

  geosciences-13-00225




geosciences-13-00225







Geosciences 2023, 13(8), 225; doi:10.3390/geosciences13080225




Article



U-Pb Zircon Geochronology of Detrital and Ash Fall Deposits of the Southern Paraná Basin: A Contribution for Provenance, Tectonic Evolution, and the Paleogeography of the SW Gondwana



Ruy Paulo Philipp 1,*, Ubiratan Ferrucio Faccini 2, Cesar Leandro Schultz 1, Gustavo Zvirtes 3, Matheus Philippe Bruckmann 1[image: Orcid], Ernesto Lavina 2, Joice Cagliari 2, Andrea Ritter Jelinek 1[image: Orcid], Renata Guimarães Netto 2[image: Orcid], Adriano Roessler Viana 4[image: Orcid] and Miguel Angelo Stipp Basei 5





1



Centro de Estudos em Petrologia e Geoquímica (CPGq), Instituto de Geociências, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre 90010-150, RS, Brazil






2



Programa de Pós-Graduação em Geologia, Departamento de Geologia, Universidade do Vale do Rio dos Sinos (UNISINOS), São Leopoldo 93022-750, RS, Brazil






3



Department of Geology and Geophysics, University of Aberdeen (UoA), Aberdeen AB24 3FX, UK






4



PETROBRAS S.A., Rio de Janeiro 20031-912, RJ, Brazil






5



Centro de Pesquisas Geocronológicas (CPGEO), Instituto de Geociências, USP, São Paulo 13083-896, SP, Brazil









*



Correspondence: ruy.philipp@ufrgs.br







Academic Editors: Jesus Martinez-Frias and Markes E. Johnson



Received: 3 May 2023 / Revised: 1 July 2023 / Accepted: 3 July 2023 / Published: 27 July 2023



Abstract

:

Zircon U-Pb geochronology was applied to investigate the provenance, depositional ages, and paleogeography of the southwestern Gondwana in detrital and ash fall sediments from Carboniferous to Jurassic succession of the southern Paraná Basin. Four detrital age populations suggest provenance from local and distal sources located to the south, southeast, and southwest: (i) Archean to Paleoproterozoic zircons from the Rio de La Plata Craton, Nico Peres and Taquarembó terranes; (ii) Grenvillian zircons from the basement of the Gondwanides and Namaqua–Natal belts; (iii) Neoproterozoic grains from the Don Feliciano Belt; and (iv) Phanerozoic populations from Paleozoic orogenic belts and related foreland systems in Argentina, as well as eroded units of the Paraná Basin. The paleogeographic reconstruction indicates an evolution in three distinct stages: (1) a gulf open to the Panthalassa Ocean during the Carboniferous; (2) an epicontinental sea with the rise of the Gondwanides Orogeny during the Permian; and (3) continental deposits controlled by an intra-plate graben system during the Triassic. Permian–Triassic volcanogenic zircons provide constrained maximum depositional ages and attested persistent volcanism, related to the Choiyoi magmatism and effects of the climate change episodes. During the Triassic, the extensional graben system recorded the uplift of the basement through regional northwest and northeast fault systems, and the recycling of Permian zircons, modifying source-to-sink relationships.
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1. Introduction


The Paraná Basin (PB) is one of the largest depositional sites during Gondwana sedimentation. The basin developed over an intracratonic area that stabilized after the Brasi-liano–Pan-African Cycle, recording the effects and influences of tectonic activity on sedimentation, basin architecture, and global changes in environmental conditions [1,2,3]. The PB evolved alongside its correlative basins (e.g., the Karoo Basin in Africa and Mozambique) along a common Paleozoic Gondwana active margin facing the Panthalassa Ocean [4] (Figure 1). The basin originated as a gulf open to the Panthalassa and underwent progressive closure to marine incursion induced by the marginal convergent tectonics, eventually becoming an intracratonic depression trapped within Gondwana over time [2]. This margin was transformed into a series of fold-and-thrust belts, magmatic arcs, and related collisional basins associated with the development of the Gondwanides Belt [4,5,6]. The basin evolved under the influence of intraplate stresses, which led to continental flexural deformation and extension due to the onset of the marginal orogenic processes [5,6]. The chronostratigraphic positioning of sediments from the Paraná Basin still presents a series of questions due to the lack of effective biostratigraphic elements linked to international geological time scales [1]. The sedimentary succession of the PB provides a precious record that can be investigated to constrain depositional ages and reveal evidence of sedimentary provenance and tectonic processes as proxies for the paleogeographic reconstruction of southwestern Gondwana.



This research presents new zircon U-Pb geochronology data obtained via LA-ICP-MS analysis of detrital grains and ash fall crystals from the complete lithostratigraphic succession, including the Carboniferous to Cretaceous units of the southern sector of the Paraná Basin in southern Brazil. The aim is to contribute to the understanding of the evolution of the Paraná Basin as a dynamic system within the context of the southwestern Gondwana margin. Detrital zircon is a common component of clastic sedimentary rocks and plays a significant role in studies of sedimentary provenance and crustal evolution [8,9,10,11]. Due to its resistance to erosion, weathering, and alteration processes, zircon grains are useful in tracing the transport routes of clastic material from its source to the final depositional environment [12]. Compilation of crystallization ages for detrital and igneous zircons reveals similar patterns of peaks and gaps, indicating that the sedimentary record is a reliable representation of the magmatic record of the main orogenic cycles [9,10,13,14]. Isotopic investigations of terrigenous and volcanogenic deposits in the Paraná Basin are crucial for improving the determination of provenance indicators and refining depositional ages, thereby enabling paleogeographic and tectonic reconstructions [8,9,10,11,12,13]. Volcanogenic zircons, preserved in ash fall layers from Permian to Triassic units in the basin provide essential information for refining maximum depositional ages and establishing relationships with volcanic events and paleoenvironmental changes.



This study represents the first comprehensive U-Pb geochronology analysis of the entire sedimentary succession in the southernmost sector of the Paraná Basin in south Brazil. The obtained data reveal isotopic signatures corresponding to the Gondwana I, Gondwana II, and Gondwana III Supersequences deposited during the Late Carboniferous to Lower Cretaceous [1,2,4,5]. The new U-Pb results, comprising approximately 1047 (837 concordant) detrital and volcanogenic zircon grains, were integrated with stratigraphic, sedimentological, and thermochronological data. Given the abundance of available petrological, stratigraphic, structural, paleontological, and geochronological data [15,16,17], the PB represents a crucial target for applying zircon U-Pb geochronology to refine provenance indicators, constrain depositional ages, evaluate tectono-stratigraphic domains, and assess ancient source-to-sink systems, mainly of the Triassic succession.




2. Geological Context


The Paraná Basin (PB) is a large depositional site located in the southwestern portion of the Gondwana supercontinent. It represents a long period of approximately 350 Ma of sedimentary accumulation and exhibits evidence of marginal tectonic processes, significant climatic changes, and biostratigraphic variations from the Upper Ordovician to the Upper Cretaceous (Figure 1). The basin extends approximately 1750 km in length and 900 km in width, following a N20° E-trending axis, and covers an area of approximately 1.4 million km2 [1]. The stratigraphic succession reaches a thickness of around 8 km and consists of a sedimentary sequence covered by basic and acidic volcanic rocks.



The PB is a typical intracratonic basin that has been strongly influenced by marginal orogenic events, particularly the Famatinian Orogeny (Ordovician-Devonian) during the deposition of the Rio Ivaí and Paraná Supersequences, and the Gondwanides Orogeny (Carboniferous-Triassic) during the deposition of the Gondwana I and II Supersequences (Figure 2). In the studied area of the southern sector of the PB, the sedimentary succession primarily reflects the effects of the Gondwanides Orogeny, with the earliest sedimentary units of the Itararé Group deposited during the Upper Carboniferous. The paleogeography of the basin initially involved a gulf open to the south, towards the Panthalassa Ocean. However, as the Gondwanides Orogeny developed along the southwestern margin of the Gondwana shield, the gulf closed during the Permian, isolating the basin from the Panthalassa Ocean by the rise of the Gondwanides Belt [2]. During the Triassic, a transition to extensional tectonics occurred, resulting in the formation of a series of syneclises and arcs through basement uplift and extensional graben systems controlled by the late extensional collapse phase (Figure 2).



From the entire succession of the basin, six Supersequences have been defined by [1]: Rio Ivaí (Ordovician–Silurian), Paraná (Devonian), Gondwana I (Upper Carboniferous–Lower Triassic), Gondwana II (Upper Triassic), Gondwana III (Jurassic–Lower Cretaceous), and Baurú (Upper Cretaceous) (Figure 1 and Figure 2). The first three are characterized by marine transgressive–regressive sequences, while the last three consist of continental siliciclastic sedimentation and associated igneous rocks [5,6]. The definition of each time interval has been primarily based on low-resolution dataset, such as palynomorphs, plants, invertebrate, and vertebrate macrofossils [16,29,30,31,32]. It is important to note that in the southern sector of the PB, the first two Supersequences are not recorded (Figure 1B and Figure 2).



In the study area, sedimentary and volcanic rocks from the Paraná Basin occur deposited over the basement units of the Dom Feliciano Belt and of the Rio de La Plata Craton (Figure 3) representing over 200 million years of the Earth’s history (Figure 4). This interval includes two significant climatic changes: (i) the Late Paleozoic Ice Age (LPIA) in Western Gondwana [33] and (ii) the global warming that occurred from the end of the Permian to the Upper Jurassic. The basal portion of the basin comprises the Taciba Formation, part of the Itararé Group, which was deposited in a glacial environment at the end of the Carboniferous related to a LPIA [17,33,34] (Figure 5). The glacial succession was overlain by coastal and shallow marine facies, with significant Permian deposits of coal and fluvial sediments from the Guatá Group (Rio Bonito and Palermo formations), showing predominant sediment transport towards the north and northwest [30,31,32,35]. The end of the Gondwana I Supersequence is marked by the Permian units of the Passa Dois Group, representing the last marine incursion from the south by the Panthalassa Ocean. This is characterized by shallow marine and coastal deposits of the Irati, Serra Alta and Teresina formations, followed by an oceanic retreat associated with the peak of the Gondwanides Orogeny. This retreat is represented by continental lacustrine, fluvial, and aeolian facies of the Rio do Rasto and Pirambóia formations, indicating the establishment of more arid conditions [19,36,37].



The isolation of the basin in an epicontinental sea was accompanied by significant climate change related to the increase in volcanic activity during the Triassic, leading to the transition to desert conditions in the Late Jurassic. The Triassic-Jurassic transition is marked by an unconformity associated with the uplift and erosion of the underlying Permian strata, followed by the deposition of the Sanga do Cabral Formation (Lower Triassic). This formation represents an alluvial plain characterized by a sandy river system with braided channels (Figure 5). The succession continues with the Santa Maria Formation (Middle to Upper Triassic), which consists of a braided fluvial system with low to moderate sinuosity in its lower section and by wide lacustrine facies in its upper section [16]. The red beds at the top portion indicate the transition to an arid climate, leading to the extinction of a diverse fauna of tetrapod reptiles and regional flora [16,29,30]. The fossil content of the area has been of great scientific interest since the early 20th century due to its abundant and unique Middle–Late Triassic vertebrate fossils, which do not correlate with facies or chronostratigraphic units in the other regions of the basin [29,30]. This biostratigraphic significance is important for correlation purposes within the broader evolutionary context of the southern Gondwana during the Late Paleozoic and Early Mesozoic eras [16] (Figure 5).



The Triassic–Jurassic interval was characterized by tectonic activities associated with the late extensional collapse phase of the Gondwanides Orogeny [41], which influenced the deposition of the Sanga do Cabral, Santa Maria, and Caturrita formations from the Rosário do Sul Group [19,36,37]. Intracontinental rifting, manifested by the development of NW–SE oriented extensional faults, controlled the sedimentary transportation routes, resulting in the cyclic deposition of high-energy alluvial and fluvial sequences sourced from the south and southeast [36,37,41]. This sedimentary succession is preserved only in the southern sector of the basin, where an intra-plate extensional graben exerted significant depositional control, as indicated by facies associations and the consistent directions of sediment transport towards the north–northwest [15,16,36,37].



Following an initial phase of crustal uplift that marked the early stages manifestations of the South Atlantic rifting, the São Bento Group (Jurassic) formed, comprising a combination of fluvial and aeolian sediments. This group indicates the transition from semi-arid to arid conditions through the deposition of ephemeral fluvial deposits associated with aeolian systems of the Guará Formation, which eventually evolved into the extensive aeolian dune desert of the Botucatu Formation [42,43]. The deposition of the Botucatu Formation coincides with the emplacement of basic lavas from the Serra Geral Group that erupted during the Lower Cretaceous, marking the onset of the opening of the South Atlantic Ocean [44,45].




3. Materials and Methods


A total of 1047 new detrital U-Pb zircons were analyzed using LA-MC-ICPMS. To construct a comprehensive stratigraphic profile of the basin, published data from [46] and unpublished data for the Rosário do Sul Group [47], as well as data for the Guará Formation and Pedreira Sandstone [48], were compiled, resulting in an expanded database of 1648 concordant analyses. This database was compared with 3235 published zircon data compiled from [17] (n = 1798) and [49] (n = 426) from the Santa Catarina State sector, as well as the analyses of the southern sector of the PB from the Itararé Group [34] (n = 1011).



The zircon grains were obtained by crushing and milling the samples using a jaw crusher, followed by pulverization. Heavy mineral concentrates were obtained from approximately 10 kg of rock samples using conventional crushing (particle size smaller than 500 mm) and panning methods. Zircons were extracted from the 100–200 mesh fractions using standard isodynamic, gravimetric, and magnetic techniques. No morphology or color differentiation was conducted during handpicking to avoid bias. The zircon grains were then mounted on epoxy resin, and their surfaces were then polished to expose the grain interiors. The U-Pb analyses were conducted at the Geochronological Research Center (CPGEO) at the University of São Paulo (USP). Cathodoluminescence (CL) images of the zircon grains, obtained using a Quanta 250 FEG scanning electron microscope equipped with a Mono CL cathodoluminescence spectroscope (Centaurus detector), were used to determine their internal structures. The images were used to identify spots for U/Pb analysis, avoiding fractures, inclusions or metamict areas that may have experienced Pb loss.



Isotopic data were obtained using a Thermo Finnigan Neptune inductively coupled plasma mass spectrometer (ICP-MS) coupled to a Photon-Machines 193 nm laser system. Calibration was performed using the GJ-1 zircon standard [50]. The cup configuration optimized for U-Pb data acquisition was IC3 202Hg, IC4 204(Hg + Pb), L4 206Pb, IC6 207Pb, L3 208Pb, H2 232Th, and H4 238U, where L and H represent low and high mass positions, respectively, and ICs represent ion counting (continuous dynode system). The ICP configuration includes a radio frequency power of 1100 W, a cool gas flow rate of 15 L/min (Ar), an auxiliary gas flow rate of 0.7 L/min (Ar), and a sample gas flow rate of 0.6 L/min. The laser setup parameters were as follows: energy, 6 mJ; repetition rate, 5 Hz; spot size ranging from 25 to 38 µm; and helium carrier gas flow rate ranging from 0.35 to 0.5 L/min. The routine U-Pb analysis consisted of 2 blanks, 2 NIST (610), 3 secondary/quality control reference materials (GJ-1 zircon) [51], 13 unknown samples, 2 secondary/quality control reference materials and 2 blank measurements. Each run comprised 40 cycles, with 1 s per cycle. The 204Hg interference on 204Pb was corrected by measuring the 202Hg and using a 204Hg/202Hg value of 4.2. 207Pb/206Pb ratio normalization was achieved using combined NIST (612) and external or secondary reference materials were used for quality control. For calibration/normalization, primary reference materials were utilized. The GJ-1 zircon reference material (602 ± 4.4 Ma) was used for mass bias correction associated with uncertainty introduced by the laser-induced fractionation of elements and mass instrumental discrimination. Zircon typically contains low concentrations of common Pb; thus, the reliability of the measured 207Pb/206Pb and 206Pb/238U ratios is critically dependent on the accurate assessment of the common Pb component. The residual common Pb was corrected according to the measured 204Pb concentration using the known terrestrial composition [52]. Data with a high content of common Pb were discarded for the histograms. The isotope ratios and inter-element fractionation of data obtained via ICP-MS were evaluated by interspersing the GJ-1 zircon in every set of thirteen zircon samples (spots). The GJ-1 reference material and a second Temora reference material met the requirements for the methods used in our laboratory, and the ratios of 206Pb*/238U, 207Pb/206Pb and 232Th/238U were homogeneous throughout the application of bracket technique. External errors were calculated using the error propagation of the individual measurements of the GJ-1 and NIST 610 reference materials and measurements into the individual zircon samples (spots). Decay constants used for age calculation are those recommended by [53]. Measured 204Pb was applied for the common lead correction, and data reduction was conducted using the Squid and Isoplot programs [54].



The U-Pb ages were plotted on the Concordia diagrams, weighted average and probability density plots. All samples presented yielded reliable ages with less than 5% discordance for 206Pb/238U to 207Pb/235U ratios and 10% discordance for 206Pb/238U to 207Pb/206Pb ratios. Plots and age calculations were conducted using Isoplot-R based on 206Pb/238U (<1.3 Ga) and 206Pb/207Pb (>1.3 Ga) [49,51,55]. Uncertainties for isotopic ratios are presented at the 2 s level (LA-MC-ICPMS) or 1 s level (SHRIMP) with the final age quoted at 95% confidence. The complete data set is included in the Supplementary Data (Tables S1–S15). The new 837 concordant zircons presented were used to construct relative probability diagrams (PDP and KDE), which are represented in Tables S1–S15 (Supplementary Data), as well as Concordia and weighted average diagrams.




4. Results


A total of fifteen (15) samples from eight (8) lithostratigraphic units of the Paraná Basin in Rio Grande do Sul State were analyzed, covering the Upper Carboniferous to Early Cretaceous interval (Figure 4). The analysis of 1047 zircon grains resulted in 837 concordant results (700 from detrital grains and 137 from volcanogenic euhedral crystals) and 210 discordant results. Figure 12 shows the cathodoluminescence images of the representative volcanic zircon crystals analyzed.



4.1. Guatá Group


Rio Bonito Formation


A total of 233 zircons yielded 175 concordant analyses from one sample of fine-grained sandstone (sample RB-P) and five associated samples of ash fall layers (Tnst-1, Tnst-1.5, Tnst-2, Tnst-3, and Tnst-6) from the Capané paleovalley (Figure 4). These samples represent post-glacial deposits over the glaciogenic strata of the Taciba Formation. The analyzed samples provide a representative sequence from the bottom to the top of the succession, covering over 100 m of thickness. The ash fall layers (also known as tonstein) in samples Tnst-1, Tnst-1.5, Tnst-2, Tnst-3, and Tnst-6 were collected from the Barrocada outcrop, which has a 300 m width and a 40 m high cliff exposing the middle and upper sections of the Rio Bonito Formation. These sections contain coal seams associated with fine-grained sandstone overlain by arkosic and quartzose sandstone layers.



Sample Tnst-1 was collected approximately 100 m away from the Barrocada cliff, and sample Tnst-2 was collected at the base of the cliff, stratigraphically 5 m above Tnst-1 [56]. Both tonstein levels occur as thin (2–4 cm) and discontinuous layers of whitish claystone interbedded with siltstones (Tnst-1) or coal seams (Tnst-2). Over 300 crystals with a size range of 70–500 µm were collected, and two groups of zircons were identified. The main population consisted of prismatic, euhedral, and elongated crystals with length-to-width (L:W) ratios ranging from 2:1 to 14:1 (average 5:1), exhibiting pinacoid terminations and magmatic oscillatory zoning. The subordinate group comprises sub-euhedral crystals with pyramidal terminations and sub-rounded grains, both displaying well-defined oscillatory zoning and L:W ratios ranging from 1:1 to 4.8:1 (average 2.4:1). The main group is subordinate in Tnst1 and dominant in Tnsts-2. Analysis of 52 zircons from the sample Tsnt-1 yielded 46 concordant results which are displayed in KDE and PDP plots in Figure 6A and Figure 7D1, as well as in Table S4. The Th/U ratios, ranging between 0.22 and 1.27, indicate magmatic crystals. The main Paleozoic population exhibits 238U/206Pb ages between 289 and 385 Ma. The youngest concordant population a Concordia age (Wheterill) of 301.2 ± 1 Ma (MSDW = 0.0042, n = 16). The 238U/206Pb weighted average age obtained from the five youngest grains is 291 ± 3 Ma (MSWD = 0.46, n = 5). Older detrital grain populations show a 238U/206Pb weighted average age of 362 ± 17 Ma having three Neoproterozoic zircons with ages of 630, 801, and 1025 Ma.



From Tnst-2, a total of 39 zircons were analyzed, resulting in 31 concordant results (Figure 6A and Figure 7D1, in Table S5). The Th/U ratios range between 0.44 and 1.04, typical of magmatic crystals. The analyzed zircons are volcanic in origin, with results showing a dominant Lower Permian 238U/206Pb age ranging from 280 to 299 Ma, resulting in a Concordia age of 289.5 ± 1.1 Ma (MSWD = 0.99, n = 24). The youngest population yielded a Concordia age of 289.9 ± 1.1 Ma (MSDW = 0.86, n = 21), while the youngest five grains yielded a Concordia age of 283.4 ± 1.7 Ma (MSWD = 0.15) and a 238U/206Pb weighted average of 283.4 ± 1.7 Ma (MSWD = 0.20).



The sample Tnst-1.5, collected between samples Tnst-1 and Tnst-2, presents two grain populations with different morphological characteristics. All twenty-five (25) zircons were concordant (Figure 6A, Table S5) from which 7 were used to calculate the youngest population. The other eighteen (18) zircons represent two Neoproterozoic populations. The youngest zircons are euhedral crystals with prismatic and elongated shapes and sector zoning, with sizes varying between 120 and 300 µm and L:W ratios ranging from 2:1 to 14:1 (average 5:1). The oldest zircons comprise sub-rounded grains with sub-euhedral form and pyramidal terminations, both displaying well-defined oscillatory zoning. The sizes vary between 40–100 µm and the L:W range from 1:1 to 5:1. The Th/U ratios vary between 0.40 and 1.08, which are considered typical for igneous crystals. The youngest population shows 238U/206Pb ages ranging from 287 to 303 Ma and yielded a Concordia age of 296.8 ± 2.2 Ma (MSWD = 1.4, n = 7), which is similar to the 238U/206Pb weighted average age of 296.8 ± 4.4 Ma (MSWD = 0.90, n = 5). However, the three youngest grains have a slight discordance. Two concordant zircons provided an age of 301.7 ± 3.5 Ma (MSWD = 0.0038). The results revealed one main population ranging from 574 to 534 Ma and Concordia age of 542.1 ± 3.1 Ma, (MSWD = 0.60, n = 6). A second group showed ages of 662 and 628 Ma, resulting in a Concordia age of 636.4 ± 13 Ma (MSWD = 0.0013, n = 6). Subordinate ages are Tonian (810 Ma) and Mesoproterozoic (1.277 Ma).



Sample Tnst-3 was collected in ash fall layers between the samples Tnst-1.5 and Tnst-6. Twelve zircons yielded two main detrital populations (Figure 6A and Figure 7D1, and Table S6). The youngest population comprises euhedral crystals with elongated and prismatic shapes, bipyramidal terminations, and well-defined oscillatory zoning. The grain size varies between 120 and 350 µm with L:W ratios ranging from 2:1 to 5:1. The subordinate older population comprises sub-euhedral crystals with pyramidal terminations and sub-rounded grains with well-defined oscillatory zonation. Grain sizes vary between 40 and 100 µm, with L:W ranging between 1:1 and 2:1. The Th/U ratios range between 0.26 and 1.79, indicating igneous crystals. One main population with 238U/206Pb ages between 574 and 534 Ma showed a Concordia age of 556.6 ± 4 Ma (MSWD = 0.17, n = 6). Other detrital zircons show isolated Tonian ages of 638, 720, and 780 Ma, and Mesoproterozoic ages of 1.024, 1.063, and 1.890 Ma.



The sample Tnst-6 provided 23 zircons, from which 16 were used to calculate the age of the youngest population associated with an ash fall layer. The youngest population comprise prismatic, euhedral, and elongated crystals with bipyramidal terminations and well-defined oscillatory zoning. The crystals range in size from 120 to 340 µm, and the L:W ratio varies from 4:1 to 12:1. The subordinate detrital grains comprised sub-euhedral crystals with pyramidal terminations and sub-rounded shapes, both with well-defined oscillatory zonation. The sizes range between 40 and 100 µm and the L:W ratio varies from 1:1 to 5.1. The crystals are considered to be of igneous origin, with Th/U ratios ranging between 0.26 and 1.79. The results presented 238U/206Pb ages ranging from 289 to 306 Ma. The volcanic zircons yielded a Concordia age of 300.1 ± 1.2 Ma (MSWD = 0.22, n = 16) and 301.5 ± 1.3 Ma (MSWD = 0.67, n = 12). The subordinate detrital zircons showed Paleozoic ages between 319 and 321 Ma, and an older population with ages of 535–531 Ma, 631 Ma, 828 Ma, and 1.741 Ma (Figure 6A and Figure 7D1, and Table S6).



In total, 71 zircon grains from the fine-grained sandstone of sample RB-P were analyzed, from which 38 showed concordant results (Table S7). This sample was associated with the Tnst-1 and Tsnt-2 ash fall levels. The results revealed two 238U/206Pb age populations. A main detrital group with 26 grains showed Pre-Cambrian ages between 512 and 2170 Ma, and a subordinate Paleozoic population with 12 grains of volcanic origin with ages ranging from 219 Ma to 367 Ma (Figure 6A and Figure 7D1,D2). The grain size ranges from 77 to 292 µm. The Th/U ratios show values that vary between 0.32 and 1.76, interpreted as igneous crystals. 238U/206Pb ages range from 288 to 303 Ma. The volcanic zircons yielded a Concordia age of 297.6 ± 3.9 Ma (MSWD = 0.22, n = 6) and the three youngest zircons yielded a weighted average age of 290 ± 3.2 Ma (MSWD = 0.55, n = 3) (Figure 6). The radiometric ages of all samples range from 297 up to 301.5 Ma, indicating a deposition in the Carboniferous–Permian interval, between Ghzelian and Asselian, in the lower interval of post-glacial deposits.





4.2. Passa Dois Group


4.2.1. Teresina Formation


The sample CC-R is a brown shale collected at Cerro das Caveiras, north of Dom Pedrito city (Figure 4). In total, 80 zircons were analyzed, from which 61 yielded concordant results (Table S8). Most of the zircons showed Paleozoic and Neoproterozoic ages (Figure 6A and Figure 7C1). The euhedral zircon crystals have prismatic and elongated shapes with pyramidal terminations and well-defined oscillatory zoning. The sizes range from 80 to 120 µm and the L:W ratio varies from 3:1 to 7:1. The oldest detrital population is constituted by prismatic to elliptical, rounded to sub-rounded grains. The sizes vary between 40 and 70 µm and the L:W ratio varies from 1:1 to 2.1.



The detrital zircons feature a wide range of ages between 269 and 3346 Ma (Figure 7C2). The Paleozoic grains show 238U/206Pb ages ranging from the Permian (284–269 Ma), Silurian (428–420 Ma), Ordovician (488–482 Ma) and Cambrian (540–518 Ma) (Figure 7C3). The Neoproterozoic zircons have Ediacaran (595–567 Ma), Cryogenian (637 Ma), and Tonian (990–892 Ma) ages. The Mesoproterozoic grains yielded Stenian (1115–1018 Ma) and Calymmian (1430–1382 Ma) ages, while the Paleoproterozoic zircons showed Statherian (1633 Ma) and Orosirian (2065–2004 Ma) ages. The oldest grains belong to the Paleoarchean, with ages between 3434 and 3404 Ma.




4.2.2. Pirambóia Formation


The sample TR-36 is a pink, medium-grained, well-sorted arkosic sandstone with cross-stratification and low-angle, planar cross-stratification, collected near Rosário do Sul town (Figure 4). Out of the 70 detrital zircons analyzed, 58 presented concordant analyses, from which 9 distinct populations of ages could be recognized (Table S9). The grains have a rounded shape and vary in size from 80 to 350 µm. The dominant Neoproterozoic zircon crystals have prismatic, elongated, and euhedral shapes with pyramidal terminations. The grain size ranges from 120 to 350 µm, with the L:W ratio varying from 4:1 to 8:1. The subordinate Carboniferous zircons present prismatic and euhedral shapes with pyramidal terminations. The Th/U ratios are typical of magmatic crystals, ranging between 0.20 and 2.13, with one grain having a ratio of 0.05.



Two main Neoproterozoic age peaks are present, with 238U/206Pb ages ranging from 623–539 Ma to 986–751 Ma (Figure 6A and Figure 7B1). The subordinate peaks showed Carboniferous ages between 536 and 491 Ma and Mesoproterozoic ages from 1120 to 1014 Ma (Figure 7B2). A few grains yielded 207Pb/206Pb ages between 2850 and 1713 Ma. Four reference ages representative of the main age peaks were determined through Concordia (Wetherill) ages of 1047 ± 12 Ma (MSWD = 2.0, n = 7), 921 ± 26 Ma (MSWD = 3.8, n = 6,), 576 ± 3 Ma (MSWD = 0.50, n = 16), and 526 ± 3 Ma (MSWD = 0.0097, n = 13) (Figure 7B3). Other subordinate peaks showed ages between 623–604, 794–751, 898–890, 1753–1713, 2012, 2250–2090, and 2850 Ma.





4.3. Rosário do Sul Group


4.3.1. Sanga do Cabral Formation


The samples TR-29 and TR-40 are sandstones from the base of the Rosário do Sul Group. The TR-40 is a light pink, medium-grained arkosic sandstone with cross- and plane-parallel stratification, collected in a road cut of BR-474 highway, near Rio Pardo city (Figure 4). A total of 86 zircon grains yielded 66 concordant results (Table S10). Seven crystals showed elongated and euhedral prismatic shapes and well-defined oscillatory zoning, indicating a volcanic origin associated with ash fall layers. The crystals vary between 100 and 120 µm in length, with the L:W ratio ranging from 4:1 to 8:1. The other 59 grains are detrital, with a main group consisting of zircons with prismatic, elongated, and euhedral shapes, pyramidal terminations, and rounded edges. A subgroup is defined by rounded to ovoid shapes. Grain sizes vary between 70–120 µm, with a L:W ratio ranging from 2:1 to 4:1. The Th/U ratios ranges between 0.13 and 1.56, indicating magmatic crystals. Six main age peaks from 251 Ma to 2070 Ma were recognized, including two Neoproterozoic peaks with subordinate Mesoproterozoic ages (Figure 6A and Figure 7A1). The main interval shows 206Pb/238U ages varying from 535–469 Ma, 613–545 Ma, 696–629 Ma, and 995–792 Ma, to 1167–1004 Ma (Figure 7A2). U-Pb isotopic data from the youngest zircon with volcanic origin yielded a 206Pb/238U weighted average age between 260 ± 3 Ma (MSWD = 0.30, n = 6) and 257 ± 9 Ma (MSWD = 0.32, n = 4), suggesting the maximum time interval of deposition (Figure 6C and Figure 7A3).



The sample TR-29 is a pink, medium-grained arkosic sandstone with cross-bedding stratification collected between the cities of São Francisco de Assis and São Vicente (Figure 4). The analysis of 69 zircon grains produced 53 concordant results (Table S11). Most of the zircons have prismatic, elongated, and euhedral shapes with pyramidal terminations and well-defined oscillatory zoning, with a subordinate population of crystals with rounded edges. The sizes vary from 80 to 120 µm, and with a L:W ratio varying from 3:1 to 6:1.



The oldest grains have an ovoid shape and sizes between 50 µm and 90 µm. A wide age interval varying from 245 Ma to 2188 Ma was observed (Figure 6A and Figure 7A2). Concordia (Wetherill) determined four main peaks: 946 ± 31 Ma (MSWD = 2.8, n = 4), 734 ± 6 Ma (MSWD = 0.11, n = 3), 595.6 ± 13 Ma (MSWD = 0.024, n = 9) and 533 ± 7 Ma (MSWD = 0.25, n = 18). Other subordinate peaks were characterized by 207Pb/206Pb ages between 1443–1016 Ma and 2188 Ma. The Paleozoic crystals are dominant and show two main peaks ranging from 280–245 Ma, to 535–365 Ma. Neoproterozoic ages are subordinated, having three main age intervals of 620–545 Ma, 709–634 Ma, and 982–734 Ma. The youngest prismatic and euhedral crystals, interpreted as Permian detrital zircons of volcanic origin, yielded a Concordia age of 273 ± 4 Ma (MSWD = 0.038, n = 4), like the 206Pb/238U weighted average age of 273.8 ± 6 Ma (MSWD = 0.23, n = 4) (Figure 6C and Figure 7A3).




4.3.2. Santa Maria Formation


A total of 291 zircons from the samples BS-5 and SM-01 are from sandstones of the basal portion of the Santa Maria Fm. (Passo das Tropas Member, sensu [19]), and from the samples BS-2 and CH-01, which are siltstones from the upper portion (Alemoa Member, sensu [19], or Santa Cruz Sequence sensu [16]) (Figure 4). The data from the samples BS-2 and BS-5 were published by [15].



The sample BS-5 is a pink, well-sorted, fine-grained sandstone. The 87 concordant zircons yielded a narrow Neoproterozoic 206Pb/238U age range, from 833 to 569 Ma, with three representative age peaks within the dominant intervals of 620–559 Ma, 709–622 Ma, and 833–750 Ma (Figure 6A and Figure 8D1). The Th/U ratios vary from 0.1 and 1.32, suggesting a magmatic origin.



The sample SM-01, collected near to Santa Maria city, is a pink, cross-bedded, medium-grained sandstone. The 63 concordant zircons yielded a large age range from 357 Ma to 1850 Ma, with dominant ages between 620 and 541 Ma (Figure 8D1, Table S12). The Paleozoic zircons showed ages varying between 538 and 357 Ma, with an expressive population of Cambrian age (538–503 Ma) (Figure 8D3). Subordinate Neoproterozoic 206Pb/238U ages range from 700–645 Ma to 972–773 Ma, along with grains recording Mesoproterozoic ages from 1247 to 1026 Ma, and restricted Paleoproterozoic ages in the 1850–1665 Ma range. The Th/U ranges between 0.18 and 1.88. Three main groups of zircon grains were defined by U-Pb Concordia ages of 550 ± 3 Ma, 641 ± 13 Ma, and 1042 ± 5 Ma. Others age peaks are spread from 357 ± 4 Ma and 1800 ± 38 Ma.



Sample BS-2 corresponds to a red siltite collected in Venâncio Aires city (Figure 4). Most of the zircon grains are generally rounded; however, a small population of euhedral and elongated prismatic crystals occurs. The Th/U varies between 0.09 and 0.18, indicating an igneous origin. The 92 concordant grains yielded a wide range of ages from 217 Ma to 2742 Ma. The abundant Paleozoic zircons include six main age peaks: 249–217 Ma, 286–251 Ma, 350–300 Ma, 361–356 Ma, 496–470 Ma, and 536–502 Ma (Figure 6A and Figure 8C1). Subordinate Archean to Mesoproterozoic age intervals showed peaks of 2742–2681 Ma, 2225–1913 Ma, 1517–1500 Ma, and 1231–1041 Ma. Neoproterozoic zircons show two main age intervals of 999–743 ma and 718–653 Ma.



A small population of crystals with euhedral and elongated prismatic shapes is interpreted as being of volcanic origin. The Th/U ranges from 0.89 to 1.94. Out of six crystals, five yielded ages between 240 and 232 Ma, and the 206Pb/238U weighted average age of 237 ± 2 Ma is interpreted as the best estimate for the crystallization of the volcanic ash and the maximum depositional age of the top of the Santa Maria Formation [15]. Another population of volcanic zircons yields a U-Pb Concordia age of 246 Ma. The Mesoproterozoic and Paleoproterozoic zircons are rounded, suggesting transportation over long distances and/or multiple sedimentary cycles. On the other hand, the Paleozoic zircons are elongated and euhedral, suggesting transportation over short distances. Two populations of zircon grains populations are composed of euhedral zircons with long prismatic shapes, indicating a close source area and a probable volcanic origin.



The sample CH-01 is a siltite of the Alemoa Member collected to the north of the Cachoeira do Sul city (Figure 4). We identified three distinct groups or zircon grains. The crystals come with concentric oscillatory zoning, which is a typical feature of primary magmatic zircon [57]. The Paleoproterozoic zircon crystals are sub-euhedral, with prismatic and elongated shapes, as well as round grains. The Neoproterozoic zircon crystals also exhibit elongated and euhedral shapes, suggesting transportation over short distances. The youngest crystals, interpreted as originating from volcanic ash, have euhedral forms with long prismatic shapes, indicating a close source area and probable volcanic origin. Most of the zircons are sub-euhedral, with prismatic elongated and bipyramidal shapes, featuring sub-rounded faces. The sizes range from 90 to 250 µm in length, with L:W ratios ranging from 2:1 to 4:1. Another subgroup consists of grains with prismatic shapes and rounded edges, exhibiting ovoid or round forms and sizes varying between 200 and 300 µm.



The youngest crystals have euhedral and elongated prismatic shapes, with sizes ranging from 200 to 650 µm, mostly around 400 µm in length. The Th/U ranges from 0.76 to 1.22. Fifty-six (56) concordant zircon grains yielded ages ranging from 239 to 2630 Ma (Table S13). Six zircon populations are defined by age intervals of 249–239 Ma, 293–251 Ma, 535–509 Ma, 620–541 Ma, 669–623 Ma and 813–759 Ma (Figure 6A and Figure 8C1,C2). Four groups are defined based on U-Pb Concordia ages of 529 ± 4 Ma, 580 ± 6 Ma, 640 ± 3 Ma, and 776 ± 8 Ma. The youngest zircon crystals yielded 206Pb/238U ages between 239 and 251 Ma. The Concordia age of 246 ± 1.5 Ma (MSWD = 0.39, n = 8) and the 238U/206Pb weighted average age of 239.4 ± 3.8 Ma (MSWD = 0.034, n = 2) are interpreted as the crystallization of the volcanic ash and the maximum depositional age of the Alemoa Member (Figure 6C and Figure 8C3).




4.3.3. Caturrita Formation


The sample MT-01 is a cross-bedded, medium-grained arkosic sandstone collected near Mata town, corresponding to the upper portion of the Rosário do Sul Group (Figure 4). A total of 53 zircon grains produced 33 concordant results (Table S14). Most of the zircons have euhedral to sub-euhedral prismatic elongated shapes with pyramidal terminations, rounded edges, and well-defined oscillatory and sector zoning. The sizes vary from 80 to 500 µm, and the L:W ratio ranges from 3:1 to 7:1. The oldest group of zircons has a rounded to ovoid shape and sizes between 50 and 90 µm. Most of these grains show homogeneous and bright internal areas typical of metamorphic zircon. The Th/U ranges from 0.18 to 1.28 and is representative of igneous zircons. Two age peaks were recognized to be in a wide-range interval from 365 Ma to 2074 Ma (Figure 6A and Figure 8B1,B2). The majority of zircons show Paleozoic ages from the Cambrian (537–497 Ma), Ordovician (473–470 Ma) and Devonian (406–365 Ma) periods. The subordinate group has Neoproterozoic ages from Ediacaran (629–542 Ma) to Tonian (869–662 Ma) with single Mesoproterozoic (1056 Ma) and Paleoproterozoic (2074 Ma) ages. Three main peaks were defined by Concordia (Wetherill) ages of 617.4 ± 4.4 Ma (MSWD = 0.41, n = 5), 562.3 ± 4.7 Ma (MSWD = 0.0020, n = 4) and 528.8 ± 3.4 Ma (MSWD = 0.020, n = 12) (Figure 8B3).





4.4. São Bento Group


Botucatu Formation


The sample BS-1 is an aeolian, medium-grained quartz-rich subarkosic sandstone with large-scale cross-bedding stratification representing the base of the Botucatu Formation in the upper portion of the São Bento Group (Figure 8). A total of 78 zircon grains were analyzed, of which 57 were concordant (Table S15). Three crystals with euhedral elongated prismatic shapes and rounded edges, ranging in size between 250–500 µm long and with a L:W ratio ranging from 3:1 to 6:1, are interpreted as reworked grains from the ash fall layer. The other 54 grains are detrital, with the main group consisting of grains with euhedral and prismatic elongated shapes, with pyramidal terminations, and rounded to very rounded edges. The other subgroup shows a rounded to ovoid shape. The sizes vary between 70 and 120 µm, and the L:W ratio ranges from 2:1 to 4:1. The Th/U ranges between 0.16 and 2.60, representing igneous crystals, supported by well-defined oscillatory zoning.



Four main age peaks were defined in the wide interval from 262 Ma to 3291 Ma (Figure 6A and Figure 8A1). Two Neoproterozoic peaks were found in the Ediacaran (638–561 Ma) and Tonian (995–741 Ma), with subordinate ages from the Cryogenian (683–647 Ma). Mesoproterozoic zircons range from 1220 to 1005 Ma. The Paleozoic grains include subordinate ages from Permian (279–262 Ma), Devonian (379 Ma), Ordovician (469–446 Ma), and Cambrian (536–499 Ma). Paleoproterozoic (2107–2102 Ma) and Archean (3291 to 2790 Ma) (Figure 8). Isotopic data from the youngest zircons with volcanic origin yielded a Concordia age of 264.2 ± 3.8 Ma (MSWD = 0.0020, n = 2) and a 206Pb/238U weighted average age of 264 ± 7.5 Ma, (MSDW = 0.41, n = 2). The volcanic crystals have rounded edges, suggesting a reworking process of the original ash fall.






5. Discussion


5.1. Provenance of Detrital Zircon


The U-Pb ages, integrated with sedimentary paleo-transport data from the southern Paraná Basin (PB), indicate provenance from short and long distances located at the south, southeast, and southwest of the basin limits. The analyses of samples representative of the five groups of the PB show a wide range of age populations that are present in all units (Figure 6, Figure 7, Figure 8 and Figure 9) and a strong correlation with local and distal source areas.



The following main age populations and their respective source areas are considered in this work: (i) Archean to Paleoproterozoic ages from the Rio de La Plata Craton and Taquarembó Terrane to the south; (ii) Mesoproterozoic grains potentially sourced from the Grenvillian basement of the Gondwanides belt in Argentina to the southwest, and the Namaqua-Natal belt in Africa; (iii) Neoproterozoic ages from the Brasiliano–Pan-African Orogeny, with a major contribution from the Dom Feliciano Belt; and (iv) Paleozoic populations from orogenic belts in Argentina and eroded units of the Paraná Basin (Figure 10). We highlight the dominant occurrence of Neoproterozoic (996–538 Ma) and Paleo-Mesozoic (520–236 Ma) grains, with subordinate Mesoproterozoic crystals (1.2–1.0 Ga) followed by Paleoproterozoic grains. Although zircons with Paleoproterozoic and Archean ages are less common, these sources were available throughout the basin’s sedimentation, persisting for the entire section of the PB. Only the samples from the Rio Bonito Formation do not contain Archean zircons, with most of the analysis focusing on euhedral crystals related to the ash fall layers representing the depositional ages.



The Itararé Group (samples IT-5, IT-P, and TR-57) presented six main detrital zircon populations: Neoarchean (2.5 Ga), Lower to Mid-Paleoproterozoic (2.3–2.1 and 2.0–1.8 Ga), Grenvillian (1.2–1.0 Ga), Brasiliano I (996–747 Ma), Brasiliano II (640–537 Ma) and Paleozoic (519–291 Ma) (Figure 9A). The exception is sample TR-57, which shows only Neoproterozoic zircons from the Ediacaran period (610–564 Ma). The Neoproterozoic ages are dominant, followed by Paleozoic zircons, with a majority of Cambrian and Carboniferous grains, as well as Paleo-Mesoproterozoic populations.



The overlying Guatá Group is dominated by Paleozoic and Neoproterozoic ages (840 and 542 Ma, with a main peak in 600–550 Ma), with subordinate Mesoproterozoic (1.2–1.0 Ga) zircons. Paleozoic grains show two main age periods, 534–345 Ma and 316–284 Ma. The data show a less significant Paleoproterozoic (2.3–1.8 Ga) grain population and a higher contribution of Paleozoic detrital zircons compared to those for the Itararé Group (Figure 7D2). The Paleozoic grains are dominated by Carboniferous and Permian ages. This abrupt increase in the Paleozoic zircon population could be explained by the onset of the diastrophism of the Gondwanan Orogeny during the Sanrafaelic Orogenic Phase [2] in the transition from the Itararé to Guatá Group. This compressional phase generated intense deformation through folding and thrusting followed by the resumption of southward subduction.



The analyses of the Upper Permian Passa Dois Group units show a similar range of ages to those observed in the underlying Itararé and Guatá Groups. However, they exhibit a higher proportion of Archean-Proterozoic populations. Two peaks of Mesoproterozoic (1328–1008 Ma) and Neoproterozoic (623–539 Ma) ages are present, with rare Archean grains (3436–2850 Ma). The Paleozoic zircons are subordinate and exhibit ages ranging from 534 to 269 Ma. This period is characterized by the continuous uplift of the Gondwanides Belt during the Sanrafaelic Phase, resulting from the subduction of the Panthalassa oceanic plates beneath the Gondwana continent. The paleocurrents indicate predominant sedimentary transport to the north and northwest, suggesting that the Paleozoic zircons can be associated with the Famatinian Terrane to the west-southwest and the Somuncurá Massif in northern Patagonia (Figure 10). The sediments supplied by these distant sources were transported by transcontinental alluvial and fluvial systems, crossing the Ventania Fold Belt and related foreland deposits, and subsequently forming peripheral bulges before being deposited in the intracratonic realm. This paleogeographic relationship is also described by [69] for the paleogeographic analysis of Late Permian rocks in the Rio do Rasto Formation in the states of Rio Grande do Sul and Santa Catarina.



Further up in the succession, the detrital zircon patterns recorded in Triassic samples from the Rosário do Sul Group show a broad spectrum of source rocks, with ages ranging from the Meso-Archaean to the Meso-Triassic. Three main age groups are defined: (1) a group with two dominant populations from the Neoproterozoic, with emphasis on the Cryogenian and Ediacaran intervals (700–500 Ma), (2) one with two populations from the Middle–Upper Paleozoic (450–250 Ma), and (3) another with an early Mesozoic group of zircons. Subordinate groups include Mesoproterozoic zircons (1500–1231 Ma and 1231–1041 Ma), and Neoproterozoic zircons from the Tonian to Cryogenian (1000–669 Ma). The contribution of ancient sources is restricted, with few Archean (2881–2681 Ma) and Paleoproterozoic (2225–2052 Ma, 1913–1900 Ma, and 1800–1517 Ma) grains.



The uppermost Jurassic–Cretaceous São Bento Group shows age peaks ranging from 262 Ma to 3291 Ma. Two subordinated Archean ages (3291 to 2790 Ma) and Paleoproterozoic ages (2107–2102 Ma) were shown, with Mesoproterozoic zircons varying from 1220 to 1005 Ma. A main Neoproterozoic group with peaks in the Ediacaran (638–561 Ma), Tonian (995–741 Ma), and subordinate Cryogenian (683–647 Ma) ages was identified, along with a Paleozoic peak including ages from the Permian (279–262 Ma), Devonian (379 Ma), Ordovician (469–446 Ma) and Cambrian (536–499 Ma).



5.1.1. Pre-Cambrian Sources


The sedimentary strata in the southern sector of the PB were deposited along the border of the Rio de la Plata and Luis Alves cratons, overlying the Nico Perez Terrane and Dom Feliciano Belt (Mantiqueira Province) [70,71,72] (Figure 1 and Figure 3). The basement is characterized by large Archean–Paleoproterozoic cratonic units, surrounded by Neoproterozoic orogenic belts formed during the Brasiliano Orogenic Cycle (900–540 Ma) [38]. Towards the southwest, the Rio de La Plata Craton is surrounded by the Paleozoic Pampean, Famatinian, and Gondwanic [18,73]. In southern Brazil and Uruguay, most of the tectonic contacts between orogenic units exhibit a dominant NE–SW orientation marked by ductile shear zones or extensional fracture zones generated during the main collisional stage of the Brasiliano Cycle (~650–620 Ma) [35,72]. The reactivation of older basement structures has been attributed to the action of compressive stresses associated with the Paleozoic orogenesis in SW Gondwana and subsequent reactivation linked to the breakup of Gondwana during the Cretaceous [2,15,36,37].



The sedimentary rocks in the southern sector of the PB are exposed as an elongated zone of an E–W and N–S outcrop belt, surrounded by Precambrian basement rocks exposed along the south and southeast margins of the PB (Figure 4). The Precambrian sources are interpreted to have been mainly derived from units of the Rio de La Plata Craton, represented by the Taquarembó Terrane in Brazil, the Nico Peres Terrane in Uruguay, and the Dom Feliciano Belt (São Gabriel, Tijucas, and Punta del Este terranes, and Florianópolis-Pelotas-Aiguá batholiths) (Figure 3). These units are bounded by regional shear zones of NE–SW and subordinate NW¬–SE directions. The Mesoproterozoic grain populations can be related to the distal sources, associated with the basement of the Gondwanides Belt in Argentina and Chile, as well as the Namaqua–Natal belt providing Grenvillian zircons.



The Archean–Neoproterozoic metamorphic and granitic rocks of the southern Brazil and Uruguay have two major provenance time intervals: an older one ranging from 3.1 to 1.7 Ga and a younger one from 900 to 540 Ma, with minor Mesoproterozoic ages [15,71,72,74,75]. The Taquarembó Terrane is composed of by Archean–Paleoproterozoic granulites and orthogneisses with U-Pb zircon crystallization ages ranging from 2550 to 2200 Ma, and metamorphism between 2100–2000 Ma [76], which are present in all analyzed units. The detrital Neoproterozoic zircons represent the most abundant population present in the entire succession. These zircons are interpreted as being sourced from the Brasiliano–Pan-African Cycle rocks, mainly from the local Dom Feliciano Belt (DFB). The African contribution is interpreted as limited due to the Don Feliciano High, a NE–SW positive structure that would prevent the significant advancement of African basement sources towards the northwest.



The DFB includes four arc-related magmatic associations with U-Pb crystallization ages in the intervals of 900–860 Ma (Passinho Arc), 780–720 Ma (São Gabriel and Porongos-Cerro Olivo arcs), and 650–550 Ma (Dom Feliciano Arc). The Passinho and São Gabriel arcs were related to accretionary orogenies, with a magmatism of juvenile character and mantle composition, while the magmatism of the Porongos Arc and the units of the Cerro Olivo Complex in the Punta del Este Terrane involved the generation of a Tonian magmatism associated with the reworking of a Paleoproterozoic continental crust [56,77,78].



The DFB represents the evolution of a collisional orogen, with syn-collisional peraluminous magmatism generated by crustal melting associated with high-grade orogenic metamorphism (650–620 Ma) [79,80], and a post-collisional magmatism (600–570 Ma) with a strong crustal signature [81,82]. The São Gabriel Terrane (SGT) is composed of an association of ophiolite slabs and arc-related plutonic and metavolcano-sedimentary rocks with a juvenile signature, generated between 900 and 720 Ma and interpreted as an accretionary prism [76,83,84,85,86,87,88]. The Tijucas Terrane (TjT) occurs to the east and is composed by the metavolcano-sedimentary rocks of the Porongos Complex, with volcanic activity recorded between 805–780 Ma and 600–580 Ma, and by the Paleoproterozoic orthogneisses of the Encantadas and Vigia complexes (2250–2100 Ma) [71,89,90]. The igneous and metamorphic complexes that constitute these terranes were intruded by granitic plutons (650–600 Ma) and covered by sedimentary and volcanic rocks of the Camaquã Basin (620–540 Ma) [91,92]. The eastern portion of the DFB is composed of the Pelotas Batholith (PB), represented by granitic suites and acidic and basic dike swarms with U-Pb zircon ages between 650 and 550 Ma [72,81,82,93]. Inside of the batholith, there are basement inliers constituted by orthogneisses with U-Pb zircon ages of 2.1–2.01 Ga [94] and metagranites and orthogneisses of 780 Ma related to the Porongos Arc [70,88].




5.1.2. Paleozoic Sources


The rock sources for the abundant population of Phanerozoic grains are not found in the proximal areas in the south of Brazil. Therefore, most Paleozoic grains are interpreted to be provided by more distal sources associated with the Paleozoic belts located in the southwest Argentina and, to a lesser extent, southwest Africa (Figure 10).



The zircons of Late Paleozoic ages may have derived from different sources, including (1) the Late Paleozoic magmatic arc associated with the North Patagonian Massif in the SW Gondwana Margin, considering the paleocurrents of the Late Permian units with the main siliciclastic transport toward the north; (2) the Famatinian Terrane in the Sierras Pampeanas, considering the general E–NE paleocurrent trends for the Rosário do Sul Group (Sanga do Cabral and Santa Maria Supersequences) and the paleogeography of the Triassic succession [20,36,37,95]. Cambrian ages between 520 and 480 Ma were described in granitoids of Pampean orogeny exposed in the Sierras Pampeanas [21,22] (Figure 10). The Ordovician zircons (480–450 Ma) are described in granites and metamorphic rocks associated with the Famatinian orogeny and in the NW portion of the Sierras Pampeanas [23,24,25,96], as well as in the Cape Fold Belt, South Africa. Devonian age peaks (380–360 Ma) are also found from the Rio Bonito to the Botucatu formations and are likely related to intrusive granites of the Sierras Pampeanas.



Cambrian to Carboniferous zircons were transported over long distances, as suggested by the sub-rounded to rounded grain forms, whereas elongated and euhedral Permian to Triassic zircons have a volcanogenic origin and were transported by the wind as volcanic ashes (Figure 11) [15,97]. Upper Carboniferous ages were described at a tonstein layer at the top of the Taciba Formation of the Itararé Group [33]. The Permian (298–254 Ma) and Triassic (245–225 Ma) zircons are representatives of the long cycle of volcanic activities of the Choiyoi Group, located in western Argentina and southern Chile [26,41,98,99]. Permian ages have also been described in ash fall layers of tuff found in sandstones of the Rio Bonito, Irati, and Rio do Rasto formations, indicating the extent of the volcanism associated with the Gondwanides Orogeny [17,97,100,101,102]. In the Figure 12 we presents a synthesis of the data obtained in this work, compared which was presented by southern Brazil [97,100]. We observe the record of a greater spectrum of volcanic activity, including the volcanism that marks the end extensional period of the Gondwanides Belt, and the beginning of Andean volcanism in the Late Triassic.



The occurrence of Permian age zircons with elongated and euhedral shapes with an abraded surface in the Triassic and Jurassic rocks from the Rosário do Sul and São Bento Group, respectively, suggests a reworking of the volcanogenic zircons by the erosion of the Guatá Group and Passa Dois Group units (Figure 12B). Reworked zircons were also described in equivalent units in Santa Catarina State to the northeast of the study area [69]. These processes are associated with the uplifting of the Rio Grande Arc marked by a slow uplift of the basement throughout the Triassic and Jurassic, controlled by the Gondwanides orogeny [15,47] (Figure 1C and Figure 14). The uplift of Permian units and the development of NW–SE regional fault systems are supported by structural characterization and apatite fission track data recording the significant uplift of the basement (~1.5 km) in the structures of the Jaguari-Mata Fault System during the Triassic [103,104,105].
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Figure 11. Location of the Middle–Upper Triassic orogenic deformation and magmatic arc in southwestern portion of the Gondwana. Paleogeographic reconstruction based on [106,107,108]. The yellow dashed line corresponds to the area of the Paraná, Chaco, Kalahari, and Karoo basins. Modified from [109]. The green dashed line corresponds to the general limit of the ash fall deposits associated with the Choiyoi Province magmatism. 
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Figure 12. (A) Schematic timeline diagram showing the results of the volcanic zircon crystals from the samples of the Permian Guatá Group (Rio Bonito Formation), Passa Dois Group (Irati and Rio do Rasto Formations), and of the Rosário do Sul Group (Sanga do Cabral, Santa Maria and Caturrita Formations). (B) Cathodoluminescence (CL) images of euhedral volcanic zircons of the Itararé Group (Taciba Formation, sample IT-P), (C) Rosário do Sul Group (Santa Maria Formation, samples CH-01, SM-01), (D) Rosario do Sul Group (Caturrita Formation, sample MT-01), São Bento Group (Guará Formation and Pedreira Sandstone, samples TR-1, TR-2 and PS-9), (E) Pedreira Sandstone (sample TR-274). 
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5.2. Ash Fall Deposits and Maximum Depositional Ages


The U-Pb (LA-ICP-MS) data of volcanic zircons associated with ash fall deposits were found in sandstone and siltstone layers covering the stratigraphic sequence of the southern segment of the Paraná Basin (PB). The results were integrated with data from the Permian Rio Bonito, Irati, and Rio do Rasto formations published by [97,100], and Triassic ash fall zircons described in the southern sector of the PB by [15,47,101] (Figure 12). The volcanogenic grains provide information about the depositional ages of the Permian to Triassic units and the reworking processes of grains during the basin evolution. The data suggests volcanic activity from the Late Carboniferous to the Late Triassic, which can be associated with magmatic events of the Choiyoi Magmatism associated with the Gondwanides orogeny (Figure 2, Figure 11 and Figure 12).



The euhedral zircons from sample IT-P from the upper portion of the Taciba Formation (Itararé Group) yielded a Concordia age of 308 ± 1.4 Ma (MSWD = 0.44, n = 5) and a weighted average age of 301 ± 4.5 Ma (MSWD = 0.44, n = 3), suggesting this age interval as representative of the maximum depositional age. The youngest zircons from the sample RB-P from the lower portion of the Rio Bonito Formation (Guatá Group) resulted in a Concordia age of 297.6 ± 3.9 Ma (MSWD = 0.22, n = 5) and a weighted average age of 290 ± 3.2 Ma (MSWD = 0.60, n = 3), considering the maximum depositional age range. Three euhedral volcanic zircons from the ash fall layer from the Irati Formation (Passa Dois Group) showed a Concordia age of 272.9 ± 2.9 Ma (MSWD = 0.106) and a 238U/206Pb weighted average age of 273.2 ± 7 Ma (MSWD = 0.30, n = 3), representing the maximum depositional age.



The zircons aged between 260.9 and 241 Ma have a short and euhedral prismatic shape and well-developed oscillatory zonation. They do not show evidence of sedimentary reworking and are considered deposits of volcanic ashes precipitated contemporaneously with the deposition of sediments. From sample TR-40 of the lower portion of the Sanga do Cabral Formation (Rosário do Sul Group), the Concordia age of 259.7 ± 1.3 Ma (MSWD = 0.079, n = 5) and athe238U/206Pb weighted average age of 258.8 ± 3.7 Ma (MSWD = 0.47, n = 3) indicate an Upper Permian age for this deposit. The younger euhedral zircon crystals of the CH-01 from the Caturrita Formation at the top of the Rosario do Sul Group yielded a Concordia age of 239.4 ± 3.6 Ma (MSWD = 0.034, n = 2). An 238U/206Pb weighted average age of 245 ± 1.5 Ma (MSWD = 0.39, n = 9) was interpreted as being representative of reworked zircons inherited from the underlying Santa Maria Formation.



The petrographic analysis of zircon crystals along with the integration of lithostratigraphic and tectonic information allowed for the assessment of the limits of isotopic data in relation to the reworking of sedimentary rocks as “source” materials in subsequent cycles. The strata of the Passa Dois Group (Upper Permian), Rosário do Sul Group (Lower to Upper Triassic), and São Bento Group (Upper Jurassic) provide a record of the recycling of Permian sedimentary rocks (Figure 12). Volcanic crystals of the Permian age (298–271 Ma), found in the Rio Bonito and Irati formations, have been identified in the sediments of the Rosário do Sul and São Bento groups. The rounding and weathering of the grain surfaces indicate a reworking process within a new sedimentary cycle. This evidence, along with thermochronological data, supports the determination of uplift in the basement and basin, as well as the activity of the main regional NE–SW and NW–SE fault systems [35,47].




5.3. Basin Evolution


Based on the U-Pb detrital zircon results, integrated with the lithostratigraphy, facies association, sediment transport directions, and apatite fission track (AFT) data, it was possible to characterize the distinct evolutionary phases of the basin in the SW Gondwana, closely related to the Paleozoic–Mesozoic tectonic regime (Figure 1C). The lithosphere along the southern margin of Gondwana experienced regional flexure under the stresses generated along the Gondwanides belt, resulting in the creation of ‘intracratonic’ depositional space within the Gondwana shield. The growth of the continental lithosphere was a significant process during the Phanerozoic, progressively limiting marine incursions into the interior of continent [2]. Consequently, over time, the Paraná Basin, which initially opened as a gulf to the Panthalassa, became an intracratonic depression trapped within Gondwana.



The filling of the basin indicates three distinct evolutionary stages documented in the Itararé, Guatá/Passa Dois, and Rosário do Sul groups. The transitions between the Carboniferous-Permian and Permian-Triassic periods provide important evidence related to the intense continental arc magmatism, the development of fold and thrust bels (such as the Sierra de La Ventana in Argentina and the Cape Fold Belt in Africa), and intra-plate tectonic activities (Figures 14 and 15). The deposition of the earliest sedimentary strata, represented by the Itararé Group, was associated with the final stage of the Late Paleozoic Ice Age (LPIA), marking the beginning of a significant climate change and a transition from a period of glaciation [27,110] (Figure 13B). Paleocurrents analysis of this unit in the study area indicate sediment transport to the north and northwest, supporting the provenance of Paleo-Neoproterozoic zircons from the Brasiliano–Pan-African cycle rocks located to the south and southeast. The second stage was associated with a gradual climate change related to deglaciation and variations in relative sea level during the Early Permian deposition of the Guatá Group. The advancement of the sea over the continent led to the formation of flooded areas (e.g., mangroves, swamps, and estuaries), resulting in the accumulation of organic matter and extensive layers of mineral coal. This sequence, characterized by an extensive network of river systems, transitioned to estuarine and deltaic environments with predominant sediment transport to the north and northeast, as recorded in the Passa Dois Group. The uplift of the Gondwanides Belt marked the closure of the gulf and restricted ocean access, leading to the deposition of a marine succession associated with the formation of an epicontinental sea (Guatá Sea) [109] (Figure 13). During the Upper Carboniferous and the Permian, Proterozoic and Phanerozoic orogenic belts were exposed due to regional tectonic processes (Figure 4 and Figure 14), resulting in the deformation of sediments along the old continental margin and uplifting of the basement. This caused the formation of several foreland and associated collisional basins located to the north and northeast of the Gondwanides Belt [111,112] (Figure 1C, Figure 14 and Figure 15). The third stage, occurring during the Triassic, is characterized by successive tectonic pulses associated with the continuation of subduction processes and the subsequent extensional collapse of the Gondwanides Orogeny [2,4,36,37,113]. The orogenic extensional collapse promoted the uplift of the basement, located west of the current limits of the basin, and the generation of an elongated intraplate graben system (Figure 15).



The sedimentary and volcanic succession also recorded global variations in environmental conditions, including the extensive LPIA (Large Paleozoic Ice Age) [27,110,114,115], and one of the most significant episodes of climate change during the Carboniferous–Permian and Permian–Triassic, culminating in a major mass extinction event in the late Triassic and early Jurassic. These events are commonly attributed to a period of intense volcanic emissions that altered atmospheric carbon dioxide (CO2) levels and catalyzed climate change. The abundance of Permian and Triassic prismatic and euhedral zircons corroborated to the continued volcanic activity on the SW Gondwana margin and supported previously defined lithostratigraphic data based on tetrapod vertebrate fossils, accompanied by faunal and palynological analyses. Two main pulses of intense volcanic activity and ash fall deposits were recognized in the late Permian (290–270 Ma) and Triassic (250–228 Ma), confirming that the environmental conditions and the greenhouse effect observed during the Permian were associated with the prolonged development of Choiyoi magmatism. The first episode overlaps with the regional development of Choiyoi magmatism and Carboniferous sedimentary successions, which include paralic and continental deposits with interbedded peat and coal beds. The second coincides with a rise in temperature and a massive extinction event affecting vertebrates and Triassic fauna.
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Figure 13. (A) Paleogeographic configuration of southwestern Gondwana basin system. Basins: 1—Sergipe-Alagoas, 2—Sanfranciscana, 3—Paraná, 4—Chaco-Paraná, 5—Madre de Dios, 6—Calingasta-Paganzo, 7—San Rafael, 8—Saurce Grande, 9—Congo, 10—Huab, 11—Mid-Zambeze, 12—Karoo, and 13—Kalahari. (B) Paleogeographic configuration of southwestern Gondwana during the Late Paleozoic with the distribution of the major depositional basins and the proposed paleo-ice lobe. (C) Location of the Paraná Basin and its Chaco-Paraná extension. The dashed blue line indicates the general physiography of the Guatá Sea. (D) Paleogeographic map of the southern sector of the Paraná Basin in the Early Permian. Guatá Sea corresponds to the Palermo Formation., while the coastal plain area corresponds to the Rio Bonito Fm. (brown color). The letters a* through i* indicate the sources of information for sediment transport directions. More information can be found in the References [16,46,91,92,93,107]. Extracted and modified from [116]. 
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Figure 14. Paleogeographic map of southwest portion of the Gondwana showing the Permian to Triassic basins and structural features. Modified from [37] based on [7]. 
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Figure 15. Paleogeographic maps and geological cross-sections of southwest Gondwana relative to the Triassic (continental margins and paleolatitudes based on [7]). (A) Early Triassic (~247 Ma) (Gondwanides I uplift); (B) Middle Triassic (~230 Ma) (Gondwanides II uplift), first stage of rifting in foreland and intraplate settings; (C) Late Triassic (~223 Ma) (Gondwanides II uplift), second stage of rifting in foreland and intraplate settings. CFB—Cape Fold Belt (South Africa), and SLV—Sierra de La Ventana (Argentina). Modified from [37]. 
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The origin of the structures that control the deposition sites in the study area is related to a combination of structural basement inheritance and compressive stresses generated during the development of the Gondwanides Belt [2,35,36] (Figure 1C, Figure 14 and Figure 15). These faults have been active since the Permian and have influenced sedimentation patterns throughout the Triassic until the Lower Cretaceous [117,118,119]. The N40°W-trending structures account for the formation of the Rio Grande Arch and the Torres Syncline in southern Brazil [46]. The flexural deformation of these structures is attributed to the extensional movement of large fault systems such as the Alegrete, Ibaré, Jaguari–Mata, Imbicuí, and Torres–Posadas faults, among others (Figure 4). The NE-trending faults also show evidence of reactivation records throughout the Triassic until the end of the Cretaceous, as indicated by apatite fission track (AFT) data [103,104,120].



The AFT studies conducted in the southern portion of the Atlantic and Uruguayan shields present apparent ages ranging between 383 ± 41 and 70 ± 5 Ma, defining four regional-scale tectonic events [103,104,120]. Older ages are associated with NW–SE-trending faults, whereas younger ages are related to NE–SW-trending structures. Devonian–Carboniferous ages (380–340 Ma) are exclusive to the Paleoproterozoic Taquarembó Terrane, associated with NW¬–SE- and NE–SW-trending fault systems. The Permian ages were recognized in samples collected in the SGT, associated with the NW–SE-trending Jaguari-Mata fault system, where two clusters were identified, one ranging from 293 to 275 Ma and another from 250 to 245 Ma. The former ages mark the unconformity within Gondwana I sequences associated with the climax of the Gondwanides Orogeny during the Sanrafaelic Phase, whereas the later records the Gondwanides orogenic event during the extensional collapse and basement uplift. The presence of Triassic sedimentary rocks in the central portion of the Tijucas Terrane (Figure 4) suggests that this area was affected by late tectonic processes. The movement of the NW–SE trend of regional fault systems, such as Jaguari–Mata, Ibaré, and Alegrete, promoted the uplift of the basement and the erosion of the Triassic sedimentary rocks that cover the shield area. The apparent AFT ages for the easternmost Pelotas Batholith are 277–200 Ma for the NE sector, and younger ages of 190 to 150 Ma, mostly representing the initial stages of the Andean Orogeny and the early pre-drifting adjustment of the South America and Africa plates.





6. Conclusions


This paper contributes to the understanding of the tectonic evolution of the southern sector of the Paraná Basin (Brazil) based on isotopic investigations of U-Pb geochronology of detrital and volcanogenic zircons from the Carboniferous to Lower Cretaceous succession. The integration of the petrographic and isotopic analysis, and sedimentological data provides useful information for provenance analysis and paleogeographic reconstruction of the entire succession in the southern sector of the basin. The paleogeographic reconstruction indicates an evolution in three distinct stages: (1) a gulf open to the Panthalassa Ocean during the Carboniferous, (2) an epicontinental sea with the rise of the Gondwanides Orogeny in the Permian, and (3) an intra-plate extensional graben system during the Triassic.



The assessment of detrital zircon provenance identifies potential source units and establishes relationships with tectonic processes during basin evolution. The data indicate sedimentary supply from the erosion of proximal and distal sources located to the south, southeast, and southwest of the basin limits. Four main age populations and their respective source areas are defined: (i) Archean to Paleoproterozoic ages from the Rio de la Plata Craton and Taquarembó Terrane to the south; (ii) Mesoproterozoic grains potentially sourced from the Grenvillian basement of the Gondwanides belt in Argentina to the southwest, and Namaqua–Natal belt in Africa; (iii) Neoproterozoic ages from the Brasiliano–Pan-African Orogeny, with a major contribution from the Don Feliciano Belt; and (iv) Paleozoic populations from orogenic belts and associated foreland basin system in Argentina, as well as eroded units of the Paraná Basin.



Distinct episodes of ash fall layers in the Carboniferous–Permian and Triassic–Jurassic sections help to constrain and refine maximum depositional ages, confirming the intense volcanic activity associated with Choiyoi volcanism during the Gondwanides Orogeny. Volcanism played a catalytic role in climate change and mass extinction events that occurred during the Carboniferous to Permian and Triassic to Jurassic intervals. The widespread occurrence of ash fall deposits in the sedimentary rocks of the Paraná Basin indicates two main volcanic events between 300–270 Ma and 260–228 Ma. These events coincide with the deposition of wide coal layers and the transition to a semi-arid and later arid climate during the Triassic–Jurassic transition.



The reworking of Carboniferous and Permian zircons deposited during the Triassic provides strong evidence of the dynamics of tectonics controlling the development of regional arcs and synclines through intra-plate stress. This process resulted in the uplift of the Rio Grande Arch as a NW–SE to E–W regional structure characterized by the basement uplift processes and the subsequent erosion of early Paraná Basin units, controlling the sedimentation of the Rosario do Sul Group. This indicates a radical shift of the source-to-sink system, where older depositional sinks became the source for the subsequent sedimentary cycle.



This work demonstrates the value of the geochronological data from U-Pb zircon analysis as an important complementary tool for advancing the understanding of sedimentary basin evolution. It also highlights the importance of the lithostratigraphic record of the Paraná Basin as an example of the combined effects of tectonic activity, sedimentation, and associated climate changes. The results reinforce that the sedimentation and lithostratigraphic architecture of the Paraná Basin is the result of the influence of marginal convergent tectonic processes in an intra-cratonic setting, reflecting the behavior of the continental crust facing the demands imposed by the accretion processes along the SW margin of Gondwana.
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Figure 1. (A) Simplified map of the Paraná Basin showing the six Supersequences proposed by [1] and the structural framework defined by regional structural highs. The study area in the south of the basin is marked by gray rectangle. (B) Precambrian tectonic framework of the SW Gondwana continent showing the cratons and associated orogenic belts, as well as the relative position and actual limits of the Parana Basin (green outline). Brasiliano–Pan-African belts: A = Araçuai, B = Brasilia, DF = Dom Feliciano, G = Gariep, K = Kaoko, R = Ribeira, S = Saldania, and WC = West Congo. RA = Rio Apa Craton (modified from [7]. (C) Schematic tectonic setting of the SW Gondwana margin during the Gondwanic Cycle (Carboniferous to Triassic), marking the position of the collisional basins system (yellow) developed onto the hinterland of the supercontinent, isolated from the Panthalassa Ocean by the Gondwanides Belt. Highlighted basins: PB = Parana Basin; K = Karoo Basin; CB = Chaco Basin. Modified from [4]. 
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Figure 2. Comparative chart depicting the lithostratigraphic framework, tectonic setting, orogenic and magmatic events, ash fall U-Pb zircon ages, and apatite fission track data associated with the Paleo-Mesozoic units of the Paraná Basin (data compiled from [18,19,20,21,22,23,24,25,26,27,28]). 
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Figure 3. (A) Location of the Mantiqueira Orogenic System (MS) and of the surrounding cratons. The red line indicates the current extent of the exposures of the Parana Basin. Cratons: AM: Amazon, C: Congo, KA: Kalahari, LA: Luis Alves, P: Paranapanema, RLP: Rio de la Plata, SF: São Francisco, WA: West African. MS: Mantiqueira Orogenic System. Belts: A: Araçuaí, DF: Dom Feliciano, R: Ribeira. (B) geological map of the southern Brazilian and Uruguayan shields; map and data compiled from [38,39]. Ductile Shear Zones: 1—Itajai-Perimbó, 2—Major Gercino, 3—Caçapava do Sul, 4—Dorsal de Canguçu, 5—Passo do Marinheiro, 6—Ibaré, 7—Sarandí del Yí, 8—Sierra Ballena, 9—Cerro Amaro, 10—Arroio Grande. 
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Figure 4. Geological map of the southern sector of the Paraná Basin, highlighting the main tectonic structures that affect the basin and the position of the Rio Grande Arc (RGA). The location of the samples marked with a star symbol. Fault Systems: APFS—Açotéia-Piquiri, AFS—Alegrete, CLFS—Caxias-Lajeado, JMFS—Jaguari-Mata, PEFS—Passo dos Enforcados, RSI—Rosário do Sul-Ibaré, TEFS—Tapera-Emiliano, VRFS—Vigia-Roque, Fault: LF—Leão Fault. Cities: A—Alegrete, B—Bagé, CA—Canoas, CP—Caçapava do Sul, CS—Cachoeira do Sul, P—Pelotas, PA—Porto Alegre, RP—Rio Pardo, SG—São Gabriel, SFA—São Francisco de Assis, SL—Santana do Livramento, SM—Santa Maria, SV—São Vicente. Geological map modified from [40]. 
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Figure 5. Chronostratigraphic, lithostratigraphic, and sequence stratigraphy units of the southern sector of the Paraná Basin. Ages are from Gradstein et al. (1995), and palaeovertebrate data are from Horn et al. (2014) and Schultz et al. (2000, 2020). The stratigraphy was established using biostratigraphic and geochronologic data. 
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Figure 6. (A) Integrated kernel probability density plot (KDP) diagram for detrital zircon from the analyzed samples from the stratigraphic units of the southern sector of the Paraná Basin. (B) Comparative Concordia diagrams of the analyzed samples, illustrating the relationships between the main concentrations of zircon results. (C) Concordia diagrams and weighted average ages for the ash fall zircons. 
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Figure 7. (1) Probability density plot (PDP) diagrams, (2) pie chart graphics showing the proportion of the zircon ages according to the periods in the chronostratigraphic chart, and (3) Concordia diagrams displaying ages from the main zircon populations in the analyzed samples. Lithostratigraphic formations: (A) Sanga do Cabral (Rosário do Sul Group), (B) Pirambóia, (C) Palermo (Passa Dois Group), (D) Rio Bonito (Guatá Group) and (E) Taciba (Itararé Group). 
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Figure 8. (1) Probability density plot (PDP) diagrams, (2) pie chart graphics showing the proportion of the zircon ages according to the periods in the chronostratigraphic chart, and (3) Concordia diagrams showing ages from the main zircon populations in the analyzed samples from the stratigraphic units of the southern sector of PB. Lithostratigraphic formations: (A) Botucatu (São Bento Group), (B) Caturrita (Rosário do Sul Group), (C) Santa Maria, Alemoa Member (Samples BS-2, PT-SM) and (D) Santa Maria, Passo das Tropas Mb (Samples BS-5, PT-SM). 
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Figure 9. (A) Integrated kernel probability density plot (KDP) diagram for detrital zircon from the stratigraphic units of the southern sector of the Paraná Basin. The shaded background fields represent tectonic/orogenic events. Batholiths: AB—Aiguá; PB—Pelotas. Orogenies: FO—Famatinian; GO—Gondwanides; SP—Sierras Pampeanas. (B) Cumulative probability plot (CAD) diagram for the same samples plotted using Isoplot-R-based provenance software (Vermeesch et al., 2018) [49]. Stratigraphic ages are based on the maximum depositional age of individual groups of samples. The shaded general fields for convergent (A: pink), collisional (B: blue) and extensional basins (C: green) were determined by Cawood et al. (2012) [10]. The fields were proposed based on the differences between the crystallization and depositional ages (CA-DA) of the zircons. Extensional (including intracratonic) settings have CA-DA > 150 Ma in the youngest 5% of the zircons, and all convergent settings have CA-DA < 100 Ma in the youngest 30% of zircons. Solid and dashed lines represent patterns of CA-DA for a series of structurally disrupted and metamorphosed Precambrian sedimentary successions (i.e., Jack Hills and Moine successions). 
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Figure 10. Provenance of the Paraná Basin formations in Rio Grande do Sul (RS) based on sedimentary transport directions and detrital zircon U-Pb ages. Comparative U-Pb data from [58,59,60,61,62,63,64,65,66,67,68]. Cratons: AS—Angolan Shield, DM—Deseado Massif, KC—Kalahari, and SCM—Samancor Massif. Orogenic belts: AB—Aguapeí, BB—Bangweulu, CFB—Cape Fold Belt, D—Damara, DF—Dom Feliciano, IB—Irumide, MB—Mozambique, NN—Namaqua-Natal, PBA—Paraguay-Araguaia, R—Ribeira, SB—Sunsás, SP—Sierras Pampeanas, SV—Sierra de la Ventana, and ZB—Zambezi. Basins: PB—Paraná Basin, and KB—Karoo Basin. Modified from [69]. 
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