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Abstract

:

We present the effect of neotectonics in intracratonic settings as revealed by the surface, brittle deformation associated to a regionally-sized shear corridor, which affects Southeastern Brazil. The deformation zone is characterized by the presence of nearly orthogonal fracture sets, interpreted as systematic and non-systematic joints often cutting Quaternary deposits. An original methodology of fault and joint inversion by the Monte Carlo converging approach is used to infer multiple paleostress fields. The method provides the best orientation of the principal paleo-stresses responsible for the observed fracturing. At each step of the inversion process, structures are uniquely associated to the stress tensor that provides the lowest error. The results showed the poly-phased tectonic history of the shear corridor studied and paleostresses compatible with a regional strike-slip motion. Specifically, an E-W, left-lateral shear was followed by an E-W, right-lateral kinematics related to the post-Paleogene drifting of South American Plate and its clockwise rotation. The latter tectonic event is presently responsible for brittle deformation observed in Quaternary deposits. The proposed deformation corridor may represent the Cenozoic reactivation of an ancient weakness zone. We speculate that the described intraplate strike-slip deformation belt represents the continental prosecution of the Rio de Janeiro fracture zone.
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1. Introduction


The classical paradigm of plate tectonic theory assumes that deformation associated to plate interactions is concentrated into narrow belts along the plate margins and that the lithosphere in the plate interiors is, to a first approximation, rigid and relatively stable (Morgan [1]; Holdsworth et al. [2]; Wilson et al. [3]). This is true for regions underlain by oceanic lithosphere. On the other hand, the non-rigid behavior of continental lithosphere is widely acknowledged (Holdsworth et al. [2]; Storti et al. [4]) and relates also to the presence of pre-existing anisotropies locked into the continents and associated to old faults and shear zones that can experience reactivation during successive phases of regional deformation episodes (Dewey et al. [5]; Molnar [6]). The presence and reactivation of inherited crustal weakness corridors strongly influence the formation of intracratonic basins, the location and architecture of the continental breakup, post-rift spreading and offshore fracture zones propagation (Dewey et al. [5]; Daly et al. [7]; Hasui [8]; Vasconcelos et al. [9]). The Paraná Basin (Figure 1), among the five largest Phanerozoic basins of the South American platform, with its intracratonic setting and long lived tectonic history, represents a key site to study processes associated to the reactivation of intraplate inherited weakness shear zones and orogenic sutures.



The geological history of the Paraná Basin and its surroundings was influenced by the geodynamics of the western Gondwana, a structural domain that suffered during almost all the Phanerozoic eon poly-phased tectonics associated to the reactivation of Proterozoic mobile belts (e.g., Zalán et al. [10]; Almeida et al. [11]; Vaughan and Pankhurst [12]). The reactivation of inherited crustal weakness shear zones relates to the intraplate response of the late, Paleozoic stages of Pangea amalgamation followed by its Mesozoic breakup, post-rift spreading and drifting (Torsvik et al. [13]; Hasui [8]).



The current geodynamic setting of South American intracratonic regions is characterized by the ongoing South Atlantic opening, the clockwise rotation of South America and the convergence between South America and Nazca plates (Lima et al. [14]). The development of new, intraplate shear zones that ease/accomplish the regional kinematics together with the reactivation of inherited crustal structures is an open issue (e.g., Roberts and Holdsworth [15]; Bezerra et al. [16]; Vasconcelos et al. [9]). The vast majority of the scientific production mainly concerns with the Proterozoic, Paleozoic and Mesozoic history of the main tectonic trends within South America (e.g., Fulfaro et al. [17]; Soares et al. [18]; Unternehr et al. [19]; Zalán et al., [20]; Eyles et al. [21]), especially in the Brazilian territory. The role of Neotectonics (e.g., the current tectonic regime active since the Miocene; Hasui [8]) is still a matter of debate. Nevertheless, the presence in the last hundreds of years of medium-to-low energy seismicity (moment magnitude up to 4.5) in intraplate settings strongly suggests the role of active tectonics. Most researches performed on the neotectonics of South America are published in Portuguese language journals or still remain unpublished. The present paper aims to contribute in filling this gap and to better understand the neotectonics in the intraplate Brazilian territory, with a special focus in the northeastern border of the Paraná Basin. This in turn will allow mitigation of the hydrogeologic risk in the study area where many hydroelectric power plants are located.
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Figure 1. The five main intracratonic basins within South America: Solimões, Amazonas, Parnaíba, Paraná and Chaco-Paraná Basin (Milani et al. [22]). AR: Argentina; BO: Bolivia; BR: Brazil; PA: Paraguay; PE: Peru; UR: Uruguay. 
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2. Geodynamic and Regional Tectonic Setting


The general framework of the Brazilian shield is made of a few Archean and Paleoproterozoic cratonic nuclei surrounded by Pan-African–Brazilian mobile belts of Neoproterozoic age (Almeida [23]; Brito Neves and Cordani [24]; Almeida et al. [11]; Campanha and Brito Neves [25]). The relics of significant Paleozoic sedimentation all over the South American continent are preserved in five basins (Figure 1; Milani and Zalán [26]). Solimões, Amazonas, Parnaíba and Paraná, named after large rivers that flow along their main axes, are located in the Brazilian territories; the Argentinian Chaco-Paraná Basin is included in the wide sub-Andean flat area that spans all the western portion of the continent. These basins are characterized by an overall elliptical to semi-circular geometry and are surrounded by exposures of Precambrian shields.



These intracratonic depressions were largely filled with siliciclastic sedimentary deposits testifying large-scale Paleozoic transgressive–regressive cycles (Milani et al. [22]). The only exception is represented by the evaporite–carbonate cycle in the Solimões and Amazonas. In most basins, the first cycles usually show marked glacial influences with ages that vary between the late Ordovician (Paraná) and the Devonian (Solimões and Amazonas), depending on the location of the basins over the Gondwana supercontinent that has been wondering around the south polar regions (Caputo and Crowell [27]). In the case of the Paraná and Chaco-Paraná Basins, this glacial influence reappeared strongly in the Late Carboniferous, during the inception of the third transgressive–regressive cycle. In all the five basins, the last transgressive–regressive cycle is almost uniformly sutured by late Permian to Triassic continental red beds that mark the drying out of the interior sags and the definitive disappearance of the seas from the cratonic areas of South America. The Mesozoic history of these basins is recorded as continental sedimentary packages and large volumes of magmatic rocks (Riccomini et al. [28]). The rifting of Western Gondwana and opening of South Atlantic during Early Cretaceous (Renne et al. [29]) was associated with the Paraná-Etendeka large igneous province (Peate [30], Gomes and Vasconcelos [31]; Rossetti et al. [32]). The volcanic pile is characterized by tholeiitic basalts and basaltic andesites which span a broad geochemical spectrum. Giant dyke swarm, intrusive complexes and volcanic centers occur associated with the main flood lavas and are well preserved in both South American and African coasts (Peate [30], Richetti et al. [33]). The Paraná-Etendeka lavas were deposited over and are intercalated with aeolian sandstones (Botucatu-Tweifelfontain Group, Rossetti et al. [34]). In Brazil, continental flood basalts and silicic rocks fall within the Serra Geral Formation in the Paraná Basin (Rossetti et al. [34]). In the African counterpart, the Paraná-Etendeka lavas include the Etendeka Group in Namibia (Erlank et al. [35]) and the Cretaceous volcanic rocks of the Kwanza basin in Angola (Marzoli et al. [36]).



2.1. The Paraná Basin


The intracratonic Paraná Basin is a vast geotectonic province of South America located in southern Brazil spanning through four countries, namely Brazil, Argentina, Paraguay and Uruguay, with an area of about 1.4 million of square km (Figure 1 and Figure 2).



The basin has a NNE-SSW trending elliptical shape with two-thirds of its surface covered by Mesozoic basaltic lavas. The infilling sedimentary package crops out along 5.500 km belt shaped during Mesozoic-Cenozoic times. The stratigraphic record of the basin exceeds 7000 m thickness in the central depocenter and ranges from Upper Ordovician to Upper Cretaceous time (Milani [37]). The Precambrian basement of the Paraná Basin has a complex crustal framework (Soares et al. [38]; Cordani et al. [39]; Zalán et al. [10]; Soares [40]; Almeida et al. [11]), consisting of granite-gneissic terranes (Zalán et al. [10]) surrounded by fold and thrust belts (Cordani et al. [39]) formed during the end of the Neoproterozoic and Early Paleozoic times (Almeida and Hasui [41]; Almeida and Melo [42]; Almeida et al. [11]; Zalán et al. [10]; Milani and Ramos [43]).



The eastern flank of the Paraná Basin includes a crustal region affected by the South Atlantic rifting and following drifting. These events produced the uplift of the Atlantic region of the Southeastern Brazil (Tello Saenz et al. [44], Ribeiro et al. [45], Godoy et al. [46]) and subsequent erosion responsible for the removal of great amounts of Paleozoic sedimentary covers from that area (Pinheiro & Queiroz Neto [47]). In the western border of the basin is present the Asunción arch, a flexural bulge related to the loading of the Cenozoic Andean thrust sheets in nearby Argentina and Bolivia (Riccomini et al. [28]). To the north and to the south, the Paraná Basin sedimentary cover onlaps the Precambrian crystalline rocks of basement (Milani et al. [22]).



The Late Ordovician inception and further evolution of the Paraná Basin in the continental interior of west Gondwana is related to the development of the Gondwanides, a large Phanerozoic mobile belt that suffered a series of orogenic cycles (Milani and Ramos 43). These basement weakness zones exerted a decisive influence on the creation of accommodation space for the supersequences filling the Paraná Basin (Milani [37]; Milani and Ramos [43]), as well as on the deformational history of the basin (Zalán et al. [20]), by means of intraplate reactivation of NE-SW-trending inherited crustal weakness zones and cratonward propagation of regional flexural subsidence (Milani and Zalán [26]).



The stratigraphic record of the Paraná Basin consists of six supersequences (Milani [37], Figure 2 and Figure 3): Rio Ivaí (Caradoc-Llandovery/Ordovician-Silurian), Paraná (Lockovian-Frasnian/Devonian), Gondwana I (Westphalian-Scythian/Carboniferous-Lower Triassic), Gondwana II (Anisian-Norian/Middle to Upper Triassic), Gondwana III (Upper Jurassic-Berriasian/Upper Jurassic-Lower Cretaceous) and Bauru (Aptian-Maastrichtian/Upper Cretaceous). Three of them correspond to Paleozoic transgressive–regressive cycles, and the others are Mesozoic continental sedimentary packages with associated igneous rocks. These igneous rocks are related to the Gondwana supercontinent rupture (200 Ma), which resulted in the opening of the Atlantic Ocean, at about 120 Ma (Mizusaki & Thomaz-Filho [48]). This major geodynamic episode was registered in the Paraná Basin during the Early Cretaceous as magmatism (e.g., Paraná-Etendeka large igneous province, Peate [49]; Renne et al. [29]) with tholeiitic and calc-alkaline basalts, and subordinate rhyolites and rhyodacites, which characterize the Serra Geral Formation (Peate et al. [49]; Riccomini et al. [28]). The breakup of Gondwana and South Atlantic opening are possibly linked to a large plume impacting the supercontinent (e.g., Bryan et al. [50]).



The initial subsidence in the basin and the marine transgression, related to the reactivation of NE-SW basement structures (Milani et al. [22]; Zalán et al. [20]), lasted from Ordovician until mid-Devonian and was followed by the Frasnian regression. According to Almeida [51] and Milani [37], the tectonic and sedimentary history of the Paraná Basin can be divided into four phases. From Carboniferous to Middle Permian there was an intense tectonic activity with the deposition of sediments (Tubarão Super group—Gondwana I Supersequence) under prevailing glacial conditions. Successively, a weak tectonic activity lasted until the Upper Permian and led to the slow subsidence of the central Paraná Basin. At the end of the glacial period there was a renewed marine transgression with the deposition of the Passa Dois Group (Gondwana I Supersequence) in deep-to-shallow marine and fluvial/lacustrine/tidal environments.



From Triassic to Eo-Cretaceous times, there was a weak tectonic activity associated to local slow subsidence and deposition of the aeolian and fluvial sediments of the Botucatu and Piramboia Formations (São Bento Group—Gondwana II and III Supersequences) under desert conditions. The successive opening of the South Atlantic with massive volcanic eruptions (Serra Geral Formation—Gondwana III Supersequence) in Eo-Cretaceous time was associated with the reactivation of old tectonic structures and the deposition of the Bauru Group (Gondwana III Supersequence) in continental conditions (aeolian, fluvial and alluvial environments). From Upper Cretaceous to Early Paleogene times, there was a reduction of the intensity of the tectonic activity.



Faults and fractures analyzed in the present paper were collected in the São Pedro and Botucatu ridges (Figure 3). This region is located at the transition between two large morpho-structural units, the Western Plateau and the Paulista Peripheral Depression (Ross and Moroz [52]), close to the northeastern border of the Paraná Basin, in the State of São Paulo—Southeastern Brazil. The plateau is formed by the Eo-Cretaceous basalt flows of the Serra Geral Formation and the fine aeolian sandstones of the Botucatu Formation. These units are locally topped by sandy to rudaceous deposits cemented by silica and iron oxides (Itaqueri and Marilia Formations). The depression developed on the Triassic fine-to-conglomeratic aeolian/fluvial sandstones of the Pirambóia Formation (Caetano-Chang and Wu [53]), which are capped by an Upper Pleistocene colluvial sandy cover (Pinheiro and Queiroz Neto [54,55]). The origin of the large depression and its adjacent plateau is related to the Cenozoic circumdenudation process of the Paraná Basin margins, caused by large rivers entrenched in the old tectonic structures (Ab’Saber [56,57]; Pinheiro [58], and Pinheiro and Queiroz Neto [59]).




2.2. Neotectonics of the Northeastern Border of the Paraná Basin


During the last decades, several researches were performed on the structural/tectonic setting of areas that have been traditionally considered tectonically stable. This is specifically true for those regions with economic potentiality related to their (inferred or present) resources, such as hydrocarbons, minerals and groundwater. The Paranà basin is an outstanding example (e.g., Zalán et al. [20]; Milani and Zalán [26]; Milani et al. [22]; Etchebehere et al. [60]). With the aim of unravelling the geological setting of geo-resources embedded in this basin, a large number of investigations have been conducted both at the regional (basin/continental-to-subcontinental) and at the local scale. Studies include the collection of geophysical data as well as field structural measurements (e.g., Milani [37]; Milani and Zalán [26]; Strugale et al. [61]; Costa et al. [62]; Fries et al. [63]). The gathered information revealed the main structural trends of the Precambrian basement and of the Paleozoic-to-Cenozoic covers (Zalán et al. [20]; Hasui et al. [64]), and confirmed the role of inherited weakness zones in the development and following deformation of the basin (Milani [37]; Zalán et al. [10]; Milani and Ramos [43]; Zalán et al. [20]; Almeida [11]; Campanha and Brito Neves [25]; Strugale et al. [61]). Specifically, the inherited crustal weaknesses relate to the Neoproterozoic crustal shear zone and mobile belts that allowed the ancient cratonic assemblage and formation of the Rodina and Gondwana supercontinents (Almeida [23]; Brito Neves and Cordani [24]; Almeida et al. [11]; Campanha and Brito Neves [25]). In the younger (Phanerozoic) tectonic history, these crustal weaknesses were properly oriented with the new tectonic stresses and experienced several stages of reactivations accommodating the intraplate deformation that affected the South America continental plate since the start of the west Gondwana disruption in the Lower Cretaceous (Richetti et al. [33]).



Results of the investigations performed in the last decades evidence the influence of Neotectonics in sculpting the Brazilian landforms (Riccomini [65]; Morales [66]; Etchebehere et al. [60]; Pinheiro et al. [67]; Pinheiro and Cianfarra [68]). A detailed review of the available bibliography (most of which is published in local journals and in reports of private companies/consortia) is far beyond the purposes of the present paper. In the following, we outline the most relevant results that are compared with the outcomes of the present work in the discussion section and support the proposed tectonic model.



The common finding of the performed scientific investigations is that the tectonic framework of the Paraná basin, and specifically of its northeastern margin, is characterized by two main azimuthal trends of structural alignments, namely NE-SW and NW-SE (Soares et al. [18]; Ferreira [69]; Fulfaro et al. [17]; IPT [70]; Zalán et al. [10]; Milani et al., [71]; Zalán et al. [20]; Quintas [72]; Saad [73]; Strugale et al. [61]; Campos et al. [74]; Fries et al. [63]; and Pinheiro et al. [67]). These directions correspond to joints, faults, fault zones, network of faults or shear zones, morphological alignments detected from air photo, lineaments or lineament domains identified on satellite images or else from aeromagnetic and gravimetric images. In most cases, these nearly orthogonal structures affect both the Precambrian basement and the successive Phanerozoic sedimentary cover, and ruled the pathway of volcanic intrusions (dike swarms). Faults and fractures with the same NE-SW and NW-SE directions, cutting through Quaternary deposits were also described at local outcrops in the investigated area (Rostirolla et al. [75]; Morales [66]; Campos et al. [74]; Pinheiro [58]; Pinheiro and Queiroz Neto [54,55]).



A third E-W trending structural direction affecting the study region has been described by authors (e.g., Bjonberg [76]; Curie [77]; Zalán et al. [20], Saadi [78]; Saad [73]; Facincani [79]; Hasui [64]; Pinheiro et al. [67]) and corresponds to morphotectonic directions detected from synthetic scaled images (air photo mosaics or satellite images), faults or fault networks, fault corridors with dimensions ranging from the few meters of single fault at the outcrop scale, to the hundreds of kilometers of the fault corridors and shear zones at the continental or subcontinental scale. Prevailing strike-slip kinematics have been inferred for these E-W structural trends (Morales [66]; Riccomini [65]; Hasui [64]). The existence of regional strike-slip fault strands, nearly E-W oriented and affecting the western Paulista region (eastern border of the Paraná basin), has been inferred by Saad [73], Riccomini [65] and Etchebehere et al. [60]. Within the deformation zone of this corridor, authors frame the found sinistral movement along NNW-SSE fault set and dextral movement along NW-SE faults. This kinematic suggests a regional dextral shear along the E-W corridor (Riccomini [65,80]). Hasui et al. [64] and Hasui [8] advanced the existence of a regional E-W, strike-slip regime related to the current South America plate drift. Transpressive and transtensive deformation is associated to this tectonic setting along the E-W shear zone. A link has been hypothesized between the E-W trending offshore fracture zones in the South Atlantic (and the nearly parallel on land shear zones located along the same parallel (e.g., Saadi [78]; Hasui [64]; Pinheiro et al. [67]; Vasconcelos et al. [9]; Pinheiro and Cianfarra [68]).



Debate is centered around the age and relative chronology of activity of these populations of structural alignment. Advanced interpretations range between the Phanerozoic reactivation of ancient, crustal weakness shear zones of Proterozoic age (Zalán et al. [10]; Almeida et al. [11]), to a Neotectonic (i.e., Neogene to Quaternary) activity deeply affecting the landscape evolution, and either related to reworking of pre-existing structures or to the formation of new ones (Riccomini [80]; Morales [66]; Santos and Ladeira [81]; Guedes, [82]; Guedes et al., [83]; Pinheiro and Queiroz Neto [54]; Pinheiro et al. [67], Pinheiro and Cianfarra [68]). The found azimuthal trends characterizing the structural grain of the region, also define the borders of basement structural highs, such as Pitanga, Artemis, Pau D’Alho and Jiboia (Sousa [84,85]; Rostirolla et al. [75]; Campos et al. [74]). These dome-shaped structures have been regarded as potential hydrocarbon reservoirs and exploration targets. Again, the formation and evolution of these heights have been alternatively related to reactivation of pre-existing faults (Sousa [85], Morales [66]) or to the activity of fault cutting through the Quaternary deposits (Riccomini [80]; Siqueira [86]). Multiple tectonic events have been recognized also by means of fault slip inversion for paleostress computations (e.g., Fernandes and Amaral [87]). Specifically, the authors identified, among others, two major/regional deformation episodes characterized by a NE-SW main horizontal compression attributed to the Paleogene–Neogene transition, followed by a Quaternary event with NW-SE main horizontal compression. Based on cross-cutting relations of faults and lineaments detected from satellite images and air photos, Hasui et al. [88] and Etchebehere et al. [60] concluded that the NW-SE structures are younger and their movement displaces and rotates the NE-SW structures.





3. Materials and Methods


The stress field responsible for the development of brittle deformations (e.g., faults, extensional fractures) results from the (tensorial) addition of various regional and local components. The regional stress component is often referred to as far field stress and is responsible for the development of faults and fractures in the studied region, according to the known various model of failure (e.g., Mohr-Coulomb, Griffith or a combination of the two as proposed by Nicol et al. [89] and Fossen [90]).



Deformations related directly to the regional component can be useful when analyzed by stress inversion techniques to resolve the attitude and shape of the paleostress that produced the failure. The other local stress components are associated to the regional one and can be referred to as secondary or local, due to the wider spatial grade of variability through the region of interest that they have. These local components include the overburden (that is dependent from the local elevation), the topographic slope, the fluid pressure (associated at depth to mineralization to develop veins and dikes) and that produced along faults during their activity by the elastic deformation of rocks induced by friction or elastic accumulation within their elasto-frictional behavior.



This last local component has well-defined geometric relations to the generating regional fault and concentrates along and nearby, where it often results the strongest. This zone (the fault deformation zone, e.g., Caine et al. [91]) is characterized by the development of sets of brittle fractures (commonly referred to as Riedel fractures, e.g., Fossen [90]), whose geometry is therefore related to the fault activity rather than to the regional stress. In this case, their inversion would result in the geometry of this component, and its comparison with the geometry of the generating fault allows for inferring its kinematics.



In the present work, we will refer to the stress responsible for the main, regional fault as dynamic stress, and to the (local) stress produced by the fault movements as the kinematic stress. These terms simplify the description since any fault may act as a main element and let the development of secondary fracturing by its movement (in this case, these deformations would have been produced by the associated kinematic stress). It is worth noting that this relation (dynamic versus kinematic stress) can be applied to any scale of analysis. Once identified and separated, the analyses of the two fault groups allows for the guessing of the paleostress geometry that acted during the tectonic evolution of a region, as well as the kinematics of the larger, main faults that are present. The main difference between the two sets is the obvious sub-ordered dimension of the kinematic-related fractures with respect to the main, generating one.



Obviously, the attribution to dynamic versus kinematic conditions of fractures at a given scale is not an easy task. The sub-ordered dimension and their increasing in size and frequency by approaching the main responsible fault are a good indicator, as well as their geometry in approaching the regional fault. Kinematically induced faults and fractures will never cut-cross their generating fault, and, by approaching it, they show a change in their attitude to face the main fault displacement. As an example, synthetic cleavage faults (e.g., R-type Riedel Fracture) will tend to rotate and lie parallel to the main fault to constitute the characteristic “recorder beak” or “bico de flauta” geometry (Figure 4). On the other hand, antithetic cleavage faults will rotate to a higher angle when joining the main fault.



These, and other geological considerations, i.e., the compatibility with the kinematics of main fault as derived from other indicators and with a proposed geotectonic model, allow in most cases to solve this puzzle. It is worth mentioning that any fault and fracture produced by the kinematic stress along a major element joins it along a line that is always parallel at the null axis of the latter (rotax, Salvini and Vittori [92], or slip normal) and its normal vector on its plane is always an indication of the kinematic vector.



In order to highlight the tectonic setting of the investigated region, structural elements (e.g., faults and extensional fractures) have been collected and analyzed on stereonets to obtain their attitude distribution. The collected fault and fracture attitudes were also statistically analyzed by a polymodal Gaussian fit to identify the principal azimuthal family sets (Cianfarra and Salvini [93]). Paleostresses orientations by fault and fracture inversions were performed to identify the regional deformation history. The statistical analyses and fault and fracture inversion have been performed using the Daisy3 freeware (v.522_e, Salvini et al. [94]; http://host.uniroma3.it/progetti/fralab/ accessed 29 November 2021).



Fault kinematics have been determined from the kinematic indicators on the fault plane (e.g., slikenlines, striations), but also from the intersection and relative attitude of the fault-related fractures (i.e., Riedel planes). This process allows to compute the fault kinematic vectors and rotaxes (Salvini and Vittori [92], i.e., slip normal or rotational axis, Wise and Vincent [95]), a vector that approximate the σ2 orientation in faults related to dynamic stress conditions, that is in faults generated, in the study area, by the regional stress with the potential generation of possible conjugate set. According to their generation, faults related to dynamic stress are characterized by a higher rotax clustering than slicks and pole-to-planes. On the other hand, the attitude distribution of faults related to kinematic stress (e.g., discontinuities between blocks produced by their relative movement) is characterized by a relatively higher clustering of the kinematic vectors (fault slicks) than fault rotaxes and poles-to-plane, since the fault displacement tends to ease the relative movement vector between adjacent blocks along a preferential orientation. In this way, the comparison between the scattering of kinematic vectors and rotaxes allows to identify faults related to dynamic vs. kinematic prevailing type of paleostress. The former faults can be statistically analyzed and inverted for paleostress determinations, while the inversion of the second group can be effectively used to identify the kinematics of regional faults in the studied area.



Extensional stress condition is often responsible for the development of open extensional fractures/joints (as well as dikes and veins at depth, when the contribution of fluid pressure eases the rock failure). It is very common to observe that this activity produces two sets of nearly orthogonal fracture systems and leaves ambiguity in recognizing the direction of the regional extension direction (Caputo [96]). In this study, we present a methodology that provides the stress field inversion of near-orthogonal extensional fracture sets (hereafter referred as joints) by the identification of systematic versus non-systematic fracture system (Price and Cosgrow [97]) in rocks with viscoelastic behavior (e.g., due to the velocity of brittle deformation development, they react as a brittle material during faster deformation and as a ductile one for low-velocity deformation, Turcotte and Schubert [98]). It is worthwhile to notice that the two sets are both the deformation associated to a single tectonic event with a given regional stress. Specifically, the population of joints clustered along the preferential direction with the smaller azimuthal scattering (quantified with its standard deviation—sd) is hereafter referred to as the systematic joint set and it is considered that it develops mostly before the non-systematic set. This produces a general hierarchical abutting of the younger non-systematic fractures against the pre-existing systematic ones (Figure 5). Since the development of non-systematic fractures generally starts when the formation of the systematic fractures is still ongoing, a small quantity of opposite abutting can also be observed (refer to Figure 6 for the evolution though time of the two systems). On the other hand, the nearly orthogonal joint population characterized by the highest sd of the azimuthal directions and with the smallest mean cumulative length is the non-systematic set (e.g., Pinheiro et al. [67]). This last usually extends across the intervals between the preexisting joints of the systematic set and terminate at nearly right angles to them (Gross [99]). The wider scattering results from the deviation of the stress field disturbed by the systematic fractures.



The computation of the paleostress responsible for the development of near-orthogonal joint systems derives from the model of their formation (Figure 5).



The outcropping sedimentary rocks, where the measured fractures develop, can be considered a classical viscoelastic material (Turcotte & Schubert [98]). This means that, depending on the velocity of deformation, they react as a brittle material during faster deformation, and as a ductile one for low-velocity deformation. The critical boundary velocity between these two behaviors is very sharp, since the development of fractures and the subsequent total elimination of the stress component normal to them prevents from further ductile deformation along this trajectory. This is also eased by the fast (rather instantaneous) development and propagation of fractures. This behavior allows to treat the rheology of the rocks affected by fracturing as an elastic-frictional material and to invert/process them and detect the responsible paleostress likewise. Poorly consolidated fine-grained materials are characterized by a relatively low cohesion and strength. As a result, these rocks are characterized, for the same applied stress, by a strain rate higher than those of consolidated rocks. Two more features characterize cohesionless granular material and ease the development of faults (Balsamo et al. [100]). Grains are allowed to roll and this greatly reduces the friction on a fault plane (as it happens in cataclasites). Secondly, the inhomogeneity associated to granularity, and specifically for larger grain size, results in the scattering of the displacement within a deformation band.



We assume that extensional tectonics produces stress values progressively close to the critical fracture failure conditions that are with a negative σ3 with a module just lower than the rock tensile strength. In this situation, a local or random coherent stress variation (including the propagation of seismic waves) will provide the extra stress necessary (a negative component parallel to the σ3 in our case) and produce an extensional fracture normal to the maximum extensional stress component (σ3). As the fracture develops, the stress component normal to it will reduce to almost zero, thus preventing the development of a nearby successive fracture and partly rotating the stress tensor in the surrounding area. As a quantitative example, consider near-failure conditions for an extensional stress near the surface with a vertical σ1 of 10.0 MPa (corresponding to the overburden of about 500 m), and an extension (minimal horizontal stress, Shmin/σ3) of -5.9 MPa oriented N-S (conventionally, positive values of stress are assumed to be compressive, while negative are tensional). In this example, the maximum horizontal stress Shmax/σ2 will be E-W oriented (i.e., normal to the other two principal stress conditions) and with a negligible value around 0.0 MPa. As an accidental stress propagates in the rock and provides an extra −0.1MPa in the N-S direction, the resulting stress will override the tensile strength of the rock and an E-W joint set will develop. This process will produce in the whole rock a joint system oriented normal to the regional extension. This corresponds to the systematic joint system, which is characterized by a mean E-W orientation (normal to the mean acting regional σ3) and a given azimuthal standard deviation sd. At this stage, the stress component normal to the joint will reduce to almost 0, and the new stress tensor will still preserve a vertical σ1 of 10.0 MPa, and the two horizontal components (in this example!) will decrease to 0.0 MPa (no extensional stress can be transmit normal to it).



The continuation of the regional stress activity in the region on the newly fractured rock will always have a near 0 value normal to the fracture, but some extensional component will easily develop at a high angle to the joint, since its potentiality in reducing the extensional component is maximum for the direction normal to the joint, and progressively decreases as this angle become smaller (down to 0 for the stress direction parallel to its plane).



In this condition, it is expected that a small extensional component related to the regional tectonic activity may easily develop in the direction nearly parallel to the existing joint system. The interaction between the null stress component produced by the systematic joint system normal to it and the acting stress results in the development of a new value and orientation of stress tensor. It is characterized by the same vertical σ1 (10.0 MPa), a 0.0 MPa null stress along the normal of the systematic joints and a decrease of the extensional stress around the horizontal direction parallel to the systematic joints. This direction becomes the new σ3 and progressively reaches, with the contribution of local stress components, the tensile strength conditions and a new set of joints, nearly orthogonal to the former one, develops.



The attitude of this new joint set will generally not be precisely normal to the previous one, since it may be influenced by: (i) the presence of the systematic joints that prevent from the development of a smaller negative stress value normal to it; (ii) the channelization of the regional stress along the path (azimuth) of the systematic joints due to the new mechanical property generated; and (iii) the development of some shear component along the systematic joints. These perturbations likely produce a larger variability in the local stress orientations and therefore on the orientations of the fractures of the new set. This results in a wider sd of their attitude distribution than the former system, and for this reason it is referred to as the non-systematic joint system.



The difference in their standard deviations (sd) may be used to identify in the fracture set, which of the orthogonal joint system, represents the systematic one, when it is not possible to recognize in their intersections a chronological/hierarchical order (i.e., the younger, non-systematic extensional fracture stops when intersects a pre-existing one, typically a systematic fracture, due to the high angle between the two systems). Very often in the field, the two systems do not form a perfectly averaged 90° angle and observed values range between 70°–90°. As abovementioned, this may derive from the characteristics in the development of non-systematic joints.



It is important to notice that in any conditions and if the two systems develop under the persistence of the same regional stress conditions, the line of intersection between the mean planes of the two systems correspond to the attitude of the main principal component σ1 of the responsible stress. Again, the successive development of the non-systematic versus the systematic joint systems has to be intended at the local scale (i.e., nearby the systematic joint). As we can easily observe in the field by looking at fracture intersections, a non-systematic fracture propagated from an older systematic fracture, can interrupt a successive systematic one. This easily provides several orders in the chronological order and unravelling the time sequence of the two systems is not easily accomplishable.



A brief introduction to the adopted inversion methodologies of faults and extensional fractures is reported in the following.



3.1. Monte Carlo Direct Inversion


The paleostress inversion of all faults was aimed to identify the minimum number of possible paleostress events that produced the measured fault populations following the approach presented in Pinheiro and Cianfarra [68]. This has been accomplished by the application of a Monte Carlo convergent methodology (e.g., Tarantola [101]) to the fault inversion that provides the best attitude of the principal paleostress components (σ1, σ2, σ3) with an estimate of the associated error. The error is quantified by the MAD (mean angular deviation) factor, that is the average angular deviation between the measured pitch of the kinematic vector on the plane and the predicted one by applying to the fault the computed paleostress. This methodology looks for the best dynamic paleostress conditions (as above defined) responsible for the (re)activation of all faults.



The Monte Carlo direct inversion that considers a single paleostress event to generate all faults is based on the successive comparison with a huge number of randomly generated stress tensors and rheological properties. At each step, the reliability of the proposed values is evaluated by computing the MAD of the given fault population.



At each comparison, the obtained MAD is compared with the least value found, and if lower, the new paleostress parameters and its MAD are memorized as the temporary best fit. This comparison is repeated for cycles of a pre-determined number of attempts (20,000 for our analysis), until no better conditions are found within the last cycle. At each cycle, the range interval of randomly generated factors is reduced around the best found values. This guarantees the generation of new sets of random values, thus converging and improving the Monte Carlo best fit. The final result represents the best stress that explains the analyzed fault population. The reliability of the fit is evaluated by the final MAD value. Generally, a value lower that 40° may be considered reliable, providing that re-activation of pre-existing fault planes can occur within that difference (Nur et al. [102]).



The multiple-stress Monte Carlo direct inversion works similarly. In this case, at each attempt, a set of n paleostress fields are generated and faults are compared to each of them. The faults are then associated to the paleostress that provides the least angular difference between the measured kinematic vector and the expected one. At the end of the attempt, a MAD is computed as well as the association of the faults to one of the n paleostresses. This attempt is repeated for a predetermined number of times (10,000 multiplied by the number n of paleostresses, n = 2 in our final case, that provides 20,000 attempts at each cycle). The Monte Carlo inversion ends when no reduction in the MAD occurs in the last cycle of attempts. The obtained paleostress values are recorded and faults are classified on the basis of the associated paleostress event when their angular deviation is lower than a given angle (a classification default value of 30° was chosen in our analysis).



Typically, the multiple-stress Monte Carlo approach is conducted by performing a series of inversions with the progressively increasing number of “concurrent” n paleostresses until an acceptable MAD is reached (typically <40°). It has to take into serious consideration that each increment in the number of paleostress reduces the degrees of freedom (DOF) of the inversion process, thus lowering the robustness of the results.




3.2. Inversion of Near-Orthogonal Fracture Systems


According to the development model presented above, the procedure for stress inversion of near-orthogonal joint systems is straightforward: to identify which of the systems represent the systematic one. The σ3 will lie along the normal of the average attitude of that system. Although it looks rather simple, the inversion has to solve both the stress orientation and the grouping of the fractures into the two families (i.e., systematic versus nonsystematic). This prevents the use of classical/deterministic inversion methods (as those based on the least square method).



The approach used in the present paper is again the classical presented Monte Carlo, i.e., the software routinely generates random stress tensors. Each of these stresses is then applied to all the joints and a deviation angle is computed between the stress tensor and the normal to the joints. This comparison is conducted twice, with the σ3 orientation (if the joint is a systematic one), and with the σ2 (in case the joint is a non-systematic). The smaller angle will provide the identification of the fracture and will be kept. The average values of all fractures will provide the mean angular deviation, MAD.



This iteration is repeated at cycles of 10,000 times and the least value of MAD and the relative stress tensor is recorded. As no reduction of MAD occurs after a cycle, the resulting parameters are considered reliable and provide the final result. In the application of this study, the no-improvement number of attempts at each cycle was fixed at 10,000. That is, the program starts with the first 10,000 random parameter set (first cycle). Then, it again runs testing 10,000 further parameter sets (successive cycle). If a reduction in the MAD occurred, a new cycle is conducted. This keeps on until no better (smaller) MAD is computed during the last cycle. Larger numbers of attempts were tested but provided nearly identical results. The ambiguity in the identification of the joints may be overridden if field observations allow for identifying the pertaining of a fracture to one of the two sets. In this case, the inversion process can be set to force the observed pertinence for the given joint.





4. Results


4.1. Fault and Fracture Data Presentation


A total of 511 structural field measurements were collected in the investigated area from 45 selected sites (Figure 3). Analyzed structural data include faults (No. 123 fault planes with their kinematics), joints (No. 227 fracture planes), fault-synthetic cleavages (No. 83 Riedel R-planes), shear fractures (No. 69 cleavage planes), morphological alignments (No. 2 data) and beddings (No. 7 bedding planes). Data from all the field measuring stations were cumulated and statistically analyzed, separating faults, joints, fault-synthetic cleavages (Riedel R-planes) and shear fractures. The intersection and relative attitude between faults and their associated synthetic/antithetic fractures (Riedel R/R’-planes) allowed the determination of the fault kinematics and to compute the fault kinematic vectors (Figure 4 and Figure 7).



The chosen strategy to statistically analyze the cumulated structural dataset neglecting the specific position of each field site allowed the highlighting of the regional/geodynamic structural trends of the investigated region. The local spatial variability of the measured fault and joint trends were considered the result of the addition of the regional tectonic stresses and of the local scale factors that are negligible in the preparation of the regional tectonic evolutionary model of the studied area. We expect that the regional tectonic stresses active during the geodynamic evolution of the study area produced a (brittle) deformation signature that spatially presents common azimuthal trends with only minor rotations/deviations. On the other hand, the local spatial variations will affect the results of the cumulated statistical analyses in terms of data scattering. Alternatively, if we consider only the last plate scale tectonic event, the angular dispersion may stem from the rotation of the previous structures accommodating the modern stress field. In this way, finding systematic clusters of azimuthal families in the analyzed fault and fracture populations confirms the validity of the chosen approach. This strategy of regionally, cumulated fault and joint inversions was followed to infer the regional tectonic stresses ruling the recent-to-present structural evolution of the region in the framework of the regional geodynamics.



Figure 8A shows the stereoplot of the 123 faults with their kinematic vectors. Contouring of pole-to-fault planes highlights that all the measured faults are nearly sub-vertical and cluster in two main family sets trending NW-SE and NE-SW (Figure 8B). Notably, these two fault sets are nearly parallel to the main trends of the regional/basin scale faults (derived from literature e.g., Zalan et al. [20]) as those represented in Figure 2. This suggests that our fault data follow the regional structural grain and are representative of the main structural and tectonic trends.



Contouring of the fault slicks shows their sub-horizontal plunge with an average orientation around WNW-ESE (Figure 8C). Contouring of the fault rotaxes show the cluster of vertical σ2 (Figure 8D). This last result strongly suggests that a main strike-slip tectonic setting affected the investigated region. The polymodal Gaussian fit of the 123 measured faults shows their clustering in two main azimuthal sets: the main one is N64°E oriented, the second is N39°W oriented. A sub-ordered third set is also present and is N13°W oriented (Figure 9).



Part of the measured fault population propagated within Quaternary deposits. Figure 10 shows an example of conjugate reverse faults that cut through the Permian siltites of the Corumbataí Formation and the Quaternary fluvial conglomerate. These faults are NE-SW trending and displace the original contact/boundary between the siltites and the continental conglomerates. At this field measurement site, an E-W trending right-lateral strike-slip fault is also present.



A total of 227 joints were measured and are characterized by sub-vertical dip (Figure 11). The stereoplot of the joints (Figure 11A) and the contouring of their pole-to-planes (Figure 11B) shows that they cluster in two nearly orthogonal azimuthal families, NE-SW and NW-SE oriented. This result is confirmed by the polymodal Gaussian fit showing their clustering in two azimuthal families trending N54°W and N42°E (Figure 11C). The latter family is characterized by the higher scattering (standard deviation sd = 25°) with respect to the first family (sd = 16°). This azimuthal arrangement and data scattering is compatible with the systematic and non-systematic fracture organization, being the NW-SE more clustered set associated to the systematic family. The analysis of the joints cutting the Quaternary deposits (e.g., Figure 5) provided similar results (Figure 11D) with one, more clustered, azimuthal family set trending N56°W (sd = 15°) and the other more scattered, azimuthal family trending N35°E (sd = 19). Although the difference in angular scattering is relatively small (4°), the NW-SE joint set corresponds to the systematic set, and the NE-SW to the non-systematic one.



The stereoplot and the pole-to-plane contouring of the 69 shear fractures show that they cluster in two sub-vertical azimuthal families N-S and E-W oriented (Figure 12A,B). Again, a nearly orthogonal relation exists between the found azimuthal set and is confirmed by the polynomial Gaussian fit analysis showing two main trends oriented N5°E and N89°E, respectively (Figure 12C). The abutting relationship between these two sets of shear fractures suggests that they are coeval. This strengthens our model with almost coeval high-angle joint sets.



The 83 fractures (Riedel R-planes) are characterized by a nearly vertical dip (Figure 13A,B), that compared with the similar vertical attitude of the measured faults, provide vertical rotaxes/σ2 and confirms the prevailing strike-slip motion. As expected, the synthetic fractures (Riedel R-planes) cluster in two azimuthal families, nearly orthogonal, NW-SE and NE-SW oriented (Figure 13C). The results of the polymodal Gaussian fit of these structural features showed two main peaks N53°E and N49°W oriented.




4.2. Faults and Extensional Fractures Inversion


Fault inversion was performed by the multiple Monte Carlo direct inversion approach. Firstly, an inversion aiming at identifying a single paleostress was conducted and the result was not considered reliable since the computed MAD (83°) was considerably higher than the acceptable 40°. Successively, a fault inversion was accomplished to obtain two paleostress events for the measured fault population. The results are shown in Figure 14. One event (MAD = 35°) is characterized by an extensional tectonic regime (sub-vertical σ1, plunging 80°) with the minimum horizontal stress (σ3) N62°W oriented (plunging 8°) and the maximum horizontal stress (σ2) N29°E oriented (plunging 5°). The other paleostress (MAD = 37°) indicates a strike-slip tectonic setting (vertical σ2, plunging 88°) with the minimum horizontal stress (σ3) N32°E oriented (plunging 1°) and the maximum horizontal stress (σ1) N58°W oriented (plunging 1°).



Paleostress computation by extensional fractures inversion provided a result similar to the latter paleostress event computed by fault inversion (Figure 15). Specifically, inversion of the classified systematic and non-systematic joint set (according to Figure 11C) provided a reliable solution (MAD = 10°) characterized by the minimum horizontal stress (σ3) N37°E oriented (plunging 0.3°) and the maximum horizontal stress (σ2) N53°W oriented (plunging 0.3°) with a vertical σ1.



In order to provide a temporal constraint to the poly-phased tectonic history arisen by the fault inversion, extensional fractures affecting Quaternary deposits (e.g., Figure 5) were separately analyzed (Figure 16). A total of 48 extensional fractures (out of 138 fractures) were inverted and the reliable solution obtained is characterized by a MAD of 10° with the minimum horizontal stress (σ3) 143.7°W/N36°E oriented (null plunging) and the maximum horizontal stress (σ2) N126°E/N54°W oriented, and a vertical (plunging 89°) σ1. This solution is almost equivalent to the previous one related to the whole fracture population with only 1° rotation of the horizontal principal tensor components.





5. Discussion


The adopted original approach of direct inversions by multiple Monte Carlo method allowed the identification of a poly-phased tectonic history that affected the NE border of the Paraná basin. Two paleostress events were computed by fault inversion (Figure 14), one characterized by NW-SE minimum horizontal stress and NE-SW maximum horizontal stress in a general extensional regime (sub-vertical σ1), the other event is characterized by NW-SE main horizontal stress and NE-SW minimum horizontal stress in a strike-slip tectonic regime (vertical σ2). This last tensor is compatible with the solution resulting from the extensional fracture inversion (Figure 15) characterized by NE-SW minimum horizontal stress and NW-SE maximum horizontal stress. Inversion of fractures cutting the Quaternary deposits (Figure 5 and Figure 16) confirmed this last solution and allowed the identification and characterization of the youngest/last tectonic event affecting the study region. Moreover, this also supports our method for defining systematic vs. non-systematic joint sets.



Other considerations strengthen the obtained results and confirm the Neotectonic activity in the area. The extensional fracture systems found easily represent the youngest brittle deformation episode in the study area. This derives from a series of considerations. These fractures are open, i.e., without mineral filling that testifies their development without a significant mineral bearing fluid circulation (fluid pressure). This means that the responsible stress (the σ3) had a negative value. This combines with the uniaxial strain conditions derived from the overburden conditions that produces a positive increment in final stress tensor with a typical vertical increment due to the overburden Sv (Sv = ρ g h, where ρ is the rock density, g is the acceleration of gravity, h is the burial depth) and a corresponding horizontal stress component (Sh) of the order of one third of the vertical component Sv (Sh = Sv * ν/(1 − ν), with ν = 0.25 is the Poisson’s ratio). This prevents the development of tensile stress even at small depth (some tents of meters). In this way, the observed extensional fractures developed in a near surface environment.



Due to the high erosional rates in the study area (Pinheiro and Queiroz Neto [47]), surface rocks are preserved for a relatively short time before being eroded away together with their embedded deformation. Therefore, the observed fracture systems have a relatively younger age. On the other hand, faulting is a process that best develops under (positive) stress conditions when the difference between the maximum and minimum stress components produces a shear that overrides the strength of the rock (Mohr-Coulomb criterion). As a result, they can initially develop at a depth where the overburden provides the required stress increment. In this way, the observed faults that characterize the same rocks developed at depths deeper than the extensional fractures. Again, by considering the role played by erosion, the faulting represents older events. As a result, we can associate the development of the extensional fractures in the area to the youngest tectonic event/episode that affected the study area.



The computed paleostresses from fault and extensional fracture inversion can be framed into a strike-slip corridor characterized by a poly-phased evolution (Figure 17). Specifically, the left-lateral movement along an E-W trending, regional shear zone would kinematically induce a (crustal) tectonic regime within its deformation region characterized by a NE-SW main horizontal stress and a NW-SE minimum horizontal stress (Figure 17A). Following the geodynamic evolution of the region, influenced by the drifting of the South Atlantic with the associated W and NW movement of the South America plate since Neogene times (Hasui [8]; Cordani et al. [103]; Hasui [104]; Saadi [78]; Torsvik et al. [13]; Richetti et al. [33]; Gomes and Vasconcelos [31]), the strike-slip shear zone was affected by an inversion of the sense of shear. The new right-lateral movement produced the exchange of the previous minimum and maximum horizontal stresses within the regional shear zone being the new maximum horizontal stress NW-SE oriented. This hypothesis is in accordance with the previous studies performed in the study area (e.g., Riccomini [80]; Facincani [79]; Sousa [85]; Morales [66]; Santos and Ladeira [81]; Pinheiro and Queiroz Neto [54]; Pinheiro et al. [67]; Pinheiro and Cianfarra [68]). The younger tectonic setting within the regional shear zone is responsible for the measured systematic and non-systematic joint set trending respectively NW-SE and NE-SW and cutting through the Neocenozoic up to Quaternary deposits (Figure 17B). The present day evidences of the older, sinistral tectonic event is mainly represented by the outcropping faults whose main azimuthal family set is nearly parallel with the orientation (around N70°E, refer to the red Gaussian peak in the fault stereoplot of Figure 17A) of R Riedel faulting associated to an E-W sinistral shear zone. These faults originally formed at low depth and their present near-surface location results from the erosional processes that have been active since their formation age (Paleozoic– or even older- to pre-Neogene times).



The proposed strike-slip deformation belt may easily represent the Cenozoic reactivation (Zalán et al. [10]; Cordani et al. [103]; Hasui [8]; Saadi [78]; Vasconcelos et al. [9]; Pinheiro and Cianfarra [68]) of structural trends and weakness zones that played an important role during the Neoproterozoic craton accretion (e.g., Tankard et al. [105]; Almeida et al. [11]; Tello Sáenz et al. [44]) and Mesozoic fragmentation (Franzese and Spalletti [106]; Vaughan et al. [12]; Torsvik et al. [13]; Richetti et al. [33]; Gomes and Vasconcelos [31]) of the Gondwana supercontinent.



This strike-slip shear zone in intraplate settings, characterized by a poly-phased tectonic history, may represent the on-land propagation of oceanic fracture zone (Figure 18A). A similar setting for the study region was previously hypothesized by Zalán et al. [10] and Saadi [78] based on the near parallelism between the inferred continental strike-slip corridor and the offshore tectonic alignments. More recently, Pinheiro et al. [67] suggested a similar geodynamic scenario based on the results of lineament domain analyses. Our results of the paleostresses derived from inversion of faults and extensional fractures collected within the studied region are valid at the regional/crustal scale and further support the hypotheses advanced by other authors (Zalán et al. [10], Saadi [78], Pinheiro et al. [67]) based on independent analyses of different datasets.



Another consideration that further strengthens the reliability of the onshore propagation of (parallel) oceanic fracture zones: both the Brazilian coastline and the continental-ocean boundary present a dextral offset at the latitude of our study region (22°–23° S, Karner and Driscoll [107]; Moulin et al. [108]; Blaich et al. [109]; Magalhães et al. [110]; Figure 18A). At this latitude, the Rio de Janeiro fracture Zone with its associated, subparallel fracture swarm is the main tectonic lineament shaping the morphology of the sea bottom (Granot and Dyment [111]; Pérez-Díaz and Eagles [112]). Seaward, this fracture zone/transform fault marks a dextral offset of the active spreading ridges between South America and Africa, even if they are characterized by sinistral kinematics in their seismically active sections. Similar connections between continental and oceanic tectonic structures have been described in Australia (e.g., Gibson et al. [113]), Africa (Sykes [114]; Antobreh et al. [115]), South America (Mohriak and Rosendahl [116]; Blaich et al. [117]; Vasconcelos et al. [9]), Europe (Barrère et al. [118]); Fazlikhani et al. [119] and Antarctica (Salvini et al. [120]; Storti et al. [121]). Here, the trend of the regional strike-slip fault corridors of the Rennick Geodynamic Belt (e.g., Cianfarra et al. [121]) and of the Matusevich Fault (Flöttmann and Kleinschmidt [122]), coincides with the onland continuation of the offshore Tasman fracture zone (Salvini et al. [120]; Storti et al. [4]; Kleinschmidt and Läufer [123]; Zanutta et al. [124,125]). This fracture zone, similarly to what was described in the South Atlantic, marks a dextral offset of the Australian–Antarctic spreading ridges and its onland continuation corresponds to a dextral offset of the Antarctic continental shelf (Figure 18B). As expected, there is a similar tectonic setting to the north where the onland continuation of the Tasman fracture zone within Australia corresponds to a zone characterized by Quaternary volcanic activity (e.g., Newer Volcanic Province, Southeast Australia, Lesti et al. [126]). A similar tectonic framework may be expected along other fracture zones in the Southern Atlantic, along other fracture zones that propagate in the South America continent, including the Romanche FZ, the Florianopolis FZ and the Agulhas-Falkland FZ (e.g Torvisk et al. [127]; Granot and Dyment [111], Vasconcelos et al., [9]).




6. Conclusions


The results from the present work allow addressing a series of issue regarding the Cenozoic tectonic evolution of the NE border of the Paraná basin in the framework of regional geodynamics. The adopted original approach of direct inversion by multiple Monte Carlo method allowed identifying the poly-phased tectonic history that affected the study region. Two paleostress events were computed by fault inversion. The first is characterized by NW-SE minimum horizontal stress and NE-SW maximum horizontal stress in a general extensional regime (sub-vertical σ1). The second event is characterized by NW-SE main horizontal stress and NE-SW minimum horizontal stress in a strike-slip tectonic regime (vertical σ2). This last stress is compatible with the solution resulting from the extensional fracture inversion characterized by NE-SW minimum horizontal stress and NW-SE maximum horizontal stress. This tectonic setting is confirmed by the result from the inversion of extensional fractures in Quaternary deposits that provides a time constrain for the Neotectonic history of the region.



The computed paleostresses are compatible with the existence of an intraplate strike-slip deformation belt in Southeastern Brazil characterized by an E-W trend. The poly-phased tectonic history of this corridor characterizes an initial left-lateral shear followed by a right-lateral movement whose tectonic activity affected Quaternary deposits also.



The last event correlates to the brittle deformation documented by various authors in Quaternary deposits. In this way, the younger, right-lateral regime is currently affecting the landform evolution of the region, classically interpreted as relics of the old (Paleozoic-Mesozoic) tectonics, produced by lithological variations and/or climatic oscillations.



Finally, we infer that the described intraplate strike-slip deformation belt represents the continental prosecution of the off-shore Rio de Janeiro fracture zones.



The results from this study suggest that it may well be successfully applied along the onshore projection of other fracture zones that populate the Southern Atlantic as well as to other oceans.



The adopted original approach of cumulative inversion of fault and fracture data for (multiple) paleostresses detection revealed successful and results are valid at the regional/crustal scale.
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Figure 2. Simplified geologic-structural map of the Paraná Basin. Rose diagram (upper right) of the fault azimuthal frequency shows the three main structural trends (fault and fault zones with ages ranging from Paleozoic to Mesozoic, Zalán et al. [20]) of the region, namely NW-SE, NE-SW and E-W. AR: Argentina; BO: Bolivia; BR: Brazil; PA: Paraguay; PE: Peru; UR: Uruguay. (Modified from Zalán et al. [20]). 
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Figure 3. Geological-structural map of the investigated area with location of the field structural measurement sites (white dots). Base image is the DEM from Shuttle Radar Topography Mission data, 1 arc-second spatial resolution. 
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Figure 4. Example of strike-slip fault in Precambian granites with associated R-type Riedel fractures or “bico de flauta” showing a left-lateral kinematic. Note the rotation of the “bico de flauta” azimuth when approaching the main fault and the nearly parallel attitude where they joint. 
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Figure 5. Example of nearly orthogonal systematic and non-systematic fractures in Upper Pleistocene continental sand deposits (Location: 22°34′23″ S, 48°01′49″ W). 
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Figure 6. Development of systematic and non-systematic near-orthogonal joint systems. During Step 1 we assist to the initial development of the systematic joint set (i.e., normal to the σ3 component). During the successive Step 2, non-systematic joints develop and interact with both pre-existing and newly developed systematic joint to form the nearly orthogonal joint sets (see text for explanation). Data are projected on Schmidt Net (lower hemisphere) by Daisy 3 software. Wind-roses show the Gaussian fit of their azimuthal frequency. 
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Figure 7. Example of faults measured in the field with associated brittle deformation (R-type Riedel synthetic fracture or “bico de flauta” and/or R’-type antithetic fracture). A. Right-lateral strike-slip fault in sandstones of the Piramboia Fm at the Piracicaba river (Location: 22°37′06″ S, 48°05′25″ W). B. Left-lateral strike-slip fault in diabase Serra Geral Fm outcropping at the escarpment of the São Pedro Ridge (Location: 22°30′11″ S, 48°11′53″ W). Data are projected on Schmidt Net (lower hemisphere) by Daisy3 software. 
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Figure 8. Total fault analysis. (A). Stereoplot of fault planes and fault pole-to-plane with their kinematic vectors. (B). Contouring of pole-to-fault planes. (C). Contouring of the fault slicks. (D). contouring of fault rotaxes. Data are projected on Schmidt Net (lower hemisphere) by Daisy3 software. 
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Figure 9. Results of the Polymodal Gaussian Fit of the total measured faults. 
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Figure 10. Quaternary fluvial conglomerate upon Permian siltits (Corumbataí Formation) displaced by conjugate reverse faults trending NE-SW. Data are projected on Schmidt Net (lower hemisphere) by Daisy3 software. (Location: 22°25′52″ S, 47°41′48″ W). 
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Figure 11. Joint analysis (A). Stereoplot of the total measured joints. (B). Contouring of the total pole-to-joint planes. (C). Polymodal Gaussian fit of the total joint planes. (D). Polymodal Gaussian fit of the joints affecting the Quaternary deposits. (A,B): Data are projected on Schmidt Net (lower hemisphere) by Daisy3 software. 
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Figure 12. Total shear cleavage analysis (A). Stereoplot of the measured shear cleavages. (B). Contouring of the shear cleavage pole-to-planes. (C). Polymodal Gaussian fit. (A,B): data are projected on Schmidt Net (lower hemisphere) by Daisy3 software. 
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Figure 13. Total synthetic cleavage (Riedel R-planes) analysis and polymodal Gaussian fit. (A). Stereoplot of the synthetic cleavage planes and pole-to-planes. (B). Synthetic cleavage contouring of the pole-to-planes. (C). Polymodal Gaussian fit. (A,B): data are projected on Schmidt Net (lower hemisphere) by Daisy 3 software. 
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Figure 14. Results of multiple Monte Carlo fault inversion showing the two paleostresses characterized by the switch of the minimum and maximum horizontal stress component. (A). The first solution in characterized by NW-SE minimum horizontal stress component and NE-SW trending maximum horizontal stress component, (B). The second solution is characterized by NW-SE maximum horizontal stress component and NE-SW minimum horizontal stress component. Data are projected on Schmidt Net (lower hemisphere) by Daisy3 software. 
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Figure 15. Results of Monte Carlo direct inversion of the classified systematic and non-systematic joints. Data are projected on Schmidt Net (lower hemisphere) by Daisy 3 software. 
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Figure 16. Results of Monte Carlo direct inversion of the classified systematic and non-systematic joints affecting the Quaternary deposits. Data are projected on Schmidt Net (lower hemisphere) by Daisy 3 software. 
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Figure 17. Sketch showing the proposed neotectonic evolution of the intraplate strike-slip deformation belt in Southeast Brazil characterized by (A) left-lateral shear followed by (B) right lateral shear. This strike-slip shear zone may represent the onland propagation of oceanic fracture zones (C). Modified from Pinheiro et al. [67]. 
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Figure 18. Proposed geodynamic model of the on-land propagation of oceanic fracture zone. (A). The intraplate strike-slip corridor affecting the northeastern border of the Parana basin is the continental prosecution of the Rio de Janeiro fracture zone in South Atlantic responsible for the dextral offset of both active spreading ridges and of the Brazilian coastline. Similar geodynamic setting is found in the Southern Ocean. (B). Where the Tasman Fracture Zone propagates both within East Antarctica (with the Rennick Geodinamic Belt, RGB and the Matusevich Fault, M) and in Australia where it is located the Quaternary Newer Volcanic Province (Lesti et al. [126]). Redrawn and modified after Torvisk et al. [127] and Kleinschmidt and Läufer [123]. 
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Cenozoic Deposits
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Colluvial Deposits on Pediment Surface (Upper Pleistocene): sandy colluvial deposits with stone lines composed by quartz, quartzite, and
ferruginous cuirasses pebbles.

B Rio Claro Formation (Miocene-Pleistocene?): fine to coarse sandstones and conglomerates with quartzite and quartz clasts in the base.
In addition, thin layers of mudstone occur interbeded.

Itaqueri Formation (Eocene?): Rudaceous deposits of alluvial fan cemented by silica and iron oxides. The main lithology is fine to coarse
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Parana Basin Supersequences
- Bauru (Upper Cretaceous): very fine to coarse sandstones (eventually with calcium nodules), siltstones, and shales.

Gondwana Il (Late Jurassic to Eo-Cretaceous): fine to coarse sandstones, diabase intrusions, and basalt flows.
I Gondwana Il (Triassic): fine to coarse sandstones, conglomerates, siltstones, and pelites.
I Gondwana | (Upper Carboniferous to Eo-Triassic): tilites, diamictites, varves, sandstones, siltstones, shales, and coals.

Source: DEM: SRTM/NASA, 2000. Geological Survey: CPRM, 2006; PINHEIRO & QUEIROZ NETO, 2016.
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