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Abstract

‘We present a study of the brittle tectonics of Tunas Alkaline Complex focusing on the kinematic and geometric analysis of faults and brittle
shear zones deforming the complex. The data acquired and respective interpretations sought to contribute to the post-Cretaceous tectonic
structural models of southern Brazil. The ~83 Ma-old alkaline complex is made up of syenites, alkali syenites, plutonic and volcanic breccias,
as well as trachyte, microsyenite, and bostonite dykes. Morphostructural analysis using remote sensing combined with right dihedral kine-
matic analysis of fault-slip data and relations of intersections among structures allowed us to characterize four Cenozoic paleostress fields
and their respective tectonic pulses: (I) Eocene-Oligocene NW-SE extension responsible for normal oblique-slip faults striking N60-70E;
(II) Oligocene-Miocene NE-SW compression associated with tectonic accommodation of the South American Plate at circa 27-26 Ma, and
responsible for WNW-ESE-trending sinistral and NE-SW-trending dextral strike-slip faults; (III) Plio-Pleistocene N-S to NNW-SSE com-
pression related to dextral reactivation of NW-SE-striking faults, sinistral reactivation of NE-SW-trending faults, and generation of NNW-
SSE-trending strike-slip faults; and (IV) Pleistocene-Holocene NW-SE to WNW-ESE compression that caused dextral reactivation of ENE-
WSW-trending faults and sinistral strike-slip reactivation of NNW-SSE-trending faults.
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INTRODUCTION in outcrops in addition to photointerpretation of aerial pho-
In this research, a structural analysis was performed to tographs and satellite imagery, which allowed us to obtain
find the stress fields responsible for the deformation recorded interpretations regarding the sequence of tectonic pulses that
in the Tunas Alkaline Complex (TAC), an alkaline massif affected the TAC. Due to their ages and the homogeneity of
located in the southeastern Brazil, in order to determine the their lithotypes, the alkaline rocks are important sites for the
tectonic pulses related to that deformation. It was possible study and understanding of the Cenozoic tectonic evolution
to establish the structural framework and the orientations of the Brazilian Shelf.
of paleostress fields (tectonic pulses I, I, I11, and IV) related In this regard, the Juro-Cretaceous Wealdenian tecto-
to the reactivation of faults along the main axis of the Ponta no-magmatic reactivation (Almeida 1967, Brito-Neves 1992)
Grossa Arch, which comprises a structure linked to the evo- was responsible for extensional tectonic processes during
lution of the Brazilian Continental Shelf. The results pro- the separation of the South American and African Tectonic

vided a structural interpretation of the TAC faults, a massif Plates (Coutinho 2008, Will and Frimmel 2018). The result-
that is part of the chronologically (~83 Ma) correlated set of ing stress, which affected the South American Plate during and
alkaline rocks controlled by the referred arch (Ferreira et al. after the breakup of Gondwana and the opening of the South
1981, Siga Jr. et al. 2007). The research was based on the geo- Atlantic Ocean, directly or indirectly controlled not only the
metric and kinematic structural analysis of faults observed emplacement of basic rocks such as those creating swarms of

dykes across the Ponta Grossa Arch but also intrusion of the

TAC and other alkaline complexes with posterior deforma-

Supplementary data tion associated.

Supplementary data associated with this article can be found in the The largest alkaline complex in southern Brazil is the TAC,
online version: Supplementary Material 1; Supplementary Material 2; emplaced into Precambrian rocks of the Ribeira Belt along the
Suppl tary Material 3. . ‘

S Ponta Grossa Arch in eastern Parana (Gomes et al. 2011,2018).
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From a structural and geodynamic standpoint, these alka-
line complexes are valuable indicators of Upper and post-Cre-
taceous tectonics; they frequently record the entire chain of
events, from intrusion to final deformation stages, establishing
the morphostructural framework of southern and southeastern
Brazil. In such areas, drainage systems and topography reveal
uplift, river capture, and block rotation, which are usual indi-
cators of recent tectonic activity (Cobbold et al. 2001, Peyerl
et al. 2018, Santos et al. 2019). The Neogene and younger
deformation features are neotectonic in character, given the
deformation they imprint on current topography (Hasui 1990,
Peyerl et al. 2018).

Low-magnitude seismic events have been recorded in the
surroundings of the TAC, presumably related to the relatively
slow tectonic evolution of the region. AM3.1 (body wave mag-
nitude) seism was observed in Tunas do Parand city in 2015
and in 2016, and M2.8 was recorded in Bocaitva do Sul city.
Two events of M2.5 and M2.8 took place in Rio Branco do Sul
city in 2013 (Sismo-IAG-USP 2018). In 2017, three seismic
events of M3.5 were recorded near Tunas do Paran4, one of
which was located between Rio Branco do Sul and Itaperugu
cities (University of Brasilia Seismologic Observatory — ObSis
2018, Sismo-IAG-USP 2018).

According to Lima (2000), this intraplate seismicity
reflects neotectonic events, being partially attributed to recent
reactivation of Proterozoic suture zones. Intraplate seismic
distribution models consider the weak zones and accumula-
tion of stress from lateral density variation or flexure prefer-
entially across areas where Upper Cretaceous alkaline rocks
outcrop (Assumpgio et al. 2014). As only minor intraplate
tectonic change has been observed in the region since the
Lower Paleogene, the aforementioned seismic events indicate
Cenozoic reactivation of ancient faults.

Thelocal structural setting along the northern border of the
Sao Jerénimo-Curitiva Lineament (Zaldn et al. 1987) in the Ponta
Grossa Arch is of fundamental importance for the comprehen-
sion of the Cretaceous and post-Cretaceous tectonics affecting
the complex. Regional studies (Ferreira et al. 1981, Amaral 1982,
Ferreira 1982, Trzaskos 2006, Franco-Magalhaes et al. 2010a,
2010b, Strugale et al. 2007, Karl et al. 2013, Castro and Ferreira
2015, Morales et al. 2017) provide a sound understanding of
the tectonic and structural framework of the Maringa-Curitiba
Fault Zone and, therefore, the country rocks.

Given the Campanian age of the TAC, between 82.2 and
82.7 Ma (Gomes et al. 1987, Siga Jr. et al. 2007, the structural
lineaments resulting from brittle deformation of alkaline plugs
can overall be considered to have been nucleated during the
Cenozoic or at least in the Late Cretaceous.

An investigation into the geometry and kinematics of
post-Cretaceous faulting on TAC was performed to clarify its
deformation history and its possible relations with older, coun-
try rock faults. In this way, we present a geometric analysis of
brittle structures such as joints, faults, striation features, and
well-exposed kinematic indicators, as well as their kinematic
and dynamic interpretations, mainly at quarries.

The research aimed to identify the faults that cut the TAC

and establish a relative chronology from their geometry and
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kinematics. Paleostress fields responsible for the deformation
of the complex and their relations with previously studied
regional stress fields in southern and southeastern Brazil were
determined (Mancini and Riccomini 1994, Riccomini 1995,
Salvador and Riccomini 1995, Riccomini and Assumpgao
1999, Salamuni et al. 1999, 2004, Lima 2000, Hiruma et al.
2001, Chiessi and Riccomini 2003, Riccomini et al. 2004,
Trzaskos 2006, Strugale et al. 2007, Chavez-Kus and Salamuni
2008, Hiruma et al. 2010, Jacques et al. 2010, Silva and Mello
2011, Machado et al. 2012, Nummer et al. 2014, Moura and
Riccomini 2017, Peyerl et al. 2018). In addition, low-tem-
perature thermochronological data, especially from Apatite
Fission Track (AFT; Gallagher et al. 1994, Hadler et al. 2001,
Hackspacher et al. 2004, Franco-Magalhaes et al. 2010a, 2010D,
Hiruma et al. 2010, Cogné et al. 2011, Siqueira-Ribeiro et al.
2012, Engelmann de Oliveira et al. 2018) were used as relative
geochronological markers among the tectonic pulses inter-
preted from structural data.

Our goal is to contribute to the Cenozoic tectono-struc-
tural modeling of southern and southeastern Brazil by investi-
gating local intraplate tectonics and extend our interpretations
to a regional context of events.

Several studies were carried out in the context of Cenozoic
tectonics of southeastern Brazil; however, those restricted to
the alkaline rocks of the Ponta Grossa Arch are scarce. In this
context, this article presents a contribution to the intraplate
tectonic interpretations related to the Curitiba-Maringa Fault
Zone, especially regarding to the understanding of the local
paleostresses. Moreover, our proposal of alocal tectono-struc-
tural model may also be applicable in studies aimed at mineral
prospecting, groundwater research, and hydrocarbon explo-
ration within the offshore arc domain.

STUDY AREA

The study area is located 80 km to the north of Curitiba
city (Fig. 1) and extends over parts of Tunas do Parana and
Cerro Azul cities. The main access routes to the visited out-
crops are the BR-476, known as Ribeira highway, crossing the
region from north to south, and the PR-340, which borders
the TAC from southeast to northwest. The massifis limited by
latitudes 24°58°58” S and 24°54’56” S and longitude 49°03°05”
W and 49°07°35” W.

MATERIALS AND METHODS

For the present study, we considered lineaments to cor-
respond to either collective or isolated features that can be
attributed to morphostructures, such as river segments along
rectilinear crests or valleys. Lineaments are rectilinear or slightly
curved elements generally associated with geological elements
that correspond to structural weakness directions as defined
by O’Leary et al. (1976). The hillshade map (Fig. 2) was con-
structed from work performed on ALOS Palsar Global Digital
Elevation Model (ALOS-GDEM) and the geological map of
the TAC depicting faults and lineaments was interpreted from
ASTER-GDEM (Global Digital Elevation Model-Advanced
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Figure 1. Localization map of the TAC: The complex is represented in red, being approximately 80 km to the north of Curitiba city in Parana,
Brazil. Access routes are the BR-476 and the PR-340 highways.

Figure 2. The local drainage map of TAC: TAC’s drainage map (hillshade map) and its surroundings were superimposed on an ALOS Palsar
Global Digital Elevation Model (ALOS-GDEM) of the area. The red line marks the boundary of the complex and the blue line marks the
hydrographic segments (rivers and streams).

3/24



Braz. ). Geol. (2022), 52(3): e20210041

Spaceborne Thermal Emission and Reflection Radiometer)
data in Global Mapper software (download of the images) and
ArcGIS software v. 10.0 (interpretations of hillshade map).
In the ArcGIS software, we extracted hillshade maps which
were constructed by setting light sources at azimuths 45°, 180°,
and 315° so that structures oriented to all quadrants could be
emphasized. In this way, 1:100,000 and 1:50,000 lineament
maps were obtained.

The 1:50,000 structural lineament map was traced from
1:70,000 aerial photos, and the drainage lineament map
was derived from a 1:50,000 topographical map (by Water
and Earth Institute after Institute of Land, Cartography and
Geosciences of Parana State). We interpreted the 1:400,000
and 1:50,000 magnetometric lineament maps using Analytical
Signal Inclination — Total Horizontal Gradient (ASI-THG;
Ferreira et al. 2010, Ferreira et al. 2013) analysis of prepro-
cessed data by Geological Survey of Brazil (CPRM 2011).
The frequency (azimuth) and length (coordinates X and Y)
rose diagrams were obtained by using map calculation tools in
ArcMap and RockWorks software. Thus, the structures were
classified for posterior identification of their prominent struc-
tural trends in the complex.

We studied 23 outcrops, mainly at active or decommis-
sioned quarries and highway cuttings, obtaining 358 joint and
fault readings (Suppl. Mat. 1). The Riedel conjugate structures
and fault block kinematic indicators (Tjia 1964, Petit 1987,
Doblas 1998) were additionally investigated. To accomplish
the structural analysis data were joined, in the Wintensor soft-
ware (Delvaux 2012), at nine angular intervals so that the anal-
ysis was as compatible as possible with the “Riedel” fracturing
model. Therefore, there are joint and failure systems according

to the following intervals:

*  NOE- to NOW-striking faults;

*  NIOW- to N29W-striking faults;
*  N30W- to N49W-striking faults;
*  NSOW- to N69W-striking faults;
*  N70W- to N9OW-striking faults;
*  NIOE- to N29E-striking faults;
*  N30E- to N49E-striking faults;
*  NSOE- to N69E-striking faults;
* N70E- to N9OE-striking faults.

This families were used to interpret statistically the struc-
tures cataloged and based on that we define the most import-
ant structural trends in TAC area.

The fault families were classified as normal, dextral, or
sinistral (Table 1) so that paleostress fields could be calcu-
lated using Wintensor software (Delvaux 2012) by applying
the right dihedral method of Angelier and Mechler (1977).
Those structures, as well as fault intersections and occasional
striae overlapping relations, were described in detail.

The right dihedron graphic showing paleostress field
directions was generated in the Wintensor software using
the Auto Reject tool, which refines the database consider-
ing only fault directions showing slickensides/slickenlines
and another kinematic indicators. Thus, out of a total of 358
fractures measurements, only 115 were considered for anal-
ysis. In Data Separation and Dieder Processing, those with
the best statistical results were tested and their indicators
were expressed in the R. Dihedron graphic resulting, only
comprising faults that could be activated under a predeter-
mined paleostress field.

Energy-dispersive X-ray spectroscopy (EDXS) was applied

under scanning electron microscopy (SEM) to three samples

Table 1. In the Wintensor software (Delvaux 2012), the faults with reliable kinematic indicators were classified as follows: (1) the N30-60E-
striking faults classified as 1.1 when normal, 1.2 when dextral, and 1.3 when sinistral; (2) the N30W-N30E-striking faults were classified
as 2.1 when normal, 2.2 when dextral, and 2.3 when sinistral; (3) the N30W-N60W-striking faults were classified as 3.1 when normal, 3.2
when dextral, and 3.3 when sinistral; and (4) N60-90E- and N60-90W-striking faults were classified as 4.1 when normal, 4.2 when dextral,
and 4.3 when sinistral. This classification was adopted as a premise for the Wintensor software that works with the measures of fault plans,
slickensides, or slickenlines and kinematic indicators observed in the field. From a total of 358 fault and joint measurements, only the fault

plane data with determinable kinematics were considered, resulting in a final database of 115 measurements.

Faults with reliable kinematic indicators

::;ljjdiiSOR Normal faults Dextral strike-slip faults Sinistral strike-slip faults
1-Faults N30-60E-trending faults N30-60E-trending faults N30-60E-trending faults
Input data 1.1 12 1.3

N 9 10 15

2-Faults N30W-N30E-trending faults N30W-N30E-trending faults N30W-N30E-trending faults
Input data 2.1 2.2 2.3

N 4 S 16

3-Faults N30-60W-trending faults N30-60W-trending faults N30-60W-trending faults
Input data 3.1 32 3.3

N 3 4 4

4-Faults E-W-trending faults E-W-trending faults E-W-trending faults
Input data 4.1 42 43

N 3 12 30
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of fault planes showing clay mineral recrystallization at the
Rock and Mineral Analysis Laboratory at the Universidade
Federal do Parand (LAMIR-UFPR) in order to identify the
morphological framework in which mineral recrystallization
affects specific fault planes. The minerals in recrystallized fault
planes were identified by powder X-ray diffraction (XRD;
Suppl. Mat. 2) following the laboratory specifications in Suppl.
Mat. 2. The brittle structural and tectonic data obtained in
this research were analyzed in the light of the literature on the
post-Cretaceous brittle tectonics of southern and southeast-
ern Brazil and were contrasted with published AFT data in
order to establish the correlations among cooling and heating
events and the tectonic deformation which acted in the TAC.

MORPHOSTRUCTURAL AND
GEOLOGICAL SETTINGS

Morphostructures

In the TAC, morphostructures are mainly controlled by
NW-SE- and NE-SW-striking faults, showing crests and val-
leys preferentially oriented to N45-60W and N40-50E striking
(Figs. 2 and 3), with one of them partially marking the com-
plexin its northeast boundary. The N10-20E- and N40-60E-
trending drainage lineaments normally control short (about
250 m length) drainage segments, whereas segments aligned
to N40-60W trend may extend for as long as 500 m.

The more extensive photointerpreted lineaments are ori-
ented in NE-SW and NW-SE directions, followed by E-W
ones. The NW-SE-trending lineaments, which are parallel to
the Sao Jer6nimo-Curitiva Lineament, were more prominently
noticed, also controlling a river segment that cuts through the
central portion of the complex at the foothill of a dissected scarp
(Fig. 2). The capture and the displacement of the scarp front
by N30E-striking dextral faults were also observed. Such char-
acteristics may possibly correspond to morphotectonic pro-
cesses that operated in a relatively recent structural context.
The dissection of the complex was controlled by lineaments,
with thin eroded soil beds and colluvial deposits of variable
thicknesses. The drainage systems of the complex follow a trel-

lis pattern, with some local dendritic remnants.

Geological and tectonic framework

The alkaline complexes of the Upper Cretaceous of the
Ribeira valley region are tectonically related to the Sao Jeronimo-
Curitiva Lineament (Siga Jr. et al. 2007) and Curitiba-Maringa
Fault Zone (Figs. 4 and 5). They are generally oriented in the
NW-SE direction and intersect NE-SW-striking structures
affecting metasedimentary rocks of the Agungui Group. To the
southeast of the study area, the Lancinha-Cubatio Shear
Zone (Figs. 4 and S) stands out as an important morpho-
structure oriented in the N45-SOE direction, being part of the
Além-Paraiba-Cubatio-Lancinha Lineament (Sadowski and
Motidome 1987). According to Fassbinder et al. (1992), this

Figure 3. TAC’s geomorphology: (A) E-W-trending crests and valleys; (B) SW-NE view of NW-SE-trending crests.
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Source: based in Zalan et al. (1987).

Figure 4. TAC, PGA, and principal fault zones: simplified geological and structural map of the central region of Ponta Grossa Arch, with the

location of the TAC, the Sao Jeronimo-Curitva Lineament and the Curitiba-Maringa Fault Zone, among other lineaments and faults.

shear zone is identified by two deformation events, a ductile in
the Neoproterozoic and a subsequent brittle/ductile one with
widespread fracturing and associated breccias. The TAC was
emplaced into Mesoproterozoic phyllites of the Votuverava
Formation (Agungui Group), as well as into quartzites and
schists of the Setuva Complex (Figs. 4 and 6).

Another important regional structural zone is the Sao
Jer6nimo-Curitiva Lineament (Figs. 4 and SA), which displays
Devonian to Juro-Cretaceous activity (Strugale et al. 2007).
The extensional tectonics which this lineament was associated
with was also responsible for fractures generally oriented to
the N4SW direction and filled by massive swarms of tholeiitic
diabase dykes in the Cretaceous.

The TAC consists of a set of plugs whose lithotypes are
hornblende syenite and hornblende quartz syenite, as well
as phonolites, volcanic breccias, trachytes, alkaline gabbros,
and, secondarily, diorites, monzodiorites, and monzogabbros
(Fig. 6). Seven distinct volcanic breccia events are present, four
of which are in the northeastern and three in the central por-
tion of the complex. The trachyte, microsyenite, and bostonite
dykes are also observed (Trein et al. 1967, Vasconcellos and
Gomes 1992, 1998). The igneous breccia bodies are related to
avariety of country rocks, such as phyllite clasts, syenites, and
breccias, the latter formed from former breccia bodies (Baéta

and Vasconcellos 2004). The features such as rectilinear scarps
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and captured river segments are in direct association with aero-
magnetic and structural lineaments in the complex (Figs. 2,
4,5,and 6), which are characteristic of morphotectonic pro-
cesses and may indicate neoformation or reactivation faulting.

Successive deformational events were previously reported
in the TAC, designated as A and B and identified by the pres-
ence of fractures along N-S to NNW-SSE and NW-SE direc-
tions. Their kinematic indicators point to two distinct defor-
mation pulses with fractures oriented to 10° and 260° azimuths
(Di Giorgio 2003).

In terms of geochronology, analyses confirmed that the
complex was formed in the Upper Cretaceous (Gomes et al.
1987), with predominant K/Ar ages between 80 and 90 and
Rb/Sr ages of 80.5 Ma. Siga Jr. et al. (2007) reported more
precise thermal ionization mass spectrometry isotopic dilu-
tion (ID-TIMS) and sensitive high-resolution ion microprobe
(SHRIMP) U-Pb ages between 82.7 and 84.7 Ma, using zir-

con crystals.

RESULTS

Remote sensing lineaments
The initial determination of brittle deformation in the TAC

consisted of interpretation of the most prominent lineaments.
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Figure S. TAC’s magnetometric lineament maps showing the Lancinha-Cubatao Shear Zone oriented in a N45-SOE direction and the Sao
Jerénimo-Curitiva Lineament oriented in a N4SW direction: (A) regional THG magnetic interpretation map showing the TAC in the center
of the map; (B) 1:50,000 ASI-THG magnetic interpretation map of the area. The white line outlines the boundary of the complex.

Figure 6 depicts our interpretation correlating it with the geo-
logical map of the area. The lineaments that adjusted most
accurately to the field data were those interpreted in aerial
photography with 1:70,000 scale. The azimuth-frequency
rose diagram in Figure 7A reveals a predominantly NE-SW
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structural trend oriented to the N40-50E direction, followed
by the N20-40E- and N80-90E-trending elements, with notice-
able variation between ENE-WSW and WNW-ESE directions.
In turn, the N-S-trending lineaments are less frequent, how-

ever, more extensive (longer than 2 km in length). In contrast,
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the E-W to WNW-ESE- and NE-SW-trending structures were
more prominently detected from ASI-THG aeromagnetic
data (Fig. 5); Figure 7B also shows the NE-SW- and NW-SE-
trending structures.

In the complex, the most frequent drainage trends are
predominantly in a N20-30E direction and less frequently
in NO-20E, N30-60E, and N40-70W directions (Fig. 7C).

Source: geology map modified from Vasconcellos and Gomes (1992).

Drainage elements longer than 500 m, in turn, are oriented
mainly in N30-70W, especially in the N50-60W and NO-50E
directions, as well as in the NO-20E directions (Fig. 7D).
The southeastern border of the TAC is represented by a
NW-SE-striking dextral fault that extends along elevations
higher than 1,000 m and in the vicinities of this lineament,
characterizing knickzones, in the sense of Crosby and Whipple

Figure 6. TAC’s geological map representing faults and lineaments interpreted from ASTER-GDEM data.
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Figure 7. Rose diagrams for lineaments frequency: (A) photointerpreted lineaments, n = 336; (B) ASI-THG aeromagnetic lineaments, n =
52; (C) drainage lineaments, n = 638; (D) drainage lineaments longer than 500 m, n = 164. Highest occurrences are represented in light gray,

followed by the lowest occurrences in dark gray.
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(2006). The Gramado stream runs along the NE-SW direc-
tion and marks the southeastern border of the TAC, showing
ascarp associated with the N10E fault direction (Fig. 2). The
Ribeirdo Grande river, in turn, oriented in the NNE-SSW
direction, is partially captured by one of the complex’s most
extensive faults (Fig. 2). We can also observe an important
E-W-trending lineament given by the Sao Domingos river.

Fault geometry and kinematics

The best exposed syenite and breccia events were found
at stone quarries, where fault planes with good lateral con-
tinuity were observed, therefore favoring the collection of
structural data.

Part of the oldest structures of the TAC were filled with
trachyte dykes oriented to the N7SE (Fig. 8A), N20E, and
NSOW directions and microsyenite dykes that were oriented
in the N30E (Fig. 8B), NE-SW, N8OE, and NW-SE directions.

The main fault systems in the TAC are oriented in the NSOE
and N30E trends; N20-30W and N45SW; N20E-N20W; and
N70-90E and N70-90W trends, as observed from the field data.
The dextral strike-slip faults with high dip angle — many of
them vertical and subvertical — are predominantly oriented
in the NE-SW direction, especially to the N30-S0E, N70-80E,
and N70-80W trends and, secondarily, the N40-50W trends
(Fig. 9A). The sinistral strike-slip faults, in turn, are mostly
oriented in the N60-70E and N40-50E, N10-20W and N80-
90W, and, less prominently, occur in the NO-10E, N50-60E,
and N60-70W and N70-80W trends (Fig. 9B). The normal
faults intersecting the complex are predominantly oriented
in the N70-80E, N30-50E, and N70-80W, and, secondarily,
in the N30-40W and N60-70W trends (Fig. 9C). A consider-
able amount of the described faults and joints are conjugate
(Figs. 10A, 10C, and 10D).

Parts of the NE-SW-direction faults were filled with kaolin-
ite and illite (Fig. 11), as determined by XRD (Suppl. Mat. 2
and, secondarily, they contain oxides (Fig. 10B), quartz, epidote,
silexite, or dark gray amorphoussilica (Fig. 10F). There are fill-
ings of probable pseudotachylites or oxides which are present
in the failure plans (Fig. 10G). Not rarely, fault planes show
kinematic indicators such as R-fractures (Fig. 10B), sigmoids
(Fig. 10G), and striae (Figs. 11 and 14).

The NSOE-striking faults usually show decimetric damage
zones, with generation of cataclasite, breccia, and microbrec-
cia and impregnations of manganese oxide. The predominant
kinematics of fault-slip is sinistral, with subsidiary dextral and
normal faults. In turn, the N30E-striking dextral strike-slip
faults cut NW-SE-direction faults, with apparent displace-
ment of up to 500 m (as observed on 1:50,000 scale geologi-
cal maps, Fig. 4). Locally, they form decimetric damage zones
filled with iron or manganese oxides and the N60-70E-striking
sinistral and the N60-80W-striking dextral strike-slip faults may
occur as transtensional conjugate systems or negative flower
structures (Fig. 12B). It must be stressed, however, that the
N60-80W-striking faults present two displacement histories,
namely, a sinistral and a subsequent dextral one.

Both normal and strike-slip faults show dip angles vary-
ing between 70° and 90°. The subhorizontal slickensides are
marked on fibrous clay filling (Fig. 11B) and oblique to ver-
tical slickensides often may coexist in the same fault plane
(Figs. 11A and 11C).

Figure 12A shows a geometric profile view of flower struc-
tures related to the transtensional faults in the contact between
metasedimentary rocks of the Votuverava Formation and the
TAC. Such features result in the formation of faults with opposite
dip directions. In the field, we observed oblique slickensides in

the more conspicuous planes, with rakes of up to 50°. A second

Figure 8. Dykes: (A) ENE-WSW-trending trachyte dykes; (B) NE-SW-trending tectonically controlled trachyte dyke showing reactivation

of country rock faults (TFS-23).
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Figure 9. Rose diagrams of field fault data displaying the main direction trends of faults: (A) dextral strike-slip or transtensional faults, n = 27;
(B) sinistral strike-slip or transtensional faults, n = 65; (C) medium to high dip normal (downdip or oblique) faults, n = 22.

configuration of flower structures is present, associated with N60-
70E sinistral and N60-70W-striking dextral fault planes (Fig. 12B).

The fault system which resulted from strike-slip or
transtensional tectonic regime is predominantly oriented
in the N-S and NE-SW directions, being conjugated among
them. Larger scale faults such as the sinistral NSOE-striking
faults show centimetric to decimetric fault-grinding breccia
bands and associated gauge. In such cases, striae in the fault
planes mark distinct dip angles that, together with steps, indi-
cate sinistral kinematics. The fault surface is planar to rough,
with damage zones identified by parallel fracturing and fine
fault-grinding breccias. The flower structures formed by the
NSOE-striking faults are associated with the N20W-striking

step faults and N30E-striking dextral cataclastic planes which
characterize the structure’s R-shears in the fracturing model
of Riedel and may be filled with kaolinite or illite. The dip
angles of such structures are almost vertical, varying from
80 to 90°, with structures that resulted from reactivation of
early sinistral faults. Locally, the NSOE- and NE-striking
faults show damage zones up to 1 m thick, with generation
of gouge as well.

The deformation of the complex was also recorded as
rhomboid fractures typical of brittle regimes (Fig. 10A), profile
R-conjugated faults (Fig. 10B), faults in plain view (Fig. 10C),
E-W-striking shear zones, and conjugate fractures (Fig. 10D),
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Figure 10. Structural features observed in the field: (A) a rhombohedral pattern in conjugate faults under brittle deformation (TFS-08); (B)
R-fault cross-sectional view filled with Fe and Mn oxides (TFS-022); (C) cross-sectional view of fault intersection (TFS-018); (D) cross-
sectional view of the relationship between conjugate N70-80E- and N70-80W-striking faults associated with the main E-W-striking fault (TFS-
022); (E) rectilinear contact between syenite and trachyte dyke (TFS-12); (F) fault gouge of the NSOE-striking sinistral strike-slip fault plane
filled with dark gray colored amorphous silica (TFS-021); (G) sigmoidal-shaped fault line (TFS-018) with sinistral strike-slip movement.

as well as rectilinear to curvilinear contact of microsyenite described sinistral NSOE-striking fault planes with R-conjugates
and trachyte dykes (Fig. 10E) trending in the N30E direc- (Fig. 10G), showing probable sigmoidal pseudotachylites
tion. Some open fractures present silexite filling associated (Fig. 10G); the cataclastic flux may also be represented, pre-

with the NSOE-striking fault zone (Fig. 10F). In addition, we senting a clay mineral rich matrix.
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Figure 11. Fault slickensides on fibrous clay (TFS-012; see Fig. 6): (A) oblique; (B) subhorizontal; (C) vertical.

The NW-SE-striking fault planes are considerably uni-
form showing high, sometimes even vertical, dip angles. In the
field, the NW-SE-striking fault partially marks the boundary
between the complex and the metasedimentary rocks of the
Acungui Group (Fig. 6). In satellite imagery, the NW-SE-
trending fault determines the capture of rectilinear valleys and
rivers. In the field these fault systems consist of three predom-
inant directions, which are N20-30W, N45W and N70-80W-
striking faults. The N30W-striking fault planes are smooth to
rough, irregular, and show kinematics normally sinistral, while
N70-80W-striking structures may be associated to decimet-
ric horsetail and flower structures, both showing strong cata-
clasis and related breccias. The N4SW-striking are frequently
dextral strike-slip faults and are not very expressive, although
they occur locally as flower structures or R-shears related to
the N60OE-striking sinistral strike-slip planes (Y). In general,
they are impregnated with Fe and Mn oxides, showing cen-
timetric damage zones locally filled with quartz or striated
fibrous clay, with horizontal rakes or dip angles of up to 50°.
Also, they present strong cataclasis and breccia associated to
centimetric to decimetric damage zones.

In the field, the fault system oriented approximately to
NE-SW direction stands out as much as the N30E and N5SOE-
striking planes, being exposed at nearly all outcrops visited
and conditioning aligned rectilinear morphostructures (val-

leys and crests; Fig. 3).

In turn, the E-W-striking sinistral strike-slip faults pre-
cede the E-W-striking dextral strike-slip faults, as noticed
from the superimposition of steps and striae. A relative
chronological sequence was built based on deformation
events that took place in the area. As in aforementioned
structures, E-W- striking faults have high dip angles and
have prevailing dextral kinematics, being recognized in
the field by their extensive planes, as well as by curvi-
planar, rough and commonly open, striated carbonatic
clays and associated microbreccias. Macroscopically,
N70-85E- and N70-85W-striking faults frequently show
cataclasis and normally present thick striated MnO, crusts,
implying that the faults are relatively young.

The faults approximately oriented in the N-S direction are
of subsidiary presence in the field, and their planes are often
sigmoidal and metric, showing presence of striated carbonatic
clay and steps that indicate sinistral kinematics. Between the
N20E and N20W direction, high dip strike-slip fault planes
were locally reactivated from ancient, centimetric trachyte
veins. They present expressive cataclasis with fault breccia and
centimetric to decimetric damage zones.

Figure 13 depicts other structural features of the TAC,
such as the association of breccias and conjugate faults and
associated sinistral displacement (Fig. 13A), crescent marks
that correspond to sinistral strike-slip faults (Fig. 13B), con-
jugate faults (Fig. 13C), and curviplanar N-S-striking faults
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Figure 12. Flower structure sections: (A) negative flower structures at the contact between TAC and Votuverava Formation country rocks
(TFS-01). The structure is associated with a N4SW-striking sinistral strike-slip fault (Fig. 6); (B) negative flower structure in the TAC with
complementary angles of about 60° (TFS-12), associated with an approximately E-W-striking dextral shear zone.

with heterogeneous deformation and the generation of brec-
cias (Fig. 13D).

Slickensides normally affect recrystallized oxides or clay
content filling fault planes. Also, the striae found at the NSO-
60E-striking fault planes (Fig. 11) show subtle repetition at

the microscopic scale, as in 75X, 200x, and 500x (Fig. 14).
In addition to striae, secondary structures such as steps
formed by mineral growth, spoon-shaped sink structures
and synthetic (R) and antithetic (R’)-shear fractures are
also common.
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Figure 15 is a scheme illustrating the main average fault

orientations and their cross-cutting relationships:

NE-SW-trending paleostress field associated with the
N20E-striking dextral and N40E-striking sinistral conju-
gated faults and N8OW-striking sinistral fault dislocates a
N-S-trending trachyte dyke (Fig. 15A);
NNW-SSE-trending paleostress field that reactivates the
N40E-striking sinistral fault that offsets a N4OW-striking
dextral that, in turn, dislocates the N70-80W-strike-slip
faults (Fig. 15B);

NW-SE-trending paleostress field related to N8OW-striking
dextral faults that were originally sinistral, now reactivated
with dextral kinematics and occurring in association with
the N20W-striking sinistral faults (Fig. 15C).

Based on total structural records seen in the field, four

paleostress fields were evidenced (Fig. 16) deforming
the TAC:

i

the NW-SE (0,) extension with vertical (G, ) stress field and
reactivation of the normal N50E- and N60-80E-striking
faults from basement structures (preferential orientations

of Proterozoic foliation);

ii.

1.

iv.

the NE-SW to ENE-WSW (G,) compression that reac-
tivated N30E-striking dextral faults and the N70-80W-
striking sinistral faults;

an approximately NNW-SSE (G, ) compression that reacti-
vates early dextral N40-60E-striking faults as sinistral faults
and early sinistral N40-60W- and N'70-80W-striking faults
as dextral faults;

a WNW-ESE compression that reactivates the sinistral
N70-80E-striking faults as dextral and the early dextral
N20-30W-striking faults as sinistral faults. The N70-80E-
striking sinistral faults are associated with negative flower
structures. When this paleostress field varies approximately
in the E-W direction, it might activate the N30-40E-striking
dextral faults.

DISCUSSION

The research was based on the geometric and kinematic

structural analysis of faults that intersect the TAC. The pale-

ostress fields revealed by the geometric and kinematic anal-

ysis of these faults delimit at least four tectonic pulses (I, 11,

I, and IV). In addition, the description of the faults allowed

Figure 13. Structural features of the TAC: (A) Plan view of associated breccia in sinistral conjugate faults (TFS-17); (B) crescent mark
typical of sinistral displacement of missing block (TFS-18); (C) profile view of conjugate N40W and N-S-striking fractures (TFS-12); (D)
curviplanar N-S-striking fault with adjacent blocks showing heterogeneous deformation (TFS-08).
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the development of a Cenozoic brittle tectonic model for the
complex, comprising the central region of the Ponta Grossa
Arch, especially the Curitiba-Maringd Fault Zone, located
between the Sao Jerénimo-Curitiva and Rio Alonzo Lineaments
(Figs. 4 and 5).

We consider that the regional brittle tectonism was a con-
sequence of the tectonic processes initiated in the end of the
Cretaceous period, and the proposed model was compared to
similar studies in southern and southeastern Brazil. Our research
provides an important source of discussion regarding Cenozoic
tectonics in the context of the intraplate deformation between
southern and southeastern Brazil and may also be applied to
studies of mineral prospecting, as well as to groundwater and
oil and gas research in the offshore arc domain.

To comprehend the chronology of such events, a hierar-
chization was established based on macrostructures photoint-
erpreted from orbital products (Figs. 2, S, and 6), structural
aspectsin the field (Figs. 8, 10, 11, 12 and 13), and field inter-
section of faults, while stress fields were obtained from geo-
metric relations and kinematic indicators of faults (Figs. 10,
11,12,13 and 15).

The thermochronological studies evidenced at least two
cooling events in the development of the morphotectonic

framework of southeastern Brazil (Modica and Brush 2004,
Siqueira-Ribeiro et al. 2012, Cogné et al. 2011). The pale-
ostress fields corresponding to the tectonic pulses (A to D
frames, Figs. 16 and 17) were correlated, in part, to the data
from AFT analysis (Fig. 18). Data of the Serra do Mar in Sao
Paulo indicated that tectonic pulses took place in the Upper
Cretaceous (~80 Ma), Paleocene (~60 Ma), Eocene (~40 Ma),
Oligocene (~25 Ma), and Miocene (~10 Ma) (Hadler et al.
2001). A tectonic pulse aged 16.95 £ 1.05 Ma also took place
between the Sao Jeronimo-Curitva and Rio Alonzo Faults
(Franco-Magalhaes et al. 2010b).

The geometric and kinematic analyses were performed in
order to identify the paleostress fields responsible for the brittle
structures and, after analyzing the results, to interpret the relative
chronology of the deformation pulses that affected the complex.
The different geometries of fault families require a superimposi-
tion of deformation events that nucleated new faults and reac-
tivated older ones in the country rocks. It is worth highlighting
that the TAC’s conduits are shallow, one of them being 3 km
deep as determined from aeromagnetic data (Rugenski 2006).
It means that the reactivation of faults that were older than the
complex was marked by the presence of breccias and fault gouge
associated to the N40-SOE-striking sinistral fault.

Figure 14. Scanning electron microscope (SEM images) of striae. Images registered of SEM with NS0-60E-striking fault plane striae at
different scales (TFS-12): (A) centimetric striae on kaolinite and illite; (B) rectilinear features represented by 75x (200 micra); (C) striae
represented by 250x (100 micra) rectilinear features; (D) rectilinear features represented by 500x (50 micra); striae can be noticed despite

the subtleness of the feature.
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Figure 15. Intersection between the strike-slip faults in the TAC: (A) NE-SW-trending paleostress field associated with the N20E-striking
dextral and N40E-striking sinistral conjugated faults and N8OW-striking sinistral fault; (B) NNW-SSE-trending paleostress field related to
NSOE-striking sinistral and N40W-striking dextral faults; (C) NW-SE- to WNW-ESE-trending paleostress field related to N20W-striking

sinistral and N80W-striking dextral faults.

In the northwest of TAC, the E-W-trending lineament of
the Sao Domingos river (Fig. 2), generated by the NE-SW
(0,) compression (tectonic pulse IT), was interpreted as a fault
displaced by subsequent NW-SE-striking dextral reactivation
((51 ~NNW-SSE; tectonic pulse III).

The N70-80E- and N70-85W-striking faults developed
from the reactivation of ancient structures filled with epidote
and potassium feldspar or amphibole (forming the structural
flowers related to the tectonic pulse IV).

Part of the TAC’s faults were filled by trachyte and microsy-
enite dykes (the NE-SW-, N80E-, and NW-SE-striking faults),
while N75-8SE- (Fig. 8A), N20E-, and NSOW-striking faults
were filled by trachyte. We consider them to have been emplaced
after the microsyenite bodies, given their shallower crustal lev-
els and the presence of bostonite dykes oriented N-S, which
were also observed by Fuck (1972). Some dykes are pres-
ent where fracture density is higher, possibly marking reacti-
vated deformation corridors (Almeida et al. 2013). In TAC,

a preferential trachyte dyke trend in the N30E direction was
observed (Figs. 8B and 10E) and interpreted as a result of base-
ment fault reactivation along Ribeirdo Grande Fault (N30E-
striking fault; Fiori et al. 1998).

The negative N4SW-striking flower structures were related
to the intrusion of the TAC, marking the contact between phyl-
lites of the Ribeira Belt and alkaline rocks of TAC. The four
post-Cretaceous tectonic pulses (I, II, I1I, and IV) identified
in this research correspond to those found in areas of simi-
lar age, such as the Rio Paraiba do Sul Shear Zone (Silva and
Mello 2011) or in Paleogene basins (Riccomini et al. 1989,
Riccomini et al. 2004, Salamuni et al. 2004) and post-Creta-
ceous activity in alkaline massifs (Chiessi and Riccomini 2003,
Machado et al. 2012).

Therefore, while the N-S (0,) stress field (tectonic pulse
IIT) formed or reactivated the N30E- to NSOE-striking faults
with sinistral kinematics, the WNW-ESE (G, ) stress field (tec-
tonic pulse IV) reactivated these faults as dextral ones. The field
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Figure 16. Paleostress diagrams of faults that affected the TAC: (A) NW-SE (G,) extension (tectonic pulse I) with vertical (G,) stress field
and reactivation of the NE-SW normal faults; (B) NE-SW to ENE-WSW (G,) compression that reactivated NE-SW dextral faults and the
WNW-ENEW sinistral faults; (C) the NNW-SSE (G,) compression associated with the NE-SW sinistral faults, NW-SE and WNW-ESE
dextral faults; (D) the WNW-ESE (G,) compression associated with the NE-SW dextral faults and NW-SE sinistral faults. Maximum stress
axes (G,) are represented as circles, while intermediate (0,) and minimum (03) axes are marked as triangles and squares, respectively.

Figure 17. Proposed relative order of paleostress events for the TAC
showing (G,) paleostress field (blue), (G,) paleostress field (red),
mean orientation of the most important faults (black) from the
synthesis of Figure 15 (field drawings), and the interpretation of the
stereograms of Figure 16. The relative deformation sequence is given
by: Eocene-Oligocene (G,) NW-SE extension (tectonic pulse I);
(B) (0,) NE-SW compression with WNW-ESE-trending sinistral
binary (tectonic pulse II); (C) Plio-Pleistocene (G,) N-S to NNW-
SSE compression (tectonic pulse IIT); (D) Pleistocene-Holocene
(0,) NW-SE to WNW-ESE compression (tectonic pulse IV).

observations allowed the estimation of the stress state compat-
ible with the observed fault characteristics. In this case, brittle
structures were considered to be fractal, the deformation per-
sisting across different observation scales. A similar perspec-
tive was reported by Salazar-Mora et al. (2013) in Camburu
Shear Zone (in the Ribeira Belt), where repetition of features
occurs as both mesoscopic and microscopic scales of analysis.

The approximately E-W current stress (G,) to which the
plate is submitted, in reality a variable stress field (G, ) between
WNW-ESE and NW-SE directions (tectonic pulse IV), could
explain the morphotectonic accommodation of morphostruc-
tural segments (Fig. 2).

The extensive lineaments identified in regional analysis
often repeat themselves in mesoscopic analysis of the com-
plex (Figs. 4, S, 6, and 15), with the more frequent orienta-
tions being in the N20-30W, N20-30E, N70-80E, N70-80W,
and N40-50W directions. The NW-SE and NE-SW orienta-
tions correspond to preexisting country rock faults reactivated
by new stress fields (G 1) , as the N4SW and N60OW trends are
extensions of the Sao Jer6nimo-Curitiva Lineament and the
N30E and NSOE trends are being related to the Lancinha
Strike-Slip System (Fiori 1994).

From a morphostructural standpoint, the river segments
longer than 500 m are aligned to the N40-S0W-, N10-20E-,
and N30-40E-trending lineaments, which correspond to the
most extensive lineaments in the TAC. The N10-20E- and
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Figure 18. TAC event chart showing the main magmatic, tectonic, and thermotectonic events (given by Apatite Fission Track data) and their

relationship with formed structures and consequent tectonic pulses.

N60-70W-striking faults are of limited expression in the sur-
roundings of the massif, being interpreted as newly formed
structures developed after the intrusion of the complex. In
turn, the N40-S0W-striking structures predominantly corre-
spond to normal or dextral strike-slip faults, while the N10E-
striking faults are generally associated to sinistral strike-slip
faults. The ASI'-THG and photointerpreted lineaments reveal
marked presence of the N40-50E-striking structures associ-
ated with both dextral and sinistral strike-slip faults and, sec-
ondarily, to normal faults. This corroborates with the hypoth-
esis that normal, dextral, and sinistral faults control the overall
morphostructures of the complex, which allows us to interpret
that the last tectonic pulse is active in the region as a transten-
sional event, which also relates to the generation of negative

flower structures in the area (Fig. 12A).

The most frequent morphostructures aligned to the N20-
30E direction (Fig. 7C) were interpreted as being resulted
from a recent activity. In the country rocks of the complex,
basic dykes are oriented to the N30E direction, the same
direction as the trachyte dykes emplaced after the intrusion
of the complex. These structures were affected by a defor-
mation pulse that generated cataclasis associated with shear
joint pairs, which may indicate recent reactivation of struc-
tural weakness planes.

In TAC, faults are predominantly directional, being mostly
strike-slip and secondarily transtensional tectonic regimes.
Their cross-cutting relations contributed to the understand-
ing of the relative paleostress field chronology. These relations
indicate that two distinct orientations of paleostress field were

present at the same point in the field. Therefore, two distinct
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stress adjustment patterns can correspond to generated or
reactivated structures. It is worth pointing out that the same
structure can behave as either a Y or R-shear fracture, for
example, depending on how (G, ) stress was oriented during
its generation.

This study was focused on Paleogene and younger direc-
tional structures; however, a vertical (G, ) paleostress field prior
to the strike-slip and transtensional faults is related to the intru-
sion of the N-S- and NE-SW-striking dykes and microsyenite
apophysis, oriented to the E-W direction. Given the cross-cut-
ting relations among all these structures, this deformational
event is considered to have taken place prior to the afore-
mentioned pulses, being related to Late Cretaceous tectonic
pulses (Gomes et al. 1987, Siga Jr et al. 2007), but also being
younger than those of the alkaline magmatism in Paraguay
(Velazquez et al. 2011).

The brittle structures of the TAC were classified into fault
systems, and a relative chronological order of lineament nucle-
ation was established from field observation of their super-
imposition relations and the analysis of lineaments obtained
from orbital products. For example, the NSOE-striking sinis-
tral faults reactivated or formed during a tectonic pulse with
(0,) stress field were approximately along the N-S direction
(tectonic pulse I1T) displaced the N30E-striking trachyte dykes
and N-S-striking amphibolite veins, which confirm that the
sinistral movement is subsequent to the magmatic history of
the complex. Later, the NSOE-striking sinistral faults were dis-
placed by the N-S-striking faults, nucleated or reactivated with
the (,) stress field, which was oriented approximately to the
NNW-SSE direction. It can be concluded, therefore, that the
N-S compression direction is posterior to the tectonic pulse
with (G 1) stress better adjusted to the NE-SW (G 1) stress (tec-
tonic pulse II). The carbonatitic-alkaline complex of Mato
Preto and the plug of Barra do Teixeira (Comin-Chiaramonti
et al. 2001) testify that the reactivation of the NW-SE-trending
structures was associated with the Sao Jerénimo-Curitva
Lineament being microsyenite and trachyte dykes. A similar
record of extension was observed in dykes of the TAC, rarely
presenting shear joints.

It can be observed from the field data that a post-Cretaceous
deformation pulse identified by the NNW-SSE (G,) exten-
sion with (G,) was subvertical and reactivated or nucleated
the NSOE- and N70-80E-striking faults as normal was active
in the TAC (tectonic pulse I; Figs. 16A and 17A). This defor-
mation pulse would have remained active between Lower
Eocene and Upper Oligocene, as evidenced by basic dykes of
the Ponta Grossa Arch, by granites occurring at the Serra do
Mar in the State of Sao Paulo, and by regional AFT analyses
and synthesis (Hadler et al. 2001, Souza et al. 2008, Franco-
Magalhaes et al. 2010a, 2010b, Engelmann de Oliveira et al.
2018). Also, early in the Paleogene, between 65 and 54 Ma, an
extensional tectonic pulse caused deformation of the Cananéia
(Riccomini 1995), Passa Quatro (Chiessi and Riccomini 2003),
and Domo de Lages (Machado ef al. 2012) alkaline massifs.
Further evidence was found in the Paraiba do Sul Shear Zone
(Salvador and Riccomini 1995, Riccomini et al. 2004) and
Lagoa de Araruama-R] (Souza 2011 ).

A second tectonic pulse (IT) that affected the TAC was
interpreted as a NE-SW to ENE-WSW (G, ) compressive field
that caused dextral reactivation of the N30E-striking faults
and generation of the N70-90W-striking sinistral faults (tec-
tonic pulse II; Figs. 16B and 17B). For this pulse, a paleost-
ress adjustment was applied, considering Riedel second-order
fracturing, with the E-W-striking sinistral faults corresponding
to a Y-binary, the N30E-striking dextral faults corresponding
to R-shear fractures, and the N70E-striking sinistral faults
corresponding to R-shear fractures. We consider the NE-SW
to ENE-WSW (G ) paleostress field to have remained active
between Oligocene and Miocene, as in the Passa Quatro Alkaline
Massif (Chiessi and Riccomini 2003) and other areas relatively
near the TAC (Souza 2011, Machado et al. 2012, Peyerl et al.
2018). Alternatively, this deformation pulse might be consid-
ered to have started in the Lower Oligocene, given that AFT
data yield deformation ages between 40 (Hadler et al. 2001)
and 35 Ma (Souza 2008).

The third deformation pulse, defined by a NNW-SSE
(o 1) paleostress field (tectonic pulse I1I; Figs. 16C and 17C),
was also recorded in the Atuba Complex and Guabirotuba
Formation, located immediately to the southeast of the TAC
(Chavez-Kus and Salamuni 2008). This pulse, which is of
Neogenic age (Plio-Pleistocene), was responsible for the reac-
tivation of the N40-60E-striking sinistral (R-shear fracture)
basement structures and N40-65W-striking dextral faults, as
Y-shear fractures are present. The deformation was respon-
sible for the development of negative flower structures and
fluid percolation in the area. The NE-SW-striking planes are
frequently striated and normally filled with kaolinite, recrys-
tallized quartz, and, locally, illite.

Afourth deformation pulse was determined through field
observation by the N70-80W-striking transtensional/dextral
strike-slip faults and the N20W-striking transtensional/sinis-
tral strike-slip faults developed under (G,) paleostress field
oriented to approximately between NW-SE and WNW-ESE
trend (tectonic pulse IV; Figs. 16D and 17D). Such behavior,
also observed in the Campos do Jordao Plateau and along
Serra do Mar (Hiruma et al. 2001, 2010), was responsible
for the reactivation of basement faults oriented to NE-SW-
and ENE-WSW-striking faults (Cobbold et al. 2001, Souza
et al. 2008, Cogné et al. 2011) under a directional tectonic
regime related to AFT cooling data (Engelmann de Oliveira
etal. 2018).

Asin the aforementioned deformation pulses, an adjustment
was made to second-order deformation, by considering that the
N-S- to NNW-SSE-striking transtensional/sinistral strike-slip
faults displaced the WNW-ESE-trending transtensional/dex-
tral strike-slip faults, while the NSSE-striking transtensional/
sinistral strike-slip faults displaced the N30E-striking transten-
sional/dextral strike-slip faults. If the deformation involves
(0,) the local variation of the stress field, which is probably
the case, the WNW-ESE directional faults become sinister
when the compression (1) directed to WNW-ESE (tectonic
pulse IV) eventually migrates to the direction ENE-WSW. That
explains the presence of both sinistral and dextral directional

fault planes with striated kaolinite and illite, configuring the
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most recent deformation registered in the TAC. In the field, as
mentioned, slickensides with rakes varying from horizontal to
steep (Fig. 11) indicate downdip displacement, pointing out
to the presence of a relief component that caused transtension
to be associated with a strike-slip regime.

The configuration of the fourth deformation pulse (tec-
tonic pulse IV) is identified by the existence of a variable stress
field (6,) between the NW-SE and WNW-ESE directions,
which explains the displacement of the N30E-striking dextral
faults, N70-80E-striking dextral, and N50-70W-striking sinis-
tral faults. A dynamic structural analysis allowed us to inter-
pret a small (G, ) stress direction variation that would corre-
spond to different deformation events in a single deformation
pulse. The N70-80E- and N70-80W-striking faults, as well as
the N30E-striking dextral ones are also filled with illite, cal-
cite, and kaolinite, with slickenside and steps indicating both
dextral and sinistral movements. This fact corroborates with
the idea of relatively recent deformation, given the presence
of unaltered clay mineral. In the brittle tectonic framework
of the TAC, such deformation corresponds to the last tec-
tonic pulse, which probably remains active. Nonetheless, a
regional stress with current (G,) oriented in the E-W direc-
tion was admitted in the plate, based on geophysical stud-
ies (Assumpgio et al. 2004, Assumpgio et al. 2016). Other
studies also evidence this regional compression direction as
corresponding to a (0‘1) NW-SE to E-W stress field active
from Upper Pleistocene to Holocene (Riccomini 1995,
Salvador and Riccomini 1995, Hiruma et al. 2001, Salamuni
et al. 2004, Souza et al. 2008, Silva and Mello 2011, Moura
and Riccomini 2017).

Figure 17 shows a proposal of a chronological order of defor-
mation events in the TAC. In the wider regional perspective,
the extensional pulse (tectonic pulse I; Fig. 17A), with (o )
vertical, was well identified in previous thermochronological
studies, being related to a brief heating episode followed by
along cooling period due to the Eocene-Oligocene reactiva-
tion of the NE-W- and ENE-WSW-trending structures —
Proterozoic weakness zones that provoked the development
of sedimentary basins along the southeastern Brazil continen-
tal rift. This reactivation is well documented in southern and
southeastern Brazil (Riccomini 1989, Salamuni et al. 2003,
Souza et al. 2008, Franco-Magalhes et al. 2010a, 2010b).

Thermochronological records (Souza et al. 2008) also
indicate a subsequent pulse related to the strike-slip reactiva-
tion of the NW-SE-, WNW-ESE-, and NNW-SSE-trending
fault planes between Oligocene and Miocene (tectonic pulse
11; Fig. 17B). In Central Andes, alternation of short extension
and long compression periods is observed since the Pliocene
(Noblet et al. 1996). To this age, we attribute the third defor-
mation pulse with (G,) NNW-SSE direction of compression
interpreted to have taken place in the TAC (tectonic pulse I1I;
Fig. 17C). The tectonic pulse that started in the Neogene is
possibly related to the reorganization of the South American
Plate during the Quetchuan event (Frutos 1981, Sebier et al.
1988, Cogné et al. 2011, 2012), given the development of
the compressional deformation (G 1) that varied from NNW-
SSE (Plio-Pleistocene) to NW-SE to WNW-ESE/ENE-WSW

trending — Pleistocene-Holocene — (tectonic pulse IV;
Fig. 17D) with anticlockwise rotation of (G, ) paleostress field.

Figure 18 shows the chronological correlation between
the post-cretaceous tectonic events of the TAC, so the tec-
tonic pulses defined in this research, determined by relevant
field data, can be compared to previously published data, like
thermochronological AFT data and syn-magmatic tectonics
data (Comin-Chiaramonti et al. 2001, Hadler et al. 2001, Siga
Jr. et al. 2007, Franco-Magalhes et al. 2010a). The major fam-
ilies of faults, obtained from stereonet statistical analysis, are
also shown in Figure 18 as a synthesis of the structural-tectonic
evolution of the TAC, in addition to Figure 17.

According to our research, the sequence of tectonic pulses
(Figs. 16 and 17) is related to thermotectonic pulses (Cogné et al.
2012, Karl et al. 2013, Oliveira et al. 2016a, 2016b, Oliveira and
Jelinek 2017) that resulted in post-breakup tectono-magmatic
activities in the Brazilian passive continental margin. The Upper
Cretaceous/Paleogene alkaline intrusions, the Paleogenic onshore
basins, and the two cooling events dated from the Paleogene
and Neogene materialize the tectonic pulses addressed in this
research. Such events were partly synchronous with Andean
tectonics, providing further evidence that the South American
Plate is under a lateral compressive stress that has activated more
susceptible older structures (Cogné et al. 2012).

The morphostructural and aeromagnetometric lineaments
are in good correlation with faults observed in the field. The lin-
eaments oriented to NE-SW trend correspond to reactivation of
Proterozoic faults and foliations, with nucleation of secondary
structures, whereas lineaments oriented in the N50-70W strike
arerelated to the Sao Jerdnimo-Curitiva Lineament; therefore, the
lineament map (Fig. 6) and field data of the TAC show that the
NE-SW-trending sinistral faults form conjugated pairs with the
NW-SE-trending dextral faults (tectonic pulse III). In contrast,
the NW-SE-trending dextral faults were displaced by NNW-SSE
(0,) stress (tectonic pulse posterior to the formation of structures
approximately in E-W trending being possibly present). These two
deformation pulses follow a NW-SE to WNW-ESE (G ) stress
(tectonic pulse IV) that reactivates the N30E-striking dextral

faults that, in turn, displaced previous structures.

CONCLUSIONS
The TAC is part of the set of alkaline complexes inserted in the
Curitiba-Maringé Fault Zone, oriented in the N45-65W direction
and represents a key area for the understanding of the post-Cam-
panian tectonic pulse sequence in the Ponta Grossa Arch domain.
At least 10 families of recurrent faults can be identified
in the complex:
*  NSOE- and N70-80E-striking normal or transtensional faults;
*  N30-40E-striking dextral transtensional faults;
* NS50-70E-striking sinistral strike-slip and transtensional
faults;
* N70-80E-striking sinistral and/or dextral strike-slip faults;
*  N20-30W-striking dextral strike-slip, dextral and sinistral
transtensional faults;
* N40-60W-striking sinistral strike-slip and dextral and

sinistral transtensional faults;
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* N60-70E-striking dextral transtensional and sinistral
strike-slip faults;

* NB8OE-striking dextral transtensional faults;

* N70-80W-striking strike-slip and transtensional faults;

*  E-W-striking sinistral and/or dextral transtensional faults.

In the field, the most outstanding faults are oriented in the
N30-40W and N50-70E and, secondarily, in the N20-30W,
N70-90E, and N70-90W directions.

Given the homogeneous rheologic behavior of its litho-
types, the ~83 Ma of the TAC is a favorable site for studying
post-Cretaceous tectonics.

Part of its structures exerts control over the relief and
drainage. The development of drainage anomalies is specially
favored at sites where lineaments intersect, which identifies
the development of local morphotectonic processes.

The post-intrusion tectonic data of the TAC allowed the
detailing of Cenozoic brittle deformation in the TAC. Such data
corroborated similar studies of other alkaline complexes in
southern and southeastern Brazil. The tectonic pulses that
affected the complex have regional counterparts, likewise in
the NW-SE extension associated to the onset and evolution
of Paleogene sedimentary basins. As such, our study may con-
tribute to the refinement of previously published Tectonic
Models, integrating research results in nearby areas.

The four tectonic pulses result from four different (G,)
paleostress fields whose relative ages relate to those identified
in previous studies on the Cenozoic tectonics of southern and
southeastern Brazil.

We proposed a relative chronological order for the tec-
tonic pulses and their respective major stress fields that were
based on the geometric relations among faults and secondary
structures, which were correlated with thermochronological
and tectonic data from previous studies and correlations with
data from the Central Andes region:

e Tectonic pulse I: A deformation pulse between the Eocene
and Oligocene related to the NW-SE (0,) paleostress field
with associated vertical to subvertical stress (G 1) that caused
normal reactivation of the NSOE- and N70-80E-striking
faults. It is also possible that it has reactivated anisotropies
formed by pervasive N30-S0E-striking basement foliations;

*  Tectonic pulse II: Oligo-Miocene deformation pulse related
to the NE-SW (G, ) compression field that caused dextral
reactivation of the N30E-striking faults and sinistral strike-
slip reactivation of the N70-80W-striking faults, in both
cases with a transtensional feature;

* Tectonic pulse III: Plio-Pleistocene deformation pulse
related to the N-S to NNW-SSE (G,) compression that
caused mainly dextral reactivation of the early N40-
60W-striking faults and sinistral reactivation of the early
NE-SW-striking faults. It also caused nucleation of the
N10E-striking sinistral faults;

*  Tectonic pulse IV: Pleistocene-Holocene neotectonic defor-
mation pulse related to a (G,) compression field between
NW-SE and WNW-ESE that caused reactivation of the
N70-80W-striking dextral and the N20W-striking sinis-

tral strike-slip faults, with local dextral reactivation of the

N30E- and the E-W-striking strike-slip faults. In this defor-
mation pulse, the major compression axis (G, ) which could
explain the presence of striae and steps, both indicative of
dextral displacement on faults plane filled with neoformed
clay minerals. Some NW-SE-trending fault families show
striae with dip angles of up to 50° that reveal an oblique
normal component responsible for transtensional faults.

In terms of rheology, the TAC is homogeneous and more
competent than the related country rocks, being considered as
the border of the crustal weakness zone marked by the Ponta
Grossa Arch axis. Such characteristics favored nucleation of
faults within the complex and development of trellis patterns
in the fluvial network.

The brittle structural framework of the complex resulted
from dissipation of paleostress fields that nucleated new fam-
ilies of faults or that nucleated faults correlated to those of
the country rocks by reactivating previously existing faults.
Reactivation of weakness zones displaced during subsequent
deformation pulses according to the orientation of paleostress
axes was also considered.

In regionally terms, the initial deformation of the TAC (tec-
tonic pulse I) was probably related to extensional pulses from
the Late Cretaceous and Early Paleogene, which caused the
development of rift basins in southern and southeastern Brazil.
In contrast, compared to other Late Cretaceous complexes, alka-
line massifs or domes, such as the Passa Quatro Alkaline Massif,
the Lages Dome, and the Cananéia Massif, the TAC shows cor-
relation between compressional pulses that resulted in direc-
tional deformation and nucleation of oblique strike-slip faults.

The last deformation pulse (tectonic pulse IV), in turn,
aligns with the current deformation of the Brazilian platform,
which is given by the (o 1) NW-SE/E-W stress field directions
in the South American Plate. In general terms, our research
provides a correlation of Cenozoic tectonics between south-
ern and southeastern Brazil from the study of alkaline mas-
sifs and would also explain the occurrence of low-magnitude
earthquakes in the region.

The research indicated that considering their recent age
and homogeneity of lithotypes, alkaline rocks are important
sites for studying and understanding the tectonic evolution
of the Brazilian platform during the Cenozoic, particularly
in the case of Curitiba-Maring4 Fault Zone local paleostress.
The proposed tectonic model for the TAC may also have appli-
cations in studies aimed at mineral prospecting and ground-
water research in the adjacent basement units, as well as in
the exploration of hydrocarbons in the arch domain within
the continental shelf.
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