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Abstract New zircon and apatite (U-Th)/He data (AHe and ZHe) from the crystalline basement of the South
American passive margin in southern Brazil present a wide distribution of Phanerozoic apparent ages,
recording its prerift evolution. Its geological significance can be investigated by modeling the influence of the
accumulated radiation damages on the measured crystals in its He ages during a long upper crust residence.
Despite the presence of a significant fault in the studied area, the samples essentially constrain a uniform
thermal history for the entire study area. Zircon helium ages spread from 472 to 26 Ma and correlate strongly
with the radioactive element content of the crystals. Although the region was probably covered by Paleozoic
sediments of the Paraná Basin, the ZHe system experienced a more intense thermal overprint, most likely
the onset of the Paraná Large Igneous Province (LIP), causing its dispersion. The nearby intrusion of a feeding
system of the LIP, the Florianópolis Dyke Swarm, may have contributed for keeping geothermal gradients
elevated for a period long enough to promote the observed reset. After the extrusion of the volcanism, the
study areawas probably covered by up to 2 kmof basalt floods, imprinting temperatures above the AHe partial
retention zone on the crystalline basement. These were eroded during rapid cooling between 75 and 55Ma, as
indicated by thermal modeling. Additional analyses with Raman spectroscopy were used for calculating
radiation damage ages in the zircon crystals measured for (U-Th)/He, resulting in a comparable set of ages.

1. Introduction

The Atlantic coast of South America is a classic area in the study of passive margin development. After the
assembly of southwest Gondwana in the end of the Neoproterozoic, the area experienced Paleozoic
intracratonic sedimentation and rift-related tectonics in the Cretaceous during the opening of the South
Atlantic Ocean (Moulin et al., 2010; Zalán et al., 1990). This was immediately preceded by the onset of the
Paraná Large Igneous Province (LIP) in the Lower Cretaceous, when volcanic floods with thickness of up to
2 km were extruded, mostly between 135 and 131 Ma, covering an area of more than 1,000 km2 in South
America and Africa (Janasi et al., 2011; Milani et al., 2007; Renne et al., 1992; Thiede & Vasconcelos, 2010).
Intense exhumation followed the continental breakup, leading to the uplift of ridges in south and southeast
Brazil with elevations of thousands of meters. Most thermochronologic studies have focused on these areas,
recognizing the effect of rift and postrift exhumation (Cogné et al., 2011, 2012; Franco-Magalhães et al., 2010,
2014; Hackspacher et al., 2004, 2007; Hiruma et al., 2010; Jelinek et al., 2014; Ribeiro et al., 2005; Tello Saenz
et al., 2003). The prerift evolution, however, is better detailed in areas with less dramatic topography, on
which fission track and (U-Th)/He cooling ages commonly have disperse Paleozoic ages (Hueck et al., 2017;
Kollenz et al., 2016; Oliveira et al., 2015).

(U-Th)/He thermochronology is one of the most used methods for investigating low-temperature thermal
histories. An important development of the method in recent years is the understanding of the influence
of a crystal’s radioactive content in its He diffusivity, and how it can lead to varying closure temperatures
within a same geological context (Flowers et al., 2009; Guenthner et al., 2013). This is particularly important
in old stable areas with prolonged residence in near-surface conditions, on which the long accumulation
of radiation damage amplifies this effect (Ault et al., 2009; Flowers & Kelley, 2011; Guenthner et al., 2017;
Johnson et al., 2017; Murray et al., 2016; Orme et al., 2016; Powell et al., 2016). In these cases, it is possible
to use the concentration of radioactive elements in each measured crystal, expressed in its effective uranium
content (eU, U + 0.235 × Th, in ppm), as a tool for constraining detailed thermal histories.
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In this paper we investigate the Phanerozoic history of a restricted segment of the South American passive
margin using zircon and apatite (U-Th)/He thermochronology. Thermal and eU-based modeling is success-
fully applied to reconstruct the area’s Phanerozoic history and investigate the thermal imprint of the
Paraná LIP. The chosen study area comprises Neoproterozoic units of the Dom Feliciano Belt, and includes
a prominent crustal discontinuity, the Major Gercino Shear Zone (Basei et al., 2000; Passarelli et al., 2010).
One of the work’s aims is to identify the impact this structure had in the low-temperature geochronological
record (e.g., Ault et al., 2009; Cogné et al., 2011; Schultz et al., 2017; Sueoka et al., 2012; Tagami, 2012). Finally,
we also explore the potential of applying zircon radiation damage assessment by Raman spectroscopy as a
companion for the mineral’s (U-Th)/He investigation.

2. Geological Setting

The Brazilian Platform is an assembly of cratons enveloped by Neoproterozoic orogenic belts that were jux-
taposed in the Brasiliano (Pan-African) Orogenic Cycle (Almeida et al., 1981; Brito Neves & Fuck, 2014;
Heilbron et al., 2008). The southernmost of these orogens is the Dom Feliciano Belt (DFB), stretching from
Uruguay to south Brazil for over 1,100 km. It was formed by the tectonic interaction of the Río de la Plata,
Congo, and Kalahari cratons, together with several microplates, juxtaposed along major shear zones (Basei
et al., 2000; Hueck et al., 2018; Oriolo et al., 2016; Oyhantçabal et al., 2009; Philipp et al., 2016).

The northern portion of the DFB is exposed in a 60-km-wide corridor of basement rocks in the Brazilian state
of Santa Catarina, called the Catarinense Shield. The belt is bordered to the north by the Luís Alves Microplate,
which acted as the cratonic foreland during the Neoproterozoic (Basei et al., 2009; Passarelli et al., 2018). To
the west and to the south, the crystalline basement is covered by the Paleozoic to Mesozoic sediments of the
intracratonic Paraná Basin (e.g., Milani et al., 2007; Zalán et al., 1990), while to the east it is limited by the South
Atlantic coastline. Throughout its extension, the DFB can be divided into three sectors (Basei et al., 2000). This
is clearest in Santa Catarina, where each sector is separated from the next by major tectonic contacts.

The southeast domain corresponds to the Florianópolis Batholith, a multistage collection of plutonic suites
associated to strongly reworked gneissic basement (Bitencourt & Nardi, 2000; Silva et al., 2002). The central
domain consists mainly of the Brusque Group a metavolcano-sedimentary assemblage, and its crystalline
basement, the Camboriú Complex (Basei, Campos Neto, et al., 2011, Basei et al., 2013; Philipp et al., 2004).
Both units are intruded by voluminous granitic magmatism (e.g., Hueck et al., 2016). Finally, the northwest
domain comprises the Foreland Itajaí Basin, an Ediacaran sedimentary package up to 5-km thick inverted
by the end of the Brasiliano Cycle (Basei, Drukas, et al., 2011; Guadagnin et al., 2010).

Separating the southeast and central domain, the Major Gercino Shear Zone (MGSZ) is the main structural
feature of the Catarinense Shield (Figure 1). It is characterized by kilometer-wide mylonite belts enveloping
sin-transcurrent granitic intrusions (Bitencourt & Kruhl, 2000; Oriolo et al., 2018; Passarelli et al., 2010).
Together with its extension in southernmost Brazil and Uruguay, the Dorsal do Canguçu, and Sierra Ballena
Shear Zones, respectively, it forms a lineament over 1,000 km-long that has been interpreted as a former
suture zone (Basei et al., 2000; Passarelli et al., 2011).

All three domains were juxtaposed in the Neoproterozoic during the assembly of the orogenic belt. Regional
metamorphism was accompanied by reworking of the basement inliers in a converging setting between 650
and 620 Ma (Basei, Campos Neto, et al., 2011, Basei et al., 2013; Chemale et al., 2012; Hueck et al., 2018;
Philipp et al., 2004). Most transcurrence within the MGSZ took place between 615 and 585 Ma, coupled to
intense granitic magmatism in all domains that extended until ~570 Ma (Florisbal et al., 2012; Hueck et al.,
2016; Passarelli et al., 2010). Deposition within the Itajaí Basin is constrained between 595 and 550 Ma (Basei,
Drukas, et al., 2011; Guadagnin et al., 2010). Late-stage deformation is recorded in thrusting of the Brusque
Group over the Itajaí Basin and reactivation of the shear zones until ~520 Ma (Passarelli et al., 2010; Rostirolla
et al., 1992). At this point, the main geotectonic units in southwestern Gondwana had been juxtaposed, and
exhumation is recorded in midrange geochronological data in Africa (e.g., Foster et al., 2009; Gray et al.,
2006; Goscombe et al., 2005) and low-temperature thermochronology in the DFB (Hueck et al., 2017).

The Phanerozoic saw the development of the large intracratonic Paraná Basin. Two main supersequences
were deposited in large internal seas with connection to the ocean during the Devonian and Permian,
followed by two more deposition cycles in continental settings during the Mesozoic (Assine et al., 1994;
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Holz et al., 2010; Milani et al., 2007; Riccomini, 1997; Zerfass et al., 2004). The control of subsidence cycles and
sedimentary gaps in the Paraná Basin is commonly linked to the far-flung influence of the Perigondgwanian
orogenic processes in the southern border of the supercontinent (e.g., Rocha Campos et al.,
2007; Zalán et al., 1990).

The geodynamic context of the Paraná Basin was spectacularly disrupted in the Early Cretaceous with the
eruption of the massive continental flood basalts of the Paraná LIP. This event culminated in the extrusion

Figure 1. Geological map of the Major Gercino Shear Zone, with location of the analyzed samples (modified from Basei
et al., 2000, 2006; Hueck et al., 2018; Passarelli et al., 2010).
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of volcanic rocks with a thickness of up to 2 km over an area of more than 1 ×106 km2 with remnants in
Namibia and Angola. The majority of the lavas from this event were generated in a relatively short period,
between 135 and 131 Ma (Ernesto et al., 1999; Janasi et al., 2011; Renne et al., 1992; Thiede & Vasconcelos,
2010). Vestiges of the feeding system of this event are preserved in Santa Catarina in the Florianópolis
Dyke Swarm, comprising numerous doleritic dykes with a NNE-SSW direction (e.g., Florisbal et al., 2014).
The extrusion of the continental basaltic magmatism in the Paraná Basin was followed by the initial opening
and seafloor spreading of the South Atlantic Ocean from the Hauterivian to the Albian, as recorded in off-
shore basins of the South American Platform (Contreras et al., 2010; Moulin et al., 2010; Stica et al., 2014).

After the opening of the South Atlantic Ocean, the passive South Americanmargin experienced intense exhu-
mation, culminating in the uplift of coast-parallel ridges in south and southeast Brazil that frequently surpass
2,000 m in elevation. Those areas were traditionally the focus of most thermochronologic studies, and major
exhumation cycles were recognized in the Upper Cretaceous-Paleocene and later in the Paleogene (Cogné
et al., 2011, 2012; Hackspacher et al., 2004, 2007; Hiruma et al., 2010; Tello Saenz et al., 2003). Most studies
correlate such cycles to episodes of alkaline magmatism and pronounced tectonic activity in the Andean sys-
tem. This uplift, however, was not homogeneous along the coast. The area studied in this work presents a
rather modest topography, mostly comprising elevations below 500 m. Recent research on such areas have
revealed more detailed prerift exhumations stories (Hueck et al., 2017; Kollenz et al., 2016; Oliveira et al.,
2015). The study area has not been the subject of detailed low-temperature research but is included by
Karl et al. (2013) in a crustal block characterized by old zircon (U-Th)/He and fission track ages, limited by
transverse SE-NW fault systems.

3. Samples and Methods

Samples were collected from the main basement units on both sides of the MGSZ along three cross sections
(Figure 1 and coordinates in Table S1 in the supporting information). The majority of samples comprise the
widespread granitic magmatism mainly intruded between 625 and 570 Ma. Over 30 samples were processed
for zircon and apatite; after grinding and sieving, standard gravity and magnetic separation techniques were
applied. According to the quality of the crystals, 16 samples were selected for thermochronologic analysis. All
but two of them provided crystals from both mineral phases with the necessary quality for the (U-Th)/He ana-
lyses. The two remaining samples only had one of the minerals with a satisfactory quality. Three single-
crystals aliquots were measured at the GÖochron Laboratory of the University of Göttingen for each sample,
totalizing 45 He analyses each for zircon and apatite. In addition, Raman spectroscopy was applied to all mea-
sured zircon crystals prior to the He measurement, as a control of the radiation damage. Details of the labor-
atorial routine are described in Text S1 in the support information (Dunkl et al., 2008; Farley et al., 1996; Irmer,
1985; Lünsdorf & Lünsdorf, 2016). Onmany of the figures in this paper, results are divided into three groups in
order to provide a better visualization. They correspond to samples collected in the central and southeast
domain of the DFB and to samples from the MGSZ itself (Figure 1).

4. Results and Initial Observations
4.1. Zircon (U-Th)/He Data

The measured zircon (U-Th)/He (ZHe) ages are all younger than the emplacement/stratigraphic age of the
sampled units. Single-crystal apparent ages show a large spread from 472 to 26 Ma (Table S2 in the support
information). These ages do not correlate with elevation or grain size and are not dependent on location rela-
tive to the shear zone (Table S2 in the support information). However, there is a strong correlation between
the ZHe ages and the eU content of corresponding crystals (Figure 2). Crystals with eU content below
1,000 ppm have a strongly negative correlation, while the youngest ages are restricted from 67 to 27 Ma,
forming a long tail with eU contents between 1,000 and 5,200 ppm.

We assume that the wide spread of acquired ages is mainly controlled by their eU content. As such, the
apparent ages probably do not represent geologically meaningful events, but rather variable eU-controlled
closure temperatures within a partially reset ZHe system. The relative little intrasample variation, with most
samples yielding multiple-crystal ages with in uncertainties between 6% and 20%, are the consequence of
crystals from the same sample having similar eU contents.
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The oldest ZHe age indicates that this thermochronometer has been
partially closed since at least 472 Ma (Ordovician) in the study area. The
combined results of crystals from all samples form a uniform coherent
trend and can thus be assumed to record the same thermal history, repre-
sentative for the entire study area. These assumptions will be used at the
modeling of data, and an important approach will be to try to replicate
the age distribution in relation to their eU content as predicted by the zir-
con radiation damage accumulation and annealing model (ZRDAAM,
Guenthner et al., 2013).

4.2. Zircon Radiation Damage

The retentivity of He in zircon crystals is influenced by the damage inflicted
in its crystalline lattice due to self-irradiation, which ultimately has an
impact in the closure temperature of the ZHe method. Therefore, it is
useful to develop companion techniques to examine the quality of a crys-
tals internal structure prior to the (U-Th)/He analysis. Raman spectroscopy
offers such an opportunity, using the width of the v3 (SiO4) Raman band at
~1,000 cm�1 as a proxy for estimating the alpha-radiation damage
(Nasdala et al., 2001; Palenik et al., 2003). Crystals with elevated damage
will have broader peaks, which are expressed by the full width at half max-
imum (FWHM). The analyzed crystals have FWHM values that range from
2.3 to 21.7 cm�1, but most crystals typically have values below 13 cm�1

(Table S2 of the support information).

Special care has to be taken when comparing results from the Raman and
(U-Th)/He analyses, as there is a significant difference in the spatial resolu-
tion of these methods. While He ages and element concentrations are
obtained from entire crystals, the Raman spots have diameters of only a
few micrometers and depths of up to 20 μm and may therefore not be
representative of the crystal as a whole. Nonetheless, despite of these
issues, there is a moderate correlation between the FWHM values and
the eU content of individual zircon crystals in our data set (Figure 3a).
This is an indication that the Raman analyses are overall descriptive of
the measured crystals, as the amount of alpha-radiation damage a zircon
crystal has experienced is an expression of accumulation time and the con-
tent of U and Th. As eU and ZHe are strongly correlated in our data set,
there is also a moderate negative correlation between FWHM and indivi-
dual ZHe ages (Figure 3b).

In order to further explore these relationships, Figure 4 shows the correlation between FWHM values and eU
content for each crystal, together with modeled radiaton damage isochrones spaced regularly at 100 Myr
steps from 600 to 100 Ma. These isochrones were obtained using the empirical calibration curve of Palenik
et al. (2003) and alpha-radiation damages calculated for each accumulation period and a range of eU concen-
tations. Almost all measured zircons have FWHM values that correspond to the effect of the accumulation of
100 to 600 Ma of alpha-radiation damage.

Following this reasoning, zircon radiation damage ages can be calculated from the FWHM and U and Th con-
centrations (e.g., Pidgeon, 2014). The calculated ages vary from 61 to 957 Ma, but except for 5 of the 45 mea-
sured crystals, all values are younger than 510Ma (Table S2 in the support information). The outlying ages are
unrealistic, as they are older than the crystallization age of the sampled rocks.

To first order, the calculated ages correspond to the possible range of ages on which the zircons could have
started accumulating radiation damage (Figure 5). Furthermore, they lie within an age interval that is very
similar to the one obtained by the ZHe ages. It should also be noted that a clear majority of ages calculated
from the radiation damage are older than the corresponding (U-Th)/He ages, evidencing a systematic differ-
ence between the thermal sensitivity of these systems. Additionally, there is a correlation between the

Figure 2. Single-crystal apatite (a) and zircon (b) (U-Th)/He age versus eU
content for the entire data set. Different colors are used for different
domains of the studied area in relation to the Major Gercino Shear Zone;
purple, orange, and green symbols correspond to samples collected south of
the shear zone, along its strike and north of it, respectively (as shown in
Figure 1). Note that despite this distinction, all samples form a single coher-
ent trend line.
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radiation damage ages and the corresponding crystal’s eU values, with crystals with more elevated actinide
contents generally yielding the youngest ages.

4.3. Apatite (U-Th)/He Data

Apatite (U-Th)/He (AHe) ages have a much smaller dispersion than the ZHe results. With the exception of a
few outliers, single-crystal ages are tightly constrained between 93 and 49 Ma (Table S2 in the support infor-
mation). Single crystals ages have little intrasample variation. Mean ages range from 89 to 52 Ma, and most
uncertainties (2 SE) are within 6%, with only four samples surpassing 10%. The well-restrained data set indi-
cates that all samples experienced a similar thermal history within the AHe thermal range, which can be con-
sidered as representative of the studied area.

There is no apparent correlation between AHe ages and other possible criteria, such as altitude, geographic
position, crystal size, or eU content (Table S2 in the support information). Nonetheless, the data set includes
crystals with a wide range of sizes (equivalent sphere radius between 31 and 94 μm) and eU contents (ran-
ging from 2 to 146 ppm). Crystals with outlying AHe ages are well within the range of all measured para-
meters (e.g., grain size and eU content) and probably represent small and unaccounted for inclusions.
Therefore, these ages were considered unrealistic and were discarded for all subsequent evaluations. The
relatively short range of apparent AHe ages, combined with a lack of correlation with crystal size or eU con-
tent, suggest that measured crystals have not experienced prolonged residence in the partial retention zone
(PRZ) of the AHe thermochronometer. Had this been the case, the impact of these factors in the AHe system
would be reflected in a larger spread of apparent ages. Instead, the data set suggests a relatively quick cool-
ing to near-surface temperatures from conditions under which the AHe system was completely open (above
60–80 °C) between 90 and 50 Ma, as constrained by the single-crystal ages.

Figure 3. Full width at half maximum (FWHM) of the ~1,000 band in zircon vs. (a) single-crystal eU value and (b) single
crystal ZHe age. Symbols used are the same as in Figure 2.

Figure 4. Full width at half maximum (FWHM) of the ~1000 cm�1 band in zircon versus single-crystal eU value and radia-
ton damage isochrones obtained using the empirical calibration curve of Palenik et al. (2003) spaced regularly at 100-Myr
steps from 600 (blue) to 100 (red) Ma. Detail of (a) is presented in (b). Symbols used are the same as in Figure 2.
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5. Modeling the Thermal History

This section aims to investigate how the thermochronologic data set can
be explained with geologically reasonable thermal trajectories. Any possi-
ble history has to be able to replicate both the spread of the ZHe data set
and the relative constraint of the AHe results. For this, we applied a com-
bination of eU-based and inverse thermal modeling with the HeFTy pro-
gram (Ketcham, 2005) using the zircon ZRDAAM (Guenthner et al., 2013)
and apatite RDAAM diffusion models (Flowers et al., 2009).

Modeling of the data set followed a two-step approach. The first step con-
sisted of eU modeling, that is, using forward modeling for testing different
thermal histories and comparing the calculated eU content versus ZHe age
patterns to the measured data set (Guenthner et al., 2017; Johnson et al.,
2017; Orme et al., 2016; Powell et al., 2016). Initially, a variety of possible
thermal histories were tested in order to see what ZHe distributions would
be generated. Subsequently, we tested variations of the most successful
(and geologically most meaningful) T-t paths. This step was not applied
to the apatite results, due to the relatively young apparent ages and the
lack of age-eU correlation, which indicates a history of quick cooling
between 90 and 50 Ma (e.g., Ault et al., 2009).

In the second step, inverse thermal modeling was used to evaluate how
successfully the trajectories obtained in the eU models can be reproduced
when testing both the ZHe and AHe results. For this, the simulations had a
relative degree of freedom to explore for thermal paths, fixing only the
necessary constraints in order to test a given scenario.

Four significant regional geological events were taken into account during modeling as constraint or as
tested hypotheses. First, initial cooling from middle-temperature range (e.g., cooling temperatures of K-Ar
system in muscovite) in the region happened between 600 and 500 Ma. Most dated samples are granites
dated by U-Pb predominantly between 625 and 570 Ma (Basei, Campos Neto, et al., 2011; Chemale et al.,
2012; Florisbal et al., 2012; Hueck et al., 2018; Passarelli et al., 2010), and mica K-Ar ages spread from 600 to
540 Ma (Passarelli et al., 2010). Second, deposition of Devonian and Permian sediments of the Paraná Basin
may have covered the studied area. Based on the maturation of organic material, this burial did not impose
temperature increases above 80–100 °C (Silva & Cornford, 1985). Third, we acknowledged the extrusion of the
Paraná LIP, mostly constrained between 135 and 131 Ma (Janasi et al., 2011; Renne et al., 1992; Thiede &
Vasconcelos, 2010). Heating associated to intrusion of feeding dykes and sills is interpreted as responsible
for most of the overmatured organic material in the Paraná Basin (e.g., Zalán et al., 1990). Finally, surface tem-
peratures for the present day were set at 20 ± 5 °C.

5.1. eU Modeling

In this step, forward modeling was used for testing different thermal histories with the zircon ZRDAAM diffu-
sionmodel, in order to attempt to reproduce the range of measured apparent ZHe ages and its relation to the
crystals’ eU content. Input data used were the radius of a crystal’s equivalent sphere, U and Th concentrations
equivalent to a eU content spectrum between 100 to 5,000 ppm, and a given T-t path. For each tested sce-
nario, we modeled three curves assuming three crystal sizes. The first one used a sphere radius correspond-
ing to the mean value for all dated crystals (~50 μm), while the remaining comprise inner and outer
envelopes by adding or subtracting two standard deviations to the mean (~20 μm). The resulting pattern
was then compared to the entire ZHe data set.

On a first approach, the models aimed to test thermal trajectories corresponding to end-member crustal his-
tories for the studied area, in order to see how the calculated eU curves react to paths controlled purely by
each of the main geological event that affected the region (Figure 6a). First, we tested a simple exhumation
to surface conditions shortly after cooling from midrange temperatures in the end of the Neoproterozoic.
Second, sedimentary burial promoted by the Paraná Basin was simulated by adding to the first scenario a
monotonic heating between 430 and 250 Ma up to 120 °C, corresponding to a conservative maximum

Figure 5. Single-crystal radiation damage ages versus measured zircon (U-
Th)/He ages. Radiation damage ages were calculated after Pidgeon (2014)
based on the measured peak width of the ~1,000 band in zircon and the
empirical calibration curve from Palenik et al. (2003). In a simplified way, the
ages correspond to the relative position of each crystal in relation to the
radiation damage isochrones presented in Figure 3. Different symbols are
used for different domains of the studied area in relation to the Major
Gercino Shear Zone (MGSZ). The solid line represents a one-to-one correla-
tion between the methods. Symbol colors correspond to the eU content of
the analyzed crystals, as indicated by the legend.
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thermal imprint of the Paleozoic sediments from the Paraná Basin (Silva & Cornford, 1985). On a third
hypothesis, the onset of the Paraná LIP was simulated by fixing a heating event with maximum
temperatures of 200 °C and total duration of 10 Myr starting from surface conditions at 140 Ma. This
simulation considers that most of the LIP was extruded between 135 and 130 Ma (Janasi et al., 2011;
Renne et al., 1992; Thiede & Vasconcelos, 2010) and assumes maximum temperatures that could result in a
partial reset of the ZHe system, as is suggested by our data. This hypothesis also assumes that the
extrusion of the LIP resulted in the addition of up to 2 km of volcanic rocks in the area, simulated by
setting the temperature after the onset of the LIP at 100 °C and adding a last stage of exhumation
between 90 and 50 Ma as constrained by the AHe data. Finally, a history of prolonged residence in the
ZHe PRZ was modeled by fixing an initial cooling in the end of the Neoproterozoic to 140 °C and keeping
this temperature until 80 Ma, after which we imposed a cooling to surface conditions by 50 Ma. This last
cooling step is well constrained by the apparent AHe ages.

Figure 6. Diagram summarizing the results of thermal modeling considering all dated zircon crystal and calculated ZHe
ages according to their eU content. (a) Tested end-member thermal scenarios. (b) Modeled zircon (U-Th)/He ages.
Central lines were calculated for crystals with a corresponding sphere radius of 50 μm, while the envelope represents
variations of 20 μm. The colors of the envelops correspond to the colors of the assumed thermal paths on (a).
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The first two scenarios yield eU distributions evidently incompatible with the tested data set (Figure 6b).
Exhumation to surface condition in the early Cambrian would generate uniformly old ages throughout most
of the tested eU spectrum and would need a later thermal overprint in order to generate the spread in ZHe
ages measured. In the next scenario tested, it is clear that this partial reset cannot be reached alone by the
effect of the Paleozoic sedimentation of the Paraná Basin, since its maximum overprint only slightly resets
crystals with relatively high eU contents (2,000 to 3,500 ppm).

On the other hand, the remaining hypotheses yield curves that are much closer to the general trend of the
ZHe data set (Figure 6b). Both a rapid thermal imprint of the Paraná LIP in the Cretaceous and a prolonged
period in the system’s PRZ during the Paleo to Mesozoic are successful in generating apparent age patterns
that are similar to the measured data set. In particular, they are characterized by markedly old ages within the
eU range of 100 to 1,000 ppm, which is one of the main characteristics of the measured results.

In order to explore how well these two thermal histories replicate the measured ZHe data set, both scenarios
were submitted to a sensitivity test. This consisted of varying the fixed temperatures assumed for simulating
the geological events tested in the end-member scenarios (Figure 7). In the first case, four different maximum
temperatures ranging between 180 and 220 °C were tested for the short Cretaceous thermal pulse, while in

Figure 7. Sensitivity tests for scenarios III and IV of Figure 6. (a) Effect on the ZHe ages versus eU content distribution pat-
terns of the variation of the maximum temperature of the short Cretaceous thermal pulse simulated in scenario III. For the
sake of clarity, the final phase of exhumation in the Cretaceous simulated in Figure 6 is not included in this simulation.
Tested temperatures range from 180 to 220 °C. (b) Effect on the ZHe ages versus eU content distribution patterns of the
variation of the temperature of the prolonged exposure to Partial Retention Zone conditions simulated in scenario IV.
Tested temperatures range from 120 to 180 °C. All curves were calculated for crystals with sphere radius of 50 μm.
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the second case the long Paleo-Mesozoic residence in the PRZ was simulated with four different tempera-
tures between 120 and 180 °C. The resulting patterns envelop almost the entirety of measured data. In other
words, the range of apparent ages in the new data can mostly be reproduced only by adding or subtracting
20 °C from the central temperatures tested in the end-member scenarios. It should be noted that in order to
keep the diagrams clear, Figure 6 only displays the curves for crystals with equivalent sphere radii corre-
sponding to the mean measured value (50 μm). The same models with the entire range of measured radii
would lead to an envelopment of the measured data with even smaller variations in the
experienced temperature.

Despite the good agreement between the most successful models and the measured data set, none of the
tested scenarios was able to capture the trend of crystals with eU contents >1,000 ppm. The measured ages
of crystals with eU contents between 1,000 and 4,000 ppm are younger than those predicted by the models
and are in fact comparable to those obtained for the AHe system. Considering the maximum possible time of
damage accumulation for the sampled rocks, our models would only predict such comparable ages for crys-
tals with eU contents, between 3,000 and 3,500 ppm. The inverse effect happens for crystals with eU contents
>4,000 ppm, for which the modeled ages tend to zero, which is in disagreement with measured ages of a few
tens of million years.

5.2. Thermal Modeling

The next step in modeling the data set consisted of inverse thermal modeling. In it, random T-t paths were
tested and the resulting crystal diffusion curves were compared with the ones calculated from the input data.
Satisfactory results were then categorized as acceptable or good paths (see Ketcham, 2005, for more details).
In this way we tested that the most successful scenarios constrained in the first step (i.e., short Cretaceous
thermal pulse and long Paleo-Mesozoic residence in the PRZ) are reproduced by the measured data set
including both zircon and apatite results.

The tested models were designed with a certain degree of freedom, so as not to force the simulations to fol-
low a tight T-t path. An initial constraint was set for both models corresponding to the age of cooling from
midrange temperatures around 540–500 Ma (Passarelli et al., 2010). For the scenario of a partial reset caused
by the thermal overprint of the Paraná LIP magmatism (scenario III in Figure 5b), exhumation to near-surface
conditions (0–60 °C) was constrained for the early Paleozoic, before the onset of sedimentation in the Paraná
Basin. Temperatures were then limited below 120 °C for much of the Paleo and Mesozoic, corresponding to
the maximum possible heating promoted by the Paleozoic Sequences. Higher temperatures (up to 220 °C)
were only allowed around the age of the magmatic event, between 140 and 130 Ma, after which the thermal
range was again limited to below 120 °C. In the second scenario tested, considering a long residence in the
ZHe PRZ (scenario IV in Figure 5b), the only constrain set was that the tested paths were not allowed to
achieve temperatures below 60 °C until ~80 Ma.

Each simulation tested 100,000 different trajectories, or was interrupted after achieving 100 good paths.
Three representative samples were tested for this simulation, one for each of the main tectonic units in the
study area (southeast domain, along the MGSZ, and central domain). Each model considered the results of
two crystals from each mineral phase. In addition, we tested a synthetic simulation combining the data set
for the entire study area. The advantage of using such an approach is that it can be used to test different por-
tions of the eU content spectrum obtained for eachmineral, thus constraining thermal trajectories that better
represent the complexity of the data set (e.g., Ault et al., 2009; Johnson et al., 2017). In our model, we sepa-
rated the ZHe data by eU content into two bins that correspond to most of the measured crystals (less than
350 ppm and between 350 and 700 ppm), generating two synthetic crystal populations of which we used the
average values of U and Th concentrations, and the mean radius of the equivalent sphere. Similarly, mean
apatite results were selected for two eU ranges, of less than 20 ppm and between 60 and 100 ppm.

The tested models performed very well with the described inputs, generating numerous acceptable and
good paths. Most scenarios provided 100 good paths before testing 100,000 individual trajectories. In this
regard, none of the tested hypothesis clearly outperformed the other, and both represent viable geological
histories for the measured (U-Th)/He data set. Furthermore, the different samples tested all provided similar
results (Figure 8). Models simulating a short Cretaceous thermal pulse associated to the Paraná LIP resulted in
good paths that reach up to the imposed limit of 220 °C for this event. As expected, this scenario constrains a
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last cooling event from ~60 to 110 °C to near-surface conditions between the end of the Cretaceous and the
beginning of the Paleogene, corresponding to the complete reset of the AHe system. The models which
simulated a prolonged residence in the PRZ yielded good paths that initially spread through the entire
possible range of T-t trajectories before converging to temperatures between 80 and 160 °C in the
Mesozoic. The most significant variation in the models is recorded in sample BR-86-15, from the southeast
domain, in which a cooling event to temperatures below 180 °C was constrained at ~180 Ma,
corresponding to the sample’s apparent ZHe ages. The models using the averaged crystal populations as
input have results that are entirely in accordance with those for the real samples and did not produce a
more constrained thermal evolution.

Figure 8. Thermal modeling results of the most likely histories, corresponding roughly to scenarios III and IV of Figure 6.
Models were tested for three representative samples and for average values from a combination of synthetic crystal
populations representative of the entire data set. Only paths classified as good fits by the program are displayed. Boxes
represent the thermal constrained used in the simulations. MGSZ = Major Gercino Shear Zone.
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A last round of modeling tested only the AHe data set, aiming to explore
the system’s full eU range. For this step, the input considered the mean
values for four crystal populations with ranges of <20, 20–60, 60–100,
and > 100 ppm. In this simulation, the only constrain was a fixed starting
point corresponding to temperatures and ages little above those con-
strained by the AHe data (90–100 Ma, 80–100 °C). This simulation then
tested random T-t paths until achieving 1,000 good trajectories. The result-
ing good paths (Figure 9) define a more constrained age window for the
cooling of the AHe system between 75 and 55 Ma, thus narrowing the
broader time range obtained by the apparent ages (~50–90 Ma).

6. Discussion
6.1. Thermochronologic Control of the Zircon and Apatite He Ages

The eU-based models show that the significant spread of apparent ZHe
ages observed in the study area is strongly controlled by the eU content
of individual crystals. As such, instead of expressing geologically meaning-
ful events, the apparent ages represent crystals with variable closure tem-
peratures exposed to a same thermal history that cause partial reset of the

ZHe system (e.g., Guenthner et al., 2015, 2017; Johnson et al., 2017; Orme et al., 2016; Powell et al., 2016). The
eU content versus ZHe age pattern was successfully reproduced by testing geologically reasonable scenarios
with the ZRDAAM model (Guenthner et al., 2013). These scenarios were, in turn, reproduced by inverse ther-
mal modeling of the measured data set, further strengthening our interpretation. However, our models were
not successful in predicting the ages of the more radioactive crystals. Crystals with eU content between 1,000
and 2,500 have ZHe ages similar to those of the AHe system and therefore probably represent similar closure
temperatures. However, the ZRDAAM model only predicts such an effect for crystals with eU contents
between 3,000 and 3,500 ppm. On the other hand, ZHe ages for crystals with eU > 4,000 ppm still retain
enough He to yield ages of some tens of million years, although the predicted apparent ages should tend
to zero, similar to that observed by Johnson et al. (2017). This could be the result of eU zonation causing pock-
ets of He-retentive crystal lattices in overall highly radioactive zircon crystals (e.g., Danišík et al., 2017).

Together with the latest research focused on the potential of modeling the control of eU content on the ZHe
system, the results presented here caution against the overinterpretation of apparent (U-Th)/He ages without
a proper assessment of how He diffusivity has been affected by the crystals characteristics. This is particularly
true to areas with ancient geological history, as the accumulation of radiation damage over time amplifies the
influence of such features. Sampling strategies in such cases should therefore focus in measuring more crys-
tals from a same sample, even at the expense of enlarging the possible study area. The acquisition of data
sets with a wide range of crystal sizes and eU contents is particularly helpful.

The AHe data set, on the other hand, yielded results with the opposite behavior, producing ages that do not
seem to be controlled by the expected crystal features, such as eU or crystal size (Flowers & Kelley, 2011;
Guenthner et al., 2017; Murray et al., 2016). This indicates that the study area has probably not experienced
a prolonged time in the system’s PRZ (e.g., Ault et al., 2009). Thermal modeling was able to reproduce this
interpretation, and define a cooling event between 75 and 55 Ma that would have caused a complete reset
of the thermochronometer. The age spread surpassing this time period is probably caused by nonquantified
crystal features such as internal zonation, implantation of He from radioactive neighboring minerals (so-
called bad neighbors), Cl content and microinclusions (Ault & Flowers, 2012; Flowers & Kelley, 2011;
Gautheron et al., 2013; Spiegel et al., 2009).

6.2. Phanerozoic Evolution of the Catarinense Shield

The measured (U-Th)/He data set is best explained by a shared geological history, as evidenced by the uni-
form coherent trends observed in the eU content versus ZHe/AHe age diagrams. Consequently, despite evi-
dences of episodic Phanerozoic reactivation of shear zones in the Dom Feliciano Belt (Hueck et al., 2017;
Oriolo et al., 2018), the MGSZ has not caused enough differential exhumation in order to leave a regional
impact in the low-T thermochronometers.

Figure 9. Unconstrained thermal modeling results of the AHe data set. Light
and dark blue curves are paths classified as acceptable and good fits,
respectively. Continuous line is the mean calculated trajectory and pointed
line is the tested path with the best fit.
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The Ordovician apparent ZHe age of the oldest individual crystals implies that initial exhumation in the early
Paleozoic exposed the crystalline basement, leading to the accumulation of both He and radiation damage in
zircons since the early Paleozoic. This observation is in accordance with comparable ZFT and ZHe in the
southern expositions of the Dom Feliciano Belt (Hueck et al., 2017; Oliveira et al., 2015) and implies in an early
Paleozoic exhumation following the postcollisional stage of the belt. As pointed out by Hueck et al. (2017),
this process possibly took place during the late stages of the Pan-African orogenic cycle in the Damara
Orogen (Foster et al., 2009; Gray et al., 2006; Goscombe et al., 2005).

The wide dispersion of apparent ZHe ages indicates that this system was partially reset, with He diffusion
being controlled by the crystals’ radiation damage densities. By applying eU and inverse thermal modeling,
two viable scenarios can satisfy this the regional geological context and the measured data set. The first one
begins with exhumation to near-surface conditions before the sedimentation in the Paraná Basin, followed
by a long period with temperatures below 120 °C, and only disrupted by the onset of the Paraná LIP around
~135 Ma. This event caused the partial reset recognized in the ZHe system and was later followed by a final
stage of cooling between 75 and 55 Ma. Alternatively, the dispersion in the ZHe ages could be explained by a
prolonged residency in the system’s PRZ, particularly during most of the Mesozoic, later followed by an
equivalent cooling event in the Late Cretaceous to early Paleogene.

Both hypotheses are possible considering the thermochronologic data set. However, a surface exposure of
the crystalline basement during the Paleozoic is very likely, as the base of the Devonian sediments of the
Paraná basin is situated less than 10 km to the west of the studied area, with no significant fault system
known in between. Consequently, the study area has probably been exposed to near-surface conditions in
the past and had to experience a later thermal overprint in order to justify its ZHe data. Although
Paleozoic burial is certainly possible, and even likely given the reasons just discussed, our models show that
this alone could not have promoted enough He loss so as to induce the dispersion in the zircon ages.

As a consequence, partial reset caused by the thermal imprint from the Paraná LIP seems to be themost likely
cause of the ZHe scatter. This observation is somewhat surprising, as thermal simulations suggest that the
flood basalts should not have left a significant thermal imprint in rocks not within close range, due to fast
cooling within hundreds of thousand years (Hurter & Pollack, 1994). The identified thermal overprint, how-
ever, could be explained by the existence in the region of an important feeding dyke system of the Paraná
LIP in the Catarinense Shield, the Florianópolis Dyke Swarm, (e.g., Florisbal et al., 2014). We propose that
the continuous intrusion of basaltic dykes in the crystalline basement throughout the duration of the LIP
could have provided the necessary thermal gradients in order to affect the ZHe system. It has been suggested
that the coast-parallel orientation of dyke swarm, perpendicular to most of the dykes recognized in southern
Brazil, might be an evidence of its proximity to the South Atlantic rift center or even to the head of the mega-
plume suggested by some authors as responsible for the Paraná LIP (Salomon et al., 2017, and references
therein). Such a position would further contribute to elevated geothermal gradients in the region.

The extrusion of the Paraná LIP probably left a cover of massive basaltic floods in the study area, such as those
preserved in other parts of the basin. This is evidenced by the fact that the AHe system remained open after
the magmatic event, only closing by the Late Cretaceous-early Paleogene, when the volcanic cover, probably
associated with remaining sedimentary sequences of the Paraná Basin, were eroded. The existence of the
Florianópolis Dyke Swarm has also been argued as evidence that the Catarinense Shield should have been
covered by basaltic floods, connecting the remains of the Paraná LIP in South America to its counterparts
in Africa (Florisbal et al., 2014). Thermal modeling considering the AHe data set constrain this exhumation
event between 75 and 55 Ma, when most successful thermal simulations suggest a cooling from ~80 °C to
approximately 30 °C. Assuming geothermal gradients between 20 and 30 °C/km, this would imply in a denu-
dation of rock covers with thicknesses between 1.6 and 2.5 km.

The onset of this late Cretaceous to early Paleogene exhumation is recorded through most of the passive
margin in southeast Brazil, particularly in its central portion, where it is associated with the uplift of the ele-
vated coast-parallel ridges (Cogné et al., 2011, 2012; Hackspacher et al., 2004, 2007; Hiruma et al., 2010; Tello
Saenz et al., 2003). It postdates the rifting of the South Atlantic opening by at least 40Myr and, as such, cannot
be assigned to the early development stages of the passive margin (Green et al. 2018). In fact, this event is
most commonly associated with the intrusion of alkaline magmatism and/or pronounced tectonic activity
in the Andean system (Cobbold et al., 2001; Cogné et al., 2011, 2012). The latter hypothesis is commonly
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interpreted to have been controlled by the normal reactivation of Neoproterozoic shear zones during uplift.
This, however, is not the case in the study area, which recorded no significant vertical displacement along the
main inherited structural feature.

Timing of the final exhumation to near-surface conditions is not uniform in the Dom Feliciano Belt. Available
AHe and apatite fission track data in the southern exposures of the orogen are predominantly coeval with the
onset of the Paraná LIP or younger, indicating that most of the belt was already exposed to near-surface con-
ditions prior to the South Atlantic rifting (Hueck et al., 2017; Oliveira et al., 2015). Hence, the distinct responses
to exhumation stages along the passive margin are probably controlled by transverse structures with NW-SE
orientation, associated with the early stages of continental break-up and rotation of the South American plate
(Salomon et al., 2017; Szatmari & Milani, 2016). These structures are associated with the doming of the sedi-
ments of the Paraná Basin (Milani et al., 2007; Rostirolla et al., 2000) and with the formation of the main frac-
ture zones in the South Atlantic (Stica et al., 2014; Torsvik et al., 2009). Karl et al. (2013), recognizing the effect
of this segmentation in the thermochronological record of the passive margin, included the study area in one
of these blocks, characterized by older ZHe and zircon fission track ages. The exhumation constrained in this
study, in the order of 1.6–2.5 km, thus exemplifies the significance of the NW-SE structures in controlling the
postrift development of the passive margin.

6.3. Comparing Zircon Radiation Damage Ages and the ZHe Ages

Most zircon radiation ages calculated in this study have a range that corresponds to the reasonable time
interval expected from the geological context. Few crystals yielded outlying ages that are probably a reflec-
tion of the limitations of assuming that punctual Raman analyses are representative of the entire crystal.
Unrealistic old ages, in part older than the crystallization age of the sampled rocks, were probably obtained
from crystal zones with elevated U and Th concentration. The inverse can be assumed for exceedingly young
ages, in particular those younger than the age of the onset of the Paraná LIP, which is the last important heat-
ing event in the study area. Future research exploring this method should use a statistical approach to Raman
measurements in order to define values that are more representative of the entire crystal, so as to allow for
more confident direct comparisons with the (U-Th)/He method.

Nonetheless, the new data set produces some important correlations between the two systems. The appar-
ent ZHe ages have similar ranges that appear to be geologically consistent but lack a direct correlation. The
radiation damage ages mirror the ZHe results in the sense that they present a wide range of ages, which is
unexpected for samples that are interpreted to have experienced a similar thermal evolution. Both systems
also produced ages that are mostly restricted between ~ 500 and 130 Ma. Therefore, it may be hypothesized
that the radiation damage ages also represent a system that has been allowed to accumulate since ~500 Ma
and was partially rest at ~130 Ma, due to the onset of the Paraná LIP.

A consequence of this observation is that the measured zircons must have been subjected to some degree of
healing of its crystalline lattices and that this process took place under temperature conditions between ~180
and 220 °C, as constrained by the eU-based modeling of the ZHe ages. These temperature conditions are
lower than expected, as the annealing of radiation damage in zircon is commonly interpreted to occur at
temperatures similar to those of fission track annealing, which are usually estimated between 200 and
250 °C (Bernet, 2009; Yamada et al., 1995). However, single crystal He ages do not correlate with correspond-
ing radiation damage ages, probably as an expression of the considerable imprecision of both methods,
including the question of representability of the Raman spot analyses. As such, it is not possible to estimate
the temperatures involved in the annealing of individual zircon crystals. Nonetheless, radiation damage ages
in our study are consistently older than those obtained from the (U-Th)/He system, which probably has a sys-
tematic significance. This indicates that in our study area, the diffusion of He in zircon crystals was more effec-
tive than the annealing of radiation damage during the Cretaceous thermal overprint. Both processes are
dependent not only of the temperature to which the systems were exposed to but also of the duration of
the thermal event. As our results are interpreted to represent the impact of elevated heating during a short
period, it would be interesting to investigate the relationship between both methods in areas which experi-
enced long exposures to temperatures close to the ZHe PRZ.

A final interesting observation in our data set is the correlation between radiation damage ages and eU con-
tent (Figure 5). This is somewhat unexpected, as the ages are calculated from a calibration curve that already
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expresses the effect of radioactive concentration in the crystals (Nasdala et al., 2001; Pidgeon, 2014). As such,
this correlation may suggest that the annealing of radiation damage is susceptible to the degree of damage
already experienced by the crystal, which would implicate that different healing mechanism are active for
crystals with different damage densities. The younger radiation damage ages in crystals with more elevated
eU contents, which are expected to have accumulated more damage, indicate they were more effectively
annealed during the thermal overprint.

In summary, the results in this data set illustrate how the dynamics of radiation damage healing and its
applicability for dating are still poorly understood (e.g., Pidgeon, 2014, and references therein).
However, the degree of concordance with the ZHe system presented in our data set is promising
and deserves to be further explored as a companion for more established thermochronologic methods.
At the very least, Raman spectroscopy can be used to quickly estimate radiation damage and conse-
quently select less disturbed crystals for (U-Th)/He dating, when the aim is to obtain more significant
individual apparent ages.

7. Conclusion

New thermochronologic data reveal a well-constrained Phanerozoic thermal history for a segment of the
South American passive margin, thanks to modeling contrasting patterns of eU versus He age for zircon
and apatite. Widespread apparent ZHe ages span most of the Phanerozoic and are strongly eU dependent,
indicating a partially reset system which has experienced relative low temperatures since at least the early
Paleozoic. Exposition to surface conditions prior to the sedimentation of the intracratonic Paraná Basin is
probable, but modeling of the ZHe data set indicate that this burial had relatively little impact on the base-
ment. The most likely cause for its partial reset is the onset of the Paraná LIP in the Lower Cretaceous. After
this event, the study area was probably covered by up to 2 km of basaltic floods, keeping the AHe system
open until rapid postrift cooling between 75 and 55Ma, as constrained by thermal modeling. Despite the pre-
sence of the Major Gercino Shear Zone, an important crustal discontinuity, the thermochronologic data set
does not appear to have experienced differential exhumation, and whichever reactivations of the shear zone
happened during the Phanerozoic were not enough to leave an imprint in the new data set. The thermal
imprint revealed by the data set and attributed to the Paraná LIP is interesting, as the volcanic floods are
not expected to have contributed with heat for enough time to affect the ZHe system of the strata below.
We propose that the longer-lived elevated geothermal gradient suggested by our data set was caused by
the intrusion of the Florianópolis Dyke Swarm, an important feeder system of the LIP that may be related
to its central ridge. The successful modeling of the widespread ZHe data set into a coherent geological history
evidences the risks of overinterpretation of apparent (U-Th)/He ages in a context where radiation damage
accumulation may lead to variable closure temperatures. For this reason, it is important to develop compa-
nion systems that can act as independent validation. As shown in this work, the assessment of zircon radia-
tion damage by Raman spectroscopy is a promising method that should be better developed.
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