving three discrete episodes
of heating and cooling.

In regions that have undergone a number of
cooling episodes, AFTA data will revea only
those events that dominate the data in indi-
vidual samples. Synthesis of data from a large
number of samples acrossawide region then al-
lows identification of the main, regional cooling
episodes.

Where AFTA and/or vitrinite reflectance data
are available through a vertical rock section, ei-
ther from boreholes or from vertical transects
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in outcrop, the variation of paleotemperatures in
key paleothermal episodes with depth/elevation
allows the paleogeothermal gradient in each
episode to be determined (Bray et al., 1992).
Extrapolation of fitted paleogradients to an as-
sumed paleosurface temperature then allows
determination of the amount of section that has
been removed since the onset of cooling in each
episode. Paleotemperature profiles also alow
identification of situations where heating is due
to non-burial-related phenomena such as hot
fluids (Duddy et al., 1994, 1998).

MAGNITUDE OF EXHUMATION FROM
PALEOBURIAL (SONIC) DATA

We estimated the magnitude of exhumation
for five well locations (four in the Recdncavo-
Tucano-Jatoba Rift and one in the Camamu Ba-
sin; Figs. 1 and 5) by comparing sonic-log data
for sandstone with normal vel ocity-depth trends
(baselines). Japsen et a. (2007a) constructed
baselines for sandstone based on the properties
of sandstone with varying clay content, but they
considered 4 km to be the maximum depth for
practical purposes and thus chose anchor points
at that depth to constrain the baselines in the
form of modified, velocity-average equations:

V(Z) = Vm - (Vm - Vc)e_ﬂbv (1)

where V,, is the matrix velocity of the sediment,
V, isthe sonic velocity of the sediment at critical
porosity (~1600 m/s for sand), z is depth below
the surface of the sedimentary succession, and
b is a decay parameter. These baselines predict
velocities of around 4.5 km/s for pure sandstone
(0%-5% clay) at a depth of 4 km and only a
minor increase of velocity at greater depth.
However, the sonic data for well D (Fig. 5C),
for example, show agradual increase of velocity
from 4 to 5 km/s over a 2-km-thick sandstone
interval. Consequently, we calibrated the base-
lines for pure sandstone to match the data from
the study area (Figs. 5B and 5C) with the fol-
lowing parameters for the modified, velocity-
average equation (Eq. 1):

BROD, 0% day: V,, = 5400 m/s, b=2500m, .,
BROO, 5% clay: V,, = 5400 m/s, b = 2800 m.

For velocities higher than ~4.5 km/s, the re-
vised baselines plot at shalower depths than
those of Japsen et al. (2007d), and thus result
in smaller estimated amounts of exhumation
(Fig. 5A). Figure 6C shows a comparison be-
tween the magnitude of exhumation (with esti-
mated uncertainty) for wells A and B based on
sonic data and the results based on paleother-
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mal data. These figures show that the estimated
amounts of removed section based on sonic data
are 2-3 km for both wells, that the uncertainty
is bigger for well A than for well B, and that
the higher values of these estimates are in best
agreement with the results based on the paleo-
thermal data. The fluvial deposits with alternat-
ing sand and shale units penetrated by wells A
and B only contain afew thick sand unitswith a
uniform sonic-log pattern, and comparison with
baselines is thus not straightforward.

DENUDATION CHRONOLOGY FROM
LANDSCAPE ANALYSIS

Within the study area, we identified two sur-
faces of low relative relief and of regional ex-
tent, the higher surface and the lower surface
(Figs. 1B, 2, and 3). There is dso a coastal
plain of limited extent, and above the level of
the higher surface, there are distinct hills along
ridges of particularly resistant rock (e.g., dong the
eastern escarpment along Chapada Diamanting;
Fig. 2C). These ridges may or may not be rem-
nants of a surface above the higher surface, but
we do not address thisissuein the present study.
The topographic model in Figure 3 depicts the
relation between the higher surface and lower
surface in the central part of the study area,
where a sharp, erosional, winding escarpment
separates the two surfaces.

The higher surface is preserved on high
ground and includes the plateaus of Chapada
Diamantina (~1200 m ad) and Planalto da Con-
quista (~900 m ad). These plateaus define a
coherent surface, dipping slightly seaward. The
higher surface cuts across Proterozoic sediment
and Precambrian basement that frequently is
deeply weathered into a soft and disintegrated
rock many tens of meters below the surface;
these wesathering profiles have been mapped as
Cenozoic laterites by the Geological Survey of
Brazil (CPRM, 2003) (e.g., Fig. 2). The higher
surface and the laterites are preserved where
the drainage system is unaffected by the fluvial
system related to the younger, lower surface.
The lower surface is well defined across wide
areas in the interior (up to 500 m ad), but it
can also be traced as a summit level across an
intermediate zone along the coast, where it is
highly dissected by the rivers that define the
coastal plain. The lower surface cuts across
Precambrian basement outside the rift and the
postrift sediment of the Aptian Marizal Forma-
tion within therift (Silvaet ., 2007), but it also
truncates the Lower Miocene, marine Sabia
Formation within the Reconcavo Basin (Viana
eta., 1971; Petri, 1972).

Both the higher surface and the lower sur-
face cut across rocks of different ages and re-
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sistances and are therefore erosiond festures
(peneplains). They presumably formed by de-
nudation to a nearly horizontal plain, because
even dightly dipping surfaces would be incised
by fluvid valleysand therelief would be rgjuve-
nated (Rudberg, 1970) until a new and younger
peneplain formed.

The higher surface must originaly have ex-
tended across a larger area than that of the pla-
teau remnants asthe lower surface has devel oped
atitsexpense. Thehigher surfaceischaracterized
by Cenozoic laterites over large areas, and both
the higher surface and the laterites are currently
subject to erosion along the escarpmentsthat out-
line the plateaus. We consequently find that the
laterites formed after fluvial erosion had graded
the higher surface to base level during the Ceno-
zoic, but prior to the uplift of the higher surface
to its present elevation. The age of the lower sur-
face is Neogene because it postdates the Lower
Miocene Sabia Formation. The older, higher sur-
face must consequently have developed during
the Paleogene prior to the early Miocene trans-
gression. This implies that the Sabid Formation
accumulated on the higher surface (when it was
near sea level), but the sediment has been found
in meter-deep trenches (Petri, 1972) below the
lower surface, presumably because it was thus
preserved by some degree of down-faulting. The
lower surface is rapidly being dissected by river
incision into the soft sediment of the Reconcavo-
Tucano-Jatoba Rift. We infer a change in base
level that occurred recently, and thisfitswell with
the estimate of Bigarella (1975), who suggested
that this change took place since ca. 2 Ma. Both
of theseregional erosion surfaces devel oped dur-
ing the Cenozoic and thus are post-breakup phe-
nomena that formed along the Atlantic margin.
Consequently, we find that sea level is the most
likely base level to which the surfaces graded.

Similar plateaus outside the study area are
also of Paleogene age (Fig. 1A). For example,
in the Sanfranciscana Basin, a regional ero-
sion surface truncates Maastrichtian sediment
(Campos and Dardenne, 1997), and this sur-
face correlates with the higher surface within
the study area (Valaddo, 1998). On the Planadto
da Borborema, Paleogene sandstones and con-
glomerates of the continental Serra do Martins
Formation cover the plateau surface (Morais
Neto et a., 2008). This demonstrates that the
surface was exposed in Paleogene times until the
Serrado Martins Formation accumulated over it
and preserved the surface to the present day. A
Paleogene age for the higher surface across the
highlands of Chapada Diamantina and Planalto
da Conquista is aso in agreement with the in-
terpretation of King (1967), who mapped these
plateaus as part of the Paleogene Sul-Americana
surface. The highly dissected higher surface of
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Figure 5. Plots of sonic log data compared to baselines for sand-
stone. (A) Baselines for sandstone. Models for 0% and 5% clay
content are based on a prediction of porosity and sonic velocity of
consolidated sandstone with data at 4 km depth as anchor point
(SS00 and SS05; Japsen et al., 2007a). We revised baselines SS00
and SS05 by calibration to data from wells C and D that indicate
6 km as the practical maximum depth where sandstone reaches
a sonic velocity of 5 km/s (BR0O and BRO5: Eq. 2). (B) Plot of
the sonic log for offshorewell C (Almada Basin). According to the
completion log, a more than 1-km-thick sedimentary sequenceis
dominated by sandstone. The upper bound for the sonic data in
this interval shows velocities increasing from ~3.4 to 4.3 km/s,
corresponding to the predictions of the SSO00 and SSO5 trends of
Japsen et al. (2007a). Consequently, we inter preted these veloci-
tiesto reflect pure sandstone at maximum burial depth and used
thesonic datain thisinterval to calibrate the sandstone baselines.
(C) Plot of the sonic log for offshorewell D (Camamu Basin). Ac-
cording to the completion log, an ~2-km-thick interval consists
of uniform sandstone, and the sonic data for thisinterval show a
steady increase of velocity with depth from ~4 to 5 km/s. We in-
terpreted these high velocitiesto be dueto a greater burial of the
sandstone by ~1900 m of section that has subsequently been re-
moved, and we used the sonic datain thisinterval to calibratethe
sandstone baselines. (D) Plot of the sonic log for onshore well A
(Tucano Basin). Fluvial deposits with alternating sand and shale
unitsdominatethedrilled sequence, but a 150-m-thick sandstone
unit at adepth of ~4.5 km hasa sonic velocity of ~5 km/s. We com-
pared the sonic velocity of this unit with the revised, sandstone
baselines (Eq. 2) and estimated that an ~2.5-km-thick section
covered the entire rift sequence (and the sandstone unit) before
its removal by erosion. The sonic data were averaged over 10 m
intervals after deletion of data points from borehole intervals
with severe caving. The burial anomaly is the difference between
present-day depth and estimated maximum burial depth (nega-
tivein caseof erosion). Dashed linesarethe BROO and BRO5 base-
lines shifted vertically by the burial anomaly to fit the sonic data
for sandstone units. Location isgiven in Figure 1.
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Figure 6. Paleothermal data from two wells defining
burial and exhumation histories in the Reconcavo-
Tucano-Jatoba Rift. (A) Apatite fission-track parame-
ters for samples from wells A and B (drilled in the
Tucano and Recbncavo Basins, respectively) plotted
against depth and present-day temperature. The black
linein theleft panel showstheincreasing stratigraphic
agewith depth, and thecolored linesshow the predicted
patterns of fission-track age and mean track length
for apatites containing <0.1, 0.5, 1.0, and 1.5 wt% CI
from the default thermal history (DTH). The default
thermal history was derived from the preserved sedi-
mentary section and the present-day thermal gradi-
ent calculated from corrected borehole temperatures
(BHT) in each well. The fission-track ages decrease
systematically with depth, and at depths greater than
2 km, they are much less than the values predicted
from the default thermal history. This shows that the
sampled units have been hotter in the past (Green
et al., 2002). The pattern of decrease in fission-track
age with depth is characteristic of a section that has
undergone major cooling, with the “break in slope’ at
adepth of ~2.5km representing thetransition between
partial and total annealing of fission tracks formed
prior to the onset of cooling (cf. Green et al., 2002).
The corresponding fission-track age of ca. 75 Ma rep-
resentsthe onset of exhumation. (B) Paleotemperature
constraints versusdepth in wellsA and B for the Cam-
panian, Eocene, and Miocene paleothermal episodes.
Drilled stratigraphy for each well isshown totheright.
Constraintsfor each episodein both wellsdefinelinear
profiles, subparallel to the present-day temperature
profile, characteristic of heating due predominantly to
deeper burial. VR—uvitrinite reflectance. (C) Ranges
of amount of removed section and paleogeothermal
gradients (banana-shaped areas) required to explain
paleothermal profilesin wellsA and B within 95% con-
fidencelimits. Limitson theamount of removed section
were estimated from sonic data from sandstone units
(rectangular areas). I nterpretations based on constant
geothermal gradients corresponding to present-day
conditions are also indicated, with paleothermal and
paleoburial (based on sonic data; Fig. 5) approaches
giving highly consistent results in both wells. The
present-day temperature profile for well B isbased on
corrected BHT data and temperatures revised on the
basis of the apatite fission-track analysis (AFTA) data
(see supplementary data online [see text footnote 1]).
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Planalto de Maracas corresponds to the Velhas
surface of King, whereas the lower surface and
the coastal plain are equivalent to his Paraguagu
surface within our study area.

North of our study area (north of 8°S, east of
41°W), Peulvast et al. (2008) aso identified two
erosional levels of regional extent: a low plain
between 0 and 300 m adl (the Sertangja surface
or Sertéo), and the discontinuous remains of a
high plain between 750 and 1100 m adl (includ-
ing the Araripe and Borborema Plateaus). These
two erosion surfaces are thus equivalent to the
lower surface and higher surface, respectively,
in this study. We conclude that there are two re-
giona peneplainsin NE Brazil, alower surface
(Paraguagu/Sertangja), and remnants of a higher
surface (Sul-Americana), which were formed
by erosion during Neogene and Paleogene time,
respectively.

PALEOTHERMAL EVENTSDUE TO
BURIAL AND EXHUMATION

We have defined nine regional cooling epi-
sodes from a synthesis of thermal history so-
lutions derived from AFTA datain al samples
(Table1). The events date back to the Paleozoic,
but here we focus on the (postrift) Cretaceous
and Cenozoic development. The AFTA datade-
fine cooling episodesthat began ca. 120 Maand
in the intervals 80-75, 4845, and 18-15 Ma
(Aptian, Campanian, Eocene, and Miocene
cooling episodes; see Fig. 7). Note that these
time intervals represent the ranges of 95% un-
certainty for the onset of cooling in each epi-
sode. An Albian event that began between 110
and 105 Ma is only recognized outside the
main study area (northeasternmost samples in
Fig. 1A). This event correlates closely with
the timing of breakup (Torsvik et a., 2009) as
also recognized by Harman et a. (1998) and by
Turner et a. (2008).

The Aptian cooling episode is dominant in
AFTA data from most basement samples, and
we interpret this event as reflecting exhuma-
tion, not only of the rift margins, but also of the

Japsen et al.

hinterland (e.g., ~200 km west of therift). Even
though we did not detect it in samples from
the basin fill, a major correlative unconformity
is present between the synrift section and the
postrift Marizal Formation of Aptian age (Silva
et a., 2007), suggesting some degree of exhu-
mation at thistime.

AFTA and vitrinite reflectance data from
wells in the Recncavo-Tucano-Jatoba Rift
show that the synrift sequences began to cool
from their maximum, postdepositional paleo-
temperatures in the Campanian (Fig. 6). Varia-
tion of the Campanian pal eotemperatures with
depth suggests that heating was due to addi-
tional buria by 2-3 km of postrift section if
the paleogeothermal gradient was similar to the
present-day value, but dightly higher gradients
(corresponding to lower amounts of additional
burial) are also possible. Our analysis of paleo-
buria (sonic) data from deep wells aso indi-
cates that a 2-3-km-thick cover buried the rift
sequence prior to uplift and erosion (Fig. 6C).
This confirms that the geothermal gradient had
remained fairly low since maximum burial and
that the subsequent cooling was due primarily
to exhumation. Campanian cooling dominates
all AFTA data from the Reconcavo-Tucano-
Jatobd Rift and the exposed parts of the Almada
and Camamu Basins, and it is also important
in the data from the surrounding basement re-
gions (Fig. 1D). Heating to Campanian paleo-
temperatures must thus have been primarily due
to deeper burial, with subsequent cooling dueto
exhumeation. Paleotemperatures defined for out-
crop samples in the interior highlands corre-
spond to buria below arock column of ~2 km.
We consequently interpret the Campanian as a
time of profound uplift and erosion across the
entire area, following postrift subsidence and
burid (Fig. 7).

AFTA data from some deep well samples
also provide evidence for Eocene cooling. Eo-
cene paleotemperatures were probably not of
sufficient magnitude in shallower samples to be
resolved from those of the Campanian and Mio-
cene episodes, but it seems likely that Eocene

cooling also affected much of the study area.
Analysis of paleotemperature profiles in the
wells suggests that Eocene pal eotemperatures
were due to additional burial by 2-2.5 km of
postrift section under heat-flow conditions very
close to those of the present day, and that cool-
ing was due to renewed exhumation.

AFTA data from outcrop samples of both rift
sediment and basement also consistently show
Miocene cooling (Fig. 1E). Anadysis of paleo-
temperature profiles in the wells again suggests
that paleogeothermal gradients were close to
present-day values, and that Miocene pal eotem-
peratures reflect additiona burial by ~1.5 km of
section. Miocene pal eotemperatures for samples
from the highlands correspond to buria below
arock column of ~1 km. We interpret the Mio-
cene cooling as representing regional uplift and
erosion during thefinal phase of the exhumation
history that began in the Campanian.

The postrift exhumation episodes that we
have established from AFTA data correlate
closely with major unconformities in the off-
shore Camamu and Almada Basins in the mid-
Campanian, mid-Eocene, and mid-Miocene
(see Table 1; Caixeta et a., 2007; Gontijo et a.,
2007). The correlation is better for the Almada
Basin, probably because the Camamu Basin
was affected by a mgjor, submarine dide (Cob-
bold et al., 2010), which has to some extent ob-
scured the stratigraphic evidence.

The allowed range of paleogeothermd gradi-
entsfor the Campanian episodein well A (Tucano
Basin) is close to the present-day gradient of
15 °C/km that we derived from the AFTA data
and published temperature data (Meister, 1973)
(Fig. 6C), as are results for the later episodes.
The range of alowed paeogradients for well B
(Reconcavo Basin) is broader than that for well
A, but the pal eotemperaturesin the three key epi-
sodes are consistent with paleogeotherma gra-
dients in the range of 20-25 °C/km. This range
overlaps with the present-day gradient in this
well of ~20 °C/km that we estimated from the
AFTA data. The results therefore suggest a pat-
tern of decreasing amounts of paleoburial from

TABLE 1. INTERVALS DEFINING THE BEGINNING OF EPISODES OF REGIONAL COOLING BASED ON APATITE FISSION-TRACK
ANALYSIS (AFTA) DATA IN 131 SAMPLES FROM OUTCROPS AND BOREHOLES IN NE BRAZIL

Onset of cooling Onset of cooling

Areas and rocks affected by cooling event

Equivalent hiatus

(Ma) (chronostratigraphy) (Ma)
450-410 Ordovician—Devonian West flank of Camamu, SW hinterland* 530-440 (T)
320-300 Carboniferous West flanks of Reconcavo and Camamu* Ca. 300 (T)
230-220 Late Triassic SW hinterland* 250-150 (R,T)
180-170 Middle Jurassic Both flanks of Reconcavo, west flank of Almada, SW hinterland* 250-150 (R,T)
Ca. 120 Aptian Most basement samples 124-116 (R,T)
110-105 Albian Only NE samples (Fig. 1A) -

80-75 Campanian Sediment and basement samples 80-75 (A)
48-45 Eocene Deep well samples 47-45 (A)
18-15 Miocene Sediment and basement samples 16-12 (A)

Note: A—Almada Basin (Gontijo et al., 2007); R—Recdncavo Basin (Silva et al., 2007); T—North Tucano—Jatoba Basins (Costa et al., 2007).
*The earlier (pre-Cretaceous) episodes are recognized only in restricted areas where the effects of more recent events (particularly the Aptian episode) are low enough to
preserve evidence of the earlier history. It seems likely that the early episodes affected a wider part of the region.
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Figure 7. Burial and exhumation history of rocks now exposed on the higher and lower
surfaces within the study area. CD—basement at the higher surface (HS) in Chapada Dia-
mantina, shown by dashed line and boxes (cf. Figs. 1D and 1E). R—rift sediment close to
the lower surface (LS) in the Reconcavo Basin, shown by full line and boxes (well B, Fig.
6C). Green curve—relative probability of weathering ages on the Borborema Plateau (Guia
Lima, 2008) (location on Fig. 1A). The colored bands show the times of onset of cooling
events defined from apatite fission-track analysis (AFTA) that are inferred to be due to
episodes of uplift and exhumation, and their width indicates the uncertainty in the onset of
cooling. Timing of the Quaternary event at ca. 2 Ma is according to Bigarella (1975). The
Albian event is only recognized in samples east of the rift. EC—Early Cretaceous, LC—

L ate Cretaceous; Pg—Paleogene; Ng—Neogene; Q—Quaternary.

north (Tucano Basin) to south in each episode
and a corresponding increase in basal heat flow.
Results of mgjor apatite fission-track studies
were reported from NE Brazil by Harman et a.
(1998), Turner et a. (2008), and Morais Neto
et al. (2008). Study areasin the first two studies
partly overlap with ours, whereas the latter was
focused on the Borborema Plateau (Fig. 1A).
Harman et a. (1998) identified two main phases
of cooling, thefirst in the Early Cretaceous (ca
130 Ma) and the second in the Late Cretaceous
(60-80 Ma). Harman et al. (1998) estimated a
total cooling to the present day along the conti-
nental margin of ~100 °C since 130 Ma, and a
cooling in the interior of their study area since
80 Ma of 50-70 °C. Turner et a. (2008) aso
identified two major cooling episodesthat began

in the intervals 110-100 Ma and 40-10 Ma.
Morais-Neto et a. (2008) interpreted their data
in terms of two dominant episodes of cool-
ing that began in the intervals 100-90 Ma and
20-0 Ma, but they also reported evidence for
an intermediate event in the interval 65-50 Ma.
The dominant cooling episodesidentified in this
study correspond well with those identified by
Turner et a. (2008). The Early Cretaceous cool-
ing event of Harman et a. (1998) corresponds
broadly with the Aptian event that we identi-
fied in the northeasternmost part of our study
area, wheresas their Late Cretaceous event cor-
responds to the Campanian event that we identi-
fied throughout our study area. The conclusions
of the three studies are thus broadly compatible
with our results, even though those studies did
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not resolve the full complexity of the variation
in the therma history across the region. The
results of our study provide considerably more
detail, in particular, because we aso analyzed
samples from deep wellsin therift.

INTEGRATED HISTORY OF BURIAL,
UPLIFT, AND EXHUMATION

Our results show that prior to the Campanian,
the present land surface was buried below a
2-3-km-thick rock column across both the
rift and the interior highlands (curves “R” and
“CD,” respectively, in Fig. 7), and it most likely
included a continuous Cretaceous cover. The
evidence from AFTA for Campanian exhuma-
tion in both the rift and the highlands suggests
that sediment accumulated over both regions
prior to the onset of exhumation. This seems
plausible because the highlands are midway
between the Cretaceous rift and the Sanfrancis-
cana Basin, where an extensive cover of both
Lower and Upper Cretaceous sediment is pres-
ent (Campos and Dardenne, 1997) (Fig. 1A).

The Lower Miocene Sabia Formation rests
on Early Cretaceous rift deposits (Petri, 1972),
and this indicates that the postrift section was
removed during the Campanian and Eocene ex-
humation events within the Recdncavo Basin.
Anintervening phase of reburiad ispossible, and
Campanian—Eocene sediment is present near
the shore (Caixeta et a., 2007; Gontijo et &,
2007), but since such deposits are absent on-
shore within the study ares, this scenario cannot
be tested. Thefinal removal of ~2 km of postrift
sediment from within the rift occurred between
the Eocene event and the early Miocene. Exhu-
mation of similar magnitude may also have af-
fected theinterior highlands, because thereisno
structural evidencefor major inversion of therift
and because the Eocene event correlates with
tectonic activity across much of Brazil (Cobbold
et a., 2001). We therefore find that the higher
surface, which formed as an erosional surface
during the Paleogene according to the geologi-
ca and geomorphological evidence presented
here, must have graded to base level after the
Eocene event, which demonstrably removed
2 kmwithin the rift.

The top of the rift sequence in the Recon-
cavo Basin was thus at the surface during the
early Miocene transgression, but the AFTA
data show that the entire sequence later was
buried below an ~1.5-km-thick cover prior to
Miocene exhumation (Fig. 7). The rift must
consequently have been reburied below a Mio-
cene cover with the Sabid Formation asits basal
part. Furthermore, rocks that are now exposed
on the higher surface in the interior highlands
were also buried below a kilometer-thick cover
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prior to the Miocene event. However, since the
higher surface was formed by erosion to base
level during the Paleogene, those rocks that are
now on the higher surface were also near the
surface prior to the Miocene. The higher surface
was consequently reburied by sediment at the
Oligocene-Miocene transition, also in the inte-
rior highlands. The younger lower surface thus
formed after the Miocene event and after almost
complete removal of the Miocene cover.

In summary, we conclude that the present
landscape is due to multiple postrift episodes of
burial, uplift, and exhumation:

(1) Following Early Cretaceous breakup,
the margin underwent kilometer-scale burial
beneath a sedimentary cover, with maximum
burial of the synrift sequence in the Campanian
(Fig. 8A).

(2) Campanian and Eocene phases of uplift
led to almost complete removal of these depos-
its by river erosion to base level and to forma
tion of a peneplain (the higher surface) with a
deeply weathered surface (Fig. 8B).

(3) Oligocene-Miocene subsidence of thein-
terior and of the coastal zone led to reburia of
the higher surface (Fig. 8C).

(4) Miocene uplift and erosion produced a
new peneplain (the lower surface) by river inci-
sion below the uplifted and re-exposed higher
surface. Minor uplift in the Quaternary led to in-
cision below the lower surface and to formation
of the coastal plain (Fig. 8D).

This four-stage model agrees with the re-
sults of previous studies, which found that the
Reconcavo-Tucano-Jatoba Rift was buried be-
low akilometer-thick cover prior to exhumation
(Magnavitaet al., 1994), that the plateau surface
(higher surface) in NE Brazil was fully devel-
oped by the end of the Paleogene (King, 1967;
Bigarella, 1975; Valaddo, 1998), that the Oligo-
cene-Miocene transition was characterized by
subsidence of the coastal regions throughout
Brazil (Schobbenhaus and Brito Neves, 2003),
and that uplift affected much of Brazil in the
Miocene (King, 1967; Vaaddo, 1998; Cobbold
et al., 2001; Bigarella et al., 2007). Aspects
that have remained unrecognized in previous
studies, however, are the absolute timing of
the episodes of uplift and the magnitudes of the
burial and exhumation episodes that followed
Early Cretaceous rifting and Eocene-Oligocene
peneplanation.

The outlier of the Sabia Formation within
the RecOncavo-Tucano-Jatoba Rift tedtifies to
Miocene burial, but no remnants of such a cover
have—to our knowledge—been reported from
the plateaus in our study area. However, plateaus
elsawhere in NE Brazil are covered with non-
fossiliferous, continental sediment (Fig. 1A),
e.g., the Paleogene Serra do Martins Forma-
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Figure 8. Burial and exhumation history along a profile across Chapada Diamantina and
the rift basin, based on the topographic profile shown in Figure 1B and a geological cross
section offshore (M enezes and da Silva Milhomen, 2008). (A) Ca. 78 Ma: Campanian maxi-
mum burial of the Lower Cretaceous synrift sequence below a Cretaceous cover that most
likely extended over theinterior highlands and into the Sanfranciscana basin (see Fig. 1A).
(B) Ca. 30 Ma: Final formation of the higher surface (HS) by erosion to base level as a
peneplain with deep weathering profiles and laterites after Campanian and Eocene phases
of uplift and erosion. Major diding offshore took place after the Campanian and Eocene
uplift events (Cobbold et al., 2010). (C) Ca. 17 Ma: Oligocene-Miocene burial of the inte-
rior highlands and of the coastal zone. (D) Present: re-exposure of the higher surface and
formation of the lower surface (LS) by river incision after Miocene uplift. Minor uplift in
the Quaternary led toincision below the lower surface and to formation of the coastal plain.

tion (Morais Neto et a., 2008) (Planalto da
Borborema), the Cenozoic Chapaddo Forma-
tion (Campos and Dardenne, 1997) (the San-
franciscana Basin), and the Chapada de Canga
Formation (Sant’ Anna et a., 1997) (near Belo
Horizonte). Furthermore, post—-30 Ma reburia
of the Planalto da Borborema has been indicated
by AFTA datafrom the Serrado Martins Forma-
tion and the underlying basement (Morais Neto
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et a., 2008, 2009). Along the Atlantic margin,
the cover may have consisted of severa forma-
tions, e.g., the Sabi4 Formation, the lower part
of the Neogene continental Barreiras Formation
(Bigarella, 1975), and Neogene coastal deposits
of the Rio Doce Formation (Gontijo et a., 2007).

Vasconcelos and Carmo (2008) found a dis-
tinct relation between Ar-Ar ages for lateritic
westhering profiles and three main landscape
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types in Brazil. Weathering ages are 70-30 Ma
for the main plateau surfaces (Sul-Americana),
15-6 Mafor intermediate surfaces (Velhas), and
less than 4 Ma for lower surfaces (Paraguacu).
Notably, the authors highlighted the major
gaps in the record, pre-70 Ma and 30-15 Ma
Reburial of the higher surface by an Oligo-
cene-Miocene cover provides a straightforward
explanation for the gap in the weathering record
between 30 and 15 Ma (see Fig. 7; Guia Lima,
2008), prior to the removal of this cover during
the Miocene uplift event. The presence of an
extensive Cretaceous cover prior to Campanian
uplift and exhumation may similarly explain the
lack of pre-70 Maweathering ages.

BURIAL AND EXHUMATION OF THE
EOCENE FONSECA FORMATION IN
THE HIGHLANDS OF MINAS GERAIS

A rareinsight into the Cenozoic development
of the highlands in the interior of Brazil is pos-
sible due to an outlier of the Eocene Fonseca
Formation near Belo Horizonte in the State of
Minas Gerais, ~500 km southwest of the study
area (Fig. 1A). This sediment is preserved in a
small, graben-like basement structure ~800 m
adl, and it is unconformably overlain by the un-
dated, ironstone conglomerate of the Chapada
de Canga Formation (Sant’ Annaet d., 1997).

Abundant organic material from a sample
of the Fonseca Formation was anadyzed in the
source-rock laboratory at the Geological Sur-
vey of Denmark and Greenland (GEUS) and
yielded a reliable T, value of 427 °C, which
is equivalent to a vitrinite reflectance of 0.4%—
0.5% (Tissot and Welte, 1984), corresponding to
a paeotemperature between 66 and 83 °C (cf.
Green et a., 2002). Thisresult is highly consis-
tent with AFTA data from a basement sample
collected near the Fonseca outcrop (fission-
track age 126.9 + 14.5 Ma, mean track length
12.1 + 0.2 pm). The thermal history extracted
from these data involves cooling from >110 °C
around 150 Ma, followed by subsequent cool-
ing from 100 °C to 85 °C, which began in the
interval 145-70 Ma, and finally between 80 °C
and 60 °C in the interval 50-10 Ma. The two
earlier cooling events correlate with the Juras-
sic and Campanian events identified in the main
study area (Table 1). The similarity between
the paeotemperatures in the most recent event
defined from AFTA and those indicated by the
T. Vaue confirms that this event postdates
deposition of the Fonseca Formation. The tim-
ing defined by AFTA spans both the Eocene and
Miocene events identified from regiona data,
and it remains uncertain whether maximum
burial of the Fonseca Formation occurred in late
Paleogene or Neogene times.
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Whatever the timing, these post-Fonseca
palectemperatures are equivalent to burial under
1.5-2.0 km of cover for a paleogeothermal
gradient of 25 °C/km or a cover of 0.7-1.0 km
for a gradient of 60 °C/km. Because the Fon-
seca Formation was deposited by a meander-
ing river system (Sant’ Annaet al., 1997), more
extensive areas must have been covered by
these kilometer-thick deposits of Eocene and
younger sediment. A likely scenario isthusthat
even the highest summit in the area, Pico do
Sol (2.1 km adl), was buried under this cover.
Furthermore, the predominantly early Eocene
ages (Spier et a., 2006) for the formation of
deep weathering profiles, less than 100 km
from the outcrop of the Fonseca Formation,
most likely reflect exposure prior to the deposi-
tion of (and buria by) the Fonseca Formation.
The weathering profiles thusremained immune
to erosion for tens of millions of years because
they were protected by a sedimentary cover,
not because of low erosion rates since Eocene
time (e.g., Spier et a., 2006).

In summary, these observations lead us to
suggest that the area was low-lying during the
deposition of the Fonseca Formation, and that it
subsided until the rocks now exposed at present-
day surface were buried under fluvial depositsin
post-Fonseca times. The present landscape thus
formed much later, i.e., after kilometer-scale up-
lift and removal of the now-lost overburden to
the Fonseca Formation.

POSTRIFT UPLIFT INTHE
ATLANTIC DOMAIN

West Greenland provides another example
from the Atlantic domain of an elevated pas-
sive continental margin with high-level plateaus
(Bonow et d., 2006a, 2006b). Magjor differences
relative to the evolution of the Brazilian margin
(apart from the present climate) are that breakup
happened much later west of Greenland (mid-
Paeocene; Chalmers and Pulvertaft, 2001) and
that seafloor spreading there has ceased (end-
Eocene; Chalmersand Pulvertaft, 2001). In both
West Greenland (Japsen et a., 2006) and NE
Brazil, maximum burial of the rift took place
tens of millions of years after breakup and was
followed by several phases of uplift and exhu-
mation, eventually leading to formation of the
present-day landscape, which is characterized
by elevated plateaus in various stages of dissec-
tion (Figs. 9A and 9B). The regional peneplains
were formed by erosion after uplift that started
between 48 and 45 Ma in NE Brazil and be-
tween 36 and 30 Main West Greenland; the sub-
sequent uplift of the peneplains started between
18 and 15 Maand between 11 and 10 Main the
two areas, respectively. The plateau surfaces in
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NE Brazil were thus graded to base level dur-
ing Eocene-Oligocene times, whereas those
in West Greenland formed during Oligocene—
Miocene times. The uplift of the peneplains and
the formation of the present-day landscape by
destruction of the peneplains began in the mid-
Miocene in NE Brazil, but in the late Miocene
in West Greenland. The dominant uplift events
in Greenland thus happened ~10 m.y. later than
in Brazil.

Japsen et a. (2012) suggested that landscapes
typical of elevated passive continental margins
around the world, characterized by elevated
plateaus and coastd plains (cf. Ollier and Pain,
1997; Lidmar-Bergstrom et a., 2000), are gen-
erally independent of the processes of riftingand
continental breakup. In addition to West Green-
land (Japsen et d., 2006, 2009a) and NE Brazil
(this study), this hypothesis also appears to ap-
ply to other margins, e.g., South Africa (King,
1967; Burke and Gunnell, 2008), SE Australia
(Holdgate et al., 2008), and West Africa (Turner
et a., 2008). We consequently suggest that the
assumption, common to many previous studies,
that rift margins remain permanently elevated
after breakup is not reasonable. Japsen et d.
(2012) thus argued that the present elevation
of passive continental margins is due, not to
the formation of the margin, but rather to its
presence. Elevated passive continental mar-
gins occur close to abrupt boundaries between
stretched and nonstretched lithosphere along the
margin, and this is also the case in NE Brazil
(Blaich et d., 2008).

Our results show that aninterval of 20 m.y. is
sufficient to form a regional peneplain by ero-
sion to base level, after rejuvenation of relief
during an initial uplift event (Figs. 9A and 9B).
In NE Brazil, the plateau surfaces are defined by
the higher surface, whereas they are defined
by the upper planation surface in West Green-
land. The time available for the formation of
these regional peneplains was around 20 m.y.
(~15-18 and 19-26 m.y., respectively). The
lower surface forms an extensive surface be-
low the plateaus in Brazil, whereas the lower
planation surface in Greenland is a generation
of paleovalleys incised below the upper plana-
tion surface. There was more time available for
theformation of thelower surfacein Brazil than
for the lower planation surface in Greenland
(~16-13 and 7-3 m.y., respectively), which
seems reasonable given that the lower sur-
face (Brazil) is more extensive than the lower
planation surface (Greenland). On a geological
time scale, there is evidence that relief disap-
pears relatively quickly (e.g., Casas-Sainz and
Cortes-Gracia, 2002; Japsen et al., 2009a).

Pronounced events of uplift and erosion in the
Campanian (e.g., Walford et al., 2005; Turner
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et al., 2008; Rouby et al., 2009) and in the Eo-
cene and Miocene (e.g., Walford et al., 2005;
Turner et a., 2008) have also been documented
from western and southwestern Africa. Evidence
for several, broadly synchronous, trans-Atlantic
uplift phases that postdate breakup of the South
Atlantic (cf. Figs. 9B and 9C) is, however, pre-
sented here for the first time, athough Harman
et al. (1998) noted the symmetry between intra-
continental deformation in Brazil and central
Africa in the Late Cretaceous. In agreement
with this trans-Atlantic synchronicity, Burke
and Gunnell (2008) showed that many aspects
of the postrift development of Africa are simi-
lar to NE Brazil. They presented both onshore
and offshore evidence that southern Africa was
low-lying by Santonian times (84 Ma), and that
Afro-Arabiawasdominated by alow-lying, low-
relief land surface mantled by deeply weathered
rock by mid-Oligocene times. However, Burke
and Gunnell (2008) failed to produce an inte-
grated model of burial and exhumation capable
of explaining young fission-track agesin Africa
postdating rifting by many million yearsfar into
the continental interior (a similar pattern to NE
Brazil; Fig. 1C).

The Campanian, Eocene, and Miocene up-
lift phases in NE Brazil also coincide with
three main phases of Andean orogeny, which

occurred during periods of relatively rapid
convergence at the Andean margin of South
America (Pardo-Casas and Molnar, 1987; Cob-
bold et al., 2001, 2007): Peruvian (90-75 Ma),
Incaic (5040 Ma), and Quechuan (25-0 Ma).
Since the Campanian uplift event in NE Bra-
zil coincided with rapid convergence on the
Andean margin of South America and with a
decline in the Atlantic spreading rate (Torsvik
et a., 2009) (and thus presumably not with in-
creased ridge push), we suggest that all these
uplift events have a common cause, which
is lateral resistance to plate motion. Because
the uplift phases in NE Brazil and SW Africa
are common to the margins of two diverging
plates, we also suggest that the driving forces
can transmit across the spreading axis, probably
at great depth, e.g., in the asthenosphere. The
interaction between the differential opening of
the Central and South Atlantic Oceansand L ate
Cretaceous continental tectonics in Brazil and
central Africa also agrees with previous obser-
vations (e.g., Fairhead and Binks, 1991; Har-
man et al., 1998). Similarly, a phase of uplift
and erosion at the Eocene-Oligocene transition
(ca. 35 Ma), which affected margins around the
North Atlantic (Green and Duddy, 2010; Japsen
et a., 2010), correlates with a major plate re-
organization there (Gaina et al., 2009).
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CONCLUSIONS

We have presented paleotherma and paleo-
burial evidence that the Reconcavo-Tucano-
Jatoba Rift as well as the proximal parts of the
Camamu and Almada Basins along the Brazil-
ian margin were buried below a thick, postrift
section (<3.5 km) in agreement with the classi-
cal theory of continental stretching that predicts
postrift therma subsidence (e.g., McKenzie,
1978; White and McKenzie, 1988). However,
our results contrast with other predictions of this
theory because even though postrift subsidence
lasted for aconsiderable time (~35 m.y.), therift
and margin were subject to uplift and exhuma-
tion, which started in the Campanian between
80 and 75 Ma. We thus explain the small re-
maining amount of postrift sequence within
the Recdncavo-Tucano-Jatoba Rift through the
removal of most of these deposits by forces
that were unrelated to rifting and continen-
tal breakup, rather than by recourse to specia
conditions during rifting. The presence of ma
rine, postrift sediment of mid-Cretaceous age at
considerable elevation within the Recdncavo-
Tucano-Jatoba Rift and in the interior of NE
Brazil provides further evidence for postrift sub-
sidence and subsequent uplift of both the margin
and its hinterland.
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We find that the elevated plateaus, which are
dominant features in the study area, are rem-
nants of an erosion surface that formed asacon-
sequence of the uplift movements that affected
the margin long after rifting. AFTA data from
well samples provide evidence for the final re-
moval of ~2 km of postrift sediment during an
Eocene uplift event (that began between 48 and
45 Ma), and the presence of the Lower Miocene
Sabia outlier within the rift shows that this re-
mova was completed in the Paleogene. Since
there is no evidence for major inversion of the
rift, we find that the peneplain that defines the
plateaus (the higher surface) was graded to base
level after the Eocene event. The relict westh-
ering profiles that occur below the higher sur-
face formed after fluvia erosion had graded the
higher surface to base level, whereas the marine
Sabi& Formation accumulated on this peneplain
during the early Miocene transgression that af -
fected much of the Brazilian margin.

The formation of the present relief is not
the result of continuous uplift since the Cam-
panian. The integration of thermochronological
data with the results of the landscape analysis
and the geological record shows that the higher
surface was reburied at the Oligocene-Miocene
transition below acover (<1.5 km) prior to uplift
and exhumation that started in the Miocene be-
tween 18 and 15 Ma. We interpret the Sabié out-
lier to be aremnant of this cover, and sediment
of equivalent age is present along the coast of
Brazil, both onshore and offshore. Furthermore,
plateaus elsewhere in NE Brazil are covered
with nonfossiliferous, continental sediment,
eg., the Paleogene Serra do Martins Forma:
tion on the Planalto da Borborema The lower
surface was formed after the Miocene event by
river incision below the uplifted and re-exposed
higher surface, whereas minor uplift in the Qua-
ternary led to incision below the lower surface
and to formation of the coastal plain. This se-
quence of postrift events agrees with the results
of many previous studies, but here we have been
able to define the magnitude and timing of the
burial and exhumation episodes that followed
Early Cretaceous rifting and Eocene-Oligocene
peneplanation.

A phase of Campanian—Eocene reburid is
possible, but such deposits are absent within the
study area. They are, however, present close off-
shore and in the highlandsin the interior of Bra-
zil, where the Eocene Fonseca Formation was
deposited by a meandering river system. Paleo-
thermal data for this unit and for the underlying
basement indicate that an extensive area was
covered by kilometer-thick deposits of Eocene
and younger sediment. Thisimpliesthat the pre-
dominantly early Eocene formation of weather-
ing profiles in the area reflects exposure prior
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to the deposition of the Fonseca Formation, and
that the present landscape formed after the re-
moval of the now-lost overburden to the Fon-
seca Formation. We therefore suggest that the
late sedimentary cover protected the Paleogene
weathering profiles from erosion for millions of
years. Buria of Paleogene weathering profiles
elsawherein Brazil may also explain why there
is a genera gap in the wesathering record be-
tween 30 and 15 Maas reported by Vasconcel os
and Carmo (2008).

Elevated plateaus in various stages of dis-
section characterize the landscape dong the
Atlantic margin of NE Brazil. We have shown
that this landscape, typical of elevated passive
continental margins around the world, formed
long after rifting and breakup. In the west part
of Greenland, breakup happened ~50 m.y. later
than along the Brazilian margin, but elevated
plateaus in Greenland are aso the result of sev-
eral phases of pogtrift burial and exhumation
(Japsen et al., 2006). The results from these di-
verse areas show that an interval of 20 m.y. is
sufficient to form a regional peneplain by ero-
sion to base level, after rejuvenation of relief
during an initial uplift event. We find that the
assumption in many previous studies that rift
margins remain high cannot be supported.

The postrift uplift phases in NE Brazil were
synchronous with uplift phasesin Africaand the
Andes. Because the uplift phases in NE Brazil
and SW Africaare common to the margins of di-
verging plates, we suggest that the driving forces
can transmit across the spreading axis, probably
at great depth. The Campanian event coincided
with adeclinein the Atlantic spreading rate that
wasrelated to mgjor changesin therelative plate
motionsin the South Atlantic. We conclude that
both vertical movements and lateral changes in
the motion of the plates have a common cause,
which islateral resistance to plate motion.
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