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ABSTRACT 

The Brazilian margin is one of the longest elevated passive margins (EPMs) in the world. 

However, both the timing of uplift and the long-term evolution of this EPM remain highly 

debated. In this study, we present a new suite of apatite (U-Th-Sm)/He (AHe) and fission track 

(AFT) ages for the southern end of the Brazilian EPM, in the Aparados da Serra plateau. 

Combined with literature data, our results reveal that mean AHe ages range from 43 – 112 Ma, 

while AFT ages range from 46 – 222 Ma. Thermal history models suggest monotonic 

exhumation rates in the Aparados da Serra, with post-rifting rates < 50 m Myr-1 in the coastal 

plain and < 25 m Myr-1 in the volcanic plateau. Collectively, our results imply a total erosion of 

2 – 4 km of material from the coast and < 2 km from the plateau since rifting ca. 120 – 100 Ma. 

AHe and AFT data indicate no detectable accelerated phase of exhumation during the 

Cenozoic, implying that recent uplift along the margin was either absent or minimal, and that 
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the relief observed in the Aparados da Serra is likely a consequence of sustained rift 

topography. Based on the absence of major recent tectonic events, we argue that Cenozoic 

exhumation patterns in the Aparados da Serra were largely controlled by geomorphologic 

processes (e.g., differential erosion). Lastly, the equivalence between long (AFT and AHe) and 

short-term (catchment-averaged) erosion rates argues for sustained stability of the margin 

over geological timescales. 

1 INTRODUCTION  

Elevated passive margins (EPMs) represent the most dynamic regions within passive 

tectonic settings, featuring maximum erosion rates that are comparable to those in 

tectonically active regions (Wang et al., 2021). Despite significant research into the role of 

post-break-up deformation, uplift, and erosion along EPMs (e.g., Gallagher et al., 1994; van 

der Beek et al., 2002; Japsen et al., 2012; Braun, 2018; Hueck et al., 2019), fundamental 

questions about the timing of uplift and long-term geomorphic evolution of these settings 

remain controversial (Braun, 2018; Fonte-Boa et al., 2022; Danišík & Kirkland, 2023). One 

central debate concerns whether present-day EPM topography largely reflects preserved rift 

relief maintained by lithospheric flexure and isostatic support (e.g., Nielsen et al., 2009; Jess 

et al., 2019, 2020; Sacek et al., 2019; Silva and Sacek, 2019), or whether it results from 

episodic post-rift uplift, erosion, and peneplanation cycles (e.g., Japsen et al., 2012; Green et 

al., 2022). In addition to these geodynamic processes, the dominant geomorphic processes 

responsible for EPM degradation remain debated, particularly whether erosion occurs mainly 

through progressive plateau degradation or through headward escarpment retreat (van der 

Beek et al., 2002; Braun & van der Beek, 2004; Braun, 2018). 
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The southeast Brazilian continental margin comprises one of the longest EPMs on 

Earth (Fonte-Boa et al., 2022). This margin features a series of 1 – 3 km asl escarpment 

systems stretching for nearly 2,000 km along the South Atlantic coast (Fig. 1A), with striking 

structural and lithologic diversity (Fonte-Boa et al., 2022). The southern end of this system 

(south of lat. 28°S), hereafter named Aparados da Serra, is distinct from other segments of the 

EPM due to its extremely low-relief plateau (Fig. 1B-C), elevated topography (~ 1 km asl), and 

absence of post-break-up volcanism or reactivation, which are common features along other 

parts of the Brazilian EPM (Riccomini et al., 1989; Cogné et al., 2012; Sacek et al., 2012; Fonte-

Boa et al., 2022; Fonseca et al., 2023). Despite these distinctive characteristics, the 

exhumation history of the Aparados da Serra remains poorly constrained, as 

thermochronological studies have predominantly focused on the northern segment of the 

Brazilian EPM (Fig. 1D-E). 

In this study, we present a suite of apatite (U-Th-Sm)/He (AHe) and fission track (AFT) 

dates for the Aparados da Serra (Fig. 1E). Combined with geological observations, inverse 

thermal history models are compatible with a protracted exhumation histories since rifting at 

ca. 120 - 100 Ma. These results indicate that the present-day elevated topography of the 

Aparados da Serra does not require significant Cenozoic uplift and can instead be explained 

by long-term denudation following Cretaceous rifting. Lastly, the spatial distribution and range 

of AHe ages show some correspondence with an escarpment-retreat hypothesis; however, 

the limited number of samples and the absence of a clearly resolved cooling wave prevent a 

definitive assessment of denudation style. Collectively, these results provide new constraints 

on the long-term evolution of southern Brazilian elevated passive margins. 
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2 GEOLOGICAL BACKGROUND 

Located at the southern limit of the Brazilian EPM, the Aparados da Serra consists of a 

volcanic plateau (1.0 – 1.6 km asl) bounded to the east by a 200-km long NNE-SSW-trending 

escarpment (Fig. 2). From north to south, the escarpment morphology transitions from a 

simple, “divide-type escarpment” in which the divide and scarp edge are coincident and sub-

linear to a more complex and sinuous “gorge-head type” escapement, marked by a series of 

embayments and deeply incised fluvial valleys (Fig. 2) (Haag et al. 2025b). This trend is 

accompanied by a decrease in the distance between the escarpment and the coast, which 

gradually declines from ~ 90 km in the north to 15 km in the south (Fig. 2).  

Geological units are divided into three major groups along the Aparados da Serra, from 

older to recent: (i) underlying basement units include plutonic and metamorphic rocks 

(Ediacaran) of the Dom Feliciano Belt (Brasiliano Orogeny); (ii) overlying clastic (marine – 

fluvial) sedimentary rocks of the Paraná Basin (Lower Permian - Cretaceous); and (iii) capping 

effusive volcanics of the Paraná-Etendeka LIP (lower Cretaceous), locally grouped in the Serra 

Geral Group (Milani et al., 2007; Canile et al., 2016; Rossetti et al., 2018; Gomes & 

Vasconcelos, 2021; Salazar‐Mora and Sacek, 2023; Scherer et al., 2023). In the study area, the 

escarpment is mainly composed of volcanic and sedimentary rocks, while basement units are 

restricted to the lower coastal domains. No younger lithological units have been identified 

overlying the plateau or along the escarpment face (Wildner 2008, 2014). This absence may 

reflect either non-deposition of post-rift sedimentary units or their complete removal by 

erosion since rifting. 
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Tectonically, the study area evolved from an orogenic collisional setting (Pan-

African/Brasiliano, Neoproterozoic) to a large intra-cratonic basin (Ordovician–Cretaceous), 

characterized by the deposition of thick sedimentary units of the Paraná Basin (Milani et al., 

2007; Scherer et al., 2023). The geological record of the Paraná Basin is characterized by 

extensive periods of exhumation (e.g., Lower Triassic–Upper Jurassic), as indicated by several 

unconformities within the basin (Milani et al., 2007; Canile et al., 2016; Scherer et al., 2023). 

Relevant to this study, the late tectonic history (Cretaceous–Present) includes the 

emplacement of the Paraná-Etendeka LIP, resulting in the deposition of > 2 km of lavas (Milani 

et al., 2007; Rossetti et al., 2018; Gomes & Vasconcelos, 2021; Krob et al., 2019). The 

emplacement of the Paraná -Etendeka LIP was followed shortly by the opening of the South 

Atlantic through rifting, establishing a passive margin in the region at ~ 120 – 100 Ma (Contreras 

et al., 2010; Stica et al., 2014).  
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Figure 1 – A) Topographic setting of the southeast Brazilian passive margin and the available AFT cooling ages; B) 

GoogleEarth view of the central segment of Aparados da Serra; C) Field photo of deeply incised canyons along 

the south limit of the study area; D-E) 300-km wide elevation swath profile (left axis) along the passive margin, 

from the Uruguayan Shield to the Serra do Mar and Serra da Mantiqueira ridges, along with the available (D) AFT 

cooling ages (right axis) and (E) AHe cooling ages (right axis). The AFT panel includes data compiled from Krob et 

al. (2020), while AHe includes data from Karl et al. (2013), Krob et al. (2019), Cogné et al., (2011, 2012), Hueck et 
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al. (2019), Machado et al. (2019, 2020), and Gezatt et al. (2021). In D and E, pixel density represents terrain 

elevation. The timing of rifting is indicated with a horizontal red line at an age of 100 - 120 Ma.  

 

Figure 2 – A) Topography of the study area with the respective AHe cooling ages. B) Relief of the study area with 

respective available AFT central ages. C) Inset of the northern section of the study area (Rio do Rastro Profile) 

highlighting AHe and AFT ages; D) Cross section on escarpment edge with respective AHe sample locations. 

Samples from the literature include data from Gallagher et al. (1994), Karl et al. (2013), Krob et al. (2019) and 

Bicca et al. (2020). A geological map is provided in SI1. 

3 METHODS 

To resolve the exhumation history of the study area we combine apatite low-temperature 

thermochronology techniques, apatite (U–Th)/He (AHe) and apatite fission-track (AFT), with 

thermal history modeling. All analytical procedures were performed at the Calgary Geo- and 
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Thermochronology Laboratory of the University of Calgary and follow the methods 

summarized by McKay et al. (2021) for AHe analysis and Fraser et al. (2021) for AFT analysis. 

3.1 Sampling strategy 

Sampling focused on transects perpendicular to the escarpment face, along one 

elevation profile, and at several control points along the escarpment face and coastal plain 

(Fig. 2A). In this contribution, all samples are collected from sedimentary units of the Paraná 

Basin, including: Botucatu Fm. (Early Cretaceous; medium to fine eolian sandstone; Scherer, 

2000), with a depositional age of 134 – 145 Ma (Bertolini et al., 2020) and U-Pb peak in zircon 

provenance ages of Ediacaran age (Canile et al., 2016; Bertolini et al., 2021); and Rio do Rastro 

Fm. (Permian–Triassic; fine sandstones interbedded with siltstone and mudstones; Canile et 

al., 2016), with a depositional age of 250 – 280 Ma (Milani et al., 2007; Canile et al., 2016) and 

U-Pb zircon provenance of Ediacaran age (Canile et al., 2016). For details on sampling sites, 

please check SI1. For each sample, we collected 2 – 5 kg of material for mineral processing, 

which was performed at the University of Toronto Mississauga, following the approach of 

Donelick (2005). Please refer to SI2 for details on mineral separation. 

In addition to our own AHe and AFT data, we also include three AHe samples from Karl et 

al. (2013) and forty AFT samples from Gallagher et al. (1994), Karl et al. (2013), Krob et al. 

(2019), and Bicca et al. (2020) in our data analysis (Fig. 2). These studies include sedimentary 

samples from the Rio Bonito Fm. (Carboniferous–Permian; fine sandstones interbedded with 

siltstone and mudstones; Canile et al., 2016), volcanics from the Serra Geral Gr., as well as 

granitoid samples from basement rocks (Ediacaran).  
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3.2 Apatite (U-Th-Sm)/He 

We focus on AHe analysis due to its low-temperature sensitivity with the partial retention 

zone for helium (HePRZ) ranging from 40 – 70°C (e.g., Flowers et al., 2009), suitable for 

analyzing near-surface (1 – 2 km) processes (e.g., van der Beek et al., 2002; Braun & van der 

Beek, 2004). In this contribution, we present AHe ages for a total of ten samples (Table 2). For 

each sample, whenever possible, we select well-formed, unbroken, inclusion-free crystals 

using a Stereo Microscope model ZEISS SteREO Discovery.V12 (SI3). We then picked five to 

seven crystals from this pool, recording each crystal’s length, long width, short width, number 

of terminations, and surface aspects. Lastly, we packed individual grains in Nb tubes and 

performed the He extraction using an Applied Spectra Alphachron helium line, while parent 

isotopes (235U, 238U, 232Th, and 147Sm) were determined via isotope dilution (Evans et al., 2005). 

We calculated ages using the Taylor expansion method and corrected for alpha ejection using 

the approach of Ketcham et al. (2011). Analytical results are reported in the SI3.  

3.3 Apatite Fission Track 

We selected six samples for AFT dating using laser ablation fission track analysis (LA-

AFT) (Hasebe et al., 2004). AFT dating is sensitive to slightly higher temperatures when 

compared to AHe, with the fission track partial annealing zone (PAZ) ranging 60–120°C (e.g., 

Gallagher et al., 1998). We mounted and polished the selected samples, followed by standard 

etching protocol of 5.5M HNO3 at 21°C for 20 seconds (Donelick, 2005). A detailed description 

of sample preparation is provided by Fraser et al. (2021). We aimed to date 30 grains per 

sample and measured the diameter of the track opening parallel to the c-axis (Dpar) to gain 
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information on apatite kinetic parameters (Ketcham et al., 2007). The grains chosen for dating 

had homogeneous track distribution, no fractures and no inclusions. Spontaneous track 

counting was performed in a Zeiss AxioImager.M2m optical microscope equipped with an 

Autoscan System Pty. Ltd. Stage. Similarly, confined track lengths measurements were 

conducted and are reported in SI4. U concentration measurement was performed using an 

Applied Spectra Resolution LR Laser Ablation System coupled to an Agilent 7700x Quadrupole 

ICP-MS. Ablation spots were 33µm in diameter and placed in the center of the area where 

spontaneous tracks were counted. The fission track ages were calculated and zeta calibrated 

using the equations outlined by Hasebe et al. (2004, 2013). Durango apatite standards were 

frequently analyzed throughout the laser ablation session to ensure proper zeta calculation. 

Additionally, NIST610 was analyzed for calculation of uranium concentrations. Complete AFT 

data analysis results (analytical results, radial plots, length measurements and Dpar) are 

reported in SI4. 

3.4 Thermal history modelling  

We combined AHe and AFT cooling ages, track length, compositional data, and 

independent geological constraints to perform inverse thermal history modeling using QTQt 

5.8.6 (Gallagher, 2012), thereby testing the consistency of the known geological evolution 

against the thermochronological dataset. QTQt uses a Markov Chain Monte Carlo (MCMC) 

approach to obtain a set of “acceptable” thermal histories. For each model, we secure 

algorithm stability by performing runs with at least 1 million iterations, ensuring a steady 

likelihood chain (Gallagher, 2012). Additionally, samples located within the same region and 

without evidence of tectonic displacement (e.g., BR-9, 10 and L-1; Fig. 2) are modelled as a 
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group. Thermal histories modelling was only completed on samples with both AFT and AHe 

data (BR-3, 4, 6, 7, 9, and 10), or on those AHe samples that could be included in a joint 

inversion with other samples (e.g., BR-1, 2, and L-1). Initial modeling attempts using 

exclusively AHe data (BR-5 and 8) revealed data dispersion that was too high to yield 

meaningful results. In the inverse modelling, we exclude three grains (BR-4d, BR-7c, and BR-

8e) due to anomalously high Th and Sm contents and because they fall outside expected 

parent–daughter trends (SI3; Fig. S3.5) (Härtel et al., 2022). 

Table 1 – Inputs for the thermal model. HP indicates the plateau elevation, while HS the sample elevation, in km. 

* The timing at which the Rio do Rastro Formation first approached near-surface conditions remains poorly 

constrained and may have occurred as early as ~200 Ma. However, prescribing a near-surface timing of 140 Ma 

does not affect the model results, because the model has sufficient freedom to evolve toward shallow crustal 

temperatures regardless of the exact timing. 

Timing Event Class Affected units Temperature References 

0 Ma 
Present day 

temperature 
All units 20 ± 10 °C Wygrala (1989) 

133 ± 1 Ma Depositional 

Serra Geral Gr. 

(Paraná-Etendeka 

LIP) 

TMIN = (HP – HS) x 30°C 

TMAX = Unconstrained 

Gomes & Vasconcelos 

(2021) 

140 ± 6 Ma 
Depositional Botucatu Fm. 

20 ± 10 °C Milani et al. (2007); Canile 

et al. (2016); Bertolini et 

al. (2020). 

Exhumation* Rio do Rastro Fm. 

265 ± 15 Ma Depositional Rio do Rastro Fm. 20 ± 10 °C 

580 ± 80 Ma Provenance All sedimentary units 800 ± 200 °C 

We performed joint inversion of AFT and AHe data using the fission-track annealing 

model of Ketcham et al. (2007) and the diffusion model of Gautheron et al. (2009). Single-grain 
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AHe age dispersion is expected in detrital samples that may have experienced prolonged 

residence in the HePRZ (e.g., Jess et al., 2019). Considering that all samples in our dataset are 

detrital and likely resided for extended periods within the HePRZ (Gallagher et al., 1994; Karl 

et al., 2013; Krob et al., 2019; Bicca et al., 2020), we implemented additional steps to better 

account for kinetic variability in thermal modeling: (i) we applied the radiation damage model 

(Gautheron et al., 2009; Recanati et al., 2017) to account for changes in helium diffusivity, and 

(ii) we resampled the additional activation energy (ΔEb) required for diffusion of helium trapped 

in damage vacancies (Gautheron et al., 2009, 2012; Gerin et al., 2017). Accordingly, while the 

radiation damage model seeks to compensate for changes in diffusion kinetics, resampling 

ΔEb between 20 – 50 kJ mol-1 seeks to improve model predictions by accounting for different 

apatite composition and damage (Gerin et al., 2017). See SI6 for further details in inverse 

thermal history modelling.  

The Paraná Basin has been extensively studied due to the presence of mineral resources 

including coal and gas (e.g., Milani et al., 2007; Bicca et al., 2020). This detailed tectonic and 

stratigraphic framework allows us to independently constrain thermal events, including 

depositional and exhumation periods outlined in Table 1. The present-day geothermal 

gradient in the study area ranges from 30 – 35°C km-1 (Vieira & Hamza, 2019) but was likely 

higher during the emplacement of the Paraná-Etendeka LIP and subsequent rifting. 

Accordingly, total overburden and erosion rates are estimated from cooling rates using 

geothermal gradient from 30 – 40°C km-1.  
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4 RESULTS 

We report a total of 51 new AHe dates from ten samples and AFT dates from six samples 

(Table 2). In our samples, single-grain AHe data range from 18 – 254 Ma, while mean AHe 

sample ages range 56 – 111 Ma. AFT central ages range from 84 – 123 Ma, with MTL of 13.31 – 

14.38 µm and Dpar of 1.93 – 2.66 µm (Table 2). All AFT samples show high dispersion with P 

(χ2) < 0.05. 

4.1 Apatite low-temperature thermochronology 

Including data from Karl et al. (2013), the mean AHe sample ages range from 43 – 112 Ma 

(Fig. 3B, SI7) in the study area. We group AHe data based on their sampling location (Fig. 3A):  

(i) Deep-incised valleys (four samples, BR-1 to 4): samples located at low 

elevations landward of the escarpment crest, at the bottom of narrow and deep 

fluvial valleys cut into the plateau and located in the southern part of the study 

area (Fig. 2A, 3A). These samples are typically older (∼ rift age), with mean AHe 

ages ranging 102 – 111 Ma (Fig. 3B).  

(ii) Escarpment face (three samples, BR-9, 10 and L-1): collected on the escarpment 

face (Fig. 2A, 3A), these samples display a wide range of mean AHe ages from 43 

– 90 Ma (Karl et al., 2013) and are younger than rifting (< rift age) (Fig. 3B). These 

samples show a positive correlation between sample elevation and AHe age (Fig. 

2D). 

(iii) Coastal plain (six samples, BR-5 to 8, L2 and L3): collected between the coastline 

and the escarpment foot (Fig. 2A, 3A), these samples also feature variable ages 
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and are relatively young (< rift age), with mean AHe ages from 56 – 87 Ma (Karl et 

al., 2013) (Fig. 3B). Spatially, AHe ages are marked by a younging trend from the 

coast toward the escarpment, although significant variability is present (Fig. 3B). 

Combined with samples from the literature (Gallagher et al. 1994; Karl et al. 2013; Krob 

et al. 2019; Bicca et al. 2020; SI7), AFT central ages range from 46 – 222 Ma, without a distinct 

spatial distribution (Fig. 3C, 4B). MTLs range from 10.3 to 15.1 µm (Fig. 4C); overall, volcanic 

samples from higher elevations, reported by Gallagher et al. (1994) feature longer length 

measurements (MTL > 14.1 µm), while sedimentary and basement samples show a spread of 

MTL values from 12.3 – 14.4 µm (Fig. 4C, SI7). 
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Table 2 – Thermochronology results. Sample elevation, stratigraphic age, and the distance to the coastline. For AHe and AFT results, N represents 1 

the number of grains analyzed; For track length results, N represents the number of measured tracks. MTL results are reported as corrected for c-axis. For 2 

AHe data, a complete table with analytical results, grain measurements, uncorrected ages and Ft correction is reported in SI3. For AFT data, complete 3 

information regarding analytical results, radial plots, MTL and Dpar measurements are reported in SI4. 4 

Sample information 
AHe results 

(corrected) 
AFT results Track length results  

Lithologic 

unit 

Sample 

ID 

Z  

(m asl) 

Distance 

to coast 

(km) 

N 
Min – 

Max (Ma) 

Mean age ± 

σ1 (Ma) 
N 

Central age 

± σ1 error 

(Ma) 

Disper

sion 
N 

Projected 

MTL ± σ1 

(µm) 

Dpar ± σ1 

(µm) 

Botucatu 

Fm. 

Early 

Cretaceous 

BR-1 145 40 5 74 – 131 105.3 ± 10.8 - -  - - - 

BR-2 71 29 5 82 – 130 105.5 ± 8.2 - -  - - - 

BR-3* 261 27 5 75 – 154 111.5 ± 13.2 28 105 ± 12 23% 32 13.31 ± 0.25 2.14 ± 0.29 

BR-4 260 27 4 18 – 122 101.7 ± 14.1 30 84 ± 14 40% 12 14.15 ± 0.23 1.93 ± 0.15 

BR-5 127 30 4 45 – 197 67.7 ± 10.0 - -  - -  

BR-9* 740 50 5 78 – 106 89.7 ± 4.6 29 91 ± 11 28% 46 14.16 ± 0.13 2.21 ± 0.18 

Rio do 

Rastro Fm. 

Upper 

Permian 

BR-6 131 41 4 44 – 161 55.7 ± 8.0 26 114 ± 18 33% 95 14.27 ± 0.11 2.33 ± 0.44 

BR-7 12 21 3 32 – 75 70.5 ± 2.7 32 107 ± 17 39% 54 14.38 ± 0.14 2.66 ± 0.43 

BR-8 30 1 7 24 – 254 - - -  - - - 

BR-10 637 49 5 43 – 76 53.6 ± 6.0 17 123 ± 12 30% 70 13.72 ± 0.16 2.35 ± 0.32 

* Samples collected within 1 m of the lava-sandstone contact. 5 
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Figure 3 – Geographic distribution of AHe and AFT ages. The x-axis shows the normalized distance between the 

coastline and the escarpment top, where 0% corresponds to samples collected at the coast, 50% to the 

midpoint, 100% to the escarpment bottom (relief < 200m/km), and values >100% indicate locations landward 

of the escarpment. A) Generalized, present-day escarpment morphology with sample location and altitude. B) 

Mean AHe cooling ages. C) AFT central ages. The main tectonic and depositional events are represented in B-

C by horizontal bars and include the deposition of Botucatu Formation ca. 140 Ma (Bertolini et al., 2020), the 

Paraná-Etendeka LIP lavas ca. 133 Ma (Gomes and Vasconcelos, 2021), the opening of the South Atlantic 
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Ocean ca. 120 – 100 Ma (Stica et al., 2014). The samples from the literature include data from Gallagher et al. 

(1994), Karl et al. (2013), Krob et al. (2019), and Bicca et al. (2020). 

 

Figure 4 – AHe and AFT results according to elevation. A) Mean AHe age, color-coded by location. B) AFT central 

ages color-coded by MTL. C) AFT central ages vs. MTL results (“boomerang” plot), color-coded by lithology. B 

and C include data from Gallagher et al. (1994), Karl et al. (2013), Krob et al. (2019), and Bicca et al. (2020).   
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4.2 Thermal history modelling 

Collectively, all joint (AHe and AFT) models (Figs. 5D-G) are consistent with a discrete 

temperature increase of ∼ 70 – 90 °C at the time of the LIP emplacement ca. 133 Ma (Fig. 

5B). Following this temperature increase, modeling results reveal an accelerated cooling 

phase from 120 – 90 Ma (1 – 9 °C Myr-1; Fig. 5C). This cooling phase is followed by slow, 

protracted cooling during the post-rift period in the Late Cretaceous throughout the 

Cenozoic. Overall, post-rifting (100 – 66 Ma) cooling rates are < 3 °C Myr-1, while Cenozoic 

rates indicate near-surface temperatures with maximum cooling rates of < 1 °C Myr-1 (Fig. 

5C).  

5 DISCUSSION 

5.1 Heating events 

In the study area, single-grain AHe cooling ages range from 17 to 254 Ma, with ~ 95% 

of all dated grains younger than the Paraná-Etendeka LIP emplacement (Fig. 3B, SI5). In 

contrast, AFT central ages range from 46 to 222 Ma, with 89% of central ages postdating the 

LIP (Fig. 3C, SI5) (Gallagher et al., 1994; Karl et al., 2013; Krob et al., 2019; Bicca et al., 2020). 

Notably, samples collected far from lava contact zones also yield young cooling ages, 

indicating that the observed age reset is not restricted to localized contact-related thermal 

effects. This indicates that the high thermal flux associated with the LIP, likely in combination 

with significant overburden, was sufficient to fully reset nearly all AHe dates in the study site 

(e.g., Hueck et al., 2018). However, the AFT system was only partially reset, consistent with 

previous results from sedimentary samples analyzed by Gallagher et al. (1994), which 
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suggest a limited sensitivity of AFT to post-LIP thermal events. This observation is supported 

by the notable dispersion observed in AFT dates (Table 2).  

All AFT central ages are younger than the depositional age of the Rio do Rastro Fm. (~ 

250 Ma, SI5), therefore matching the Gondwana I subsidence cycle of the Paraná Basin 

(Canile et al., 2016). Collectively, these results suggest that thermal effects associated with 

both the Gondwana I depositional cycle (~190 Ma) and the later emplacement of the Serra 

Geral Group/Paraná-Etendeka LIP (~133 Ma) played an important role in annealing and 

resetting apatite ages in the Aparados da Serra region. These observations are supported by 

inverse thermal history modeling results, which are consistent with a notable temperature 

increase at ~133 Ma in all modelled samples (Fig. 5). Therefore, our analyses support the 

hypothesis of widespread heating/burial associated with the emplacement of the Paraná-

Etendeka LIP (Gallagher et al., 1994; Hueck et al., 2018). Based on inverse thermal history 

models, we observe cooling paths compatible with a minimum temperature increase of ~ 65 

– 95 °C for joint (AFT and AHe) models, equivalent to a minimum overburden of ~ 1.6 – 2.3 

km of rock material if we consider a geothermal gradient between 30 and 40 °C km-1 (Fig. 5B). 

These values agree with overburden estimates obtained by previous studies in the Aparados 

da Serra (ca. 2.5 km; Gallagher et al., 1994; Karl et al., 2013; Hueck et al., 2019; Krob et al., 

2019; Bicca et al., 2020). 

Thermochronology results from other regions affected by LIPs support the discrete 

heating pattern observed in our study area. For instance, Colleps et al. (2021) demonstrated 

that the Deccan Traps experienced a distinct thermal pulse, likely reflecting a significant 
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thermal overprint caused by elevated regional heat flow, increased overburden, or a 

combination of both. Similarly, the emplacement of extensive dike swarms, sills, and thick 

volcanic flows, features commonly associated with LIPs and rifted margins, are suggested 

to substantially increase local geothermal gradients (Nyblade & Sleep, 2003; Krob et al., 

2020). Consequently, both spatially and temporally variable geothermal gradients are 

expected across regions affected by LIPs (e.g., Nyblade & Sleep, 2003). Therefore, it is 

important to note that the interpretations presented in this study do not fully account for 

these heterogeneities, which could influence the inferred thermal histories. 

5.2 Exhumation rates 

Joint inverse thermal history models suggest protracted exhumation histories in the 

Aparados da Serra coastal plain since rifting ca. 120 – 100 Ma (Fig. 5). For geothermal 

gradients of 30 – 40 °C km-1, modeled samples indicate exhumation rates of ~ 50 m Myr-1 for 

the Late Cretaceous, although peaks of accelerated exhumation between 100 – 300 m Myr-1 

are observed in two samples at ~ 110 Ma (BR-3 and BR-4, Fig. 6B). In the Cenozoic, all 

modeled samples reveal exhumation rates < 25 m Myr-1 (Fig. 6B). For the coastal plain region 

(BR-6 and 7), modelled Cenozoic rates of < 20 m Myr-1 are within the same order of magnitude 

as low-temperature thermochronology (AHe + AFT) results obtained by Karl et al. (2013) and 

Krob et al. (2019), who documented rates of ~ 12 m Myr-1 and 23 – 68 m Myr-1, respectively. 

Modelled Cenozoic rates are also comparable to short-term erosion rates obtained using 

terrestrial cosmogenic nuclides (TCNs) in escarpment-draining rivers from the Aparados da 

Serra (5 – 136 m Myr-1; Haag et al., 2025a).  
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Samples collected landward of the escarpment (South group, samples BR-1 to 4) are 

considered to be potentially representative of plateau erosion rates. Modelled rates of these 

samples suggest an accelerated phase of exhumation up to 300 m Myr-1 from ca. 115 – 95 

Ma, followed by protracted, low exhumation rates of < 10 m Myr-1 from 90 Ma to present (Fig. 

6B). Based on their present-day elevation (> 600 m asl), samples collected along the 

escarpment face (North group, samples BR-9, 10 and L-1) are also considered as potentially 

representative of erosion rates in the plateau. Similar to BR-1 to 4, north group samples 

feature an accelerated exhumation phase up to 40 m Myr-1 from 105 – 90 Ma (Fig. 6B). An 

elevation profile using mean AHe ages (samples BR-9, BR-10 from this study and L-1 from 

Krob et al., 2019) indicates exhumation rates of the plateau of only 2.6 m Myr-1 from 90 – 40 

Ma (Fig. 2D). In contrast, modelled rates for the same period using the same samples 

indicate slightly higher exhumation rates of 16 – 22 m Myr-1 (Fig. 6B). These rates are in 

agreement with TCN-derived erosion rates of 6 m Myr-1 for plateau-draining rivers in the study 

area (Haag et al., 2025a). They also match the expected short-term erosion rates of other 

EPMs plateaus, including south and western Africa (Makhubela et al., 2021), eastern 

Australia (Codilean et al., 2021), western Madagascar (Wang and Willett, 2021; Brosens et 

al., 2023), and western India (Mandal et al., 2015), where TCN rates range from 2.7 to 47 m 

Myr-1. 

 Collectively, although quantifying how erosion rates varied across the entire Cenozoic 

remains challenging, our results are compatible with remarkably low erosion rates in the 

Aparados da Serra throughout the Cenozoic. The persistence of such low denudation 

underscores the long-term stability of the volcanic plateau and associated escarpment. 
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Building on these results, the following section explores the potential mechanisms that may 

account for the long-term uplift of the study area. 

 

Figure 5 – Inverse thermal history modeling results for samples from the Aparados da Serra escarpment. A) 

Overview of sampling sites. B) Summary of cooling paths for modelled samples and expected burial depths 

for 30 and 40 °C km-1 geothermal gradients. C) Summary of cooling rates calculated based on modelled 

cooling paths presented in (B). D-G) Model results: The brown line in each panel represents the expected 

thermal history model, while the shaded brown area denotes the 95% confidence interval. Green areas show 

projected terrestrial cosmogenic nuclide (TCN) erosion rates measured on the Aparados da Serra Plateau 

(Haag et al., 2025a). Note that TCN rates integrate over short timescales of <1 Myr and are not representative 

beyond this interval; accordingly, TCN rates are projected further back in time for illustrative purposes only. 
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Measured track length distributions are shown as grey histograms, with predicted track length distributions in 

maroon. Observed (O) and predicted (P) AFT central ages are shown as orange circles (•), as single-grain AHe 

ages are shown as blue triangles (▴).  

5.3 Timing of uplift and potential mechanisms 

Thermal history model results suggest relatively low and uniform exhumation rates 

across the Aparados da Serra since rifting (Fig. 5C, 6B). These findings are supported by 

previous studies conducted in the study region (Gallagher et al., 1994; Karl et al., 2013; Krob 

et al., 2019; Bicca et al., 2020), which document protracted erosion from the Late 

Cretaceous to the present. Furthermore, the consistency in erosion and exhumation rates 

across multiple techniques with contrasting temporal resolutions (AFT, AHe, and TCNs; 

Haag et al., 2025a) further supports the interpretation of slow, protracted denudation 

throughout the Cenozoic. Combined, these observations indicate that the timing of uplift 

was likely contemporaneous with continental rifting and/or LIP emplacement (Fig. 6A, B), 

and that the Aparados da Serra has since undergone protracted topographic decay (e.g., 

Nielsen et al., 2009; Jess et al., 2019) rather than recent tectonic rejuvenation (e.g., Japsen 

et al., 2012). Our results, therefore, do not fit the cyclic uplift model suggested by Japsen et 

al. (2012) for the evolution of EPMs.  

Curiously, we observe no apparent relationship between modeled exhumation rates, 

climate records (Veizer et al., 1999; Mills et al., 2019), sediment flux into the Pelotas Basin 

(Contreras et al., 2010; Rohais et al., 2021), mid-Atlantic ridge spreading rates (Clark, 2018), 

and Andean convergence rates (Maloney et al. 2013; Horton, 2018) (Fig. 6B-F). This 

decoupling suggests that the influence of far-field stresses, whether from the Andean 
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orogeny (e.g., Van Ranst et al., 2020) or the Atlantic mid-ocean ridge, on exhumation in the 

Aparados da Serra region has been limited, or possibly too subtle to detect with low-

temperature thermochronology (e.g., Contreras et al., 2010; Rohais et al., 2021). Therefore, 

even though sedimentary fluxes have been used to infer uplift and exhumation events in 

various passive margin settings (e.g., Baby et al., 2018), here we also observe no relationship 

between tectonics and sedimentary input into the Pelotas Basin. Additionally, major 

unconformities are primarily associated with eustatic sea-level fluctuations (Contreras et 

al., 2010), rather than tectonic activity. 

Based on the comprehensive chart presented in Fig. 6, the Paraná-Etendeka LIP and 

subsequent continental rifting were likely the last major events capable of influencing low-

temperature thermochronology systems in the Aparados da Serra. Recent geodynamic 

models further support the interpretation that long-lived topography along rifted margins 

may reflect rift-related lithospheric processes rather than post-rift tectonic rejuvenation. 

Using global numerical models, Gernon et al. (2024) demonstrate that coupled evolution of 

craton interiors during continental break-up create persistent buoyancy contrasts that 

stabilize elevated topography for hundreds of millions of years. As a result, rift-adjacent 

margins may retain high elevations long after breakup, even in the absence of significant 

post-rift deformation or dynamic topographic forcing (Gernon et al., 2024). The Aparados da 

Serra escarpment is consistent with this model, as its elevated topography and protracted 

low exhumation rates may be explained by rift- and LIP-related lithospheric modification. 
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Particularly relevant to the establishment of permanent uplift, extensive evidence of 

magmatic underplating in southeast Brazil suggests that this process may have played a key 

role in generating elevated topography (Mariani et al., 2013; Bernardes et al., 2023). 

Therefore, the Cenozoic evolution of the Aparados da Serra greatly contrasts with other parts 

of the Brazilian EPM, where tectonic reactivation is locally present (Riccomini et al., 1989; 

Cogné et al., 2012; Sacek et al., 2012; Fonte-Boa et al., 2022; Fonseca et al., 2023). Fonte-

Boa et al. (2022) demonstrated that the Brazilian EPM exhibits remarkable diversity and 

therefore should not be treated as a single, uniform margin. Across the margin, important 

differences in crustal rheology, inherited structures, and the spatio-temporal distribution of 

post-breakup magmatism play a key role in shaping its evolution. Accordingly, while the 

northern segment of the margin has been interpreted to reflect the influence of crustal 

rheology and post-breakup tectonic reactivation (Sacek et al., 2012), surface geology and 

structural mapping indicate that the southern segment has not been significantly affected 

by Cenozoic rifting or widespread post-breakup extensional deformation. This fundamental 

difference suggests that variations in crustal rheology and tectonic reactivation played a 

much more limited role in shaping the southern margin, favoring long-term topographic 

stability rather than Cenozoic rejuvenation. 

https://doi.org/10.1016/j.tecto.2026.231100


This article has been peer-reviewed and is now freely available (open access) at Tectonophysics: 
https://doi.org/10.1016/j.tecto.2026.231100.  

 

Figure 6 – Apatite low-temperature thermochronology exhumation rates for the Aparados da Serra compared 

to stratigraphic records and tectonic events in South America. A) Major tectono-magmatic events in eastern 

South America (Thompson et al., 1998; Gibson et al., 1999; Maia et al., 2021; Gomes and Vasconcelos, 2021 

and references therein). B) Exhumation rates calculated for geothermal gradients 30 – 40 °C km-1. C) Global 

climate record (Veizer et al., 1999 for δ18O record (in parts per thousand = ‱) and Mills et al., 2019 for surface 

temperature). D) Sediment flux (light orange) from offshore sedimentary record of the Pelotas Basin 

(depocenter of the study area), including calibrated sedimentary input and erosional shelf unconformities (U) 

(light brown, Contreras et al., 2010) and high-resolution Cenozoic data (dark orange, Rohais et al., 2021). E) 

South Atlantic mid-ocean ridge spreading rates (green curve, Clark, 2018). F) Andean convergence velocity 

(purple curve, Maloney et al. 2013; Horton, 2018) and phases (dark pink bars, Cobbold et al., 2001). 
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5.4 Geomorphologic evolution 

In addition to the timing and origin of topography along the study area, the spatial 

distribution of AFT and AHe ages, and their modelled rates, allow us to evaluate the long-

term geomorphologic evolution of the southern Brazilian EPM. While the denudation of EPMs 

can evolve via several pathways (Gallagher et al., 1998), two end-member scenarios are 

generally recognized: (i) escarpment retreat and (ii) plateau degradation (Brown et al., 2002; 

van der Beek et al., 2002; Braun and van der Beek, 2004). The escarpment retreat model 

suggests a drainage divide that coincides with the rift axis and progressively migrates 

landward by escarpment back cutting (Fig. 7A) (van der Beek et al., 2002). In contrast, the 

plateau degradation model assumes a drainage divide located several tens of kilometers 

landward of the rift axis; in this scenario, a fast period of erosion is focused on the region 

between the divide and the rift axis (Fig. 7B) (van der Beek et al., 2002). 

Geodynamic conditions potentially favor the use of AHe for discriminating between 

these two scenarios in the study area. Low to moderate values of effective elastic thickness 

of the lithosphere (~ 10 – 40 km; Tassara et al., 2007), high geothermal gradients (30 – 35°C 

Km-1, but likely higher in the past; Vieira and Hamza, 2019), and sufficient inland migration of 

the escarpment (migration distance ≥ characteristic wavelength of flexural deflection, which 

ranges from 30 – 80 km in the study area; Haag et al., 2025b) all point to a likely flexural 

response to erosion and therefore a detectable AHe trend along the coastal plain (Braun and 

van der Beek, 2004). However, the moderate elevation of the Aparados da Serra escarpment 
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(1–1.6 km asl) places it at the lower limit for detecting escarpment retreat using AHe data 

(Braun and van der Beek, 2004). 

We compare our AHe data with the expected distribution of AHe dates for the 

escarpment retreat and the plateau degradation denudation scenarios obtained by Braun 

and van der Beek (2004) using numerical models (Fig. 7C, D). The models of Braun and van 

der Beek (2004) simulate the long-term evolution of a ~100 Ma-old elevated passive margin 

(~1 km relief) under relatively high geothermal gradients, assuming a weak lithosphere with 

an effective elastic thickness of ~10 km. These conditions are broadly similar with those 

observed in the Aparados da Serra. Accordingly, for this comparison, sample locations were 

normalized to the distance between the inferred rift axis and the escarpment base, and all 

AHe ages were normalized to the timing of rifting: 100 Ma in the models of Braun and van der 

Beek (2004) and ~110 Ma for the Aparados da Serra (Stica et al., 2014). In this framework, we 

treat the offshore hinge line as the most likely location of the paleo–rift axis (Contreras et al., 

2010; Stica et al., 2014). 

This comparison reveals that AHe ages from the coastal region of the Aparados da Serra 

are significantly younger than those predicted in the plateau degradation scenario (Fig. 7C). 

In this geomorphic evolution pathway, AHe dates on the coastal plain are expected to be 25 

– 50% older than rifting (Fig. 7D; Braun and van der Beek, 2004). This is not observed in the 

AHe dates reported in the Aparados da Serra, which are generally 25 – 70% younger than the 

rifting. Accordingly, the spatial distribution and overall range of AHe ages appears to favor 

the escarpment retreat hypothesis, characterized by (i) a progressive decrease of AHe ages 
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toward the escarpment bottom and (ii) ages that are typically younger than rifting (Fig. 7D) 

(Braun and van der Beek, 2004). 

 

Figure 7 – Exhumation patterns expected for the (A, C) plateau degradation and (B, D) escarpment retreat 

scenarios with the respective locus of erosion since rifting. The geomorphologic evolution (A,C) depicts the 

modeling results of van der Beek (2002), while the expected distribution of AHe ages (B,D) is based on Braun 

and van der Beek (2004) results for . Elevation and erosion rates in the left-side plot are arbitrary. 

Additionally, despite the overall spatial pattern and age distribution apparently 

supporting the escarpment retreat scenario, inverse thermal history models for samples 

collected along the coastal plain (Fig. 5; BR-6 and BR-7) do not exhibit a distinct, accelerated 
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phase of exhumation expected in response to an erosional wave due to escarpment 

migration (Fig. 7B). Instead, the modeled samples indicate relatively steady and prolonged 

cooling, compatible with gradual plateau denudation (Fig. 5). In this context, the lack of an 

exhumation pulse may imply that the coastal plain experienced subdued erosional 

dynamics, or that any signal of rapid retreat has been thermally overprinted or spatially 

averaged out. Alternatively, it may also indicate that the exhumation caused by the migrating 

escarpment was not significant enough to result in a detectable signal in the thermal 

models.  

Therefore, the present dataset does not allow us to confidently differentiate between 

escarpment retreat and plateau degradation as the dominant post-rift erosional process in 

the Aparados da Serra. Although the spatial pattern of AHe ages appears consistent with an 

escarpment retreat model, quantifying retreat rates remains challenging with the available 

number of samples. For an effective elastic thickness ranging between ~10 and 40 km 

(Tassara et al., 2007), the minimum AHe ages are expected to be older than escarpment 

stabilization times (Braun and van der Beek, 2004). These results highlight that effective 

elastic thickness can exert a first-order control on EPM evolution (e.g., Braun et al., 2013) 

and complicate efforts to infer exhumation rates from thermochronologic data in these 

settings. Therefore, minimum observed AHe ages of approximately ~55 Ma only provide a 

first-order estimate for the timing of escarpment stabilization in the Aparados da Serra.  
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6 CONCLUSIONS 

In this study we present novel AHe and AFT data for the southern end of the Brazilian 

elevated passive margin. Based on cooling ages, geological, and thermal history model 

observations, we identify that: 

• The Aparados da Serra is marked by monotonic, slow cooling rates typically < 50 

m Myr-1. These rates are compatible with recently obtained, short term, TCN 

erosion rates (Haag et al., 2025a). 

• Thermal histories show no evidence of recent accelerated cooling episodes, 

implying either an absent or undetectable Cenozoic uplift in the study area. 

Therefore, the elevated topography observed in the Aparados da Serra EPM was 

likely achieved during rifting at ca. 120 – 100 Ma. 

• The spatial distribution of AHe dates, and their ages, appears to favour the 

escarpment retreat hypothesis for the geomorphic evolution of the Aparados da 

Serra. This hypothesis, however, is not supported by inverse models, which show 

not particular erosional wave.  
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