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Abstract

Tectonic rejuvenation has been widely described in ancient rifting areas of intraplate settings, despite extensive active tectonics being dis-
continued long ago. Various models have been invoked to justify such tectonic rejuvenation, suggesting that the long-term deformation in
intraplate interiors may be more complex than once supposed. Inherited weakness zones, e.g., pre-existing faults are stress concentrators.
However, not all weakness zones in plate interiors show tectonic rejuvenation and recognizing intraplate fault reactivation remains puzzling.
Bedrock channels play an essential role in tectonically unstable landscapes and therefore they may unveil which pre-existing structures have
been rejuvenated. Here we explore the Cinzas Catchment in order to investigate the interactions between tectonic rejuvenation, bedrock in-
heritance and geomorphic river signatures in an important Brazilian rifting feature, the Ponta Grossa Arch. We perform a geomorphic analysis
combined with fieldwork, dating techniques and existing data to evaluate whether the geomorphic responses of the major rivers show per-
turbations related to the bedrock inheritance and post-rift rejuvenation. We also show that the interactions between river signatures and the
bedrock fault zones are responses to post-rifting rejuvenation coupled with bedrock inheritance. This post-rifting rejuvenation is consistent
with a mosaic of superimposed mechanisms which have been invoked by previous studies.
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weakness zones (e.g., major faults and Precambrian shear
zones) coupled with differential denudation play a sub-
stantial role for stress/strain concentration and tectonic
rejuvenation in the continental interiors of decoupled
and hyperextended lithosphere settings (e.g., the post-rift
Brazilian margin in Southeastern/Southern Brazil) (Silva
and Sacek 2019, Silva 2021). However, not all inherited
weakness zones in continental plate interiors show tectonic
rejuvenation (Liu et al. 2011, Assumpgio et al. 2014), and
explaining the distribution and occurrence of intraplate
faults reactivation remains puzzling (Talwani 2017, Gallen
and Thigpen 2018). The reasons behind such an enigma
include the fault behaviour in low tectonic strain settings
that usually occurs episodically on both the temporal and
spatial scale (Crone et al. 2003, Liu et al. 2011). In addition,
the absence of neotectonic fault exposures may make it dif-
ficult to determine which ones are the rejuvenated sectors
of landscapes (Quigley et al. 2007).

Bedrock trunk channels are considered the ‘backbone’ of
the landscape since they set much of the relief architecture of
tectonically unsteady landscapes (Whipple and Tucker 1999,
Bishop and Goldrick 2010). Thus, longitudinal profiles of bed-
rock channels provide proxies for a variety of perturbations
(e.g., Beeson and McCoy 2020), and they may unveil which
pre-existing structures have been potentially rejuvenated in
post-orogenic regions (Wobus et al. 2006, Quigley et al. 2007,
Schwanghart and Scherler 2020).

In Southeastern/Southern Brazil, important rifting tec-
tonics associated with the Mesozoic South Atlantic Opening
were superimposed over both the Brazilian orogenic bedrock
and Palaeozoic to Mesozoic sequence of the Parand Basin.
An extensive body of geologic data, including the regional
stress field, geophysical sections, surface and subsurface
stratigraphy (e.g., Szatmari and Milani 1999, Heilbron et al.
2000, Mohriak et al. 2008, Torsvik et al. 2009, Moulin et al.
2010), delineates the history of such rifting tectonics. In addi-
tion, post-rift tectonic reactivations (Upper Cretaceous-
Quaternary) along pre-Cenozoic structures have also been
described in the literature (e.g,, Ferreira et al. 1981, Riccomini
and Assumpgio 1999, Cobbold et al. 2001, Tello Saenz et al.
2003, Salamuni et al. 2003, Strugale et al. 2007, Cogné et al.
2012, Franco-Magalhaes et al. 2014, Santos J.M. et al. 2019,
Silva and Sacek 2019, Marques et al. 2021). It is reasonable
to consider that fluvial morphology/morphometry can be
affected by external forces, whether combined with internal
forces or not (Gailleton et al. 2021). However, little is known
about the influence of such post-rift tectonic rejuvenation on
the major rivers of the regional area.

Amongst the major structures in Southeastern/Southern
Brazil associated with the Mesozoic rifting, we may highlight
the Ponta Grossa Arch (PGA) as an important tectonic and
magmatic feature. Four deep lineaments mainly associated
with large rivers, as well as magnetic and gravimetric anoma-
lies (Ferreira 1982, Zalén et al. 1991), cross and delineate the
PGA (Fig. 1). Despite the substantial intraplate stress concen-
trators in the PGA setting, such as rift structures and craton

boundaries, and the evidence of post-rift tectonic rejuvenation,
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studies regarding their influence on the fluvial morphology/
morphometry are still scarce.

In order to contribute to closing of this gap, we focus on
anomalous behaviours of the major rivers and their interplay
with the Pre-Cenozoic bedrock and potential post-rift tectonic
reactivations. Here we perform a quantitative and qualitative
geomorphic analysis integrated with fieldwork and structural
analysis, gravity and aeromagnetic data, open access geolog-
ical maps and dating techniques, supported by imagery anal-
ysis and DEM-SRTM models. We examinate this issue in the
context of the Cinzas catchment, a large river basin located
on the eastern edge of the PGA and affected by one of the
four major lineaments and by expressive pre-rifting NE-SW-
trending fault zones (Zaldn et al. 1991, Artur and Soares 2002).
We explore whether the longitudinal profiles, channel pattern
of the bedrock trunk channel and the major tributaries show
perturbations related to the bedrock boundaries and major
pre-existing lineaments/fault zones. In addition, we also inves-
tigate signals of fault rejuvenation and potential associated

sedimentary deposits.

GEOLOGICAL SETTING

The study area is located in the eastern edge of the PGA
(Ferreira et al. 1981), a Cretaceous uplift feature several hun-
dreds of kilometres long from the Southeastern/Southern
Brazilian offshore towards the Parand River inland, associated
with rifting and the resulting opening of the South Atlantic
Ocean (Fig. 1A). Elevation of the PGA ranges from ~1,500
to 600 m (Franco-Magalhaes et al. 2010).

Besides disturbing and dividing the Parand Basin (450- 65
Ma) into two sub-basins (Ferreira 1982), the PGA has been
superimposed over the Neoproterozoic orogenic belts and
suture zones (e.g., Bizzi et al. 2003), also crossing the over-
laid Neoproterozoic Paranapanema Craton (e.g., Mantovani
et al. 2005) (Fig. 1A). The PGA, delineated by four major
NW-SE-trending lineaments referred to as the Guapiara, Sao
Jerdnimo-Curitiva, Rio Alonzo and Rio Piquiri (Ferreira et al.
1981, Ferreira 1982, Zal4n et al. 1991) an area about ~600 km
long and > 250 km wide (Fig. 1B). It is also marked by alka-
line intrusions (Early to Upper Cretaceous; Riccomini et al.
2005, Marangoni and Mantovani 2013) and two expressive
diabase dyke swarms (~130 Ma; e.g., Soares et al. 2016).
Geophysical expression of the PGA is evidenced by remark-
able magnetic and gravimetric anomalies (Ferreira et al. 1981,
Ferreira 1982, Marangoni and Mantovani 2013).

Large rivers are roughly fitted along these lineaments and
expressive bedrock shear zones (trending NE-SW and ~E-W)
which were reactivated during the rifting and post-rifting tec-
tonics throughout the PGA region (Fig. 1B). For instance,
the Piquiri and Ivai Rivers are embedded along the Piquiri
and Alonso lineaments, respectively, whereas the Ribeira and
Iguagu Rivers flow along the Lancinha-Cubatio Lineament
(Fig. 1B). Previous studies have inferred fault reactivation
along these weakness zones associated with post-rift tectonic
events during the Upper Cretaceous, Paleogene and Neogene
to Quaternary (e.g,, Saadi et al. 2002, Tello Saenz et al. 2003,
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GUAPL: Guapira; SJCL: Sao Jerénimo-Curitiva; RAL: Rio Alonso; RPL: Rio Piquiri.

Source: adapted from Riccomini et al. (2005) and Cordani et al. (2016).

Figure 1. Geological framework of the study area. (A) Tectonic setting of the South American Platform and the Ponta Grossa Arch (PGA).

(B) Geological context of the Cinzas Catchment.

Riccomini et al. 2004, Hackspacher et al. 2007, Strugale et al.
2007, Salamuni et al. 2017, Peyerl et al. 2018, Santos J.M.
20194, Silva and Sacek 2019).

Geological and thermochronological data from apatite
fission-track and (U-Th)/He have registered ~4 km of total

3/26

post break-up denudation (Cobbold et al. 2001, Cogné et al.
2011) and at least three major post-rift tectonic events with
high cooling and denudation rates along the PGA and its sur-
roundings (e.g.,, Cobbold et al. 2001, Riccomini et al. 2004,
Franco-Magalhies et al. 2010, Cogné et al. 2012):
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Late Cretaceous (from ~90 to ~65 Ma), under a strike-
slip regime;

Paleogene (from ~60 to ~25 Ma), associated with an
extensional regime;

Neogene/Quaternary (from ~15 Ma to present), under
dominant strike-slip regime attributed to regional com-
pression due to far-field stress.

The exhumation history of the PGA (e.g,, Franco-Magalhdes
etal.2010) indicates the Sdo Jerénimo-Curitiva Lineament as
a substantial post-rift stress concentration zone. For instance,
the Sao Jer6nimo-Curitva Lineament divided the Cretaceous
uplift feature into two areas with distinctive exhumation his-
tories demonstrated by a discrepancy in age around 30 Ma
between them (a NE younger portion ac. 20 Ma and one older
SWac. 50 Ma) (Suppl. Fig. A1) (Franco-Magalhaes et al. 2010).
This discrepancy was interpreted as a result of the Neogene
reactivation (from Miocene onwards) and tectonic-driven dif-
ferential denudation due to far-field stress from the Andean
orogeny (Franco-Magalhies et al. 2010, 2014). This rejuve-
nation of the Sao Jerénimo-Curitva Lineament changed the
source area and the transport trending of sedimentary supply
from the offshore Santos Basin from WNW to WNW/NNW
(e.g., Franco-Magalhies et al. 2010).

Various studies in the region have improved the under-
standing of the tectonic reactivations during the Quaternary,
pointing out to an average E-W-trending of compressive
SH__ associated with the far-field stress (e.g., Riccomini
and Assumpgao 1999, Hasui et al. 2000, Morales et al. 2001,
Riccomini et al. 2004). Furthermore, fault kinematic indi-
cators demonstrate variation in the stress regime with time
(Riccomini and Assumpgao 1999, Riccomini et al. 2004,
Salamuni et al. 2017). Thus, a NW-SE compressive stress field
under E-W right-lateral strike-slip regime was active during the
Late Pleistocene-Holocene (Riccomini and Assumpgao 1999,
Riccomini et al. 2004 ), followed by a WNW-ESE to NW-SE
extensional Sh__ during the Early Holocene that later changed
to a current ~E-W horizontal compressive Sh__ (Riccomini
and Assumpgio 1999, Riccomini et al. 2004).

Despite the short period of the seismicity documentation
in Brazil (~300 years of historical record), paleoseismicity/
seismicity studies show a substantial concentration of epicen-
tres in the PGA region, mainly distributed in the offshore zone
(Assumpgio et al. 2014). In the continental area of SE Brazil,
these authors argue that higher seismicity rates are associated
with craton edges, rifting structures and dead orogen regions.
This neotectonic framework is congruent with the results
found in the South American mid-plate (e.g,, Assumpgio 1998,
Riccomini and Assumpgao 1999, Assumpgio et al. 2014),
which bears evidence to an association between major seis-
mic zones and bedrock weakness and/or stress concentration
zones by activating pre-existing faults (e.g., Ferreira et al. 1981,
Saadi et al. 2002, Lopes et al. 2010, Vasconcelos et al. 2021).

This study investigated the Cinzas catchment (~9,611km?),
an NNW-SSE trending and elongated catchment located in the
surroundings of the axis of the PGA (Fig. 1B). Both the trunk

river and two major tributaries are bedrock channels flowing
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over resistant and more erodible lithologies. Elevation ranges
from 315 to 1,300 m in the Cinzas catchment, with an average
elevation of 806 m.

The bedrock of the Cinzas catchment is spatially variable with
contrasting lithologies, comprising of a local Neoproterozoic
granite, and mainly magmatic and sedimentary rocks asso-
ciated with the Palaeozoic/Mesozoic supersequences of
the Parand Basin (Milani et al. 2007) (Fig. 2). The units are
arranged in boundaries around the Northeast trend, generally
dipping towards the Northwest at low angles. The Palaeozoic
sequence comprises various units mainly containing conglom-
erates, sandstone, siltstone, mudstone, shales and limestone.
Distinctly, the Mesozoic units consist of a mix of sandstone
and mainly tholeiitic effusive rocks and dykes associated with
the Parana-Etendeka event (Peate 1997). The oldest units
(Devonian) are exposed around the source of the Cinzas River
and give rise downward to a Permian-Carboniferous glacial
sequence comprising a wide area. In contrast, the youngest
ones (Jurassic/Cretaceous tholeiitic effusive) prevail through-
out the lower course of the catchment (Fig. 2).

Among the four major lineaments of the PGA, the NW-SE-
trending Sao Jeronimo-Curitiva Lineament crosses the west-
ern edge of the Cinzas catchment, which is also affected by
reactivated NE-SW and ~E-W-trending bedrock shear zones
(Sao Sebastido, Jacutinga and Guaxupé Fault Zones) (Fig. 2).

MATERIALS AND METHODS

The study applied a set of techniques in order to calculate
various geomorphic indicators. In addition, we performed
fieldwork focused on identifying anomalies and analysing the
behaviour of geomorphic signatures from major rivers in the
Cinzas catchment, seeking interplays between them and the
major faults as well as distinguishing those from contrasting
lithology/lithological boundaries influence.

Database

A database was built using a SRTM (Shuttle Radar
Topography Mission) DEM with a spatial resolution of 30 m
(http:// earthexplorer.usgs.gov/ ) from the USGS Geological
Survey in the GIS ArcGis 10.3 environment (ESRI 2011),
Global Mapper 14 (Blue Marble Geographics/Engesat).
This database consists of topographic charts in the 1:250,000
and 1:50,000 scale from the Brazilian Institute of Geography
and Statistics (IBGE 1991), 1: 25,000 aerial photographs avail-
able from the Institute of Land, Cartography and Geosciences
(ITCG) (http://www.geo.pr.gov.br/ms4/itcg/geo.html).
Geological mapping data of the area at 1:100,000 (published
at 1:250,000) is available from the extinct Parané Geological
Service (MINEROPAR 2005), whose collection is currently
held by the Instituto Agua e Terra do Paran4.

Geomorphic and tectonic analysis

First,a DEM of the study area was built from SRTM images
with proper corrections and smoothing ( Jenson and Domingue
1988) in order to analyse the catchment morphometric sig-

natures. Topography-and drainage—related lineaments were
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SJCL: Sao Jerénimo —Curitva Lineament; GFZ: Guaxupé; JFZ: Jacutinga; SSFZ: Sao Sebastido.

Source: modified from Zalén et al. (1991) and Mineropar (2005).

Figure 2. Geological map and major structures of the Cinzas Catchment.

extracted by manual proceedings from the DEM in conjunc-
tion with the slope map with 40% overlapping transparency
to avoid the influence of false shading (Tinés et al. 2014).
The lineaments were plotted on frequency-length rose diagrams
with 10° intervals to identify the main trends, using Springer
5.1.8 (Camara et al. 1996). The highlighted lineaments were
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delineated as a singular main line and classified as a major or
minor fault.

Gravimetric and magnetic maps of the Cinzas catchment
and surroundings were used to assess the relations between geo-
physical anomalies, the seismoactive sectors and geological fea-
tures, especially the major lineaments and faults. A third-degree
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polynomial surface was removed from the Bouguer gravity
anomaly data to obtain the residual Bouguer anomaly con-
tour map for the Cinzas catchment area and surroundings.

The magnetic anomaly data from EMAG2 (Maus et al.
2009) was resampled from the original 2 arc min global model
grid, calculated at an altitude of 4 km above the average sea
level using magnetic information from marine, satellite and
aeromagnetic surveys.

Swath profiles crossing the study area were generated
to analyse the topography (Telbisz et al. 2013), using the
SwathProfiler add-in extension for ArcGIS (Pérez-Pefa et al.
2017). Maximum, minimum and mean topographic elevation
for each swath were extracted. The enhanced transverse hyp-
sometry index (THi*) enabled the analysis of the hypsometric
integral and dissection along the swath, considering relative
local relief (Pérez-Pefia et al. 2017).

The geomorphic assessment was based on the literature
(e.g., Wobus et al. 2006, Burbank and Anderson 2012, Kirby
and Whipple 2012, Whittaker 2012, Santos M. 2019), identi-
tying anomalous responses from channels and catchments as
well as finding influence signs of tectonic activity in the area
and nontectonic factors.

The structural analysis was performed according to the
different sectors of the major fault zones in the study area.
The Win-Tensor software v. 9.5.1 (Delvaux and Sperner 2003)
was used for the fault-kinematic analysis and tectonic stress
tensor inversion (Damien Delvaux- Department of Geology
— Mineralogy Royal Museum for Central Africa (Belgium)
(http://damiendelvaux.be/Tensor/WinTensor/win-tensor.
html). The Win-Tensor also provides the Frohlich diagram,
which allowed us to set the studied faults according to their
kinematic field and dipping.

The results of morphometric maps and geomorphic
indices were correlated with geological and geomorpho-
logical data collected in the field to distinguish the litho-
logical control and tectonic deformation influence on river
responses, based on the patterns and theoretical foundations
proposed in the bibliography. Chronological analysis of flu-
vial sediments and landslides was based on OSL dating and
carried out by the Laboratério de Espectometria Gama e
Luminescéncia (LEGaL) (IG- USP). Thus, the results pre-
sented consist of an integrated and multiscale approach of
remote sensing data, topography analysis, geomorphic assess-

ment and field surveys.

RESULTS

Seismicity, lineaments and major faults
Along the S/SE Brazilian continental margin, the higher
seismic activity results from a set of combined factors accord-
ing to the literature (e.g., Assumpgcao 1998, Assumpgio et al.
2016). For instance, far-field stress, flexural effects from sed-
iment load in large sedimentary basins, a weaker crust due to
pre-existing weakness zones coupled with a decoupled and
hyperextended lithosphere from the Mesozoic and denu-

dational isostatic rebound may justify such seismicity (e.g.,
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Assumpgao 1998, Assumpgao et al. 2016, Silva and Sacek
2019). As part of this context, the PGA region presents seis-
micity, which is characterized by earthquakes with variable
magnitudes (including the historical records), ranging from
4.0-5.0 to < 1.0, mainly along the continental shelf (Fig. 3A).
Despite the scarce data from focal mechanisms in the PGA
region, the existing data show reverse faulting associated with
S1 roughly E-W (Assumpgao et al. 2016). For the surround-
ings of the Cinzas catchment, the records show earthquakes
over time. Recent seismic activity (in 2019 and 2018) has
occurred along the Cinzas River’s source with magnitudes
between 2.0 and 3.0, as well as in the lower course of the
Tibagi catchment (the adjacent catchment in the western
boundary) (Fig. 3).

The residual Bouguer anomaly map highlights NW-SE and
NE-SW trends delineated by a framework of elongated high
and low anomalies (Fig. 3B). The prominent feature is char-
acterized by a set of NW-SE elongated high anomalies affect-
ing the southwestern portion of the Cinzas catchment, which
coincides with the SJCFZ and associated dykes swarm (Figs. 1
and 2). The magnetic anomaly map also presents a coincident
NW-SE-trending positive anomaly along this sector (Fig. 3C)
and enhances the results from the literature (e.g., Ferreira 1982,
Strugale et al. 2007). However, two NE-SW-trending positive
magnetic anomalies are prevalent in the Cinzas catchment
(Fig. 3C). The JFZ coincides with the boundary between the
high and low residual Bouguer (Figs. 3A and 3B), as well as the
magnetic anomalies in the middle course of the Cinzas catch-
ment (Figs. 3A and 3C). Furthermore, the GFZ matches the
southern edge of the major NE-SW-trending high magnetic
anomaly, which is associated with the volcanic sequences of
the Serra Geral Formation (Figs 2, 3A and 3C).

The structural lineament analysis for the study area high-
lights the NW-SE, NE-SW and E-W trends as preferential
directions, among which the NE-SW trend comprises the
most important class in both length and frequency (Fig. 4).

The NE-SW trend is comprised mainly of short segments
that occur widely spread in the catchment as a whole and delin-
eates concentrated swarms along both the GFZ and JFZ, as
well as around the CMF and the upper course of the Cinzas
catchment (Fig. 4). The field data indicate that this direction
is associated with strike-slip faults in bedrock outcrops (both
the left-lateral and right-lateral slip sense are common) and
eventual normal faults, usually filled by minerals. This direc-
tion is parallel to magnetic anomalies associated with GFZ
and JFZ (Figs. 3C and 4B).

It is noted that the NW-SE trend shows a wide range of
directions, from N10W to N70W, prevailing the N40-50W
direction as presented in the rose diagrams. The NW-SE-
trending segments occur as swarms outlined by concentrated
traces along similar trends that control the drainage and relief
alignments, influencing both the Palaeozoic and Mesozoic lith-
ological boundaries. Moreover, the longer segments along this
direction are coincident with dykes/dyke-filled faults and both
the SJCFZ and Jacarezinho valley (Figs. 2 and 4).

Field data evidence mainly left-lateral strike-slip faults with
mineral filling along the NW-SE lineaments, affecting both
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Figure 3. Seismicity and regional geophysical data of the Cinzas catchment area and surroundings. (A) Seismic activity in the Ponta Grossa
Arch region; compiled data from the Brazilian Earthquake Catalogue, available at www.sismo.iagusp.br (Bianchi et al. 2018). (B) residual

Bouguer anomaly map with a bidimensional 3rd degree polynomial surface removed as regional and 2 mGal contour interval; (C) Magnetic

anomaly map.

the Palaeozoic and Mesozoic bedrocks, and locally associated
with extensional features, such as negative flower structures
in basalts from the Serra Geral Formation.

Parallel to the Sdo Sebastido Fault — SSF (Fig. 4B), the
E-W segments are the third-most representative class in the
Cinzas catchment, as shown in the rose diagrams (Fig. 4C).
The upper course of the Laranjinha river is affected by E-W-
trending segments which configure three parallel lineament
swarms. During fieldwork, these lineaments are associated with
strike-slip faults affecting the Palaeozoic and Mesozoic bed-
rock, as also observed in both the NW-SE and NE-SW trends.

Fault kinematics and paleostress analysis

We identify 123 faults in the Cinzas Catchment, ranging
from NE-SW, NW-SE, ~N-§ and ~E-W trending. Their geom-
etry and kinematic elements (e.g., polished conjugate planes,
slickensides, slickenlines and fault breccia) show a prevalence
of right- and left-lateral strike-slip faults followed by normal
faults (Suppl. Fig. A2).

In the SJCFZ sector, the scattered pattern of the faults indi-
cates a typical simple shear system that reactivated the NW-SE

master faults accompanied by the development of Y and R
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conjugate faults around the ENE-WSW trend. The results bear
evidence of the SJCFZ reactivation by a paleostress field with
asub-horizontal E-WSH__ (01;10/267°) and an NNW-SSE
SH_ (03;22/1730) (Fig. SA). In addition, the Frohlich dia-
gram shows a cluster referred to as a strike-slip stress field with
mild tendency towards a transpressional regime.

For faults along the GFZ, we observe a prevalent transten-
sional paleostress field with two distinctive regimes (Fig. SB).
An earlier regime with NE-SWSH__ (30/237°) and NW-SE
SH_. (15/3360) as well as a later one with NW-SE SH__
(40/328°) and NE-SW SH_(09/230°), which generated
more pervasive structures in the region.

In addition to an early transpressional paleostress field
with a WNW-ESE SH___(09/110°) and NNE-SSW SH, _
(39/013¢), the JFZ present a later one characterized as an
extensional regime with sub-vertical SH__ (65/230°) and
NW-SE SH__(05/331°) which generated ENE-WSW nor-
mal faults (Fig. SC). The first regime presents ~E-W right-lat-
eral strike-slip faults and NW-SE left-lateral strike-slip faults,
besides secondary oblique strike-slip faults. The chronology
of these regimes was determinate by intersecting relations

between the different fault groups in the fieldwork.
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Figure 4. Major structures of the Cinzas Catchment. (A) Structural lineaments of the Cinzas catchment. (B) Major pre-existing fault zones
and minor faults: TF - Tigre Fault; AF — Arrozal Fault; SSFZ — Sao Sebastido Fault Zone; FF — Figueira Fault; CMF - Conselheiro Mairink
Fault; SAPF - Santo Antdnio da Platina Fault. (C) Rose diagrams for lineaments of the Cinzas catchment.

We observe in the central area of the Cinzas catchment a
N-S and NE-SW trending conjugate pair of strike-slip faults
associated with alocal NNW-SSESH__ (17/334°) and NE-SW
SH_ (14/068°) (Fig. SD).

A conjugate pair of NNE-SSW right-lateral strike-slip and
WNW-ESE left-lateral strike-slip faults occur in the JSAFZ

domain in the north-eastern edge of the Cinzas Catchment,

8/26

associated with a transpressional paleostress field with NE-SW
SH_ (16/058°) and NW-SE SH_(37/160°) (Fig. SE).

Catchment disturbances
and geomorphic responses
Table 1 summarizes the results of both the drainage basin

and drainage geomorphic analysis carried out for the Cinzas
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Figure 5. Fault kinematic and paleostress analysis in the Cinzas catchment (123 data), according to five domains; (A) SJCFZ - So Jerénimo-
Curitva Fault Zone domain, (B) GFZ — Guaxupé Fault Zone domain, (C) JFZ - Jacutinga Fault Zone domain, (D) Central domain, (E)
JSAFZ - Jacarezinho-Santo Anasticio Fault Zone domain. Rose diagrams (white and blue) show the strike directions of the fault planes and
the colored stereograms show traces and slip senses of faults and the paleostress tensors. Frohlich diagram (at the lower right corner) shows
the stress regime.
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Table 1. Geomorphic indices for Cinzas catchment and Laranjinha and Jacarezinho sub-basins. (For theoretical background, see Santos M.

Drainage basin

33.7%%; 43.8%*%;

activity

Strongly tilted - Class
1%; Relatively weakly

. _ *k,
asymmetry (AF) IAF-501 = -16.34% 1AF-  tilted - Class 37

501 = -6.2**; TAF-501 = moderately tilted - Class

8.0*** 2***

Values ranges between .
Transverse topography 077 t0 0.0 0.89 strongly asymmetric
symmetry (T) 0;*. 006 6't0 O)**’; ° reaches

Values ranges between Strong tectonic

Stream gradient index

(SL.)

28 to 1,003*; 43 to
706**; 25 to 153***

influence and
lithological control

Bw = maximum width
of a drainage basin

AF=100%(A /A);

Ar = area of the basin

to the right (facing
downstream); At = total
area of the drainage
basin

T=Da/Dd; D=

SL, = [(AH/AL)*L);

2019).
; A ) Determination A

Geomorphic Indicator  Value Resulting Class Analysis Standards
Parameters
Eb=(*yAb/T)/L,;

Basin elongation ratio 0.31% 0.24"; 0.26™* Elonge?te and . basin area = 2J/Ab/T; L, The more e19ngate, tl}e

(E,) tectonically active — distance from the river  More tectonically active.
mouth to headwater
B =B /Bw;Bl=

Class 1: Strong tectonic distance from the river Levels of tectonic
Basin shape (. B, ) 2.3%; 3.5%%; 3.2 ’ 8 mouth to headwater; activity: Bs > 2.3, strong

(Class 1).

As the effect of tectonic
tilting increases; IAF-
S0I 2 15, heavily tilted
Class 1, Class 2 and
Class 3.

the closer to T = 1, the
higher tectonic activity
in the basin

The higher SLscg, the
stronger tectonic
activity and/or the
stronger hardness rock

SL =10 strongly

Values ranges between Zones with high and felaﬁvol 2> SL
SL _ (SL/K) 0.4t0 14% 0.9t0 13.9*%;,  moderate tectonic SL __ =SLseg/K ANOMAIOUS; 2 = O i,
relative e o relativo > 10 anomalous; SI
0.8t0 4.7 activity relaivo
< 2 weakly anomalous
P = 1,0 Straight; 1.0
Values ranges between Stronely unstable P =Lc/Lv; Lc = stream < Transitional < 1.5;
Sinuosity Index (P) 1.2t0 2.7% 1.1 to 2.8 Smuofi:/ length; Lv = valley P = 1.5 Regular; 1.5 <
1.5 to 2.6%** Y length Irregular < 2.0; P >2.0
Tortuous

inzas River; aranjinha River; acarezinho River.
*C River; **L; jinha River; *** ho Ri

River and its main tributaries (Laranjinha and Jacarezinho
rivers) (see Suppl. Tab. Al for geomorphic measurement of
the trunk river and its two major tributaries). The results from
the drainage basin geomorphic indices, mainly the values of
B, and E, indices, demonstrate an elongated and tectonically
active character (Class 1) and high tectonic activity, as well as
the T index due to its strongly asymmetric reaches (Tab. 1).
It is relevant to highlight that the T anomalous values in the
lower course of the drainage basins suggest tectonic forcing.
Moreover, the most substantial anomaly in the upper course
of the Laranjinha River fits with the sharp elbow downstream
from its source (Fig. 6).

The AF index presents distinctive responses between the
primary catchment and both sub-basins. For the Cinzas catch-
ment, the AF index values present high tilting and river migra-
tion eastward. In contrast, the Jacarezinho and Laranjinha
catchments present, respectively, moderate tilting and west-
ward migration in the upper-middle course and gentle tilting
as well as eastward migration. Both the SL and P indices show

a wide range of values which will be presented further on.

Channel disturbances

Channel sinuosity

We were able to identify swaths with sudden changes of
the sinuosity index and channel pattern for the Cinzas and
Laranjinha rivers (Fig. 7). The tortuous pattern is prevalent,
reaching the maximum possible sinuosity in a meandering
river (reach 7- Laranjinha River; reach 9 — Cinzas River).
In addition to the tortuous pattern, the rivers present transi-
tional, regular and irregular patterns, except for the Jacarezinho
River, where there is no transitional pattern. We observe a
sharp decrease in the sinuosity index near the mouth of the
Cinzas River.

Unlike the two other rivers analysed; the response from
the Jacarezinho River does not present sudden changes.
However, comparative analysis of sudden changes in chan-
nel patterns and sinuosity indexes for the Laranjinha and
Cinzas rivers allow for delineating ENE-WSW-trending
anomaly swaths (Fig. 7), as pointed out by studies of basin

symmetry anomalies.
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Figure 6. Transverse Topographic Symmetry Factor (T) for Cinzas Catchment and major sub-basins. Catchments: (A) Laranjinha, (B)
Cinzas, (C) Jacarezinho; (D) T anomalous fields (arrows); red circles are the selected points for T index calculating; plots show the range of
T values.
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Figure 7. Sinuosity index and channel patterns for Cinzas catchment and major sub-basins. Plots show the P values behaviour along the

Cinzas river and both the major tributaries.

Knickpoints and channel gradient

In the Cinzas catchment, numerous knickpoints occur
along the major channels, mainly fitting with the major fault
zones (Figs. 8 and 9). The highest knickpoints lay on eleva-
tions of 1,000 m and 900 m near the Cinzas River source,
and 700 m in the upper course of the Laranjinha River,
along the SJCFZ in both cases and also possibly reflecting
the higher dyke strength, as well as the former catchment
knickpoints (1,000 m). Nevertheless, the contrasting gra-
dient response between the Laranjinha and Cinzas rivers
along SJCFZ demands more attention, as well as the fact
that these knickpoints along SJCFZ are aligned and laid on
different elevations.

The knickpoints with elevations ranging from 490 m to
580 m appear to be associated with the JFZ (Figs. 8 and 9).
Along the GFZ, knickpoints with elevations ranging between
500 m and 420 m mark a sharp change in the rivers which
show a downward steepness/incision increase and a signifi-
cant base level drop from the GFZ to the Cinzas catchment
outlet, highlighting anomalous responses near the mouth of

the trunk stream and its major tributaries (Figs. 8, 9 and 10A).

It is also noteworthy that a knickpoint occurs in the 360 m
elevation marker, which is very close to the Laranjinha and
Cinzas confluence (Figs. 8 and 10B).

The SL

relative

index values present highly anomalous, anom-
alous, and lowly anomalous reaches for Cinzas and Laranjinha
Rivers, while the values for the Jacarezinho River do not pres-
ent highly anomalous reaches (Fig. 10A). Moreover, the most
critically anomalous zone occurs in the lower course of the
Cinzas and Laranjinha rivers near its mouth, distinctively from
the Jacarezinho River.

We observe a clear interplay between the JFZ and GFZ and
the SLrelative
channel sinuosity as well as strong basin asymmetry, which also
occurs with the SJCFZ (Figs. 8 and 9). As the GFZ fits with

the Paleozoic-Mesozoic boundary of the Parand Basin, both

increase, which coincides with high instability in

the GFZ and lithological strength contrasting likely influence
the SL

relative

increase. At the confluence of the Laranjinha and
Cinzas Rivers, gradient values are extremely high and heavily
anomalous, a sector in which the Cinzas River sharply drops
in channel sinuosity. The portion of the JFZ also presents a
higher incision (Fig. 10B).
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SJCFZ: Sao Jerénimo-Curitva; JFZ: Jacutinga; GFZ: Guaxupé. FF: Figueira Fault.
Figure 8. Correlation between Cinzas River geomorphic responses and both tectonic and lithological influences. L and I mean low and

increase, respectively. Black circles and arrows indicate, the selected points for SL

The Teresina Formation generally presents a SL .
decrease and rare knickpoints as expected due to the lime-
stone’s occurrence (cf. Seeber and Gornitz 1983), distinc-
tively for the Itararé Group, Rio do Rasto and Serra Geral
formations, where SL-relative index varies widely within their
domains (Figs. 8 and 9).

Comparing the longitudinal profile of the major rivers with
their best trend lines (Figs. 8 and 9), two distinct sectors are
seen. One is associated with a positive anomaly that suggests
an uplift in the upper course and part of the middle course.
The other is prone to fit the trend lines in the medium course,
which suggests a subsidence zone. Finally, a defined base-level
drop combined with a high channel gradient delineates a third

sector downstream the GFZ to the Cinzas catchment outlet.

index calculating and knickpoints position, respectively.

relative

Aggradation, avulsion and migration

Four swath profiles were carried out for topographic anal-
ysis in order to identify geomorphic surface disruptions and
characterize relief dissection along the three tectonic zones
pointed out from the long profiles and linked geomorphic
indices of the trunk stream and major tributaries (Fig. 10).
NNW-trending swath profiles 1 to 3 were set broadly orthog-
onal to the tectonic zones and the main NE- trending litho-
logical boundaries, and a NE-trending swath profile (SP 4)
was set parallel to the subsidence zone to analyse its geometry.

The first swath profile, SP 1, allows one to compare the
along-strike variations of the Laranjinha-Cinzas divide across
the tectonic zones and the main topographic features. The dif-

ference in elevation between the uplift and subsidence zones
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SJCFZ: Sao Jerénimo-Curitva; JFZ: Jacutinga; GFZ: Guaxupé; FF: Figueira; SAPF: Santo Anténio da Platina.
Figure 9. Correlation between geomorphic responses of the major (A) Laranjinha and (B) Jacarezinho rivers and both tectonic and
lithological influences. L and I mean low and increase, respectively. Black circles and arrows indicate, respectively, the selected points for

SL index calculating and knickpoints position.

relative

is well marked (ca. 250 m in both the SP 1 and 2 and 350 m
in SP 3). Moreover, the local relief is accentuated along the
uplift zone and sharply decreases towards the subsidence zone,
turning to high values as it hits the GFZ. At an elevation of ca.
1,000 m, a set of peaks delineates an upper surface (S1) in the
uplift zone. The swath profiles highlight another surface with

elevation varying from 900 to 850 m (S2) in the uplift zone
and along the GFZ and JSAFZ. Like S1, this second surface is
characterized by isolated peaks, but is generally tilted towards
the Northwest (Fig. 11).

The floor of the uplift zone is heterogeneous, as indicated by

the curves of the mean and minimum topography, suggesting
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Figure 10. Geomorphic responses and Late Pleistocene features in the Cinzas catchment. (A) Contour map of SL index values; dashed

lines represent the major faults; red circles are point locations of the measured SL index. (B) Laranjinha Graben System (white traces) and
landslide clusters roughly along intersection between NW and NE fault zones; coloured polygons show the photography locations of Figure
12 and numbered 13 and 14 polygons place the Figures 13 and 14, respectively.

an association with the faults. In contrast, the floor of the sub-
sidence zone tends to present a flat topography, appearing as
three blocks tilted towards Northwest, which are bounded by
JFZ and GFZ. In general, the lowest channel gradient occurs
along the subsidence zone. Furthermore, the channel gradi-
ent experiences a noticeable drop along the CMF, which is
associated with river avulsion and migration and is prone to
aggradation (Figs. 124, 12B, 12C, 13 and 14). Downward the
GFZ towards the outlet of the Cinzas River, we observe a high
channel gradient and base-level fall along the third tectonic
zone (Figs. 8, 10A and 11).

Both the swath profiles SP 2 and SP 3 highlight the topo-
graphic responses along the distinctive tectonic zones and
disclose three marked blocks, as well as the topographic dif-
ferences among them and between the sectors of the Cinzas
and Laranjinha rivers. Major faults play a significant role in the

topography, and the compartments are bounded by JFZ and

GFZ. However, the Figueira Fault (FF) also plays an essential
role for the southeasternmost edge of the subsidence zone,
presenting a sharp change of the local relief, similarly in GFZ.

It is relevant to emphasize that the elevation differences
between the uplift and subsidence zones are more pronounced
along the reach of the Laranjinha river than the Cinzas’ when
compared to swath profiles SP 2 and SP 3. Furthermore, the
subsidence zone is flatter in the sector of the Laranjinha river
than the Cinzas’ The north-eastern edge of the subsidence
zone is bounded by JSAFZ, which is associated with a sharp
southwest-facing step (SP 4, Fig. 11). The Laranjinha Graben
System is also clearly expressed in the topographic profiles SP
3 and 4 and itis placed between FF and GFZ along the NNW-
trending and between SJCFZ and a horst along the NE-trending
(Fig. 11). Comparing the profiles SP 3 and 4, the elevation dif-
ference is more pronounced towards the southwest, associated
with the fault scarp along the SJCFZ (ca. 450 m).
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SJCFZ: Sao Jerénimo-Curitiva; SSF: Sio Sebastido; JFZ: Jacutinga; GFZ: Guaxupé; JSAFZ: Jacarezinho-Santo Anaticio; CMF: Conselheiro Mairinck;

FF: Figueira; SAPF:Santo Antonio da Platina.

Figure 11. Topographic swath profiles across the Cinzas Catchment. Swath widths are 20 km for SP 2 and 10 km for the others. S1 and S2
indicate surfaces characterized by isolated peaks ac. 1,000 m and 800-850 m. The inset present the position of the swath profiles in the Cinzas

catchemnt.

Downward the JFZ to reach the GFZ, avulsion and migra-
tion mechanisms occurred, e.g,, crevasse splay, and large flood-
plains were produced in association with gentler gradients in
both the Cinzas and Laranjinha rivers along the subsidence
zone (Figs. 10B and 12C). Therefore, paleochannels and ter-
races from the Late Pleistocene (from ~ 106 ka to 20 ka) are
common in this sector, related to the highest sinuosity reaches
(Figs. 124, 12C and 13).

Reaches of the Laranjinha River and other major tributar-
ies are currently incised into landslide deposits (debris flows
and mudflows) (Fig. 12D) from the Late Pleistocene (87982
+ 5249 BP, for mudflows), which resulted from active fault
escarpments controlled by NW-SE/NNW-SSE- and ENE-
WSW/NE-SW-trends along GFZ (Figs. 9B, 13 and 14) as
well as SJCFZ. We observe local preservation of the source of

alandslide along the GFZ escarpment (Fig. 14). In contrast,

towards the upper/middle course of the Cinzas catchment (uplift
zone) a high incision of channels prevails, flowing directly over
the Paleozoic bedrock or Mesozoic basaltic dykes associated
with knickpoints along the faults (Fig. 12F, 12G and 12H).

DISCUSSION

Bedrock inheritance as an
influencing factor on the
geomorphic channel responses

Distinguishing between a tectonic and non-tectonic signal
has been proved difficult (Kirby and Whipple 2012). At the
scale of larger catchments, much of the variability in channel
gradients, and therefore river incisions, can be explained by

tectonics, climate change, base-level variations, or contrasting
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Figure 12. Contrasting geomorphic responses between distinctive tectonic zones of the Cinzas Catchment. (A) Paleochannel sequence
of the Cinzas River; (B) NW-trending graben associated with SJCFZ rejuvenation along the Laranjinha Graben System; (C) Avulsion and
migration of the Cinzas River; T, (41573 £ 5436 BP) and paleochannel separating T, and T, (20707 + 1771 BP); (D) Landslide associated
with the SJCFZ; (E) Sao Sebastiao Fault is affecting the Paleozoic; (F) Highlands on silty sediments and prevailing mass movement processes;
(G) Knickpoint along a tributary of the Cinzas River associated with the JEZ; (H) Knickpoint along Cinzas River associated with the TF.

The location of the photos is provided in Figure 10B.

lithology (e.g.,, Wobus et al. 2006, Whittaker et al. 2007, Burbank
and Anderson 2012, Ferrier et al. 2013). Furthermore, regions
with heterogeneous bedrock make the goal of understand-
ing the interactions between different factors and recogniz-
ing the prevailing forcing(s) harder (cf. Marques et al. 2021,
Peifer et al. 2021).

Our results demonstrate that the geomorphic responses
of the analysed rivers are cannot be justified by a uniquely
lithological influence, whether contrasting lithology or lith-
ological boundaries presented. The major faults in the study
area have shown recurrent activity over time and a substantial

effect on the evolution of the Parand Basin as pointed out by the
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Figure 13. Cinzas river avulsion and incision in response to lateral tilting towards southwest. (A) Detailed geomorphological map of the
key area; (B) Fluvial terraces and paleochannel: a — current channel of the Cinzas river; b — paleochannel reach; d — diabase dyke; T to T,
constitute the successive terraces formed by avulsion and incision; P — current alluvial plain; (C) Red arrows indicate the sense of the slip
fault. Topographic profile of the key area; location of the map and photos is provided in Figure 10B.
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Figure 14. Aggradation and avulsion in response to NW-SE and NW-SE-trending normal faults along the GFZ in the Larajinha catchment.
The head scarp marks the source of part of the landslides along the GFZ; point 18 in the map sets the mudflow occurrence from the Late
Pleistocene (87982 + 5249 BP); red and yellow arrows indicate the sense of the slip fault; location of the map and photos is provided in
Figure 10B.
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literature. These structures coincide with lithological boundar-
ies, which may obscure the tectonic influence on the post-rift-
ing landscape evolution. Despite the geomorphic responses
suggesting a limited effect of lithological/boundary contrast-
ing on the major channels, they demonstrate that the bedrock
inheritance plays a meaningful role through the pre-existing
fault zones. For instance, despite the channel steepening along
the JFZ, the lithology remains the same throughout the fault
zone and surrounding areas (Figs. 8 and 9). We thus discuss
the influence of these bedrock features and other factors on
geomorphic responses as follows.

In the Cinzas catchment, we observe an interplay between
knickpoints, a high SL

nel gradient, and the major faults.

i INdex corresponding to a high chan-

Aknickpoint is a straight geomorphic response resulting
from tectonic perturbations, climate changes, lithological con-
trol, or a slip on a fault (Menier et al. 2017). Moreover, knick-
points divide an incised downstream portion of the catchment
that has adjusted to perturbation, usually called as transient
landscape, from the upstream catchment that is still to respond,
often referred to as reliquial or relict landscape (Crosby and
Whipple 2006, Whittaker ef al. 2007, Marques ef al. 2021).
The resulting migration of the knickpoint creates a wave of inci-
sion which progressively spreads the signal of boundary condi-
tion change throughout the catchment (Tucker and Whipple
2002, Whittaker et al. 2010, Whittaker 2012).

Therefore, assessing knickpoints and the stream-gradi-
ent index along the longitudinal profile is a valuable key for
understanding the significant processes in the landscape.
Furthermore, as the knickpoints spread outward the forcing,
they induce incision erosion, resulting in steeper hillslopes and
a tendency to creep and cause landslides (c.f. Marques et al.
2021). In contrast, aggradation waves also spread outward the
disturbance source (Burbank and Anderson 2012). Therefore, as
the knickpoints radiate the change upwards throughout the
catchment, corresponding terraces may be created. If dating is
possible, the terraces may provide the age of the perturbation
and the knickpoints migration rate, as well as the incision rate
(Crosby and Whipple 2006).

Our findings show an association between some knick-
points and basalt dykes, as well as lithological boundaries,
e.g., along the SJCFZ in the upper source of the Cinzas River
and along the Paleozoic-Mesozoic boundary respectively
(Fig. 8). For the latter case, the resistant units (i.e., Botucatu
and Serra Geral Formations) along the GFZ and their litholog-
ical/boundary contrasting with the more erodible Palaeozoic
silty/clayey sediments (i.e., Rio do Rasto Formation) likely
present an influence on local relief and incision along the
escarpment and the boundary between the distinctive zones.
However, the positions of most of the knickpoints do not cor-
relate with any lithological boundaries or contrasting lithol-
ogy, nor are they located at a single threshold drainage area
(Figs. 8 and 9). In contrast, most of the knickpoints fit with
the high SL
rock fault zones. Furthermore, most of the steeper channel

values (high channel gradient) and the bed-

relative

reaches (high SL index values) are not associated with resis-

tant and less fractured rocks. SL index variations occur in the

same lithology (e.g., Itararé Group, Rio do Rasto and Serra
Geral formations), which provides a compelling argument
for the tectonic factor (cf. Wobus et al. 2006, Whittaker et al.
2007, Kirby and Whipple 2012).

The sharp changes of the channel gradient responses of
both the Laranjinha and Cinzas Rivers along the SJCFZ near
their sources also call for attention, since they are non-coher-
ent considering the higher lithological strength of the Furnas
Formation concerning the Itararé Group. The knickpoints with
elevations from 490 m to 580 m associated with the JFZ sug-
gest an intermediate and transient landscape seeking adjust-
ments to boundary conditions by the knickpoints migration
along a wide knickzone (Figs. 8 and 9).

We also observe a clear relation between the pre-existing
fault sectors (e.g., GFZ, JFZ and SJCFZ) and a high symmetry
factor (Fig. 6), channel sinuosity changes evidenced mainly
by a sinuosity drop while crossing the NE-SW-trending FF
and JFZ (Fig. 7), a channel gradient increase and knickpoints
(Figs. 8,9 and 10A), suggesting a straight interaction with the
bedrock inheritance. Therefore, the evidences allow us to point
out that the bedrock inheritance played a relevant role in the
geomorphic channel responses and hence the landscape evo-
lution during the Cenozoic more due to major fault zones and
lineaments than lithological/boundary contrasting.

River’s signature to tectonic rejuvenation

As already mentioned, the geomorphic responses show a
straight association with the bedrock fault zones (Figs. 8 and 9).
Additionally, the association between the two Late Pleistocene
landslide clusters and the GFZ and SJCFZ (Fig. 10B) along
the Laranjinha Graben System, as well as their small, shallow
and fault-driven geometry (Fig. 14) and the existing strike-
slip faults, enables us to think of them as a result of seismic
activity and not of climate-driven erosion (cf. Guo et al. 2020).
This direct relation between fault-driven landslide primarily
along the Pre-Cenozoic fault zones and the noted geomor-
phic responses (e.g., channel pattern instability, T anomalous
values, avulsion and migration, incision increase, high basin
asymmetry) indicates that a fault rejuvenation likely triggered
atransient landscape response via landsliding during the Late
Pleistocene, as well as a knickpoint retreat and associated flu-
vial incision.

Knickpoint distribution in the Cinzas catchment and
the channel gradient signatures indicate that the channels
are responding to pulses of incision, likely initiated through
regional base-level fall which have affected the Cinzas trunk
river and spread towards its major tributary (cf. Crosby and
Whipple 2006, Whipple and Tucker 1999). In fact, channel
profiles of both the Cinzas and Laranjinha Rivers exhibit a
downstream increase in channel gradient, which is consistent
with a transient profile adjustment to an increase in rock uplift
rate/base level fall (cf. Kirby and Whipple 2001, Crosby and
Whipple 2006, Whittaker et al. 2007). Instead, knickpoint dis-
tribution along distinct elevations, including near the trunk
river around its outlet suggests more than one pulse of rock
uplift/base-level fall in the Cinzas catchment (cf. Wobus et al.
2006). For example, the knickpoints along SJCFZ are aligned
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and laid on different elevations (Figs. 8 and 9), which likely
suggests a boundary between zones with different uplift rates
(cf., Wobus et al. 2006, Burbank and Anderson 2012), indi-
cating a tectonic influence for these geomorphic responses.

These results enhance the interpretation of different rock
uplift rates throughout the Cinzas catchment and stress concen-
tration resulting in fault rejuvenation (cf. Wobus et al. 2006).
Therefore, our observations reveal transient responses in a
nonequilibrium landscape, associated with coupled tectonic
rejuvenation and bedrock inheritance.

The joint analysis of geomorphic responses as well as both
the geophysical data and faulting-driven landslides, in addi-
tion to topography assessment, show three tectonically distin-
guished zones (Fig. 11). The first zone, in the upper Cinzas
catchment, constitutes an upland with peaks over 1,000 m
in altitude and levelled with a surface S1 aged at ac. 22 Ma
(Franco-Magalhaes et al. 2010). On the other hand, a relict
geomorphic surface in different regions corresponding with
S1 lies on ca. 800 m aged at ac. 35 Ma (cf. Riffel et al. 2015).
Therefore, the higher elevation and younger age of the S1 make
the interpretation of a tectonic surface and not a classical relict
geomorphic surface favourable.

Our results thus suggest that the S1 surface is raised about
two hundred meters in this uplift zone of the Cinzas catch-
ment compared to other regions in a similar setting. In addi-
tion, we find high local relief along the fault zones in this
upland portion. Also noteworthy is that even soft lithologies
outcrop and sustain the highlands of this uplift zone, usually
presenting associated mass movement processes. In contrast,
soils and even shallow saprolites are unusual. These results
are consistent with the transpressional regime indicated by
this sector’s fault kinematics and paleostress analysis (Fig. 5).
Furthermore, we were unable to find ferruginous duricrusts or
even deep saprolite in the upper and middle Cinzas catchment,
suggesting the hypothesis that a tectonic forcing prevented an
intense weathering, or the most likely scenario, that deep sap-
rolites and scattered ferruginous duricrusts have been deeply
eroded from the Neogene to the Quaternary. Therefore, our
results are congruent with the exhumation history associated
with the tectonic rejuvenation of the SJCFZ from the Miocene
onwards (cf. Franco-Magalhies et al. 2010).

Moreover, considering the exhumation history of the PGA
(e.g, Cobbold et al. 2001, Franco-Magalhaes et al. 2010, Cogné
etal.2011) and the tectonic rejuvenation due to far-field stress
(e.g., Cobbold et al. 2001, Riccomini et al. 2004, Cogné et al.
2011), this uplift zone is likely a result of an expressive regional
uplift due to the recurring post-rifting transpressional regimes
coupled with denudational isostatic rebound and the reacti-
vation of weakness zones (cf. Silva and Sacek 2019). Such a
rejuvenation process was responsible for changing the source
area and the transport trending of sedimentary supply in the
offshore Santos Basin, indicating this portion of the PGA asa
meaningful supply source to the offshore basins (e.g., Franco-
Magalhies et al. 2010).

The second tectonic zone characterizes the lowlands of the
middle course of the Cinzas catchment with an average ele-

vation of ac. 500 m. and low local relief. It also tends to a flat

landscape associated with prevailing aggradation and channel
avulsion/migration, as well as NW- trending grabens develop-
ment with straight relation with low gravimetric and magnetic
anomalies (Figs. 3 and 10B) and strike-slip faults. Thus, these
interactions support that a tectonic influence (subsidence/
lower uplift rate) plays a meaningful role for this zone, most
likely from the Late Pleistocene to Early Holocene as detailed
further on.

The third tectonic zone ranges from the GFZ to the Cinzas
catchment outlet, displaying high local relief along the GFZ
and an average elevation of ac. 600 m which is tilted Northwest
and marked by a base-level fall combined with high chan-
nel gradient (Figs. 8,9 and 11). In addition, this zone shows
remnants of peaks with elevations ac. 850 m (see SP1 and
SP3 in Fig. 11) and ac. 750 m (SP2; Fig. 11) along the GFZ.
The interactions between seismicity, geophysical data and geo-
morphic responses enhance a tectonic influence for this sec-
tor and provide the hypothesis of an association with possible
stress concentration (cf. Mooney et al. 2012) along the GFZ
and the critical weakness zone represented by the boundary

of the Paranapanema Craton (Fig. 1).

Fault rejuvenation in a
post-rifting setting:
considerations about prime targets

Geophysical studies carried out in the PGA region point
out to an association between Mesozoic crustal thinning,
due to a mantle plume referred to as the Trindade Plume and
related Atlantic opening process. The dyke swarms added to
the tectonic rejuvenation along NW/NE-trending lineaments
and major pre-existing faults (Ferreira 1982, Strugale et al.
2007, Fernandes 2010).

Crustal thinning areas are a prime target to seismic activity
in the Brazilian territory (Assumpgio 1998, Assumpcio et al.
2016). Furthermore, the coincidence of the southern bound-
ary of the Paranapanema Craton with the lower course of the
Cinzas catchment (Fig. 1) allows us to consider this portion
as a substantial stress concentrator (e.g., Mooney et al. 2012,
Talwani 2014, 2017). The NE-SW trend coincides with the
southern edge of the Paranapanema Craton (Fig. 1A) which
represents a contrasting crustal thickness zone (e.g., Mantovani
et al. 2005), suggesting an interaction between this direction
and the Upper Proterozoic bedrock structures, which controlled
the development of the Parand Basin. Therefore, these joined
weakness features and structures suggest that the Cinzas catch-
ment area embraces a complex mosaic of tectonic elements
favourable to post-rift tectonic rejuvenation, as also observed
in other large catchments in old rift regions in Brazil, such as
the Quebra-Anzol catchment in the Alto Paranaiba Arch (cf.
Marques et al. 2021).

Our results show that part of the SJCFZ coincides with
the aligned boundary between high and low Bouguer gravity
anomalies along the middle/lower course of both the Cinzas
and Tibagi catchments, and it appears to control two elongated
low Bouguer anomalies (Fig. 3B). Furthermore, the coincid-
ing of this low gravity anomaly in the Cinzas catchment and
the intersection between the GFZ and SJCFZ (Fig. 3) calls
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for attention, also matching the NW-SE-trending Laranjinha
Graben system from the Late Pleistocene (Figs. 3,4 and 10B).
Moreover, in the Tibagi catchment the low gravity anomaly
portion coincides with a seismoactive sector of low/moder-
ate magnitude earthquakes (Figs. 3A and 3B).

These results suggest a link between the existing seismic/
geophysical data, the Late Pleistocene faulting-driven landslides
along intersection zones between the pre-existing fault zones
SJCFZ and GFZ, and the NW-trending Laranjinha graben sys-
tem (Figs. 10B and 14). We also observe that the geometric
arrangement shown in the SP4 (Fig. 11) suggests that the SJCFZ
is a detachment faulting and the Laranjinha Graben System is
associated with developing a trailing-edge basin’s hanging wall
(cf. Swaney et al. 2010). Our results enable the hypothesis that
the two highlighted sectors of low gravimetric anomalies may
be related to the rejuvenation of shallow NW- trending rifting
structures bounded by NE-trending faults. Hence, it is reason-
able to consider that a Quaternary tectonic rejuvenation has
taken place in this portion of the PGA, preferably by recurrent
tectonic activation along the intersection of the major NE-SW
and NW-SE faults, GFZ and SJCFZ respectively.

It calls attention to this Late Pleistocene tectonic activity
which does not appear to be an isolated event, as studies on
distinctive subjects point out to tectonic reactivation along
major lineaments in the Parand Basin area and surroundings
during the Late Pleistocene (e.g., Riccomini et al. 1989, Strugale
et al. 2007, Peyerl et al. 2018, Reis et al. 2020).

The kinematic and paleostress analysis of the major fault
zone domains of the Cinzas catchment demonstrate variation
on the stress regime (Fig. S) as evidenced in previous stud-
ies in the PGA setting (e.g., Riccomini ef al. 1989, Riccomini
and Assumpgio 1999, Riccomini et al. 2004, Salamuni et al.
2017, Peyerl et al. 2018, Santos J.M. 2019). Despite the limited
kinematic data, our results suggest that this variation occurs

either internally or between the domains, likely indicating
an episodic fault behaviour on both the temporal and spatial
scale, as expected in low tectonic strain settings (Crone et al.
2003, Liu et al. 2011).

We identify four stress regimes, three strike-slip and one
extensional, which we interpret, based on the paleostress
analysis, sediments dating and fieldwork (intersecting rela-
tions between the different fault groups and geomorphic
features), as corresponding to deformation events of post-
rift rejuvenation (D' to D*) as described by previous studies
(e.g., Riccomini et al. 1989, Salamuni et al. 2003, Riccomini
et al. 2004). Furthermore, the fault kinematic analysis shows
that these events reactivated the major fault zones through the
prevalence of strike-slip and minor normal movement (Fig. S).

Table 2 summarizes the results of the fault kinematics and
paleostress analysis in the Cinzas catchment and a proposal of
correlation with previous studies.

The earliest record of post-rifting rejuvenation we can
find (D) corresponds to the Neogene (Miocene) strike-slip
event, which is present in both NE and NW major fault zones
(GFZ and JSAFZ). Thermochronological data reports this as
one of the most important post-rifting tectonic rejuvenation
events, with stress concentration mainly along the SJCFZ and
hence high cooling and denudation rate in this PGA region,
(Franco-Magalhaes et al. 2010, Cogné et al. 2012). Despite not
identifying kinematic indicators associated with this Miocene
event along the SJCFZ, our results show that it is reasonable
to consider that the uplift zone in the upper course of the
Cinzas catchment, as well as the aligned knickpoints along
the SJCFZ and the base-fall indicators, may be related to such
a tectonic event.

In addition to the Miocene rejuvenation, three Quaternary
events are registered. The earlier (D?), from Late Pleistocene-

Holocene, played a meaningful role in the landscape of the Cinzas

Table 2. Paleostress fields with the sectors of the major fault zones in the Cinzas Catchment.

Sector SHmax SHmin Stress Regime Active Structures Age*
NW-SE master faults and Y and R
SJCFZ ~E-WP*(ENE)  NNW-SSE o conjugate faults around the ENE-
Strike-slip WSW trend
transpressional Current
regime NW-SE left-lateral strike-slip faults and
~E-WP4(WNW) NNE-SSW ~E-W right-lateral strike-slip faults;
JFZ secondary oblique strike-slip faults
Extensional NW-  Subvertical . Early
SEPY(N331/05)  (N230/65) Extensional ENE-WSW normal faults Holocene
Central ) ) Conjugate strike-slip faults with ~N-S
- Strlke-shP and NE-SW trends Late Pleistocene-
NW-SE NE-SW transtensional Hol
stress regime; ~WNW to NW right-lateral strike-slip olocene
faults
GFZ _—
Strike Sh}.) NW-SE and ~E-W left-lateral strike-
transtensional .
stress regime slip faults N
NE-SWP! NW-SE (1\?1(1) f::je)
Strike-slip Conjugate NNE-SSW right-lateral
JSAFZ transpressional strike-slip and WNW-ESE left-lateral

stress regime

strike-slip faults

*Inferred age from Riccomini et al. (1989,2004).
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catchment, which triggered a graben system along intersection
sectors between the GFZ/FF and SJCFZ. This transtensional
paleostress regime influenced the channel pattern of the trunk
river and its major tributary, resulting in landslides clusters as
well as avulsion and migration of the major rivers. A post-Plio-
cene denudation intensification appears to be combined with
such a rejuvenation (cf. Riffel et al. 2015).

We also identified an extensional event (D?) along the
JFZ domain. We interpreted it as corresponding to the Early
Holocene extensional regime reported by previous studies
(c.f. Riccomini and Assumpgao 1999, Riccomini et al. 2004).
Later, this paleostress regime changed to the current transpres-
sional regime (D*) with ~E-W horizontal compressive Sh__,
which affected both NE and NW major faults in the Cinzas
catchment, the JEZ and SJCFZ respectively. Furthermore, the
most recent pulse of knickpoints, which are positioned near
the trunk river in the surrounding area of the outlet, coupled
with base-level fall marked by gradient increase of both the
Cinzas and Laranjinha Rivers, suggest a probable relationship
to this current stress field.

Therefore, our results show that, during the Neogene, the
major NE faults (linked to roots of Proterozoic shear zones)
were reactivated due to a transtensional stress regime, whereas
the prominent NW faults rejuvenated according to a transpres-
sional stress regime, both undera NE-SWSH__ associated with
astrike-slip stress field (D'). In the Late Pleistocene, the SH
rotated towards NW-SE (D?) and the transtensional stress gath-
ered strength along the intersection zones between the NE and
NW major faults, triggering a graben system with NE and NW
boundaries. Landslide clusters added to aremarkable migration
and avulsion of the major rivers are also present. This strike-
slip paleostress-field changes to an effective extensional regime
with the persistence of the NW-SESH___(D?) during the Early
Holocene, later giving rise to a current transpressional stress
regime (D*) along both the NE and NW major faults.

The link between the paleostress data and the geomorphic
river responses, coupled with the bedrock inheritance influ-
ence, provides compelling evidence of recurring tectonic reju-
venation in the study area. Despite several models attempting
to explain the usual Neogene tectonic rejuvenation in ancient
rifting settings, a definitive solution remains uncertain. Based on
our results, it is reasonable to consider that the range of stress
concentrators consisted of various weakness zones of differ-
ent natures, such as the expressive pre-existing fault zones,
boundaries of cratons and differential lithospheric rheology
and strength, presents perturbations triggered by more than
one driver. Hence, it is more likely that a combined mosaic of
superimposed mechanisms, such as the far-field stress cou-
pled with denudational isostatic rebound and the influence of
pre-existing crustal weakness, explains the tectonic rejuvena-
tion of the PGA region, which previous studies have invoked
(cf. Silva and Sacek 2019, Silva 2021).

CONCLUSIONS

In this work, we explore geomorphic responses of rivers

and their interactions with tectonic rejuvenation and bedrock

inheritance. A compelling relationship between the pre-ex-
isting fault zones and high basin symmetry factor, channel
sinuosity change, channel gradient increase and knickpoints
evidences a straight interaction with the bedrock inheritance.
Thus, we show that the bedrock inheritance, played a relevant
role in the geomorphic channel responses (hence, the land-
scape evolution) less due to lithological/boundary contrasting
and more due to major fault zones and lineaments. We also
demonstrate that the interactions between anomalous river
signatures and the major bedrock fault zones in the study area
are responses to post-rifting tectonic rejuvenation coupled with
bedrock inheritance. The results reveal geomorphic and geo-
logical signals associated with an unsteady landscape mainly
due to strike-slip tectonic events, from the Neogene onwards,
preferentially through stress concentrators such as intersect-
ing sectors of pre-existing fault zones and surrounding areas
of craton boundaries. Our study demonstrates that the NW
and NE-trending fault zones, SJCFZ and GFZ, respectively,
acted as coupled structures and a prime target for post-rift tec-
tonic rejuvenation. The kinematic and paleostress analysis of
the major fault zone domains present variation on the stress
regime as evidenced in previous studies in the PGA setting.
In addition to the current strike-slip stress regime, we identify
three paleostress regimes, two strike-slip and one extensional,
consistent with the post-rift tectonic rejuvenation events pre-
viously pointed out for the PGA region.

As described in previous studies, the range of stress con-
centrators in the study area consisted of various weakness
zones of different natures. For instance, the expressive pre-ex-
isting fault zones, boundaries of cratons, and differential
lithospheric rheology and strength, may join perturbations
triggered by a mosaic of driving mechanisms. Hence, it is
more likely that a combined mosaic of superimposed mech-
anisms has been invoked by previous studies, such as the far-
field stress coupled with denudational isostatic rebound and
the influence of pre-existing crustal weakness, explains the
tectonic rejuvenation of the PGA region. However, further
studies on fluvial erosion rates and internal forcing, such as
lithological strength influence and drainage reorganization,
are required to provide more clues for better distinguishing
the role of the diverse driven mechanisms in the study area
and surroundings.
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