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ABSTRACT

Thermochronology studies carried out in crystalline rocks on the South America passive
margin reveal distinct cooling patterns along the coast. While most of the margin presents syn-
to post-rift final exhumation, the region between parallels 29° and 35° S presents primarily
pre-rift exhumation. This stretch of the coast corresponds to Uruguay and southern Brazil,
where the Rio de La Plata Craton and the Dom Feliciano Belt occur. Previous studies in the area
suggest temperatures below 200 °C since the early Paleozoic, and a complex thermotectonic
history during the Phanerozoic. Here we present the first zircon fission track ages for both
craton and belt; they range between 562 and 280 Ma and corroborate an early Paleozoic
cooling of the basement, likely related to regional exhumation after the Brasiliano/Pan-African
Cycle (Neoproterozoic-Cambrian) and the formation of West Gondwana. The thermal history
after this cooling phase is a matter of debate. Therefore, we compiled all thermochronometry
ages available for the region to evaluate the current hypotheses for the basement exhumation.
We suggest that this region went through protracted and continuous cooling during the
Paleozoic-Mesozoic, until South Atlantic opening in the Jurassic-Cretaceous. The basement was
exposed to near surface conditions (T < 60 °C) in the Mesozoic, and the magmatism associated
with the breakup likely caused a geothermal disturbance, which may be responsible for the
highly dispersed apatite (U-Th)/He ages observed in previous studies. Basement exhumation
after South Atlantic opening was minimal in the region. The key to constrain the low
temperature thermotectonic history of both craton and belt appears to be a better
comprehension of the long-term effects of accumulation of radiation damage within
thermochronometers, and to quantify the effects of protracted cooling and minor reheating
events on apatites and zircons with variable uranium content.

KEYWORDS



35
36

37

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

Fission tracks; (U-Th)/He; South Atlantic rift; West Gondwana; Rio de La Plata Craton;

Dom Feliciano Belt.

1 Introduction

Low-temperature thermochronometry has the potential to unveil the thermal history of
rocks at temperatures below c. 250 °C, or in other words, the thermal history of the shallow
crust. The integration of distinct thermochronometers, i.e. sets of mineral and radiogenic
systems which record cooling through a specific range of temperature, allows investigation of
phases of cooling and heating of the shallow crust, which can be linked to tectonic and
magmatic events on various scales. This research method has helped to understand the
geodynamics in different active settings, as in the development of mountain ranges (e.g.
O’Sullivan et al. 1997; Parra et al. 2009), the dislocation of fault zones (e.g. Tagami 2012), and
the emplacement of hydrothermal mineral deposits (e.g. Jelinek et al. 2003). Simultaneously,
the method has also been successful when applied to geotectonic settings known for their
long-term stability, such as cratons (e.g. Flowers 2009; Kasanzu 2017) and passive margins (e.g.
Gallagher et al. 1994; Wildman et al. 2016), providing valuable insights about the
thermotectonic behavior of these tectonically dormant regions.

The South Atlantic passive margin, between latitudes 35°S and 29°S, is one of these
stable regions that has been investigated by thermochronometry in the last decades (de Borba
et al. 2002, 2003; Bicca et al. 2013; de Oliveira et al. 2016; Kollenz 2015; Hueck et al. 2017,
2019; Gomes & Almeida 2019; Machado et al 2019, 2020). This region runs from Uruguay to
southern Brazil, and its basement is composed of two major geotectonic features that are
continuous across both countries: the Rio de La Plata Craton and the Dom Feliciano Belt (Fig.
1). During the Brasiliano/Pan-African Cycle (Neoproterozoic to Cambrian), the West Gondwana
megacontinent formed in response to diachronic terrane accretions and collisions between the
Rio de La Plata, Congo and Kalahari cratons, which led to the creation of the Dom Feliciano Belt
and the consolidation of the region in the central part of the megacontinent (Cordani et al.
1968; de Brito Neves & Fuck 2013; Oriolo et al. 2017). About 400 Ma later, the Dom Feliciano
Belt, characterized by NE-SW trending structures, became the locus of the South Atlantic
rifting, which propagated northwards following inherited lithospheric zones of weakness that
originally formed during the Brasiliano/Pan-African Cycle (Buiter & Torsvik 2014; Will &
Frimmel 2018). Therefore, for most of the Phanerozoic, between the final amalgamation of
South America and Africa (Cambrian) and the opening of the South Atlantic Ocean
(Jurassic/Cretaceous), this region was in an intracontinental setting (Scotese et al. 1999),

distant from active margins, thus less susceptible to vertical movements of the crust.
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Subsequently, during the breakup of West Gondwana and opening of the South Atlantic
Ocean, the region was prone to significant vertical movements of the crust, more easily
recorded by thermochronometers as cooling/heating episodes.

Nevertheless, the aforementioned thermochronometry studies carried out in Uruguay
and southern Brazil suggest a complex Phanerozoic thermotectonic history for the region. The
basement’s main cooling phase and uplift preceded the Cretaceous continental rupture, and
the possible reheating phase(s) are poorly constrained by the current models. In addition, the
causes and geodynamic forces driving such a thermal history are a matter of debate. Different
studies have correlated the cooling/heating phases to (1) collisions and accretions in the active
SW margin of West Gondwana (e.g. de Borba et al. 2002, 2003; de Oliveira et al. 2016;
Machado et al 2019, 2020), (2) the depositional cycles of the intracratonic Parand Basin (e.g.
de Borba et al. 2002, 2003; Kollenz 2015; Hueck et al. 2017, 2019), and to (3) mantle processes
and the opening of the South Atlantic Ocean (e.g. Bicca et al. 2013; Gomes & Almeida, 2019;
Hueck et al. 2019; Machado et al. 2019, 2020).

In this study we review the previous thermochronometry results from the region,
focusing on the data obtained from basement samples from both the Rio de La Plata Craton
and the Dom Feliciano Belt, between Uruguay to southern Brazil. Furthermore, eighteen new
zircon fission track ages and two apatite (U-Th)/He ages are presented, and integrated with the
published low-temperature thermochronometry data, in order to provide further details
constraining the region’s thermal history. The proposed thermal histories from 77 apatite
fission track samples collected across the basement, and modeled by their different authors,
are compiled into interpolation maps, allowing the visualization of the cooling trends of the
region since the Devonian. Finally, there is a discussion of the current interpretations for the
thermal history of the regional basement, which indicates that there are still open questions to

be answered in the region.
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Figure 1: Left, main geotectonic features in South America, with the study region marked by
the red rectangle. On the right, the approximated limits of the Rio de La Plata Craton, Dom
Feliciano Belt, Parana and marginal basins, as well as some bathymetric highs in the Atlantic
Ocean. Inset map indicates the study area (white square) before West Gondwana breakup.
Modified from Scotese et al. (1999), Hartmann et al. (2001) and Amante & Eakins (2009).
FORMAT SUGGESTION: 2 columns wide.

2 Geological setting

2.1 Precambrian basement and West Gondwana amalgamation

The basement in the study area comprises two major geotectonic units that run from
Argentina to southern Brazil: the Rio de La Plata Craton and the Dom Feliciano Belt (Figs. 1 and
2). The region was consolidated after the Brasiliano/Pan-African Cycle (Neoproterozoic to
Cambrian), a protracted orogenic cycle that involved the closure of oceans, collision of cratons
and accretion of several microcontinents and volcanic arcs. This cycle is part of the formation
of the West Gondwana megacontinent, with the amalgamation of what would become South
America and Africa (de Almeida et al. 1981; de Brito Neves et al. 2014). Despite frequent
changes in the stress fields during the diachronic collisions between the different crustal
blocks, the structures along the southeast margin of South America generally show NE-SW
strike, including thrust faults and transcurrent shear zones of ductile and brittle deformation
(de Almeida et al. 1981; Hasui 2010; de Brito Neves et al. 2014). After the final amalgamation

of West Gondwana, the region went through a stabilization phase that lasted most of the
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Paleozoic, dominated by weathering and erosion, and correlated to the development of the
intracontinental Parana Basin (Milani & Ramos 1998; Hackspacher et al. 2004; Hasui 2010).
This stability stage lasted until the Early Jurassic, when the onset of West Gondwana breakup,
which caused the reactivation of inherited basement structures and resulted in the Early
Cretaceous opening of the South Atlantic Ocean from south to north (Buiter & Torsvik 2014;
Will & Frimmel 2017).

In the study area, the Rio de La Plata Craton and the Dom Feliciano Belt are subdivided
into eight tectonostratigraphic terranes bounded by regional shear zones (Fig. 2). The craton
consists of the Piedra Alta (UY) and Tandilla (UY) terranes in the west and, arguably, the Nico
Pérez (UY) and Taquarembd (BR) terranes in the middle. In the east, the Dom Feliciano Belt is
divided into the S3o Gabriel (BR) and Tijucas (BR) terranes, plus the Pelotas Batholith (BR) and
the Cuchilla Dionisio Terrane (UY) in the easternmost part of the belt (Gaucher et al. 2011;
Rapela et al. 2011; Oyhantgabal et al. 2011; Philipp et al. 2016).

The main exposure of the Rio de La Plata Craton, the Piedra Alta Terrane, is a
Paleoproterozoic block (2.2 to 2.0 Ga) composed of a central granitic gneiss belt bordered in
the south and north by low-grade metamorphic belts, and intruded by a dike swarm around
1.79 Ga (Teixeira et al. 1999; Hartmann et al. 2001). The Tandilia Terrane comprises
Paleoproterozoic granitoids and a medium-grade schist belt, being continuous southwards
along the coast, cropping out again in Argentina (Hartmann et al. 2002; Gaucher et al. 2008;
Bossi & Cingolani 2009). The Nico Pérez Terrane, and its continuation in Brazil, the
Taquarembd Terrane, represents the most complex unit in the region, and the timing of its
accretion to the rest of the Rio de La Plata Craton is controversial. This unit was sutured to the
craton either in the Neoproterozoic (Oriolo et al., 2016; Oyhantgabal et al. 2018) or in the
Mesoproterozoic (Gaucher et al. 2008, 2011; Santos et al. 2017), and was reworked during the
Brasiliano/Pan-African Cycle (Oyhantgabal et al. 2011; Santos et al. 2017). Nevertheless, the
Nico Pérez and Taquarembd terranes comprise magmatic-metamorphic complexes and
metavolcanic-sedimentary sequences in an intricate arrangement, with ages of the main
lithologies ranging from the Archean to the Cambrian, and alkaline magmatism up to
Cretaceous age (Hartmann et al. 2001; Oyhantcabal et al. 2012; Oriolo et al. 2016; Gaucher et
al. 2016).

Located in the northwest part of the Dom Feliciano Belt, the Sao Gabriel Terrane
corresponds to a juvenile association of magmatic arcs and ophiolite slabs, representative of
the early stages of the Brasiliano/Pan-African Cycle, and intruded by post-orogenic granites
(Hartmann et al. 2007; Philipp et al. 2016). The Tijucas Terrane comprises Neoproterozoic

metavolcanic-sedimentary sequences with Archean inliers and Cretaceous alkaline magmatism
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(Barbieri et al. 1987; Chemale 2000; Hartmann et al. 2007). The Pelotas Batholith, named the
Aigua Batholith in Uruguay, is composed mostly of calc-alkaline intrusive suites emplaced
between 650 Ma and 530 Ma, largely under the influence of the NE-SW shear zones (Chemale
2000; Philipp et al. 2003, 2016).The Cuchilla Dionisio Terrane includes a high-grade
metamorphic basement and metasediments with affinity to the Kalahari Craton, being
considered an allochthonous unit (Bossi & Gaucher 2004; Basei et al. 2005, 2011.)

Finally, the crystalline basement is partially covered by remnants of the Camaqua Basin,
in Brazil, and of the Arroyo del Soldado Group, in Uruguay. Both were deposited in late to post-
orogenic settings, between the Ediacaran and Cambrian, with units of the Camaqua Basin
providing a minimum depositional age of 473 £ 9 Ma (Blanco et al. 2009; Maraschin et al.

2010; de Oliveira et al. 2014).

A ] 8] |

540 W

150 km

Santa Catarina

BRAZIL ' - b

?

' Florianépolis

Rio Grande do Sul

h//';' "///”I Porto Alegre Atlantic Ocean
; ,.— ==

2025

| Parand Basin
DOM FELICIANO BELT
[ Post-collisional Basin (0.6-0.54 Ga)

URUGUAY

- Brasiliano batholiths (FB: Floriandpolis,
PB: Pelotas, AB: Aigud) (0.65-0.54 Ga)

- Sao Gabriel Terrane (0.93-0.68 Ga)
- Cuchilla Dionisio Terrane (1.1-0.54 Ga)

LEGEND
- Tijucas Terrane (2.35-0.78 Ga)
City
Cross section CRATONS (Archean/Palaeoproterozoic)
Shear Zone - Luis Alves

Meso-Cenozoic basins I:] Rio de La Plata (a: Piedra Alta, b: Tandilia)
|:| (PL: Pelotas, LM: Laguna [ Nico Perez Terrane (c: Valentines,
Merin, SL: Santa Lucia) d:Rivera, e: Taquarembd)

Montevideo

Figure 2: Tectonostratigraphic terranes and volcanic-sedimentary cover in the region of
interest. Main faults and shear zones: 1) Itajai-Perimbd, 2) Major Gercino, 3) Ibaré, 4) Dorsal de
Cangucu, 5) Passo do Marinheiro, 6) Cagapava, 7) Sierra Ballena, 8) Sarandi del Yi, 9) Coldnia.
Modified after Chemale (2000) and Phillip et al. (2016). FORMAT SUGGESTION: 2 columns
wide.

2.2 Phanerozoic cover and West Gondwana breakup
The basement exposures in Uruguay and southernmost Brazil are surrounded mainly by
the Paleozoic and Mesozoic deposits of the Parana Basin. In turn, the Atlantic margin is the

domain of the Meso-Cenozoic Pelotas Basin, formed as a consequence of continental breakup.
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South Atlantic opening is also related to the formation of two minor basins in Uruguay, the
Santa Lucia and Laguna Merin basins.

The Parand Basin is a broad intracontinental basin that spreads over Argentina, Brazil,
Paraguay and Uruguay (Fig. 1), and was developed in the interior of West Gondwana during
the Paleozoic and Mesozoic. The depositional succession within this basin is divided into six
supersequences separated by interregional unconformities: Rio Ivai (Ordovician to Silurian),
Parana (Devonian), Gondwana | (Upper Carboniferous to Lower Triassic), Gondwana Il (Middle
to Upper Triassic), Gondwana Il (Jurassic to Lower Cretaceous), and Bauru (Upper Cretaceous)
(Milani 1997; Milani et al. 2007). In the study area units from the Parana to the Gondwana lll
supersequences are exposed. The Gondwana lll supersequence was deposited immediately
before West Gondwana breakup and comprises the Botucatu Formation, characterized by
highly quartzose aeolian sandstones (Scherer 2000; Bertolini et al 2020), and the Serra Geral
Formation, which is essentially a basaltic sequence that covers the Botucatu paleodesert. The
Serra Geral Formation occurs over more than 1 million km? and can reach a thickness of more
than 1.500 m, representing the volcanism of the Parana-Etendeka Large Igneous Province (LIP),
with a peak at c. 134 Ma (Turner et al. 1994; Ponte & Asmus 2004; Rossetti et al. 2014).

The Pelotas Basin is a passive marginal basin developed during the Atlantic Ocean
opening (Fig. 2), which presents abundant siliciclastic sediments, mostly fine grained, while
lacking extensive evaporite deposits (Dias et al. 1994; Bueno et al. 2007). The lowermost
formations of the basin are related to the Mesozoic rifting and characterized by intense
magmatism, which has formed thick wedges of seaward-dipping reflectors (Gladczenko et al.
1997; McDermott et al. 2019). From the Cretaceous onwards, the sedimentation is mostly
siliciclastic, with some carbonate formations in the early stages (Dias et al. 1994; Beglinger et
al. 2012). The tectonic stress associated with the West Gondwana breakup and the Atlantic
opening led to the formation of two other basins onshore in Uruguay, named the Santa Lucia
and Laguna Merin basins (Fig. 2). These two basins form an ENE-WSW structural corridor
known as SaLAM, that is considered an aborted rift precursor to the opening of the South
Atlantic during the Jurassic-Cretaceous (Rossello et al. 2000, 2007). Despite the genetic link,
the two basins exhibit very distinct volcanic-sedimentary infill and are separated by a
basement high represented by the Nico Pérez Terrane, where only a few remnants of volcanic
deposits are found (Rossello et al. 2000). The Santa Lucia Basin corresponds to the SW part of
the SaLAM, presents a central structural high with E-W strike and comprises mostly siliciclastic
deposits, reaching a total thickness of 2.500 m (Rossello et al. 2000; Veroslavsky et al. 2003).

The NE SaLAM is represented by the Laguna Merin Basin, which is mainly composed of volcanic
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rocks with ages between 134 to 127 Ma and covered by Cenozoic sedimentary rocks
(Cernuschi et al. 2015).

Continental breakup was diachronous between South America and Africa, with South
Atlantic rifting starting in Argentina in the Jurassic and propagating northwards thereafter
(Mizusaki et al. 1988; Stica et al. 2014). In the study area, the breakup is marked by extensive
igneous activity in the Parand Basin and in the forming marginal Pelotas Basin, with volcanism
closely preceding or being concomitant to the South Atlantic opening (Mohriak 2012). The
causes and mechanisms of rifting remain under debate, but there is general agreement that
mantle dynamics were involved. The onset of rifting is often related to the presence of the
Tristan da Cunha mantle plume, initial emplacement of which under the South American plate
is linked to the magmatism of the Parana-Etendeka LIP (e.g. Chang et al. 1992; Brown et al.
2000; Pérez-Diaz & Eagles 2014; Buiter & Torsvik 2014).

During the breakup, the South American margin was hyperextended with substantial
crustal thinning, exhumation of the mantle/lower crust and doming related to the influence of
the mantle plume, leading to topographic elevation until the final rupture (Aslanian et al. 2009;
Mohriak 2012). The breakup also involved ridge jumps eastwards, while the northwestwards
movement of the South American plate is marked by a NW-SE trend of bathymetric highs
along the oceanic floor, most likely the result of the lithosphere passing over the mantle plume
(Nurnberg & Muller 1991; Mohriak et al. 2010; Brown et al. 2000; Graca et al. 2019). The study
area is located between large magmatic bodies: to the north and west the voluminous volcanic
deposits of the Parana-Etendeka LIP in the Parana Basin, and to the east and southeast the
thick wedges of the seaward-dipping reflectors in the Pelotas Basin (Gladczenko et al. 1997,
Rossetti et al. 2014; McDermott et al. 2019). Additionally, remote sensing surveys revealed a
dyke swarm cutting through southernmost Brazil and Uruguay, which most likely is related to
the LIP (Hartmann et al. 2016; Demarco et al. 2020). Magmatism continued until the
Campanian (Late Cretaceous), with the emplacement of phonolitic plugs in southernmost
Brazil (between 99 and 76 Ma) (Barbieri et al. 1987) and subalkaline rhyolites in Uruguay (77 +
1 Ma) (Gaucher et al. 2016). Therefore, the study area was directly affected by the magmatism
pre-, syn- and post-rift, being exposed to the thermal effects of these events over long periods

of time.



235

236

237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268

3 Methods

3.1 Thermochronometry analyses

In this study we evaluate data from four low-temperature thermochronometers and
publish new ages for two. The zircon fission track (ZFT) method records the time at which a
sample cools to temperatures below c. 240 * 40 °C, under which the fission tracks are
preserved within the zircon crystal lattice (Hurford 1986; Bernet et al. 2004; Bernet & Garver
2005). However, the partial annealing zone, in which tracks are slowly shortened (annealed),
and the blocking temperature of this method, below which tracks are preserved with their
original length, are sensitive to the cooling history and damage accumulated within the crystal
(Tagami 2005; Bernet & Garver 2005; Yamada et al. 2007; Marsellos & Garver 2010).
Therefore, ZFT ages provide valuable insights on the cooling history of the sample, especially if
combined with other thermochronometers. Hence, the ZFT ages presented here are compared
to ages from other thermochronometers, specially with zircon (U-Th/He) ages (ZHe) obtained
in previous studies (Hueck et al. 2017, 2019; Machado et al. 2019, 2020), and which presents a
slightly lower temperature sensitivity, between c. 190 and 150 °C (Reiners et al. 2017). We also
integrate the new ZFT ages with data from apatite fission track (AFT) analysis, which records
temperatures between c. 110 and 60 °C, and apatite (U-Th)/He (AHe), sensitive to
temperatures between c. 70 and 40 °C (Gleadow et al. 1986; Wagner et al., 1989; Wolf et al.
1996, 1998; Reiners et al. 2017).

For the ZFT analysis, we used basement samples from the Rio de La Plata Craton (n=9)
and the Dom Feliciano Belt (n=9), from the same locations as Machado et al. (2019, 2020).
Analysis were performed at GeoSep Services by Paul O’Sullivan using standard procedures for
the laser-ablation inductively-coupled plasma mass spectrometer (LA-ICP-MS) method. See
Donelick et al. (2005), Hasebe et al. (2004, 2013) and Congné et al (2020) for a full description
of analytical procedures, and the Supplementary Material for specific LA-ICP-MS operating
conditions and data acquisition parameters. Zircon crystals were mounted in FEP Teflon and
polished to expose internal crystal surfaces. Mounts were immersed in a eutectic melt of
NaOH+KOH at 210 °C (+10 °C) for between 8 and 24 hours to reveal naturally occurring fission
tracks. The polished and etched zircon crystals surfaces were then cleaned in reagent-grade
48% HF for 15 minutes at 23 °C. Spontaneous tracks were counted on the zircon mounts in
unpolarized light at 2000x magnification, from crystals selected to sample the greatest range
of observable characteristics (size, degree of roundness, color, etch figure size, etc.). A LA-ICP-
MS was then used to determine the ***U concentrations by measuring the ratio of ***U to *°Si

for zircon, from the exact regions on the individual crystals from which the spontaneous tracks
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were initially counted. An Agilent 7700 high resolution single-collector ICP-MS equipped with a
New Wave Nd-YAG 213nm laser ablation system at Washington State University was used for
this purpose. In order to increase our area coverage, sample ages were calculated from 10
single-crystal analyses instead of the more usual 20-25 single-crystals. This approach
potentially reduces the data reliability and limits our interpretations. To compensate for the
reduced dataset and evaluate the reliability of the new ZFT ages, from the 18 analyses, seven
were made in samples with published ZHe ages, which allowed comparison of the ages from
two thermochronometers with contiguous thermal sensitivity (ZHe and ZFT) in seven locations.
It was then possible to compare the ZFT ages from these double-dated locations to the ZFT
ages obtained from other samples within the same tectonostratigraphic terrane but without
previous ZHe data. Although unconventional, our approach allowed coverage over a vast area
and provided satisfactory results when compared to previous thermochronometry studies in
the region. The ZFT single-crystal and pooled ages were calculated using the scheme presented
by Donelick et al. (2005) and a modified zeta calibration approach after Hurford and Green
(1983; see also Hasabe et al. 2004, 2013; Cogné et al. 2020). The software RadialPlotter 9.5
(Vermeesch, 2009) was used to calculate the central ages, run the chi-square test and generate
the radial plots, which can be found in the Supplementary Material.

For the AHe analysis we used two samples from the northern part of the Pelotas
Batholith. Analyses were performed in the (U-Th)/He and U-Pb Geo-Thermochronology
Laboratory of the University of Texas at Austin, by Andréa Jelinek. AHe ages are based on three
single crystal ages, from apatites handpicked and screened for inclusions using a Nikon SMZ-
U/100 stereomicroscope, with transmitted (polarized) and reflected light capabilities. Prior to
loading the apatites into Pt sleeves, all crystals were photographed using a Nikon digital
ColorView® camera, and the AnalySIS® imaging software was used to morphometrically
measure selected apatites. These morphometric values were then used to calculate the alpha-
ejection correction particular to each crystal (Farley et al. 1996). The He extraction was made
using an automated He Extraction Line for (U-Th)/He dating, and apatite crystals were
subsequently recovered for the U and Th measurements after crystal dissolution in a HF-HNO3
mixture. All analytical uncertainties were captured and properly propagated during multi-step
and multi-instrument (U-Th)/He analysis, and the AHe age error is based on the reproducibility
of the Durango apatite standard.

Further information on the newly presented thermochronometry data as well as on the
previously published data that were used in this work can be found in the Supplementary

Material.
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3.2 Thermochronometry data integration

Apatite and zircon fission track ages (AFT and ZFT), as well as apatite and zircon (U-
Th)/He ages (AHe and ZHe) were compiled from de Borba et al. (2002, 2003), Bicca et al.
(2013), Kollenz (2015), de Oliveira et al. (2016), Hueck et al. (2017, 2019), Gomes & Almeida
(2019) and Machado et al. (2019, 2020). Moreover, the thermal histories published by de
Borba et al. (2002, 2003), Kollenz (2015), de Oliveira et al. (2016), Gomes & Almeida (2019)
and Machado et al. (2019, 2020), all based on AFT, were used to estimate the temperature
history of 77 different locations across the study region. From the compiled dataset, it was
possible to create interpolation maps of the AFT and ZFT ages (Fig. 3), as well of basement
temperature since the Devonian (Fig. 5).

From each published model, the mean path of the thermal history was used to estimate
the temperature of the location at eight specific times (see Supplementary Material for the
locations and temperatures used in each interpolation). Temperature maps for the middle
Paleozoic have less data for interpolation because some of thermal models used did not
register the sample’s temperature that far in the past. The lowest number of thermal models
used for the interpolations corresponds to 48 locations, which were used to estimate
temperature 400 Ma ago. Interpolations for ages younger than this are based on a
progressively increasing number of thermal models, up to the 77 locations for the 150 Ma and
younger interpolations. It is noteworthy that the temperatures used in the interpolation maps
were obtained from the mean path of thermal model of each location. Hence, the temperature
range at each location at a specific age varies according to how well constrained the thermal
model is. In general, temperatures are better constrained at younger ages, but the variation
can easily be of £ 10 °C, or even more. Thus, it is not possible to distinguish small variations in
the location’s temperature. In any case, the interpolation of the 77 thermal histories modeled
independently by different authors, on different software and with different data and
constraints provide valuable insights on the general thermal history of both craton and belt.
The contour maps presented here were created using the kriging interpolation method on
Surfer 13.6, and then imported into ArcMap 10 for georeferencing and cropping into the limits

of the basement in the region.

4 Results

4.1 Fission track ages

We obtained eighteen ZFT ages, nine from the Rio de La Plata Craton (Piedra Alta,

Tandilia and Nico Pérez terranes) and nine from the Dom Feliciano Belt (Pelotas Batholith and
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Cuchilla Dionisio Terrane) (Table 1). Considering the entire basement, ZFT pooled ages range
between 530-254 Ma while the central ages range between 562-280 Ma, and both are
indistinguishable within analytical uncertainties. Also, there is a fair similarity among ages from
samples within the same tectonostratigraphic terrane (Fig. 3). In the dataset, it is notable the
somewhat young pooled ages in the Rio de La Plata Craton stricto sensu (Piedra Alta and
Tandilia terranes), that range between 354-297 Ma. Meanwhile, the Nico Pérez Terrane,
arguably part of the craton, presents older pooled ages, between 527-468 Ma. A similar
pattern is observed within the central ages from these terranes. However, samples from the
Piedra Alta Terrane failed the chi-square test (P(x2) <5%) and show considerable single-grain
age dispersion, which appears to be related to the radiation damage accumulated within each
single zircon, discussed in section 5.1. Besides the samples from the Piedra Alta Terrane, only
one more sample (RSO7 from the Pelotas Batholith) failed the chi-square test, but it shows
similar age to other nearby samples. Therefore, the majority of our samples have one age
population with a Poisson distribution, as could be expected for ZFT ages from basement
samples. Concurrently, to the east, the Dom Feliciano Belt presents ZFT pooled ages between
530-254 Ma and central ages between 550-280 Ma; this range is characteristic of the Cuchilla
Dionisio Terrane, in the southeastern part of the belt. The ZFT ages from the Pelotas Batholith
are more uniform: pooled ones range from 464 to 437 Ma and central ones from 500 to 463,
which indicates a regional cooling pattern for the batholith, spreading over more than 300 km
along the margin. Meanwhile, the easternmost samples from the Cuchilla Dionisio Terrane
have late Paleozoic ages (c. 280 Ma), but the southeasternmost sample presents an early
Paleozoic age around 540 Ma. This region also presents older AFT ages when compared to the
ones to northeast along the coast (Fig. 3), which suggests an early cooling of the southern part
of Cuchilla Dionisio Terrane.

Finally, the 97 AFT central ages compiled from de Borba et al. (2002, 2003), Bicca et al.
(2013), Kollenz (2015), de Oliveira et al. (2016), Gomes & Almeida (2019) and Machado et al.
(2019, 2020) range from 383 + 40 to 74 + 5 Ma, of which 74 ages are Mesozoic, mostly Jurassic.
Ages tend to be younger towards the east and northeast on the study region. This AFT dataset
suggests that both craton and belt cooled below 60 °C during the Mesozoic, with the western

region reaching lower temperatures before the eastern one (Fig. 3).
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367 Figure 3: Left, new zircon fission track pooled ages and contour map of all ZFT ages available in
368 the region (n=25). Note the younger ages from de Oliveira et al. (2016) at north, and the ones

369 located in the Piedra Alta and Tandilia terranes, southwest, as well as in the east coast of
370 Uruguay. In the north of the Pelotas Batholith, the “X1” and “X2” mark the locations of the two
371 new AHe ages presented here. Right, contour map of apatite fission track ages in the region
372 (n=97). Note the older AFT ages in the Piedra Alta, Taguarembd and S3do Gabriel terranes, and
373 the trend of younger ages towards the east and northeast along the margin. Shear zones: a)
374 Colonia, b) Sarandi del Yi, c) Sierra Ballena, d) Dorsal de Cangucu, e) Passo do Marinheiro, f)

375 Cacapava, g) Ibaré. FORMAT SUGGESTION: 2 columns wide.
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376 Table 1: Summary of Zircon Fission Track results obtained for the Rio de La Plata Craton and the Dom Feliciano Belt, using the LA-ICP-MS method. Pooled
377 and Central ages are reported, calculated using a primary zeta of 0,0401 + 0,0005 based on Fish Canyon Tuff standard. N, number of crystals analyzed; x2,
378 chi-square probability of single population.

Zircon Fission Track analyses
Sample Lat Long Elevation Lithology N Pooled age "95% "+95% Central age *lo x2 MeanU MeanTh Mean Sm
# ) ) (m) type # (Ma) (Ma) (Ma) (Ma) (Ma) (%) (ppm) (ppm) (ppm)
Rio de La Plata Craton
Piedra Alta Terrane

uYle -34.06 -55.31 266 Granite 10 297.5 43 50 450 98 0 114.4 148.1 20.3

uY26 -34.10 -56.20 47 Granite 10 298.5 40 46 357 48 5 147.2 49.2 38.6

uy27 -33.96 -56.24 133 Granite 10 322.2 48 56 484 99 0 119.1 124.4 37.1
Tandilia Terrane

uY18 -34.06 -55.31 266 Gneiss 8 337.4 53 63 385 46 50 84.6 74.5 15.0

uY19 -34.92 -56.17 150 Granite 10 354.1 58 69 426 48 37 28.7 20.7 16.1
Nico Pérez Terrane

uYl -31.89 -54.16 225 Granite 10 506.5 65 74 527 54 96 94.3 81.9 13.7

uy13 -33.28 -54.62 102 Granite 10 527.4 78 91 562 61 100 51.5 77.7 65.7

uy21 -34.41 -55.25 182 Granite 9 468.7 61 70 469 53 100 629.7 233.4 205.6

uy23 -34.81 -55.25 121 Syenite 10 489.2 59 66 487 50 100 70.2 51.5 46.2

Dom Feliciano Belt
Pelotas Batholith

RS04 -30.90 -52.06 107 Granite 10 464.2 65 75 479 54 100 61.4 59.4 19.3
RSO7 -31.26 -52.34 284 Granite 10 450.3 59 67 494 69 3 115.5 104.0 154
RS10 -31.59 -52.51 190 Diorite 10 437.6 57 65 482 49 38 114.0 110.4 15.9
RS12 -31.03 -53.39 285 Granite 10 464.3 59 67 472 50 100 56.8 54.1 15.2
RS14 -31.46 -53.34 426 Granite 7 461.4 78 93 500 65 84 107.4 83.8 17.5
uy3 -32.62 -54.21 256 Mylonite 10 451.3 62 71 463 52 100 85.8 75.0 13.2
Cuchilla Dionisio Terrane
uY29 -34.85 -54.63 7 Granite 10 530.5 64 73 550 56 @46 94.3 819 13.7
uUY30 -34.59 -54.12 3 Schist 10 311.6 46 53 321 37 100 69.7 47.6 10.3

379 uy32 -34.04 -53.54 4 Granite 10 2543 37 43 280 31 67 104.8 89.4 16.4
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4.2 (U-Th)/He ages

A total of six apatites from two samples resulted in Middle Triassic to Early Cretaceous
AHe ages, uncorrected for Ft, that become Carboniferous to Late Triassic after Ft correction,
which takes into account “He particles that were lost during decay because of alpha-ejection
processes (Farley et al. 1996) (Table 2). These new ages do not display a clear correlation with
eU (eU = [U] + 0.235 x [Th]) or crystal radius, common parameters used to evaluate (U-Th)/He
ages dispersion (Reiners & Farley 2001; Flowers et al. 2007; Brown et al. 2013), but are similar
to the AHe ages published by Machado et al. (2019) and Hueck et al. (2019) in the region (Fig.
4). The combination of the new AHe ages with other 139 ZHe and 131 AHe published ages
allowed the evaluation of the similarities and differences within the (U-Th)/He
thermochronometers in the Rio de La Plata Craton and Dom Feliciano Belt.

Both in the Rio de La Plata Craton and Dom Feliciano Belt, the ZHe ages show a negative
correlation with eU, which is observed in all tectonostratigraphic terranes (Fig. 4). This
correlation is more evident when the analyzed zircons have a big range of eU content, as is the
case of zircons from the Dom Feliciano Belt, which has some crystals with eU > 2500 ppm (Fig.
4B2’). The negative correlation is common in cratonic regions and attributed to a long-term
accumulation of radiation damage within the zircons, as crystals with high-eU are prone to
develop a highly damaged crystalline lattice over time; this favors *“He diffusivity and loss,
resulting in younger ZHe ages (Reiners, 2005; Guenthner et al. 2013). Zircons with low-eU
content, hence less affected by radiation damage, present early Paleozoic ZHe ages, suggesting
that the basement reached temperatures below c. 200 °C by this time. ZHe ages from crystals
with eU < 500 ppm appear to be older in the Rio de La Plata Craton than in the Dom Feliciano

Belt, which indicate an earlier cooling of the former.



403 Table 2: Summary of Apatite (U-Th)/He ages and parameters. Crystal dimensions were used to estimate an equivalent spherical radius. eU, total uranium
404 content; Unc., uncorrected; Corr., corrected; Ft, alpha ejection factor for age correction (see Farley et al. 1996).

Apatite (U-Th)/He analyses

Sample Lat Long Elevation Lithology Crystal U Th Sm He eU Radius Age Unc. Ft AgeCorr. 20 Ave. Corr. +20
# ) ©) (m) type # __ (ppm) (ppm) (ppm) (nmol/g) (ppm) (um)  (Ma) # (Ma)  (Ma) (Ma) (Ma)

X1 -30.56 -52.45 440 Granite 36.24 53.85 82.63 34.82 49.05 3940 128.7 0.621 207.2 124 217.7 22.4
54.29 91.16 69.64 59.18 75.62 36.20 142.1 0.591 240.1 14.4
52.26 82.31 141.88 49.47 71.92 37.77 1247 0.606 205.6 12.3
86.97 13.69 113.10 96.66 90.69 52.79 1933 0.725 266.6 16.0 306.7 46.6
28.22 235 87.74 39.19 29.20 46.50 241.1 0.693 3474 20.8
58.24 5.33 106.28 69.09 60.01 44.42 2083 0.681 306.1 18.3

X2 -31.15 -52.83 330 Granite

W NP WN PR
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On the other hand, the AHe ages are very dispersed both on the craton and the mobile
belt (Fig. 4). The dispersion is observed both intra- and inter-samples, and none of the
tectonostratigraphic terranes appears to have their AHe ages straightforwardly controlled by
the eU content. It is well known that AHe ages can be affected by several factors, internal or
external to each crystal, as for example chemical zonation or “He implantation from
neighboring minerals (see Brown et al. 2013 and Wildman et al. 2016 for a review of these and
other factors). But, because the dispersion appears to be the rule in the analyzed samples, it is
likely that a more embracing control is responsible for it. The accumulation of radiation
damage over a long period is potentially the main factor responsible for the dispersion, as a
damaged crystal lattice can favor the retentivity of *He within the apatites and lead to old AHe
ages (Green & Duddy 2006; Shuster et al. 2006). Furthermore, apatites with variable eU and
accumulated radiation damage that go through similar thermal histories, with a reheating
event not high enough to completely reset the thermochronometer, can present a large span
of AHe ages, in which small variations in the maximum temperature cause large differences in
the AHe age and eU correlation (Shuster et al. 2006; Fox & Shuster 2014; Reiners et al. 2017).

The integration of data from both thermochronometers ZHe and AHe indicates that the
craton and belt have been at low temperatures for prolonged periods of time, which allowed
for the accumulation of radiation damage within the crystals. Each thermochronometer
responds differently to this accumulation, but in both the observed ages appear to be
somehow influenced by the eU content of the minerals. The ZHe ages from low-eU zircons
suggest temperatures below 200 °C since the early Paleozoic, while the high-eU zircons
suggest a long period at low temperatures to accumulate the radiation damage within the
crystals. The AHe age dispersion indicates temperatures below 70 °C since at least the
Mesozoic, with dispersion possibly augmented by a reheating event that affected the *He
retention of each apatite individually. Moreover, the main igneous event in the region, the
Parana-Etendeka LIP volcanism (c. 134 Ma) (Rossetti et al. 2014), which closely preceded the
South Atlantic opening, did not raise the basement temperatures to the point of resetting the

AHe ages (T > 70 °C).
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Figure 4: Top row shows plots of AHe ages against eU for the Rio de La Plata Craton (A1) and
Dom Feliciano Belt (B1, with inset B1’ which displays trend extrapolation). Bottom row follows
the same logic, but for ZHe ages. Note the negative correlation between ZHe ages and eU in
both geotectonic units (A2 and B2), and the extrapolated trend observed in the Dom Feliciano
Belt, which have a bigger range of eU values (B2’). This negative trend is attributed to a long-
term accumulation of radiation damage within the zircons. On the other hand, there is no clear
correlation between AHe ages and eU (Al and B1), and the trend extrapolation for apatites
with eU > 100 ppm is unclear (B1’). Red horizontal bar represents the peak of Parana-Etendeka
LIP (134 Ma) (Rossetti et al. 2014). Dashed polygons on B1’ and B2’ indicate the range of B1
and B2 plots. Reported (U-Th)/He ages are Ft corrected and from (1) this work, (2) Hueck et al.
2017, (3) Hueck et al. 2019, (4) Machado et al. 2019, and (5) Machado et al. 2020. FORMAT
SUGGESTION: 2 columns wide.

4.3 Basement temperature estimates

The compilation of the thermal histories from 77 locations across the basement,
modeled using AFT data sometimes aided by other thermochronometers, allowed estimation
of the temperature variation on the region since the Devonian (Fig. 5). Despite a few artifacts
observed in the maps that represent locations (i.e. thermal models) with temperatures too
different from their surroundings, the interpolation maps permit a qualitative visualization of
the cooling trend of the basement.

By the Devonian (400 Ma) most of the basement was already below 160 °C, with the Rio
de La Plata Craton registering cooler temperatures when compared to the Dom Feliciano Belt.
Around the early Carboniferous (350 Ma) temperatures were near or below 120 °C in most of
the basement, with the northeast region, i.e. the Pelotas Batholith, registering the higher
temperatures. Some samples near the Sarandi de Yi shear zone, in Uruguay, also present

higher temperatures than its surroundings at this time. The interpolation maps for periods
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younger than the Carboniferous are better constrained and more reliable, because they
include 64 locations or more, and because the AFT system is sensitive to temperatures
between c. 110 to 60 °C (Gleadow et al. 1986; Wagner et al., 1989). During the Carboniferous-
Permian transition (300 Ma) temperatures in the craton and belt were mostly below 100 °C,
while the Pelotas Batholith to the northeast maintained its higher temperatures when
compared to the rest of the basement. This behavior is continuous during cooling through the
Permian-Triassic transition (250 Ma) as well during the Triassic-Jurassic one (200 Ma). By the
late Jurassic (150 Ma), immediately before the Parand-Etendeka LIP event (138 to 125 Ma)
(Turner et al. 1994; Rossetti et al. 2014), the volcanism in the Laguna Merin Basin (134 to 127
Ma) (Cernuschi et al. 2015) and the opening of the South Atlantic in the region (130 to 113 Ma)
(Stica et al. 2014), most of the basement was near or below 60 °C, which indicates that the
rocks were exposed or near the surface during the rifting in the region at this time
(Jurassic/Cretaceous). The easternmost locations appear to register the highest temperatures
at the time of rifting/LIP event, but they usually do not exceed 100 °C. After the South Atlantic
opening, at the transition between Early and Late Cretaceous (100 Ma), the basement
temperatures were still near 60 °C. The area in the Cuchilla Dionisio Terrane around the
volcanic filled Laguna Merin Basin recorded the highest temperatures of the region. Finally, by
the Eocene (50 Ma) practically all basement in the region was below 60 °C, with a subtle trend
of cooler temperatures towards the hinterland.

This compilation of thermal histories suggests that the terranes which make the Rio de
La Plata Craton reached cooler temperatures earlier than the Dom Feliciano Belt. However,
there is no straightforward limit on the thermal behavior between these geotectonic units, as
the shear zones that cut the basement appear not to have a major influence on the cooling
trend of the terranes. Moreover, apparently the magmatism associated with the West
Gondwana breakup and South Atlantic opening did not raise the basement temperatures
significantly, being responsible at most for maintaining the temperatures near 60 °C during the

entire Cretaceous.
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Figure 5: Panel with contour maps of the basement temperatures over distinct periods of the
Phanerozoic, produced from published AFT-based models. Contour lines represent 20 °C
increments. Maps corresponding to older periods have less data for interpolation, as some
thermal models used for acquiring the temperatures do not register the sample’s temperature
too far in past. Note how most of the basement was below 180 °C in the Devonian, and how
the Pelotas Batholith took longer to cool down when compared to the rest of the basement.
By the Late Jurassic the Nico Pérez and Cuchilla Dionisio terranes appear to have higher
temperatures than their surroundings, what could be related to the SaLAM opening and
magmatism in the Laguna Merin Basin. Other than that, no significant increase in basement
temperature is observed during South Atlantic rifting. FORMAT SUGGESTION: full page.

5 Discussion

In this study we presented the first zircon fission track (ZFT) ages and two new apatite
(U-Th)/He ages (AHe) for the Rio de La Plata Craton and the Dom Feliciano Belt, in Uruguay and
southern Brazil (Fig. 3). In addition, we integrated these with previously published ages from
two other thermochronometers: zircon (U-Th)/He (ZHe) and apatite fission track (AFT) (Fig.6).
We also compiled published thermal histories that are based on apatite fission track to extract
the temperatures of 77 locations through time, which allowed illustrating the cooling trends
modeled for the basement since the Devonian (Fig. 5). The results presented here support a
model that both craton and mobile belt have been at temperatures below c. 250 °C since the
early Paleozoic, and that the basement’s cooling to near surface temperatures (T < 60 °C)
happened before the breakup of West Gondwana and South Atlantic rifting in the Mesozoic
(Fig. 7).

5.1 The early Paleozoic cooling phase

The ZFT ages of the basement reported here range through the entire Paleozoic, with
the majority being older than the Silurian. These ages are considerably older than those of de
Oliveira et al. (2016) (Fig. 3), who used the ZFT method to date sedimentary rocks from the
Camaqua Basin and reported mostly late Paleozoic ages. The difference between the
lithologies investigated using the ZFT method does not provide any straightforward
explanation of the disagreement between the ages but, as argued by Hueck et al. (2019),
zircons from sedimentary rocks present a wider compositional spread, which might bias the
ZFT ages due to implicit crystal selection during the analytical procedures. Furthermore, de
Oliveira et al. (2016) used the external detector method for the ZFT dating, while we applied
the LA-ICP-MS method, which could have had some minor influence in the obtained ages. In
any case, the contrasting ages might represent different thermal histories for the Camaqua
Basin and the surrounding crystalline basement and demand further studies on the subject.

Similarly, the ZFT ages from the Piedra Alta and Tandilia terranes, southwest of Uruguay,

are slightly younger than the rest of the basement (Fig. 3 and 6), which could suggest that part
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of the Rio de La Plata Craton cooled through temperatures of 240 + 50 °C only by the
middle/late Paleozoic. However, low-eU zircons from the same region resulted in early
Paleozoic ZHe ages (Fig. 4), thermochronometer with a lower temperature range (c. 190-150
°C), in an apparent contradiction to the ZFT ages. There is no indisputable explanation for such
controversy between these ZFT and ZHe ages, but the degree of radiation damage within the
crystals might be responsible for the young ZFT ages obtained in the craton. It is argued that
the presence of alpha-damage lowers the thermal stability of fission tracks in zircons (Tagami
2005), and that crystals with high levels of accumulated radiation damage appear to have
lower ZFT closure temperature (Garver et al. 2005; Marsellos & Garver, 2005). Furthermore,
the western samples from the Rio de La Plata Craton, in particular the ones from the Piedra
Alta Terrane, present considerable single-crystal ZFT age dispersion, in which low-eU crystals
have ages as old as the Mesoproterozoic and high-eU zircons showing ages as young as the
Triassic (see Supplementary Material), in a similar way as observed by Garver et al. (2005).
Moreover, K-Ar and Ar-Ar ages from the Piedra Alta Terrane indicate cooling through c. 420-
350 °C during the Paleoproterozoic, without a thermal overprint during the Brasiliano/Pan-
African Cycle in the Neoproterozoic-Cambrian (Teixeira et al. 1999; Oyhantcabal et al. 2011).
Therefore, the cratonic rocks were maintained at relatively low temperatures (below c. 350 °C)
for about 2 Ga, favoring the accumulation of radiation damage within their zircons for a very
long time. Thus, we interpret that the somewhat young ZFT ages we obtained in the Piedra
Alta and Tandilia terranes reflect a lengthy and slow cooling of the craton, which caused an
heterogeneous accumulation of radiation damage within the zircons at relatively low
temperatures during many hundreds of millions of years. In consequence, the variable
retentivity and stability of fission tracks within each individual zircon led to the dispersed ages,
in which highly damaged zircons ultimately resulted in young single-crystal ages. The limited
amount of ZFT data prevent further interpretations but raises an exciting opportunity for
further studies in the area, such as, for example, whether populations of zircons from a single
sample but with different eU content and ages record distinct cooling phases in cratonic
regions.

The compilation of ZHe data reinforces the possible control that the zircon eU content
exerts in the thermochronometry ages. Both the Rio de La Plata Craton and the Dom Feliciano
Belt show a negative correlation between ZHe ages and eU, with low-eU zircons resulting in
early Paleozoic ages and high-eU zircons in Mesozoic ages (Fig. 4). The eU control is more
evident in the Dom Feliciano Belt, the zircons of which presents a wider range of eU content
(Fig. 4B2’). This is a well-known negative correlation in ZHe ages (e.g. Reiners, 2005; Guenthner

et al. 2013), and makes evident how ZHe analysis can be biased because of crystal selection. It
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is recommended, during ZHe dating, to analyze zircons with variable levels of opacity, which is
a proxy for the level of the crystal metamictization, thus allowing evaluation of the influence of
eU in the obtained ages (Ault et al. 2018).

In any case, the general concordance between ZFT and ZHe ages, especially among
those zircons less affected by the radiation damage, suggests a fast cooling of the basement
from c. 290 to 150 °C during the early Paleozoic, corresponding to the temperature interval
covered by these thermochronometers. Such a cooling phase likely represents a stage of
thermal relaxation and general exhumation of the basement after the end of the
Brasiliano/Pan-African Cycle (Neoproterozoic to Cambrian) (Fig. 7). Furthermore, K-Ar ages
from shear zones and faults corroborate tectonic activity in Uruguay between the Cambrian

and Devonian (Hueck et al. 2017).
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5.2 The West Gondwana breakup event

The integration of the thermochronometry data from the Rio de La Plata Craton and
Dom Feliciano Belt suggests that both units went through very similar thermal histories
through the Phanerozoic. Based on the results of the ZFT and ZHe thermochronometers from
this work, Hueck et al. (2017, 2019) and Machado et al. (2019, 2020), it seems that most of the
region went through a cooling/exhumation phase in the early Paleozoic, after the end of the
Brasiliano/Pan-African Cycle, and reached temperatures below 200 °C before the Devonian.
However, the thermal history for the Rio de La Plata Craton and Dom Feliciano Belt after this
initial cooling phase is still a matter of debate.

Thermal models based only in (U-Th)/He data from Hueck et al. (2017, 2019) support
either (1) an hypothesis in which samples were near the surface (T < 60 °C) by the Silurian but
could be reheated to temperatures up to 100 °C after that, or (2) a hypothesis without the low
temperatures (T <60 °C) in the Silurian, in which samples remained at temperatures higher
than 60 °C until the Triassic. The authors argue in favor of the first scenario, claiming that the
basement reached near surface temperatures during the Silurian and then went through cycles
of burial and exhumation correlated to the Parana Basin depositional cycles. As mentioned in
section 4.2, such a long period at low temperatures and the successive cycles of reheating due
to sedimentation and erosion could explain the dispersion of the AHe ages. Moreover, it is
likely that sediments from the Parana Basin had covered, at least partially, the present-day
exposed crystalline rocks (Fig. 7), as a basement window of the Nico Pérez Terrane crops out of
the Parana Basin in the north of Uruguay (Isla Cristalina de Rivera) (Fig. 2), and minor remnants
of the Gondwana Il supersequence from the Parana Basin are present over the Dom Feliciano
Belt in Brazil.

On the other hand, the AFT data and models from de Borba et al. (2002, 2003), Kollenz
(2015), de Oliveira et al. (2016), Gomes & Almeida (2019) and Machado et al. (2019, 2020)
suggest, for most of the basement, temperatures above 120 °C in the Early Devonian (400 Ma),
and around 100 °C in the Carboniferous-Permian transition (300 Ma) (Fig. 5). The cooling trend
observed in Figure 5 is interpreted as a representation of the basement exhumation, which
progressively brought deeply buried rocks to shallower and cooler regions of the crust.
Furthermore, the 97 AFT ages compiled from published studies range from 383 + 40 Ma to 74
+ 5Ma, of which 74 ages are Mesozoic, mostly Jurassic (Figs. 3 and 6). This large dataset AFT
data and models indicate that the Rio de La Plata Craton and Dom Feliciano Belt cooled down
between c. 110° and 60 °C only in the Mesozoic, before the West Gondwana breakup, hence

exposure to near surface conditions (T < 60 °C) in the Silurian is less likely. This does not rule
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out the hypothesis of partial burial of the region by the cycles of the Parana Basin, whereas
maturation studies on the basin suggest that the sedimentary packages did not exceed 100 °C
since the Devonian (da Silva & Cornford, 1985; Machado et al. 2020).

According to the compilation of AFT models from the aforementioned authors (Fig. 5),
most of the Rio de La Plata Craton and Dom Feliciano Belt reached temperatures near or below
60 °C by the Jurassic, before the Parana-Etendeka LIP event and the South Atlantic opening.
Temperatures would then have remained around 60 °C until at least the end of Mesozoic, with
some locations passing through a subtle reheating immediately after the breakup, as observed
in models from Kollenz (2015), de Oliveira et al. (2016) and Machado et al. (2019, 2020).
Therefore, this reheating could have caused the dispersion of the AHe ages obtained in the
region (Fig. 4). Such a reheating phase is backed up by the geological evidence of voluminous
magmatism associated with the South Atlantic opening: Permo-Triassic to late Cretaceous
alkaline magmatism is recorded in the margins of the Parana Basin (Riccomini et al. 2005), the
Parana-Etendeka LIP surrounded the craton and belt c. 134 Ma ago (Turner et al. 1994; Rosseti
et al. 2014), dikes swarms associated with the Parana-Etendeka LIP were recently identified in
South Brazil and Uruguay (Hartmann et al. 2016; Demarco et al. 2020), the forming marginal
Pelotas Basin records intense magmatism during its early development (Beglinger et al. 2012;
Stica et al. 2014; McDermott et al. 2019), the Laguna Merin Basin in Uruguay was filled with
volcanic rocks c¢. 130 Ma ago (Cernuschi et al. 2015), and alkaline magmatism is recorded in the
study region until the late Cretaceous (Barbieri et al. 1987; Gaucher et al. 2016). Furthermore,
the West Gondwana breakup and LIP event are often related to the presence of the Tristan da
Cunha mantle plume, the thermal influence area of which includes the craton and belt, and is
recorded on the oceanic plates following breakup (White & McKenzie, 1989; Turner et al.
1994; Meisling et al. 2001; Gibson et al. 2006). The sum of all these volcanic events likely
increased the regional geotherm gradient during the Cretaceous. In addition, the Mesozoic
cooling/exhumation of the region could have been caused by mantle plume push and magma
accumulation beneath the lithosphere before breakup, which would increase the stretched
continental plate buoyancy and cause elevated topography during rifting (White & McKenzie,
1989; Quirk & Ripke 2018; Machado et al. 2019, 2020). Hence, the hypothesis of a protracted
cooling of the Rio de La Plata Craton and the Dom Feliciano Belt during the Paleozoic and
Mesozoic is feasible, with the basement reaching temperatures near 60 °C just before South
Atlantic opening, and going through a thermal disturbance with subtle reheating caused by the
various magmatic events during the Cretaceous. This thermal history better fits the AFT

models from de Borba et al. (2002, 2003), Kollenz (2015), de Oliveira et al. (2016), Gomes &
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Almeida (2019) and Machado et al. (2019, 2020), incorporates the trend of younger AFT ages
towards the volcanic margin northeast, and the AHe age dispersion as well.

Independently of the thermal history and exhumation path during the Paleozoic and
Mesozoic, there is general agreement that the basement was near the surface (T < 60 °C)
before the West Gondwana breakup, and that exhumation after the rift was minor (Fig. 7). The
topography profile, with peaks under 500 m on the Rio de La Plata Craton and Dom Feliciano
Belt, also suggests a period of minimum vertical movements of the crust, with predominance
of weathering and erosion after breakup. This contrasts with the thermotectonic behavior of
the South America passive margin northwards, which presents higher topography, with peaks
over 2.000 m, and significant syn and post-rift exhumation (e.g. Gallagher et al. 1994, 1995;
Saenz et al. 2003; Hackspacher et al. 2004; Hiruma et al. 2010; Cogné et al. 2011, 2012; Karl et
al. 2013). The transition between these distinct crustal behaviors appears to be near the city of
Floriandpolis, approximately in the limit between the Pelotas and Santos basins, and the low
continental topography to the south and the higher to the north (Figs. 1 and 2). This region is
also connected to the mid-ocean ridge through the Rio Grande Fracture Zone (a.k.a.
Floriandpolis Fracture Zone), one of the most prominent transfer zones in the oceanic crust
and which had an important role during the South Atlantic opening and plate rotation (Torsvik
et al. 2009; Stica et al. 2014; Granot & Dyment 2015; Graca et al. 2019).

In any case, it appears that the key to constraining the recent thermotectonic history of
the Rio de La Plata Craton and Dom Feliciano Belt is to better comprehend what information
the AHe age dispersion possesses. This thermochronometer has the potential to define when
and for how long the basement in the region sustained near-surface temperatures, and how
effective were the reheating phases caused by burial under the Parana Basin sediments and by
the magmatism during the West Gondwana breakup. There are still unknowns about the (U-
Th)/He system that should be addressed to allow more reliable thermal histories to be derived
solely from it (Green & Duddy 2018), especially in a region like this, where the accumulation of
radiation damage within apatites and zircons appears to play a major role in the

thermochronometry ages.
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Figure 7: Schematic cross section along the Rio de La Plata Craton and Dom Feliciano Belt, as
shown in Figure 2, and with basement temperatures from Figure 5. Question marks indicate
uncertainty in the extent of the Parand Basin. 1) General post-Brasiliano/Pan-African basement
exhumation, suggested by zircon thermochronometry and AFT inverse models, with
uncertainty about the subsidence and area covered by the Parana Basin (Parand
supersequence). At the time, temperatures in the Piedra Alta Terrane were considerably lower
than in the Pelotas Batholith. 2) Beginning of the period of more intense regional uplift, which
lasted until middle Mesozoic, suggested by AFT ages and inverse models. Such a phase is likely
related to the far-field propagation of tectonic stress caused by plate collision and accretionary
processes on the SW margin of West Gondwana, and subsequently by mantle push and
lithospheric thinning before the South Atlantic opening (Jurassic-Cretaceous). Local subsidence
and sedimentation of the Parana Basin (Gondwana | and Il supersequences) might have
happened at the same time of regional uplift. The Pelotas Batholith maintained its higher
temperatures relative to the rest of the region, and local high temperatures were observed in
some published thermal models. 3) During the West Gondwana breakup and South Atlantic
opening, the rocks exposed at present were already near the surface (temperatures near 60
°C). All magmatism associated with the breakup event was not enough to reset any of the low-
temperature thermochronometers, but maintained the basement temperatures near 60-70 °C
for a long time, favoring the overdispersion of AHe ages. FORMAT SUGGESTION: 1.5 or 2
column wide.
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6 Conclusions

In this study we have provided the first ZFT ages for the Rio de La Plata Craton and Dom
Feliciano Belt, on the passive margin of South America. We also reviewed the previously
published data from apatite fission tracks and apatite and zircon (U-Th)/He, plus the thermal
histories modeled for the region. The current thermochronology dataset of the region
encompasses 26 ZFT ages, 139 single crystal ZHe ages, 97 AFT ages and 131 single crystal AHe
ages, plus 77 inverse thermal models based on AFT data. This large dataset indicates a
protracted and complex thermal history for the crystalline basement, of which some questions
remain open for further investigation.

The thermal history of both craton and belt includes an early Paleozoic cooling phase,
suggested by the ZFT and ZHe data, in which the basement reached temperatures below c. 200
°C. Such a cooling phase is likely related to regional exhumation after the end of the
Brasiliano/Pan-African Cycle (Neoproterozoic-Cambrian) and formation of West Gondwana.
After this initial cooling, the thermal history is still open to discussion. While some studies
suggest that most of the basement reached temperatures below 60 °C in the Silurian (Hueck et
al. 2017, 2019), others support a model where these temperatures were reached only in the
Paleozoic-Mesozoic transition (this work; de Borba et al. 2002, 2003; de Oliveira et al. 2016;
Gomes & Almeida 2019; Machado et al. 2019, 2020). In any case, it is likely the Parand Basin
sedimentary cycles were responsible for partial burial of the crystalline basement during the
Paleozoic, which might have caused a minor increase in the basement temperatures. Besides,
the magmatism associated with the South Atlantic opening probably caused a temperature
disturbance in the region during the Cretaceous, maintaining the basement near 60 °C for 100
Ma or even increasing the temperature at some locations, as indicated by models from Kollenz
(2015), de Oliveira et al. (2016), Gomes & Almeida (2019) and Machado et al. (2019, 2020). The
observed AHe age dispersion supports a subtle reheating of the basement during the
Phanerozoic, but the mechanism driving such a temperature increase is not clear yet. During
the breakup, the rocks exposed at present in the Rio de La Plata Craton and Dom Feliciano Belt
were already near the surface (T < 60 °C). After the rift, cooling and exhumation were minor in
the region, in contrast to the South Atlantic margin to the north.

The dispersion of the AHe ages appears to contain the key to a fuller understanding of
the final cooling/exhumation paths of the Rio de La Plata Craton and Dom Feliciano Belt in the
Phanerozoic. Further studies of the behavior of this thermochronometer, the influence of eU
content and radiation damage within apatites and zircons during long periods at low

temperatures, and the effects of minor reheating phases in age dispersion are recommended
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to better constrain the thermal history of the region and other areas with comparable

geological contexts.
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Table 1: Summary of Zircon Fission Track results obtained for the Rio de La Plata Craton and the Dom Feliciano Belt, using the LA-ICP-MS method. Pooled
and Central ages are reported, calculated using a primary zeta of 0,0401 + 0,0005 based on Fish Canyon Tuff standard. N, number of crystals analyzed; x2,
chi-square probability of single population.

Sample Lat Long Elevation Lithology N Pooled age ".95% "+95% Central age 1o x2 MeanU MeanTh Mean Sm
# ) ) (m) type # (Ma) (Ma) (Ma) (Ma) (Ma) (%) (ppm) (ppm) (ppm)
Rio de La Plata Craton
Piedra Alta Terrane

uYle -34.06 -55.31 266 Granite 10 297.5 43 50 450 98 0 114.4 148.1 20.3

uY26 -34.10 -56.20 47 Granite 10 298.5 40 46 357 48 5 147.2 49.2 38.6

uy27 -33.96 -56.24 133 Granite 10 322.2 48 56 484 99 0 119.1 124.4 371
Tandilia Terrane

uY18 -34.06 -55.31 266 Gneiss 8 337.4 53 63 385 46 50 84.6 74.5 15.0

uY19 -34.92 -56.17 150 Granite 10 354.1 58 69 426 48 37 28.7 20.7 16.1
Nico Pérez Terrane

Uyl -31.89 -54.16 225 Granite 10 506.5 65 74 527 54 96 94.3 81.9 13.7

uy13 -33.28 -54.62 102 Granite 10 527.4 78 91 562 61 100 51.5 77.7 65.7

uy21 -34.41 -55.25 182 Granite 9 468.7 61 70 469 53 100 629.7 233.4 205.6

uy23 -34.81 -55.25 121 Syenite 10 489.2 59 66 487 50 100 70.2 51.5 46.2

Dom Feliciano Belt
Pelotas Batholith

RS04 -30.90 -52.06 107 Granite 10 464.2 65 75 479 54 100 614 59.4 19.3
RSO7 -31.26 -52.34 284 Granite 10 450.3 59 67 494 69 3 115.5 104.0 154
RS10 -31.59 -52.51 190 Diorite 10 437.6 57 65 482 49 38 114.0 110.4 15.9
RS12 -31.03 -53.39 285 Granite 10 464.3 59 67 472 50 100 56.8 54.1 15.2
RS14 -31.46 -53.34 426 Granite 7 461.4 78 93 500 65 84 107.4 83.8 17.5
uy3 -32.62 -54.21 256 Mylonite 10 451.3 62 71 463 52 100 85.8 75.0 13.2
Cuchilla Dionisio Terrane
uY29 -34.85 -54.63 7 Granite 10 530.5 64 73 550 56 @46 94.3 81.9 13.7
uY30 -34.59 -54.12 3 Schist 10 311.6 46 53 321 37 100 69.7 47.6 10.3

uy32 -34.04 -53.54 4 Granite 10 2543 37 43 280 31 67 104.8 89.4 16.4



Table 2: Summary of Apatite (U-Th)/He ages and parameters. Crystal dimensions were used to estimate an equivalent spherical radius. eU, total uranium
content; Unc., uncorrected; Corr., corrected; Ft, alpha ejection factor for age correction (see Farley et al. 1996).

Apatite (U-Th)/He analyses

Sample Lat Long Elevation Lithology Crystal U Th Sm He eU Radius Age Unc. Ft AgeCorr. 20 Ave. Corr. +20
#__ ) L ®) (m) type # Il,(ppm) Il,(ppm) |I',(ppm) '(nmol/g) I_,(plom)w(um) L, (Ma) BN (Ma) F(Ma) L (Ma) i (Ma)
X1 '-30.56 -52.45 440 Granite 1 '36.24'53.85  82.63 | 34.82 '49.05 39.40 @ 1287 '0.621 2072 124 2177 224

2 5429911676964 " 5918 "7562736.20 ¥ 1421 05917 2401 144
3 "5226"82.31M4188" 4947 719273777 T 1247 "0.606" 2056 7123
x2 311575283 330 Granite 1 "86.97"13.69M13.10" 96.66 "90.69"752.79 " 1933 "0.725" 2666 7160 " 3067 7 466
2 28227235 T87.74 ¥ 39.19 2920746550 7 2411 T0.6937 3474 T20s
3 "5824"533 "06.28" 69.09 "60.01744.42 7 2083 "06817 3061 7183



Highlights

First zircon fission-track ages for the Rio de La Plata Craton and Dom Feliciano belt

Data support an early Paleozoic cooling phase, after the Brasiliano/Pan-African Cycle
Protracted and complex thermal cooling of the region during Phanerozoic

Basement was near surface (T< 60°C) before Mesozoic rifting and West Gondwana breakup

Magmatism related to the Atlantic rifting had minor effect in basement temperature
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