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ARTICLE INFO ABSTRACT

The southeastern coast of South America is an example of the complexity of passive continental margins, as it
displays both high- and low-elevation segments despite sharing a similar pre-rift geological history and struc-
tural configuration. As such, it is a prime candidate for investigating debated questions concerning the evolution
of passive margins, such as the tectonic mechanisms driving uplift, their relationship to rifting and continental
break-up, and why some margins are elevated when others are not. In this contribution, we present new (U-Th)/
He data from a low-altitude portion of the South American passive margin in South Brazil, the Sul-rio-grandense
Shield, and interpret it in the context of the regional thermochronological record. New results produce wide-
spread apparent ages and reveal a complex exhumation history from the early Paleozoic onwards, including
reheating during Paleo-Mesozoic sedimentation. For most of the study area, however, final exhumation was
achieved at the latest during the rifting and early opening of the South Atlantic Ocean (135 Ma to 100 Ma). In
spite of the presence of major Neoproterozoic shear zones, the inherited NE-SW structural framework seems not
to have strongly influenced the thermochronological record. The new data were integrated into a large com-
pilation of apatite fission track and (U-Th)/He results from southeast South America, in order to compare re-
gional trends and investigate possible tectonic controls in the exhumation history. Low-elevation areas of the
passive margin consistently record complex pre-rift cooling histories, while high-elevation areas experienced
significant Upper Cretaceous/Paleogene uplift associated with the reactivation of Neoproterozoic shear zones.
Because the inherited structural features of both segments are similar, plate dynamics alone cannot be re-
sponsible for the variating response. Hence, mantellic processes associated with post-rift alkaline magmatism
may have affected the contrasting exhumation histories. This process was probably controlled by important
South Atlantic fracture zones.
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1. Introduction

Elevated passive margins occur in all continents and display varied
geological characteristics, yet the tectonic mechanisms and processes
behind their formation and maintenance remain controversial. The
uplift of marginal plateaus has traditionally been interpreted as the
result of rifting and/or continental break-up (e.g., Gilchrist and
Summerfield, 1990; Chery et al., 1992). However, the preservation of
uplifted rift flanks for more than tens of millions of years has been put

in doubt (van der Beek et al., 1995), leading to variations in the me-
chanisms behind the preservation of high topographies (e.g. Sacek
et al.,, 2012). A recurrent debate in recent decades has opposed such
long-term evolutions with multi-event thermal histories that include
one or more post-rift exhumation stages (Nielsen et al., 2009; Japsen
et al., 2012; Green et al., 2018; Wildman et al., 2019 and references
therein). Furthermore, many passive margins have low elevations,
raising the question of why some margins are elevated while others are
not.
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Fig. 1. Digital elevation model of South America and part of the South Atlantic
Ocean. Elevated (black) and low-altitude (red) segments of the continental
passive margin follow Green et al. (2018), and main fracture zones of the South
Atlantic Ocean follow Torsvik et al. (2009). RFZ: Romanche Fracture Zone; FFZ:
Florianépolis Fracture Zone; AFFZ: Agulhas-Falklands Fracture Zone. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article).

The South Atlantic coastline of South America is a classic example of
an elevated passive margin, with the presence of a wide, elevated
plateau in East Brazil with some altitudes of over 2500 m (Fig. 1). On
the other hand, its southern segment between South Brazil and East
Argentina is characterized by much gentler topographies and elevations
characteristically below 500 m, commonly associated with the presence
of gondwanic surfaces (Ab’Saber, 2000; Demoulin et al., 2005; Panario
et al., 2014). Nonetheless, the pre-rift structural configuration is similar
for much of the extension of the margin, with large-scale Neoproter-
ozoic lineaments parallel to the NE-SW direction of the continental
margin itself (Basei et al., 2005, 2008; Heilbron et al., 2008; Passarelli
etal., 2011; Egydio-Silva et al., 2018; Oriolo et al., 2018). Traditionally,
most thermochronological research has concentrated in the km-high
vertical profiles of the elevated ridges in East Brazil, recognizing ex-
tensive post-rift exhumation (Gallagher et al., 1994; Tello Saenz et al.,
2003; Hackspacher et al., 2004, 2007; Hiruma et al., 2010; Cogné et al.,
2011, 2012; Karl et al., 2013; Krob et al., 2019). More recently, how-
ever, investigations in the low-elevation sections of the continental
margin have revealed a thermal history that extends well into the Pa-
leozoic and has only limited evidence of post-rifting exhumation
(Kollenz et al., 2016; Oliveira et al., 2016a; Hueck et al., 2017; Gomes
and Almeida, 2019). In summary, these contrasting post-rift thermal
histories between contiguous sectors of a passive margin with a similar
pre-rift evolution mean that the region is ideal for investigating the
mechanisms that can lead to the presence or absence of elevated mar-
gins.

In this paper, we discuss the exhumation history of the South
American passive margin using new (U-Th)/He thermochronological
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data from a low-elevation region in South Brazil. After a brief in-
troduction to the geological history of the study area we present the
new data and use thermal modelling to discuss the complex exhumation
history of the region. For this, we use a qualitative method for analyzing
(U-Th)/He thermochronological data, considering frequent limitations
of the method with over-dispersed results. After this, the discussion is
expanded to the southern and central segments of the passive margin,
with the presentation of a large compilation of apatite fission track and
(U-Th)/He data collected between East Argentina and East Brazil. Along
this study area, which shares similar pre-rift geological histories and
structural configurations, we examine regional variations in the ther-
mochronological record, the potential influence of Neoproterozoic
shear zones in the exhumation history, and possible tectonic mechan-
isms behind contrasting patterns.

2. Geological context
2.1. Neoproterozoic framework

The South American Platform is a collage of Precambrian terranes
amalgamated in the Neoproterozoic during the Brasiliano/Pan-African
orogenic cycle, leading to the formation of West Gondwana (e.g.,
Almeida et al., 1981; Heilbron et al., 2008; Brito Neves and Fuck, 2014;
Siegesmund et al., 2018). The eastern and southeastern portion of the
platform, following the present-day South Atlantic shoreline, comprises
the Mantiqueira Province, a composite of orogenic systems many
thousands of km long. It is divided into three belts, from north to south:
Aracuai, Ribeira and Dom Feliciano. Throughout its extension, these
belts share similar structural features, such as predominantly NE-SW
large-scale lineaments, parallel to the South Atlantic coastline
(Heilbron et al., 2008; Basei et al., 2010; Passarelli et al., 2011; Egydio-
Silva et al., 2018; Oriolo et al., 2018).

The southernmost extent of the Mantiqueira Province in Brazil is the
Sul-rio-grandense Shield, an exposition of Precambrian basement cov-
ering an area of ca. 50,000 km?, bordered on all sides by Phanerozoic
sediments (Fig. 2). The eastern portion of the shield includes the Dom
Feliciano Belt, an orogenic system that extends from southern Brazil to
Uruguay and is the result of the tectonic interaction between the Congo,
Kalahari and Rio de la Plata cratons, along with smaller crustal frag-
ments (Basei et al., 2000, 2005, 2008; Oyhantcabal et al., 2009; Oriolo
et al., 2016a; Philipp et al., 2016; Hueck et al., 2018a). The belt is
traditionally divided into three main units (Basei et al., 2000): an
eastern (external) domain consisting of a granitic batholith; a central
domain mainly comprising a metavolcano-sedimentary sequence in
association with basement inliers; and a western (internal) domain, a
foreland basin. These correspond, in the Sul-rio-grandense Shield, to
the Pelotas Batholith, the Tijucas Terrane and the Camaqua Basin, re-
spectively.

The first unit is a large association of granitic intrusions, recording
the evolution from syn- to post-collisional stages between 650 Ma and
550 Ma, commonly associated with the activity of transcurrent shear
zones (Silva et al., 1997; Philipp and Machado, 2005; Philipp et al.,
2016). Occupying a central position in the Sul-rio-grandense Shield, the
Tijucas Terrane is an association of Paleoproterozoic gneiss-migmatitic
rocks (Hartmann and Chemale, 2003) and metavolcano-sedimentary
sequences that record multiple metamorphic and deformation phases
(Basei et al., 2008; Saalmann et al., 2011; Pertille et al., 2017). De-
posited on top of the crystalline basement, the Camaqua Basin com-
prises five sedimentary cycles deposited between 600 Ma and 535 Ma,
of which the last three were accompanied by intermittent volcanism
(Wildner et al., 2002; Borba et al., 2006; Almeida et al., 2012; Janikian
et al., 2012).

In addition, the Sul-rio-grandense Shield also includes two terranes
that acted as foreland for the evolution of the Dom Feliciano Belt in the
late Neoproterozoic. The Sao Gabriel Terrane is a Tonian-Cryogenian
juvenile association, unique of its kind in the southern Mantiqueira
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Fig. 2. Geological map of the Sul-rio-grandense Shield with location of the analyzed samples. The inset schematizes the main tectonic units. Modified from Wildner

et al. (2006); Saalmann et al. (2011) and Philipp et al. (2016).

Province (Babinski et al., 1997; Hartmann et al., 2011; Lena et al.,
2014; Philipp et al., 2018). It comprises two generations of magmatic
arcs, along with numerous ophiolitic complexes and metamorphosed
marginal deposits, intruded by granites during the evolution of the Dom
Feliciano Belt. On the other hand, the Taquarembé Terrane is a Pa-
leoproterozoic granulitic association intruded by Neoproterozoic gran-
ites during the Brasiliano/Pan-African orogenic cycle (Philipp et al.,
2016). It represents a continuation of the Nico Pérez Terrane in Ur-
uguay, which was accreted to the Rio de la Plata Craton in the Neo-
proterozoic (Oriolo et al., 2016b; Oyhantcabal et al., 2018).

All tectonic terranes are separated by major shear zones hundreds of
km long, which define the main structural grain of the Sul-rio-grand-
ense Shield (Fernandes et al., 1992; Philipp et al., 2016; Oriolo et al.,
2018). The NW-SE-trending Ibaré Shear Zone separates the Taquar-
embd and Sao Gabriel terranes, while the latter is limited to the east by
the NE-SW Cacapava Lineament, which separates it from the Tijucas
Terrane. This structure is covered by the sediments of the Camaqua
Basin and is predominantly recognized by geophysical methods. On its
turn, the Tijucas Terrane is separated from the Pelotas batholith by the
NE-SW-trending Dorsal do Cangucu Shear Zone, which is cut by the
brittle Passo do Marinheiro Fault.

2.2. Post Brasiliano/Pan-African history

During the Paleo- and Mesozoic, large portions of the southern
South American Platform were covered by the intracratonic Parani
Basin. During its sedimentary history, it experienced numerous cycles
of subsidence and gaps in sedimentation, commonly associated with the
far-field influence of orogenic processes in the southwestern margin of
Gondwana (e.g., Zalan et al., 1990; Rocha-Campos et al., 2019). The
onset of sedimentation was restricted to rift deposition in the Ordovi-
cian and Silurian, while the main sedimentary stage took place towards
the end of the Paleozoic, with two supersequences deposited in large
epicontinental seas connected to the ocean in the Devonian and Per-
mian (Assine et al., 1994; Milani et al., 2007). The Mesozoic was
characterized by the deposition of three more cycles in continental
settings, with a restricted Triassic sedimentation and two regional cy-
cles in the Cretaceous (Riccomini, 1997; Zerfass et al., 2004). Inter-
mittent alkaline intrusions are found along the borders of the basin,
beginning in the Permo-Triassic and spanning into the late Cretaceous
(Almeida, 1991; Riccomini et al., 2005).

The most important magmatic event in the region, however, was the
gigantic eruption of continental flood basalts in the early Cretaceous,
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Fig. 3. Single-crystal zircon (a) and apatite (b) (U-Th)/He age versus eU con-
tent for the entire measured dataset, with the exclusion of obvious outliers, as
discussed in the text. Symbols are color-coded according to the tectonic units of
each of the samples: Orange — Camaqua Basin; Grey — Taquarembé Terrane;
Green — Sao Gabriel Belt; Blue: Tijucas Terrane; Red: Pelotas Batholith. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

covering an area of over 1 million km? with up to 2 km of volcanic
rocks. Remnants of this event are also found in Namibia and Angola.
Most volcanic activity took place in a relatively short period, as avail-
able ages spread from 135 Ma to 131 Ma, but are mostly centered on
134 Ma (Renne et al., 1992; Thiede and Vasconcelos, 2010; Janasi
et al., 2011; Pinto et al., 2011; Rossetti et al., 2018). This event, known
as the Parana-Etendeka Large Igneous Province (LIP), also includes
intrusive units such as dyke swarms interpreted as feeding systems
(Piccirillo et al., 1990; Florisbal et al., 2014) and large alkaline intru-
sions (Rossetti et al., 2018; Canén-Tapia, 2018). The extrusion of the
LIP was followed by the rifting and opening of the South Atlantic Ocean
from the Hauterivian to the Albian, which progressed from south to
north (Contreras et al., 2010; Moulin et al., 2010; Stica et al., 2014).
Intense exhumation affected the central segment of the South
American passive margin following the continental break-up. This
event culminated in the uplift of elevated ridges in Southeast Brazil
with altitudes upwards of 2500 m. Major exhumation phases associated
with the reactivation of large scale Neoproterozoic shear zones were
recognized in these areas during the late Cretaceous-Paleocene and
later in the Paleogene using thermochronological data (Tello Saenz
et al., 2003; Hackspacher et al., 2004, 2007; Hiruma et al., 2010; Cogné
et al., 2011, 2012; Karl et al., 2013; Krob et al., 2019). The southern
portion of the continental margin, however, has a much lower topo-
graphy, with elevations in the Sul-rio-grandense Shield mostly below
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500 m. The thermal evolution suggested by previous thermo-
chronological studies in the area is also in contrast with that of the
elevated portion of the passive margin, as post-rift exhumation is much
more restricted, limited to localized samples recording cooling in the
order of a few tens of °C (Borba et al., 2002, 2003; Bicca et al., 2013;
Kollenz et al., 2016; Oliveira et al., 2016a; Hueck et al., 2017; Gomes
and Almeida, 2019).

3. (U-Th)/He thermochronology in the Sul-rio-grandense Shield

(U-Th)/He thermochronology was applied in the Sul-rio-grandense
Shield for both zircon (ZHe) and apatite (AHe). These methods were
chosen in order to complement the available thermochronological data
in the study area, which is restricted to fission track analyses in zircon
(ZFT) and apatite (AFT) (Borba et al., 2002, 2003; Bicca et al., 2013;
Oliveira et al., 2016a; Gomes and Almeida, 2019). By integrating the
new results with the available data (Section 3.3), the aim of this study is
to recognize regional trends and test geological hypotheses for the
thermal evolution of the study area (Sections 3.4 and 3.5).

34 individual samples were collected from the main crystalline
basement units along three 100-200 km cross-sections oriented ap-
proximately E-W to NE-SW, covering all tectonic domains and cross-
cutting all main shear zones. The low topographic prominence of the
study area prevented the sampling along vertical profiles. Sampling was
mostly focused on gneisses and granites but was not restricted to them.
All samples were treated for mineral concentration using standard
gravity and magnetic separation techniques. 14 samples were selected
for (U-Th)/He dating based on the quality of the concentrated heavy
minerals and on their location, aiming to cover the entire Sul-rio-
grandense Shield and represent the main lithological units (the location
of the samples is shown in Fig. 2, and the coordinates of the selected
samples are presented in Appendix A). All of these samples yielded
high-quality zircon and apatite, except for two samples (BR-57-15 and
BR-65-15), which had only zircon. Individual crystals of each mineral
were selected considering only euhedral, inclusion-free, clear crystals,
preferentially with a minimum diameter of 60 pum and two intact ter-
minations. We also performed an evaluation of radiation damage to
zircon crystallinity with Raman spectroscopy prior to He measuring in
order to exclude highly damaged crystals (e.g. Hueck et al., 2018b).
Three single-crystal aliquots were selected for each sample, with the
exception of samples BR-44-15 and BR-55-15, for which only two
crystals of apatite and zircon, respectively, had acceptable quality. All
analyses were performed at the GOochron Laboratory of the University
of Gottingen, following analytical procedures described in Appendix B.
Results are presented in Appendix C.

3.1. Zircon

A total of 41 crystals were measured from 14 samples. All of them
produced ZHe ages that are younger than the stratigraphic age of the
sampled units, with the exception of a single crystal from sample BR-63-
15, which was therefore discarded for the remaining analyses. The in-
dividual crystals yielded a wide spread of ages, between 580 Ma and 60
Ma. The results have no apparent correlation with such influencing
factors as altitude or grain size, and the different ages are not arranged
geographically into blocks with similar ages. There is, however, a
moderate negative correlation between individual ages and the con-
centration of radioactive elements in the measured crystals (Fig. 3A),
expressed in its effective uranium content (eU, U + 0.235 * Th, in pg/
g). This negative correlation is a common feature of the (U-Th)/He
thermochronological method for zircon, while apatite usually presents
positive correlations. Both trends are caused by the fact that the accu-
mulation of radiation damage in the crystalline structure of the mea-
sured crystals has an influence on its He retentivity (e.g., Flowers et al.,
2009; Guenthner et al., 2013). Given enough time for the accumulation
of radiation damage, it will effectively lead to distinct closure
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temperatures for individual crystals and, consequently, contrasting
ages, even if they experienced the same thermal trajectory. Under ap-
propriate conditions, this feature can be used for constraining detailed
thermal histories by modelling an expected distribution of eU content
vs. age and comparing it to the measured dataset (Ault et al., 2009;
Flowers and Kelley, 2011; Guenthner et al., 2017; Johnson et al., 2017;
Hueck et al., 2018b). In the new dataset, however, this correlation is
quite broad along a wide extension of eU contents (0 ug/g to 1600 pg/
g), varying from apparent ages of ca. 500 Ma to ca. 200 Ma, and with
variations of up to 100 Ma for a given eU value. As such, it does not
correspond to a single thermal history shared by all analyzed samples,
preventing its use as a modelling tool using the current diffusion models
(Guenthner et al., 2013).

Nonetheless, this correlation can be used as a criterion for identi-
fying the most representative ages within the dataset. Based on the eU
content of all measured zircon crystals, the dataset can roughly be di-
vided into two groups. The first one comprises the majority of crystals
(30) and is characterized by eU values up to 700 pg/g and ZHe ages
between 580 Ma and 300 Ma. On the other hand, the second group
corresponds to 10 crystals with eU values between 950 ug/g and
1600 pg/g, which produced consistently younger apparent ages, almost
all of them below 300 Ma. These ages are already well in the range of
the AHe dataset and published AFT results for the same region (mostly
330 Ma to 100 Ma, Borba et al., 2002, 2003; Bicca et al., 2013; Oliveira
et al., 2016a; Gomes and Almeida, 2019), which will be discussed in
more detail in the next sections. The excessively young ages suggest
that the He retentivity of these crystals is significantly poorer than what
is commonly assumed for the ZHe system, effectively shifting their
partial retention zone (PRZ) to temperatures comparable to those of
apatite thermochronometry. Although this cannot be successfully
modelled, enhanced He diffusion was probably caused by the accu-
mulation of radiation damage in the measured crystals’ lattice, ex-
pressed in the elevated eU values. This is supported by the fact that
there is a moderate correlation in our dataset between the eU content of
individual zircon crystals and the width of the v3 (SiO4) Raman band at
~1000 cm ™! (Fig. 4), which is a proxy for estimating alpha-radiation
damage (Nasdala et al., 2001; Palenik et al., 2003; Hueck et al., 2018b).
For these reasons, only the first group is assumed to have ages re-
presentative of the traditional temperatures for the ZHe PRZ, a dis-
tinction that will be acknowledged in subsequent discussions of the
dataset. It should be noted that a similar pattern was observed in the
northern part of the Dom Feliciano Belt, where the ZHe ages from
crystals with eU contents above 1000 pg/g consistently yielded ages
comparable to AHe results in the same samples (Hueck et al., 2018b).

3.2. Apatite

In total, 35 apatite crystals from 12 samples were analyzed, re-
sulting in a wide array of apparent AHe ages. A few of the results are
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considered outliers. These correspond mostly to individual crystals
which are much older than the vast majority of ages, including a few
that are older than the stratigraphic age (as in sample BR-52-15) or
older than the corresponding ZHe age measured in the same sample
(BR-63-15). These crystals have grain sizes and eU contents that are
similar to those of the rest of the dataset, and may have been influenced
by small inclusions that could not be identified. A different case of
outlying ages is that of crystals from sample BR-1-15, which yielded
ages much younger than those of the remaining dataset. These crystals
are also characterized by extremely low U and Th contents and, as a
consequence, produced very little He during extraction of the gas,
which might have influenced the results. Although very low eU con-
tents have the effect of causing younger apparent ages due to enhanced
He diffusion, (e.g., Ault et al., 2009; Flowers et al., 2009; McDannell
et al., 2018), the outlying ages are far younger than what could be
attributed to this effect.

Excluding the outlying crystals discussed above, the measured AHe
ages do not correlate with possible influencing factors such as altitude,
grain size or eU content (Fig. 3B), and are not distributed according to
geographical location. Notwithstanding, they cover a wide range of
possible apparent ages between 333 Ma and 85 Ma, with a majority of
results concentrated between 235 Ma and 100 Ma. Within this time
interval, the individual ages show a continuous distribution, without
the presence of apparent age gaps or concentration into particular
periods. The lack of an individual controlling factor that might explain
the distribution of the AHe dataset suggests that they cannot be re-
solved with a single thermal history, and that the analyzed samples
probably underwent at least slightly different T-t trajectories. Further-
more, the continuous spread of ages throughout a long period of time
also indicates a prolonged permanence under temperature conditions at
or close to the PRZ of the system, without fast heating or cooling events.

3.3. Integrating the new dataset with published thermochronological data

The new (U-Th)/He results add to previously published thermo-
chronological data of the Sul-rio-grandense Shield (Fig. 5), though the
conciliation between the different applied methods is not always
straightforward. In particular, there is a clear contradiction between the
new ZHe ages and the only previously reported ZFT ages from the study
area (Oliveira et al., 2016a). Although the latter ages correspond to a
thermochronometer with a higher annealing temperature, the reported
ages are distributed between 386 Ma and 210 Ma, which are pre-
dominantly younger than the low-eU ZHe ages presented in this study
(Section 3.1). Furthermore, most ZFT apparent ages are comparable
with the oldest AFT and AHe ages in the region. This contradiction may
be in part caused by contrasting sampling strategies, as all ZFT mea-
surements were obtained from samples of sedimentary rocks of the
Camaqua Basin, while the new (U-Th)/He ages represent a variety of
units from the crystalline units the Sul-rio-grandense Shield. This dis-
tinction alone should not explain the inconsistent ages, as the sediments
from the Camaqua Basin overly the basement units and should there-
fore have apparent ZFT ages at least as old as the suggested ZHe in-
terval. However, the application of different methods for different kinds
of rocks may have ultimately influenced the results, considering that
zircons from sedimentary rocks typically have a much wider composi-
tional spread of detrital grains than that of monogenetic basement
units, implicitly affecting crystal selection during analytical procedures.
In addition, the application of fission-track thermochronometry in high-
U zircons with long expositions beneath the partial annealing zone of-
fers particular challenges, as these crystals commonly present un-
countable track densities which can lead to biased results (e.g. Malusa
et al., 2013 and references therein). In fact, this is one of the reasons
why we opted to apply the (U-Th)/He method for zircon in the study
area. Alternatively, the apparently contradicting results could represent
contrasting thermal regimes between the Camaqua Basin and its crys-
talline basement. In any case, the relative consistency of the new ZHe
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Fig. 5. Comparison of the results for zircon and apatite fission
track (ZFT and AFT) and (U-Th)/He (ZHe and AHe) thermo-
chronometry in the Sul-rio-grandense Shield, with data from
Borba et al., 2002, 2003, Bicca et al., 2013; Oliveira et al.,
2016a; Gomes and Almeida, 2019 and this study. Each sample
is represented by its apparent age, following the same color
palette as in the inset diagram in the lower right corner. The
maps represent all samples collected in the surface or in the
shallowest levels of a drill core. Whenever a given sample has
more than one fission track age in the literature, only one age
is represented, unless the difference is very significant. The
ZHe dataset includes samples which only yielded high-eU

>
M
—

crystals in order to represent the entire range of samples and
results (see section 3.1 for more details). The inset diagram
represents the entire range of apparent ages for all methods in
the study area, with 75% of the results contained in the boxes.
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dataset throughout a larger sampling area and the use of the eU content
as an internal control of the ZHe apparent ages allow us to consider
these ages representative of cooling below 140 °C to 180 °C for the
crystalline basement. A similar and even older range of ZHe ages (550
Ma to 450 Ma) from the analogous Precambrian Shield of Uruguay
further supports the consistency of the new dataset (Hueck et al., 2017).

On the other hand, in the lowermost temperature range, the interval
of new apparent AHe ages is very similar to that of previous thermo-
chronological studies performed in the Sul-rio-grandense Shield. AFT
ages reported in the study area span a wide range between 385 Ma and
70 Ma (Borba et al., 2002, 2003; Bicca et al., 2013; Oliveira et al.,
2016a; Gomes and Almeida, 2019), with most ages concentrated be-
tween 305 Ma and 120 Ma. Taken together, while the results for both
the AFT and AHe are remarkably dispersed, they describe a consistent
general trend. As such, the large spread in apparent ages cannot be
ascribed solely to the inherent dispersion of each method in the context
of a unifying exhumation history. Instead, it indicates a complex evo-
lution for the study area, on which different samples likely experienced
contrasting thermal trajectories, as also suggested by Oliveira et al.
(2016a), which modelled numerous distinct T-t paths throughout the
shield.

3.4. Thermal modelling

The application of thermal modelling for the new (U-Th)/He dataset
should be approached with caution. In spite of the use of eU as a proxy
for closure temperatures, the current models for the estimation of He
diffusion and retention still suggest some inconsistencies for both zircon
and apatite (e.g., Johnson et al., 2017; Green and Duddy, 2018; Hueck
et al., 2018b). Non-quantifiable factors can also influence the apparent
ages, including micro-inclusions, internal zonation, He trapping in
microvoids, He implantation from neighboring radioactive phases and

Cl content in apatite (Spiegel et al., 2009; Flowers and Kelley, 2011;
Ault and Flowers, 2012; Gautheron et al., 2013; Orme et al., 2015;
Zeitler et al., 2017; McDannell et al., 2018). All of these can lead to a
frequent over-dispersion of the results (Green and Duddy, 2018). In
addition, as discussed in the previous sections, different samples from
the studied area probably underwent slightly different T-t trajectories.
Taken together, these problems may ultimately compromise the possi-
bility of performing He-based thermal modelling in order to constrain
detailed T-t trajectories. Therefore, the aim of this section is not to
obtain precise thermal histories, but rather to provide a qualitative
comparison of possible geological scenarios, considering well-known
geological constraints. In particular, thermal modelling was applied in
order to evaluate whether (U-Th)/He results can best be described by a
simple long-lasting exhumation history or by multiple stages of heating
and cooling.

For this, we used the HeFTy program (Ketcham, 2005) and followed
the zircon diffusion model of Guenthner et al. (2013) and apatite dif-
fusion model of Flowers et al. (2009). In spite of the aforementioned
limitations of these models, they are still the best approximation of the
behavior of He diffusion currently in use. Individual crystal ages were
corrected for alpha ejection according to Ketcham et al. (2011). For
each modelled scenario, random T-t paths were tested within the
boundaries of assumed constraints, yielding crystal diffusion curves
that were on their turn compared with the ones calculated from the
input data. According to their goodness of fit, satisfactory results were
categorized into acceptable and good paths, considering minimum
statistic values of 0.05 and 0.5, respectively (see Ketcham, 2005 for
more details). All samples from the crystalline basement of the Sul-rio-
grandense Shield that provided both acceptable ZHe and AHe ages were
modelled, totalizing seven samples. Models were tested considering all
measured zircon and apatite crystals for a given sample, but in a few
samples the number of modelled crystals had to be reduced from three
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Fig. 6. Example of the thermal modelling applied to the (U-Th)/He dataset,
with results from sample BR-55-15. The model tested in scenario 1 corresponds
to an unsupervised model, on which only initial and final constraints are fixed.
Scenarios 2 and 3 test two different geological hypotheses, simulating a thermal
evolution with no exposition to near-surface conditions (T < 60 °C) prior to the
mean AHe age of the sample, and an exposition to near-surface conditions in the
Silurian, respectively. Note that both scenarios 2 and 3 were successfully pre-
dicted by the unsupervised model. Light and dark green paths correspond to
acceptable and good paths, respectively, dashed and pointed lines represent
best and mean paths, respectively, and grey boxes indicate the thermal con-
straint assumed for the simulations. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).

to two for mineral phase due to bad performances of the Hefty program.
As discussed above, zircons with eU content above 1000 pg/g were not
considered for this thermal modelling, as they seem not to be re-
presentative of the PRZ temperatures considered for ZHe in the model
by Guenthner et al. (2013). Additional details on the setup of the tested
models are presented in Appendix B, while the values of all assumed
constraints and a summary of the obtained results are presented in
Appendix D. Appendix E presents the modelled thermal histories for all
tested samples.

Initially, all samples were submitted to an unsupervised model
(Scenario 1, Fig. 6), for which only initial and final conditions were
fixed. Initial conditions were constrained at temperature ranges corre-
sponding to the cooling of the muscovite K-Ar system (ca.
350 °C-425 °C, Purdy and Jager, 1976; Harrison et al., 2009), in the
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Sul-rio-grandense Shield, set between 570 Ma and 530 Ma (Philipp
et al., 2003, 2016). The present-day annual surface temperature, on the
other hand, was set to 20 *+ 5°C. The main objective of these un-
supervised models is to provide a base for comparison with the fol-
lowing modelling steps, which will test possible geological constraints.
By comparing these initial results with the later ones, it will be possible
to evaluate if the imposition of additional constraints increase or de-
crease the success rate of modelling a given dataset.

Following this step, two main viable thermal trajectories were
tested for each of the basement samples, based on the geological evi-
dence for the sedimentary history of the Sul-rio-grandense Shield. Both
scenarios correspond to T-t paths that are in accordance with the range
of possibilities obtained in the unsupervised models. The first one
(Scenario 2, Fig. 6) assumes that the crystalline basement went through
long-term cooling since the end of the Brasiliano/Pan-African orogenic
cycle, and did not experience previous exposure to near-surface con-
ditions. For this scenario, the only additional constraint was that the
model was not allowed to explore paths with temperatures below 60 °C
until the mean AHe age of each sample. The second hypothesis (Sce-
nario 3, Fig. 6) assumes an initial exhumation to near-surface condi-
tions during the early Paleozoic, after the thermal relaxation following
the Brasiliano/Pan-African orogenic cycle and the formation of the Dom
Feliciano Belt. This hypothesis allows the basement to be exposed prior
to the onset of regional subsidence in the Parana Basin, starting in the
Devonian (Milani et al., 2007). It was constrained by fixing tempera-
tures below 60 °C in the Silurian, between 440 Ma and 420 Ma. After
this, the model was allowed to test for reheating, in order to simulate
the deposition of the Parana Basin. Temperatures from the Devonian
onwards were limited at 100 °C. This value is a maximum estimation
using maturation studies from sediments within the basin (Silva and
Cornford, 1985) and assuming higher temperatures for the buried
basement. The constraints imposed by this latter scenario are in
agreement with the majority of the representative low-eU ZHe ages,
which are predominantly older than 420 Ma.

The only sample that was not tested for scenarios 2 and 3 was
Sample BR-50-15, which corresponds to a conglomerate from the
Camaqua Basin, and therefore underwent a different thermal history
than that assumed for the crystalline basement. For this sample, we
performed an unsupervised modelling considering as an initial con-
straint surface conditions during deposition time, and limited the
maximum temperatures to 100 °C, similar to the conditions tested in
Scenario 3. The aim of this model was to test if our data could be re-
produced with thermal trajectories compatible with the two tested
hypothesis for the remaining samples. Finally, it should be noted that
the impact of considerable thermal influence from the Lower
Cretaceous volcanism of the Parané-Etendeka LIP was not tested during
thermal modelling, as an overwhelming majority of AHe ages are older
than 135 Ma, thus indicating that this thermochronometer was already
closed at the onset of magmatism and remained so afterwards.

Each simulation was tested for a total of 100,000 trajectories, or
until 100 good fits were identified. The thermal modelling yielded quite
successful results for the (U-Th)/He dataset, with most scenarios iden-
tifying numerous acceptable and good paths, commonly reaching 100
good paths before testing 100,000 possible trajectories. On a first order,
this indicates that both tested hypotheses represent viable geological
histories for the measured (U-Th)/He dataset.

There is, however, a noticeable difference between the success rates
of the different tested scenarios in the samples that could be tested for
both. When comparing the number of good paths in relation to the total
paths tried for each simulation of a given sample, the second hypothesis
(Scenario 3) consistently outperforms both the first Hypothesis
(Scenario 2) and the unsupervised models (Scenario 1), suggesting a
better compatibility with the modelled dataset (Fig. 7). In addition, in
most cases, the first hypothesis (Scenario 2) yielded a performance
considerably below that of the unsupervised models (Scenario 1), which
means that the imposition of the tested T-t constraints resulted in less
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Fig. 7. Comparison of the performance of scenarios 1, 2 and 3 (as exemplified
in Fig. 6) for all samples in which they could be tested. The Y axis represents the
ratio of good fits in relation to the total number of tested paths for each si-
mulation, in logarithmic scale (with the representation of zeroed ratios in
models for which no good fits were found). All models were run 100,000 times
or until obtaining the 100th good fit.

successful simulations than those with no constraints at all. The only
exception to this pattern is that of Sample BR-44-15, for which no good-
fitting thermal paths were identified for Scenario 3. Nonetheless, con-
sidering the majority of tested models, the results indicate that the
assumption of an exposition to near-surface conditions prior to the se-
dimentation of the Parana Basin, followed by reheating of the basement
units due to basin subsidence is a more realistic depiction of the thermal
evolution of the Sul-rio-grandense Shield. This is in agreement with
results of the unconstrained model for sample BR-50-15, from the Ca-
maqua Basin, for which the best matching thermal trajectories indicate
a long period of heating up to ca. 80-100 °C in the Paleo-Mesozoic
(Appendix E).

3.5. Implications for the post-Brasiliano/Pan-African evolution of the Sul-
rio-grandense Shield

The wide range of apparent ages in the new (U-Th)/He dataset
hinders straightforward interpretations and should be interpreted with
caution. The moderate correlation observed between ZHe ages and eU
contents in the new results is probably a result of accumulated radiation
damage in the measured crystals, leading to effectively variable closure
temperatures (Guenthner et al., 2013, 2017; Johnson et al., 2017).
While this broad correlation cannot be interpreted in terms of a single
unifying coherent thermal history, single-crystal eU content can be used
as an internal criterion for selecting the most representative analyses.
Those are consistently older than 300 Ma, and are mostly grouped
between 550 Ma and 400 Ma. This indicates that considerable ex-
humation in the early Paleozoic followed the late stages of the Brasi-
liano/Pan-African orogenic cycle (ca. 550 Ma, Philipp et al., 2016;
Hueck et al., 2018a, c). The lack of a unified thermal history for the
shield in this period indicates local variations in the thermal history
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during exhumation through the ZHe PRZ, which might be a con-
sequence of fault-bounded block tectonics. This is supported by un-
published K-Ar ages of illite from fault gouges collected throughout the
shield (Hueck et al., manuscript in preparation), indicating recurrent
fault activity in the early Paleozoic. The influence of fault activity and
block segmentation was also recognized during the Paleozoic sedi-
mentation of the Parana Basin (e.g., Holz et al., 2006).

The new thermal modelling results support the possibility of an
Early Paleozoic exhumation for most of the shied. Comparative analyses
between different thermal histories suggest that most of the shield was
probably exposed to near-surface conditions in the early Paleozoic and
then reheated during the deposition of the Parana Basin. This is in ac-
cordance with the sedimentary contact between the crystalline base-
ment and Devonian units in the eastern border of the shield (Fig. 2).
Similar T-t trajectories characterized by initial exhumation to near-
surface conditions followed by reheating during the Paleozoic were
recognized for other expositions of crystalline basement rocks along the
Dom Feliciano Belt, as in the case of the basement shields in Uruguay
and Santa Catarina (Hueck et al., 2017, 2018b; Krob et al., 2019). These
observations reinforce the idea that the South American platform ex-
perienced quite eventful cycles of burial and exhumation during the
Paleo-Mesozoic, in spite of its position in the interior of Gondwana. This
is in accordance with the interpretation that the sedimentary evolution
of the continental basins in the region have been controlled by the far-
flung tectonic influence of orogenic pulses in the active margin of the
supercontinent (Zalan et al., 1990; Lopez-Gamundi and Rosello, 1993;
Zerfass et al., 2004; Milani et al., 2007; Rocha-Campos et al., 2019).

Similarly to the ZHe data, the new AHe results are widespread, with
single-crystal apparent ages between 333 Ma and 85 Ma, but mostly
concentrated between 235 Ma and 100 Ma. Individual crystal ages are
dispersed continually in this age range, suggesting that they experi-
enced no rapid cooling. Instead, a long-term residence in the PRZ was
probably promoted by the thermal effect of the Parani Basin sedi-
mentation, and final exhumation was only obtained after its erosion. As
in the case of the ZHe system, the AHe age distribution cannot be
modelled into a single thermal history, indicating that the different
analyzed samples probably experienced slightly different T-t evolu-
tions.

The most intuitive explanation for these distinct thermal histories is
the reactivation of major structures inherited from its Neoproterozoic
amalgamation (e.g., Gomes and Almeida, 2019). However, the compi-
lation of new and available AFT and AHe data suggests that this in-
terpretation is not straightforward (Fig. 8). The different terranes of the
Sul-rio-grandense Shield fall into two main ranges of apparent ages. The
first one includes the Camaqua Basin and the Taquarembé Terrane, and
is mostly restricted between 400 Ma and 250 Ma, while the second
group concentrates ages between 300 Ma and 100 Ma in the Pelotas
Batholith and in the Sao Gabriel and Tijucas terranes.

In the latter case, the three terranes produced quite similar ranges of
apparent ages, despite being separated by the two main NE-SW struc-
tures of the Sul-rio-grandense Shield, the Cacapava Lineament and the

450 Fig. 8. Compilation of apatite fission track (AFT) and (U-Th)/He
400 _ o o ¢ AFT = AHe (AHe) thermochronological data for the Sul-rio-grandense Shield,
o ° 1R = S with data from Borba et al., 2002, 2003, Bicca et al., 2013;
350 * ) N ° Oliveira et al., 2016a; Gomes and Almeida, 2019, and this study.
g 300 | o5:.96; & o é s . Results are organized according to the terrane of the corre-
e 20779, ° © i sponding samples, and the main structural features of the studied
] 0 o $20%¢ %° [ 44 area are represented schematically. CB — Camaqua Basin; TT —
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Dorsal do Cangucu Shear Zone. This suggests that these structures ap-
parently exerted little influence in the apatite thermochronological
record of the bordering terranes, with intra-block age spreads in the
same range as inter-block variations. This is somewhat surprising, as
these two structures represent some of the most significant tectonic
features of the shield. The Dorsal do Cangucu Shear Zone, in particular,
is interpreted as part of a lineament following the entire length of the
Dom Feliciano Belt for over 1000 km (Basei et al.,, 2000, 2018;
Passarelli et al., 2011; Oriolo et al., 2018; Hueck et al., 2018a, c).

On the other hand, the Camaqua Basin and the Taquarembé Terrane
yielded consistently older ages than the rest of the shield. In the case of
the basin, this contrast may suggest a thermal evolution somewhat
different from that of the rest of the Sul-rio-grandense Shield, as also
suggested by the contradicting ZFT and ZHe results (Section 3.3). The
case of the relatively old apparent ages from the Taquarembé Terrane,
however, may in fact be an impact of recent reactivations of the Ibaré
Shear Zone, which separates it from the bordering Sao Gabriel Terrane.
This shear zone stands out for being the only one among the main
Neoproterozoic lineaments of the shield to have a NW-SE direction.

The new AHe ages are in agreement with previous AFT results, and
are virtually exclusively older than ca. 100 Ma (Section 3.3). This
suggests that, for most of the Sul-rio-grandense Shield, final exhuma-
tion to near-surface conditions was acquired at the latest by the time of
rifting and break-up between Africa and South America (135 Ma to 100
Ma, Contreras et al., 2010; Moulin et al., 2010; Stica et al., 2014). In-
deed, the new thermal models agree with previous results in the area,
indicating that post-rift cooling is restricted to a few samples and did
not involve more than a few tens of °C (Oliveira et al., 2016a; Gomes
and Almeida, 2019; Appendix E). In addition, the extrusion of the vo-
luminous Parana-Etendeka LIP did not cause resetting of the AHe
system, suggesting that, if the studied area was ever covered by flood
basalts, they were not as thick as in the central portions of the basin
(e.g. Hueck et al., 2018b).

4. Comparing the evolution of the high- and low-elevation sectors
of the passive margin of South America

4.1. Thermochronological data in the southern and central passive margin
of South America

The new (U-Th)/He results reveal that the Sul-rio-grandense Shield
experienced a multi-phase thermal history during the Paleo- and
Mesozoic with limited post-rift exhumation. In order to compare this
evolution along a wider extension of the continental margin, thermo-
chronological data (both AHe and AFT) from the southern to south-
eastern portion of the South American passive margin were compiled
along the extension of the Mantiqueira Province (Fig. 9). We chose this
tectonic entity as the main criterion for the delimitation of the area
because, throughout its extension, it displays a similar structural con-
figuration characterized by predominantly coast-parallel NE-SW struc-
tures inherited from the Neoproterozoic Brasiliano/Pan-African oro-
genic cycle (Basei et al., 2005, 2008; Heilbron et al., 2008; Passarelli
et al., 2011; Egydio-Silva et al., 2018; Oriolo et al., 2018). Along almost
3000 km of extension, the main structural features of this orogenic
association have only slight changes in obliquity from NE-SW in the
south to ENE-SWS in the central portion, with overall variations in the
order of 10° to 20° (Fig. 9A). Nonetheless, in spite of its shared struc-
tural framework, both elevated plateaus and low-elevation segments
occur along its length (Fig. 9B and C). Because of these contrasting
patterns between areas with similar pre-rift configurations, this area is
of particular interest for investigating processes behind the exhumation
and uplift of continental passive margins (e.g. Green et al., 2018;
Wildman et al., 2019 and references therein). The aim of this compi-
lation, therefore, is to evaluate the impact of the inherited Neoproter-
ozoic structural framework and to discuss possible mechanisms in the
exhumation history of the area.
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The compilation follows a similar review by Oliveira and Jelinek,
2017, with the addition of AHe data and more recent AFT results, and
comprises data from Gallagher et al. (1994); Oliveira et al. (2000,
2016a, 2016b), Borba et al. (2002, 2003), Jelinek et al. (2003, 2014),
Tello Saenz et al. (2003); Hackspacher et al. (2004, 2007), Franco et al.
(2005); Ribeiro et al. (2005); Franco-Magalhaes et al. (2010, 2014),
Hiruma et al. (2010); Cogné et al. (2011, 2012), Bicca et al. (2013); Karl
et al. (2013); Souza et al. (2014); Kollenz (2015); Kollenz et al. (2016);
Hueck et al., 2017, 2018b, Gomes and Almeida (2019) and Krob et al.
(2019).

Throughout the extension of the Mantiqueira Province, young AFT
and AHe apparent ages are predominantly concentrated in eastern and
southeastern Brazil, which comprise elevated ridges (Figs. 9D, 9E, 9 F).
Most results in these areas are Upper Cretaceous to Paleogene in age,
predominantly younger than 100 Ma, and are therefore younger than
the rift stage of the South Atlantic Ocean, which is constrained from the
Hauterivian to the Albian (Contreras et al., 2010; Moulin et al., 2010;
Stica et al., 2014).

On the other hand, this signature is markedly different from the
thermochronological record from the low-elevation segments of the
coastline in its southern extent. In these regions, as exemplified in the
new dataset from the Sul-rio-grandense Shield, partial ages span hun-
dreds of millions of years, and may extend to ages close to 400 Ma. This
reveals not only a more complex thermal evolution, but also an ex-
humation history mostly restricted to the pre- to syn-rift stages of the
South Atlantic Ocean. Even the most recent results in these regions are
rarely younger than 135 Ma to 100 Ma, and thermal models only re-
cognize localized and limited post-rift cooling. Therefore, it can be in-
terpreted that, in contrast with the elevated portions, the low-elevation
segments of the South American passive margin had mostly achieved
final exhumation by the time of continental break-up.

Nonetheless, there is no direct correlation between sample elevation
and apparent AFT and AHe ages, with a comparison yielding a rather
broad pattern in which no discernible trends are recognized (Fig. 10).
This suggests that, in spite of the general coincidence between young
apparent ages in segments of the passive margin that have high-ele-
vation areas and older ages in segments characterized by lower eleva-
tions, there is no homogeneous altitude control along the Mantiqueira
Province, as should be expected for such a large study area.

4.2. Possible tectonic mechanisms

The elevated segments of the South American passive margin are
usually interpreted as the result of post-rifting uplift (Hiruma et al.,
2010; Cogné et al., 2011, 2012; Karl et al., 2013; Krob et al., 2019). The
compilation presented here reinforce this interpretation, as it evidences
that high-altitude plateaus coincide with areas in which AFT and AHe
ages are predominantly Upper Cretaceous to Paleogene. This well
constrained thermochronological history is not necessarily character-
istic of elevated continental margins throughout the world. There is no
similar consensus, for example, on the evolution of the elevated passive
margins in the North Atlantic in Scandinavia and Greenland. Less
constrained thermochronological data in these areas can alternatively
be interpreted as evidence for or against a post-rift history of uplift
(Nielsen et al., 2009; Japsen et al., 2012; Green et al., 2018; Wildman
et al., 2019 and references therein).

On the other hand, the new data presented in Section 3 and the
compilation of thermochronological data highlight how the thermal
evolution of the South American passive margin is not homogeneous, as
low-elevation portions did not experience such extensive post-rift uplift
(Fig. 11). Hence, it is worth discussing the main mechanisms that have
been proposed for the formation of the elevated margin in Eastern
Brazil, discussing how they are in agreement or disagreement with the
evolution of the low-altitude portions of the continental margin.

Two main causes have commonly been postulated for the extensive
uplift in SE and central Brazil. The first one suggests that phases of
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Fig. 9. Compilation of apatite thermochronological data and
geological features related to post-rift exhumation in the southern
and southeastern portions of the South American passive margin.
A: Simplified geological map of the area, with Precambrian do-
mains of the South American Platform, main structural features of
the Mantiqueira Province and units of the Parana Basin, and lo-
cation of the main post-rift alkaline bodies along the passive
margin. After Assine et al. (1994); Heilbron et al. (2008);
Riccomini et al. (2005); Passarelli et al. (2011) and Oriolo et al.
(2018); B: Digital elevation model of the same area. The elevation
color ramp is limited at 2000 m, but peaks in the highest areas can
reach altitudes of up to 2800 m. Note that the limit between high-
and low- elevation segments of the continental margin is slightly
to the south of the Florianépolis Fracture Zone (location following
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pronounced tectonic activity in the Andean system triggered the re-
activation of the inherited Neoproterozoic structures and led to uplift.
On the other hand, a different reasoning suggests that the thermal
impact of widespread and long-term alkaline magmatism caused ex-
tensive exhumation (Cobbold et al., 2001; Hiruma et al., 2010; Cogné
et al., 2011, 2012; Karl et al., 2013; Franco-Magalhaes et al., 2014;
Krob et al., 2019).

In the former hypothesis, the uplift of the passive continental
margin would be driven by the far-field contraction in the western
margin of the South American Plate, which would also have caused the
reactivation of major lineaments inherited from the Brasiliano/Pan-
African orogenic cycle (Cobbold et al., 2001; Cogné et al., 2011, 2012;
Karl et al., 2013). This reactivation is particularly well illustrated by the
development of a number of continental rift basins in the region, in-
cluding the Sao Paulo and Taubaté basins (Riccomini et al., 2004). In a
sense, this mechanism is in accordance with one of the lines of inter-
pretation of passive margins summarized by Green et al. (2018), which
recognize a broad simultaneity between exhumation events in different
continents, and therefore suggest that global-scale plate dynamics may
play a role in the uplift of continental margins.

In the case of the studied area, however, this hypothesis is contra-
dicted by the new (U-Th)/He results and the integrated
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Fig. 11. Schematic evolution of the South American passive margin from the
early Paleozoic to the Cenozoic, focusing on the differences between low-ele-
vation (A) and high-elevation (B) portions, as indicated by representative
thermal histories published for both sectors (Gallagher et al. (1994); Oliveira
et al. (20164, b), Borba et al. (2002, 2003), Tello Saenz et al. (2003); Franco
et al. (2005); Hiruma et al. (2010); Cogné et al. (2012); Karl et al. (2013);
Hueck et al., 2017, 2018b, Krob et al. (2019) and this study). Cartoons I to V
represent broad regional tendencies, but both areas experienced numerous local
variations: I — Early Paleozoic: widespread post-orogenic exhumation; II — Re-
gional subsidence and deposition of the Parana Basin; III - ca. 134 Ma - Flood
volcanism of the Parand LIP, covering most of southeastern Brazil (B) but with
more limited impact in the south (A), which records widespread exhumation; IV
- Early Cretaceous: Opening of the South Atlantic ocean and widespread ex-
humation; V - Late Cretaceous/Cenozoic: Post-rift uplift in Southeast Brazil (B),
while the south remained relatively stable, with only limited exhumation. FFZ -
Florianépolis Fracture Zone.

thermochronological data compiled in this contribution. If the uplift of
the passive margin in southeastern South America was controlled
mainly by the interaction between crustal-scale plate tectonic processes
and inherited crustal features, the southern portion of the margin, in-
cluding the Sul-rio-grandense and Uruguayan basement shields, should
also have been extensively uplifted, as they share similar structural
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configurations, with only slight changes in obliquity (Fig. 9A). How-
ever, this is not the case. Furthermore, NE-SW structures of the southern
Mantiqueira Province seem to have experienced only restricted re-
activation, as eventual vertical displacements were insufficient to im-
pact the apatite thermochronological record (Section 3.5; Hueck et al.,
2017, 2018b). While the aforementioned slight changes in obliquity
might be partially responsible for the different rates of reactivation,
such variations are not restricted to the differences between high-and
low-elevation sectors of the passive margin. This is exemplified by the
uplifted northern extremity of the Mantiqueira Province, in which the
main structural features exhibit deflections comparable to those of the
southern termination (Fig. 9A).

All this evidence suggests that plate dynamics alone cannot account
for the contrast between the contiguous high- and low-elevation seg-
ments of the continental margin, and therefore a mantellic process may
have been necessary for the uplift of the elevated portions of the passive
margin. This has been proposed earlier (e.g., Cobbold et al., 2001;
Hiruma et al., 2010; Cogné et al., 2011, 2012), based on the widespread
presence of post-rift alkaline magmatism, predominantly concentrated
on central and northern portions of the Mantiqueira Province. These
intrusive events were interpreted in the past as the result of the drifting
of the South American Platform over a mantle plume (Gibson et al.,
1995; Thompson et al., 1998). However, the presence of this plume has
been somewhat discredited more recently, based on the lack of a correct
correlation between geochronological data and the alignment of the
main intrusions (Riccomini et al., 2005). Instead, some authors suggest
that the post-rift intrusions along the passive margin are controlled
mainly by coast-perpendicular NW-SE trending fault systems (Almeida,
1991; Riccomini et al., 2005). Matton and Jébrak (2009) propose that a
shallow asthenospheric upwelling, controlled by continental edge-
driven mantle flow, would have favored the alkaline magmatism. Such
“localized” mantellic mechanisms could, in theory, help sustain ele-
vated margins through long periods of time without a large-scale up-
welling (Sacek, 2017). While this association between magmatism and
uplift suggests some degree of interconnection, there are still some
missing links in the geological record, as the latest exhumation pulses
(Paleogene-Neogene) in Southeast Brazil do not correlate with specific
magmatic events, while the uplifted plateaus in the Brazilian Northeast
do not exhibit significant alkaline intrusions (Riccomini et al., 2005).
Nonetheless, it seems at least likely that the same mantle-driven
thermal anomaly that fomented the alkaline magmatism in south-
eastern South America left the central section of the passive margin
susceptible to uplift and pronounced fault activity due to thermal
weakening (e.g., Cogné et al., 2011, 2012).

In any case, in spite of the complexity of the discussion on the
possible causes driving the uplift of the South America passive margin,
it seems clear that the reactivation of Neoproterozoic shear zones re-
cognized in elevated regions along the passive margin should be in-
terpreted as a consequence of post-rift uplift, and not a necessary result
of plate-scale dynamics. This reactivation could reflect some degree of
isostatic compensation due to the regional uplift, which is in ac-
cordance with the lack of a direct correlation between individual AFT
and AHe ages and sample elevation (Fig. 10). This is not to say that the
reactivation of inherited structures did not happen in low-elevation
segments, as fault gouge dating and geological observations in the Dom
Feliciano Belt suggest recurrent brittle events throughout the Paleo- and
Mesozoic (Hueck et al., 2017; Oriolo et al., 2018; Hueck et al. in pre-
paration). In addition, the presence of highly anisotropic lithosphere
has traditionally been interpreted to control the rifting that ultimately
led to the opening of the South Atlantic Ocean (e.g., Salazar-Mora et al.,
2018; Will and Frimmel, 2018). However, at least in the continental
onshore of the southern South American passive margin, the lack of
extensive uplift means that the reactivation of the inherited structural
configuration probably did not cause vertical displacements with en-
ough magnitude to affect the thermochronological record. This may be
related with the distance to the active rift axis.
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Besides downplaying the impact of the reactivation of the
Neoproterozoic shear zones in the exhumation of the South American
passive margin, the data compilation instead highlights how transversal
structures probably influenced this process. This is exemplified by the
remarkable contrasts in apparent ages along the coastline, suggesting a
segmentation following NW-SE lineaments. The effect of this structural
system is an influential factor in the South American Platform since at
least the early Mesozoic, and is not restricted to the exhumation history.
It is recorded in the deformation of the Parané Basin, the emplacement
of volcanic dykes during the extrusion of the Parana-Etendeka LIP, and
the segmentation of the passive margin, among others (e.g., Piccirillo
et al., 1990; Zalan et al., 1990; Meisling et al., 2001). Its impact in the
thermochronological record has also been recognized in South and
Southeast Brazil, (Franco-Magalhaes et al., 2010; Karl et al., 2013; Krob
et al., 2019), and is reflected in the Sul-rio-grandense Shield by the
possible reactivation of the Ibaré Shear Zone, the only major Neopro-
terozoic NW-SE structure in the southern Mantiqueira Province (Fig. 8,
section 3.5). The formation of this system has been associated with a
clockwise rotation of the South American continent during rifting of the
South Atlantic (e.g., Szatmari and Milani, 2016; Salomon et al., 2017),
eventually linking to transfer zones of the mid-ocean ridge and the
segmentation of the oceanic crust (Cobbold et al., 2001; Torsvik et al.,
2009; Stica et al., 2014). In fact, the limit between post-rift uplifted
segments of the passive margin and low-elevation areas characterized
by pre- to syn-rift apparent ages broadly coincides with the location of
the Florian6polis Fracture Zone. This structure, one of the principal
transversal structures in the South Atlantic (e.g., Torsvik et al., 2009), is
located slightly to the south of the southernmost extension of the ele-
vated plateaus along the South American passive margin (Figs. 1,9). In
this sense, the impact of this structure in the segmentation of the South
American Plate may have influenced the localization of the mantellic
processes that are hypothesized to have influenced the passive margin
uplift and associated alkaline magmatism, such as the restricted asth-
enospheric upwelling (Matton and Jébrak, 2009).

5. Conclusions

Despite constituting a fundamental feature of plate tectonics, ele-
mentary questions on the geodynamics of passive margins remain
controversial. The mechanisms by which continental margins may be
uplifted, its relation to continental rifting and break-up and the influ-
ence of lithospheric and mantellic processes are still a matter of debate,
complicated by the fact that many marginal segments are not elevated
at all. These questions were addressed here using new and compiled
thermochronological data. The new (U-Th)/He dataset reveals a com-
plex and multi-stage exhumation history for a low-elevation segment of
the South American passive margin in southern Brazil. Modelled
thermal histories suggest extensive post-orogenic exhumation in the
early Paleozoic, followed by exposure to near-surface conditions and
burial by sediments up until the Mesozoic. Final exhumation of most of
the Sul-rio-grandense Shield was achieved at the latest during the
rifting and opening of the South Atlantic Ocean, and in some samples
hundreds of millions of years earlier. While block tectonics probably
played an important role throughout its evolution, the only shear zone
in the Sul-rio-grandense Shield that seems to have impacted the ther-
mochronological record has a structural configuration (NW-SE) trans-
versal to the main structural grain. A compilation of apatite fission-
track and (U-Th)/He data between eastern Argentina and eastern Brazil
reveals that, in spite of sharing a similar structural configuration, the
South American continental margin along the Mantiqueira Province
exhibits contrasting exhumation histories. High-elevation segments of
the coastline were extensively exhumed after the continental break-up,
while low-elevation segments record almost exclusively pre-rifting
events. The contrast between both styles of the South American passive
margin cannot be explained only by the interaction of the inherited
structures and plate dynamics, suggesting that mantellic processes may
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have had an impact in its evolution as well. These processes would also
be associated with the intrusion of post-rift alkaline magmatism, and
could have contributed to more pronounced fault reactivation in ele-
vated areas of East Brazil. The contrast exhibited along the continental
margin also evidences the impact of important oceanic fracture zones,
as the separation between both portions of the passive margin is coast-
perpendicular and located slightly to the north of the Florianépolis
Transfer Zone.
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