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Abstract: The Londrina City, located in southern Brazil, is situated on the basalt of the Parana Igneous Province (PIP), near
tectonic structures such as the Guaxupé faults and the Sao Jeronimo-Curitiva and Sao Sebastiao lineaments, with a history of
reactivation in the Cenozoic. Between 2015 and 2018, low-magnitude earthquakes hit the municipality, suggesting a possible
connection with these structures. This study investigates the relationship between Cenozoic tectonics and geomorphological
dynamics, combining quantitative geomorphological analysis with field analysis of faults. The results reveal signs of tectonic
control on the landscape, with two pulses of regional uplift/base level drop affecting the drainage network. Reactivated
segments, especially at intersections of NE and NW structures, influence dynamics, with variations in uplift rates between
basins and block rotation under a transtensive regime. Recent earthquakes are related to the reactivation of an N50-60E fault
scarp, possibly the Guaxupé Fault, indicating recurrent tectonic movement. Paleostress analyses identify three deformation
pulses, highlighting the complexity of landscape evolution in intraplate regions. These findings enhance understanding of
regional tectonics, emphasizing the need to comprehend landscape evolution in interior plate areas, such as the South
American Plate.

Keywords: Tectonic Geomorphology; Landscape Evolution; Geomorphic Indices; Brittle Tectonics.

Resumo: Localizada no sul do Brasil, Londrina esta situada sobre os basaltos da Provincia fgnea do Parand (PIP), proxima a
estruturas tectonicas como as falhas de Guaxupé e os lineamentos Sdo Jeronimo-Curittva e Sdo Sebastido, com histérico de
reativacdo no Cenozoico. Entre 2015 e 2018, sismos de baixa magnitude atingiram o municipio, sugerindo uma possivel relacdo
com essas estruturas. Este estudo investiga a relacdo entre a tectonica cenozoica e a dinamica geomorfoldgica, combinando
analise geomorfologica quantitativa com analise de falhas em campo. Os resultados revelam sinais de controle tectonico na
paisagem, com dois pulsos de soerguimento/queda de nivel de base regionais afetando a rede de drenagem. Segmentos
reativados, especialmente em intersecdes de estruturas NE e NW, influenciam a dindmica, com variagdes nas taxas de
soerguimento entre bacias e rotagdo de blocos sob regime transtensivo. Sismos recentes estdo relacionados a reativagdo de uma
escarpa de falha N50-60E, possivelmente a Falha de Guaxupé, indicando movimentagao tectonica recorrente. Analises de
paleotensdes identificam trés pulsos de deformacio, destacando a complexidade da evolugdo da paisagem em regides
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intraplacas. Essas descobertas ampliam o conhecimento sobre a tectonica regional, ressaltando a necessidade de compreender
a evolugao das paisagens em areas interiores de placas, como a Sul-Americana.

Palavras-chave: Geomorfologia Tectonica; Evolugdo da Paisagem; Indices Geomorficos; Tectdnica Ruptil.

1. Introduction

Tectonic movements at plate boundaries can reactivate large preexisting geological structures in intraplate
continental regions (ZOBACK, 1992), through process-response mechanisms that act in the geomorphological
landscape sculpting. In this sense, tectonic geomorphology plays a role in the analysis and identification of
signatures in topography and drainage networks, using geomorphic indices to evaluate the morphotectonic
controls of the terrain (KELLER; PINTER, 2002; BULL, 2007, BURBANK; ANDERSON, 2011; KIRBY; WHIPPLE,
2012). Unlike active orogenic areas, intraplate continental regions tend to exhibit low rates of tectonic activity
(STAIN; MAZZOTTI, 2007). In this aspect, the continental interior of the South American Plate is considered
tectonically the least active of all intraplate regions globally (AGURTO-DETZEL et al., 2017; CAMPOS et al., 2023).

Over the last few decades, several studies have focused on the Cenozoic tectonics of various Brazilian regions
(e.g. RICCOMINI, 1989; 1995; FERNANDES; AMARAL, 2002; SALAMUNI et al, 2004; CHAVEZ-KUZ;
SALAMUNI, 2008; FRANCO-MAGALHAES et al, 2010; NASCIMENTO et al, 2013; PEYERL et al, 2018;
PINHEIRO et al., 2019; SANTOS et al., 2019a; PINHEIRO; CIANFARRA, 2021; SILVA; FURRIER, 2019; FURRIER;
SILVA, 2020; CALEGARI et al., 2021; FURRIER; SILVA, 2021; SILVA et al., 2021; FARIAS et al., 2022; GIMENEZ et
al., 2022; SANTOS et al., 2022; SANTOS et al., 2023), aiming to delineate the evolutionary framework of
deformational events occurring since the Cretaceous, a temporal milestone of the last substantial tectonic event in
the region, linked to the breakup of Western Gondwana. The Parana Sedimentary Basin, considered one of the
main geotectonic units in Brazil, has been subjected to successive deformational events since the Paleozoic,
associated with tectonic interaction in the plate margin regions around it. Extensive zones of Proterozoic basement
faults, derived from the Brasiliano orogeny, have been reactivated throughout the basin's history, conditioning its
tectonostratigraphic evolution (ZALAN et al., 1990, MILANI; RAMOS, 1998; SOARES et al., 2007). It is reasonable
to consider that tectonic events or pulses recorded in the marginal taphrogenic basins of southern and southeastern
Brazil, including those neotectonic, may be related to tectonic disturbances within the Parana Basin. In this aspect,
topography and drainage systems may gather important records of this probable relationship, as there is a strong
connection between their dynamic adjustment and the balance between uplift and erosion rates (e.g.; KIRBY;
WHIPPLE, 2012). Thus, by combining geomorphic analysis with tectonostructural analysis, it is expected to
advance in understanding how tectonic control occurs under low deformation rates in intraplate continental
landscapes. Evidence of such a relationship is a gap in the intraplate context of this region, as substantial tectonic
activity ceased several tens of millions of years ago. This work investigates this hypothesis in the surroundings of
Londrina (PR), a relatively restricted area within the Parana Basin, but which has shown recent low-magnitude
seismic activity.

The study area is in the northern part of the state of Parana (Figure 1). Recent seismic activity was recorded in
the area from 2015 to 2018, with magnitudes between 0.8 and 2.1 degrees on the Richter scale, according to data
released by the Seismology Center of USP — IAG/IEE (Figure 1C). In the region, the Eocretaceous basalts of the Serra
Geral Group outcrop, inserted in the Parana Igneous Province, which record an intricate network of joints and
subvertical faults, serving as temporal markers for the history of brittle deformation that occurred in the Parana
Basin from the Cretaceous to the Cenozoic. The area is under the influence of the Ponta Grossa Arch, developed in
the process of Western Gondwana breakup and opening of the South Atlantic. It is in a geological domain close to
the Sao Jeronimo-Curitiva lineament and the Guaxupé fault, local representatives of the inherited structuring of
the Proterozoic basement (FERREIRA, 1982; ZALAN et al., 1990) and with indications of Cenozoic reactivation
(SANTOS et al., 2022; SANTOS et al., 2023).

The main objective of the study is to determine the post-Cretaceous tectonic regime that would have acted in
this portion of the basin, focusing on possible reactivations along the Sao Jeronimo-Curitiva Lineament and other
subsidiary structures, and their potential reflection on landscape dynamics. This study contributes to advancing
the understanding of brittle deformation events and Cenozoic morphotectonics in the Parana Basin, as well as
adding insights into the understanding of interactions between tectonics and surface processes at the geodetic level
in the intraplate continental interior of the South American Plate.
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2. Geological and geomorphological context

The geological context of the surroundings of the municipality of Londrina, in the northern state of Parana
(Figure 1A, B), is dominated by Eocretaceous-age basalt rocks from the Serra Geral Group, belonging to the
Gondwana III Supersequence of the Parana Sedimentary Basin (MILANI et al., 2007). These magmatic rocks were
generated by intracontinental fissure volcanism events associated with the Gondwana fragmentation process,
resulting in the overflow of the Parana Igneous Province (PIP) (GOMES et al., 2018). The Serra Geral magmatism
(Figure 1B), dated to the Eocretaceous (134 Ma — THIEDE; VASCONCELOS, 2010), produced about 600,000 km? of
volcanic rocks (FRANK et al., 2009), predominantly tholeiitic basalts (90%) (BELLIENI et al., 1986). In the Londrina
region, basalt to andesite-basalt rocks enriched in Fe20s, MgO, and TiO2 are found, which, according to Licht (2016),
are representative of the Central-North sub-province of PIP and exhibit an intricate network of fractures.

The area is intersected by the Sdo Jeronimo-Curitiva Lineament and the Guaxupé Fault (Figure 1B). These
structures play a significant role in the context of tectonic reactivation processes in the brittle deformation history
that occurred in the Parand Sedimentary Basin since the Cretaceous.

The main tectonic structures of the Parana Sedimentary Basin correspond to significant alignments in the NE-
SW and NW-SE directions (SOARES et al., 2007), related to pre-existing structures in the basin itself that determined
its evolution. The NE-SW direction reflects strong structuring of the Brasiliano basement, represented, for example,
by the Guaxupé and Taxaquara faults, and the NW-SE direction results from the orientation of structures that
delineate the Ponta Grossa Arch (APG) related to continental rifting, such as the Curitiba-Maringa, Sao Jerénimo-
Curitiva, and Guapiara lineaments (ZALAN et al., 1990). According to Ferreira (1982), the APG has been active
since the depositional onset of the Parana Basin, structurally conditioning the basin's sedimentary units, ie., it
would have acted throughout the tectonostratigraphic evolution of the basin, functioning as zones of intraplate
stress accommodation and dissipation (ZALAN et al., 1990). In the arch's evolution, two extensive swarms of NW-
SE diabase dikes are formed, the Curitiba-Maringa Lineament coinciding with the hinge, and the Guapiara
Lineament positioned at the northern edge of the arch. Subordinately to the NE-SW and NW-SE directions, E-W
alignments occur, such as the Sao Sebastiao Lineament, corresponding to the Paranapanema Direction (SOARES,
1991), being well recognized in Quaternary deposits along the Parana Basin (SOARES et al., 2007).

At the end of the Jurassic and the beginning of the Cretaceous, concurrently with the Gondwana breakup for
the opening of the South Atlantic Ocean, the third subsidence phase occurred in the Parana Sedimentary Basin
(ZALAN et al., 1990). This interval was marked by both the overflow of lavas from the Parana Igneous Province
(PIP) and the Jurassic-Cretaceous reactivation of old basement structures, resulting in tectonic responses in various
structural representatives. According to Barcelos (1984), tectonic activities related to the activation of the APG at
the end of the Mesozoic were responsible for a subsidence of the Brazilian Platform to the west and southwest. The
study area is intersected by the Sao Jerénimo-Curitiva Lineament, the Guaxupé Fault at its southwest extremity,
and the Sao Sebastidao Lineament in its southern portion (Figure 1B).
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Figure 1. Location map of the study area, showing the geological-structural context, highlighting the fourth-order
hydrographic basins analyzed (B1, B5, and B6, respectively, Jacutinga, Trés Bocas, and Apertados basins), the
Limoeiro basin (B2), and the sub-basins of B5 (B3 and B4, Cambé and Cafezal respectively). The orange points indicate
the studied outcrops, and the yellow points indicate the epicenters of earthquakes recorded between 2015 and 2018.

The geomorphological compartmentalization of the studied region is part of the morphostructure of the
Parana Sedimentary Basin, belonging to the morpho-cultural unit of the Third Parana Plateau (SANTOS et al.,
2006). This unit, resulting from the sculpting process due to extensive volcanic eruptions of basic eruptive rocks,
covers approximately two-thirds of the territory of Parana and manifests morphologically as a series of flat
elevations, predominantly sloping towards the west-northwest. The post-Cretaceous evolution of the basin,
associated with the uplift of marginal mountain ranges and marginal denudation processes, sculpted systems of
cuestas and steep plateaus in the landscape (BARTORELLI, 2004).

Specifically, the study area falls within the domains of the Londrina Plateau, a sector characterized by
moderate dissection relief, marked by elongated hilltops and convex slopes, with river valleys in "V" shapes,
preferentially entrenched in the fractures of basaltic rocks. Concerning the fluvial geomorphology of the study area,
it is conditioned by the hydrographic basin of the Tibagi River, a typical rocky-bed river and an important tributary
of the left bank of the Paranapanema River, flowing in a north-south direction. The Tibagi River constitutes an
antecedent drainage to the processes generating regional landforms and follows, in a concordant manner, the dip
of the units of the Parana Basin. The main rivers in the study area, whose basins were chosen for research, are
tributaries on the left bank of the Tibagi River.

3. Materials and methods

3.1. Background

In erosional regions dominated by bedrock rivers (c.f. WHIPPLE; TUCKER, 2002), such as the case of the study
area, the balance between uplift rate (U) and erosion rate (E), that is, U-E, determines the long-term landscape
dynamics (HACK, 1960; HOWARD, 1965). The ideal of long-term spatiotemporal topographic equilibrium,
equalizing both rates and consequently maintaining constant mean elevation over time, is unlikely in nature
(WILLETT; BRANDON, 2002), including in intraplate interiors under low tectonic activity (e.g. CAMPOS et al.,
2023). This is due to the diversity of external and internal disturbing factors (e.g., climate, tectonics, reorganization
of river basins, and lithology), their combinations and interconnections, and the dynamics of boundary conditions.
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Previous studies (e.g. WHIPPLE; TUCKER, 1999; 2002) based on the stream power model (HOWARD; KERBY,
1983) reveal a direct relationship between channel morphology/incision and the balance between uplift and erosion
rates, signaled through adjustments of the longitudinal profile. The stream power model demonstrates a positive
relationship between channel slope and uplift rate, as well as with precipitation and lithological strengt (cf. PEIFER;
CREMON; ALVES, 2020). Therefore, when crossing a zone of higher uplift rate/base level fall or disparate
precipitation or even more resistant lithologies (lower erodibility), the channel will increase its local gradient and
consequently its incision, creating a sudden convexity (knickpoint) in its originally concave profile (e.g. WOLPERT;
FORTE, 2021). The knickpoint thus marks a channel adjustment, by increasing incision, in response to a change,
and when collectively concentrated in similar elevations (cluster of slope-break knickpoints) indicate a common
change in boundary conditions, such as regional uplift/base level fall (e.g. KIRBY; WHIPPLE, 2012).

Along reactivated faults marking different uplift rates, the increase in local channel slope occurs towards the
zone of higher uplift rate. Consequently, the analysis of channel slope contrasts can provide important clues for
understanding landscape evolution and its relationship with controlling factors in regions of low tectonic activity,
such as intraplate regions. The normalized channel steepness (ksn) (c.f. PEIFER; CREMON; ALVES, 2020) is a robust
metric of channel gradient, normalized for different drainage areas, widely used to identify, and analyze
disturbances in landscape dynamics, presenting a positive relationship with denudation and uplift rates (KIRBY;
WHIPPLE, 2012). Since the ksn varies according to the channel concavity index (8), it is necessary to calculate the
best reference value of 6 for basins of different areas (WOBUS et al., 2006; MUDD et al., 2018). Contrasting values
of ksn can indicate lithological contrast, climatic or uplift variations, and fault reactivations (e.g., BOULTON et al.,
2014; CAMPOS et al,, 2023). For example, rivers flowing transversely to a reactivated fault zone will exhibit
knickpoints aligned with the structure direction, regardless of their elevations, and migrating towards the sector of
higher uplift rate and the most active segment (e.g.,, WOBUS et al., 2006; BOULTON et al., 2014). Additionally,
channel longitudinal profiles will present segments with steeper gradients associated with the zone of higher uplift.

Recently, the analysis of river longitudinal profiles has gained robustness through the integral analysis method
or chi analysis (PERRON; ROYDEN, 2013) and the use of chi-plots (chi-elevation space), with consideration, in
comparative analyses, of the same reference drainage area (A0) and the same 0 value for all analyzed rivers. Under
conditions of dynamic equilibrium (U=E) and uniform lithology, chi-plots appear linear with collinear rivers, with
the profile slope in elevation-chi space representing the ksn index. Therefore, it is possible to estimate whether the
area is in dynamic equilibrium or not, and the proportion of uplift, erodibility, and precipitation, and if there is
spatial variation of these in the area through visual analysis of chi-plots (PERRON; ROYDEN, 2013). Additionally,
chi-plots combined with knickpoint extraction allow for the detection of widespread uplift or base level fall events,
signaled by a concentration of knickpoints in a narrow chi range or even at a specific value (PERRON; ROYDEN,
2013), since the vertical migration rate of slope-break knickpoints (cf. WOBUS et al., 2006) is constant (WHIPPLE;
TUCKER, 1999).

For a consistent analysis of the topographic dynamics of a landscape and its controlling factors, it is also
necessary to analyze whether the watershed divides are in a state of equilibrium (WILLET et al., 2014). This is
because the area of the watershed directly influences the capacity and speed of incision of the rivers composing it
and, consequently, the configuration of the longitudinal profiles of the rivers, disturbing ksn values and the shape
of profiles in elevation-chi space, since the flow, expressed by the drainage area upstream, is one of the parameters
for calculating the channel slope (FLINT, 1974). In this sense, substantial changes in the area of the watershed
through captures and divide migration, triggered by tectonics, climate, or lithological contrast, or a combination of
these, can interfere with the topographic dynamics (WHIPPLE et al, 2016). This geometric and topological
rearrangement of drainage has long been of interest (e.g. DAVIS, 1889; BISHOP, 1995), and recent studies have
contributed to its better understanding with metrics for calculating the direction and migration rate of the divide
(e.g., WILLET et al., 2014; WHIPPLE et al., 2016; BEESON et al., 2017). A watershed gaining upstream drainage
area undergoes an increase in ksn and acceleration of erosion/decrease in chi values, while the watershed losing
drainage area decreases ksn/increases chi values (WILLET et al., 2014). Therefore, the greater the contrast of ksn
and chi transversely to the divide, the higher the mobility rate of it, and the divide migrates towards the sector of
higher chi/lower ksn (WILLET et al., 2014; WHIPPLE et al., 2016). The erosion acceleration by the aggressor
watershed is the mechanism to restore the longitudinal profile equilibrium and stabilize the mobility of the divide
(WHIPPLE et al., 2016). The analysis of the spatial distribution of chi and ksn through chi maps (WILLET et al.,
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2014) and ksn, therefore, can reveal whether the divides are stable or migrating, indicating the condition of
topographic dynamics.

Thus, topographic metrics and longitudinal river profiles collectively can encapsulate signals of changes or
disturbances in the landscape triggered by combined or isolated controlling factors (e.g., KIRBY, WHIPPLE, 2012),
constituting valuable indicators of landscape evolution and controlling factors in intraplate contexts. In this regard,
quantitative geomorphic analysis based on DEMs (e.g., PEIFER; CREMON; ALVES, 2020; CREMON et al., 2022)
combined with tectono-structural analysis can provide clues for understanding the dynamics and evolution of the
landscape under low rates of tectonic activity (e.g. CALEGARI et al., 2021; SANTOS et al., 2023), whose complexity
is still minimally understood (e.g. GALLEN; THIGPEN, 2018).

3.2. Geomorphic analysis

We explored spatial variations in topographic patterns, adjustments of the longitudinal profiles of the main
rivers in the area, and the dynamics of their basins and divides, seeking signs of disturbance and possible
relationships with the area's main tectonic structures. To do so, we initially built a database using the Copernicus
Digital Elevation Model (DEM) (SINERGISE, 2021) with spatial resolutions of 90 m and 30 m (COP 90 m and 30 m),
available on OpenTopography (https://opentopography.org/) and reprojected to WGS 1984 UTM Zone 22S. The
choice of the COP-30 DEM (second arc) was due to its excellent vertical accuracy (1.98 m; CREMON et al., 2022),
performing better than LiDAR and free global DEMs (ALOS, ASTER, NASA, and SRTM) for both high and low
slope areas (PURINTON; BOOKHAGEN, 2021), ensuring higher quality in landscape representation and
topographic analysis (GUTH; GEOFFROY, 2021).

For the analysis of topographic metrics, using the COP 30 m DEM, hypsometric and slope maps were
processed in ArcGIS software (version 10.5; ESRI, 2016), overlaid with a 50% transparency hillshade map for terrain
characterization and identification of altitude and pattern contrasts. The hillshade map was generated with an
Azimuth of 40° and vertical exaggeration (Z) of 5.0x. Relief lineaments were extracted on a 1:80,000 scale from the
DEM with shading. Using the COP DEM 90 m, we established the base level at 230 m encompassing the
Paranapanema basin area and extracted the 4th order basins, estimating the best 0 value (~0.45) using the MATLAB
software with the "mmnoptimvar' algorithm from the TopoToolbox, derived from the "robustcov" function
(HERGARTEN et al., 2016). With the base level at 230 m, 6 value of 0.45, and a minimum area of 1 km?, we
computed the normalized channel steepness index (ksn) and chi by the integral method (PERRON; ROYDEN, 2013)
for all channel segments using the "KsnChiBatch" function of the Topographic Analysis Kit TAK (FORTE; WHIPPLE,
2019). To create a detailed chi map for the area, we resampled the data extracted from the COP DEM 90 m to a 30
m resolution. Ksn was processed from the COP DEM 30 m using the "KsnChiBatch" function and a 1000 m
smoothing window. For knickpoint extraction in the study area, we first calculated the tolerance (12.57) using the
Constrained Regularized Smooth (CRS) technique (SCHWANGHART; SCHERLER, 2017) to avoid false
knickpoints generated by artifacts of the COP DEM 30 m. Then, establishing the tolerance at 13 m, knickpoints were
extracted for all channels in the study area using the "knickpointfinder” algorithm with a minimum drainage area
threshold of 1 km? after processing the "quantile carving" algorithm with a 0.5 quantile in the TopoToolbox
(SCHWANGHART; SCHERLER, 2017).

To investigate signs of disturbances in river longitudinal profiles, we selected the 4th order hydrographic
basins B1, B5, and B6 as they are more representative of the study area, in addition to the Limoeiro hydrographic
basin, containing one of the recent seismic epicenters (Figure 1). We explored channel behavior in distance-
elevation and chi-elevation space (chi-plots) combined with extracted knickpoints using the "chitransform"
algorithm in the TopoToolbox, with a minimum drainage area threshold of 1 m?, a value of 0.45 for 0, and a
tolerance of 13 m for all basins.

Additionally, drainage asymmetry factors (AF - HARE; GARDNER, 1985) and transverse topography factors
(T - COX, 1994) were calculated for the four hydrographic basins (Jacutinga - B1; Limoeiro - B2; Trés Bocas - B5;
Apertados - B6) and the two sub-basins of the Trés Bocas Basin (Cambé B3; Cafezal B4). The results could be used
to infer basin tectonic tilting (e.g. SANTOS et al., 2019b). Using the routines proposed by Harbor et al. (2005), a
knickpoint distribution map was generated for the study area. Elevation data from the digital elevation model were
plotted on a logarithmic scale for graphical representation of the channels.
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3.3. Tectono-Structural analysis

For the analysis of tectonic activity, the most prominent brittle structures (faults and joints) in the area were
surveyed and analyzed through a study of their geometry and kinematic indicators in the field. These data were
organized and processed using the right dihedral method (ANGELIER, MECHLER, 1977) with the assistance of
the Wintensor software v.9.5.1 (DELVAUX, SPERNER, 2003; http://damiendelvaux.be/Tensor/ WinTensor/win-
tensor.html), aiming to determine the paleostress responsible for regional tectonic deformation.

4. Results

4.1. Topographic confiquration

The altimetric configuration of the studied area corresponds to maximum altitudes of ~875 m (Apertados basin
- B6) and minimums of ~330 m (Jacutinga basin - B1) (Fig. 2A). The results show strong topographic asymmetry in
the area, with the highest elevations concentrated in the western sector, coinciding with the main N-S oriented
watershed that delimits the western edge of the Tibagi River basin in this portion (Fig. 2A), dividing the watersheds
of the Tibagi River to the east and Pirapo River to the west. This high plateau, oriented N-5, is dissected by straight
river valleys, entrenched in fractures and faults of the bedrock, preferably oriented E-W and NW-SE. After
sustaining the headwaters of the Apertados basin in the south of the area, the watershed inflects to NE-SW,
descending in altitude to the north and northeast where it marks the division of the watersheds of the Tibagi River
to the east and Ribeirao Vermelho to the west, the latter flowing parallel to the former. The secondary watersheds
to the main watershed, which delimit the main tributary basins of the Tibagi River on the left bank, are roughly
oriented around the E-W direction, descending to the east to varying degrees between the 4th order basins,
following the natural slopes of the Tibagi River basin. The southern slopes of the E-W watershed dividers of the
Apertados and Trés Bocas basins are steeper than the northern faces, with this asymmetry attenuated towards the
north of the area (E-W divider between Trés Bocas and Jacutinga and between this and the adjacent basin to the
north) (Figs. 2A, C).

The terrain presents a significant level of dissection, with less pronounced slopes and remnants of narrow,
flattened high points in the western/northeastern portion contrasting with the more excavated and topographically
lower portion near the Tibagi valley bottom. Slopes increase to the east, especially in the transition from the middle
to the lower reaches of the 4th order basins - B1, B5, and B6 (Fig. 2C). Downstream of this transition, increases in
channel sinuosity (meandering) and widening of river valleys towards the confluence with the main river are
observed. A steep escarpment with N50-60E direction is noticeable, marked by breaks in the profiles of the main
channels and increased slope of the slopes coinciding with this transition (Fig. 2C). Knickpoints are distributed in
the area, especially demarcating the NW edge of the N50-60E escarpment and upstream of it (Figs. 2A, B, C).

The ksn values range from 0 to 56.8 m??, with the lowest values in the Jacutinga basin and the highest along
the main river (>42 m°?) in the southeastern sector of the area (Fig. 3). The results also point to high ksn values along
the NE-SW escarpment, contrasting with the upstream and downstream stretches with low values. It is also noted
that the mouth of the Limoeiro basin deviates from the ksn pattern of the other basins, contrasting with a longer
stretch of higher values near the mouth, although all show an increase in ksn near the confluence with the Tibagi
River. The results also show stretches with contrasting ksn in channels along the Sao Jeronimo-Curitiva Lineament
in the western sector of the area (Figs. 1 and 3). The Jacutinga basin presents the smallest contrasts in ksn compared
to the other basins analyzed, coinciding with the stretch of the main river with the lowest values as well.
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Figure 2. Topographic configuration of the study area. (A) Hypsometric Map and spatial distribution of knickpoints
(Kps) - red circles indicate kps with greater height (dz) (~50 m) in the area; (B) Elevation Histogram of Knickpoints
(above sea level) and frequency for all extracted knickpoints (mean = 559.4; median = 550.6; standard deviation =
87.59; Coefficient of variation = 15.7%; kurtosis = -0.7); (C) Slope Map overlaid on shaded image.
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Figure 3. Map showing the spatial variation of the normalized slope index (ksn). Highlighting the high ksn values
along the Tibagi River in the southeastern portion of the area.

4.2. Analysis of the drainage network

The drainage network of the study area includes a stretch of the Tibagi River, an important tributary on the
left bank of the Paranapanema River, constituting an extensive basin with a general north-south direction. In
addition to the Tibagi River, most of the area is drained by its left bank tributaries, notably the Jacutinga, Limoeiro,
Trés Bocas Stream, and its two main tributaries - Cambé Stream and Cafezal Stream - and the Apertados Stream
(Fig. 4). The headwaters of the rivers are located to the west, in the elevated regions of the Londrina Plateau
(SANTOS et al., 2006). The valleys and interfluves of the main channels predominantly have orientations in the E-
W and NW-SE directions, forming elongated ridges and valleys aligned in this direction. The channels flow to the
east, with inflections to the northeast in the lower course until the mouth, except for the Limoeiro River (Fig. 4).

Rocky-bed channels dominate the area, with a small area of alluvium on the banks. The E-W and NW-directed
channels are more extensive compared to those in the NE and N-S directions.

Dendritic and sub-dendritic patterns predominate, along with the marked presence of parallel, rectangular,
and trellis patterns, evidencing tectonic control of drainage. Anomalous meanders in the transition to the lower
course, compressed meanders, as well as elbows, are geomorphic elements that may indicate tectonic influence
(SCHUMM et al., 2000) and are noted in the analyzed basins (Fig. 4).

The drainage network exhibits 102 knickpoints (Figs. 2A, B) at elevations ranging from ~380 m to ~740 m (Fig.
2A, B) and heights between ~50 and 13 m, with the two knickpoints with the greatest height (49.7 m and 48.3 m)
located in the sector of seismic epicenters in the sub-basins of the Trés Bocas Basin (Cambé and Cafezal), one of
them exactly coinciding with an epicenter in the Cambé sub-basin (Figs. 1C and 2A). The distribution of knickpoint
elevations is almost normal, with the mean (559.4 m) very close to the median (550.6 m), indicating a slight positive
asymmetry, i.e,, a slight tendency to concentrate at elevations slightly below the average and few knickpoints at
discrepant elevations on the highest ridges. The dispersion is weak, indicated by a low coefficient of variation
(15.7%) and kurtosis close to 0 (-0.7). It is observed that knickpoints predominantly occur from the N50E
escarpment, demarcating its northwest edge. Knickpoints with lower elevations are concentrated in the Jacutinga
basin and north of it. It is also noted that knickpoints are less evident along the main river and in the middle and
lower reaches of the Apertados and Limoeiro basins. The results show a tendency for concentration of greater
knickpoint heights along the NE-SW escarpment, coinciding with the strip of higher slope and contrasting ksn (Figs.
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2, 3, and 5). In contrast, knickpoints at higher elevations predominantly have low heights, rarely exceeding 22 m
(Figs. 2A and 5).
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Figure 4. Drainage network of the study area highlighting the analyzed basins.
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Figure 5. Spatial distribution of knickpoints and their heights (dz) in the area.

The spatial distribution of chi for the area indicates that the N-S stretch of the main divide is symmetric on
both the east and west faces, although the eastern slope shows a greater advancement of the incision front (Fig. 6).
However, upon inflecting to the NE, it becomes asymmetric, migrating to the NW, indicating an increase around

Revista Brasileira de Geomorfologia. 2024, v.25 n.1; ¢2467; DOI: http://dx.doi.org/10.20502/rbg.v25i1.2467 https://rbgeomorfologia.org.br



Revista Brasileira de Geomorfologia, v. 25, n. 1; e2467; 2024 11 of 29

the Trés Bocas basin through the capture of the headwaters of the Ribeirdo Vermelho watershed in the northwest
portion of the area. The secondary E-W divides tend to migrate to the north and northeast, expanding the northern
flank of the Trés Bocas and Apertados basins. On the southern flank of the Apertados basin, the trend reverses, and
the divide migrates southward, indicating that it tends to expand its area on both flanks, capturing the headwaters
of the adjacent basins to the north (Trés Bocas basin) and south. There is also a segment in imbalance in the divide
between the Cambé and Cafezal sub-basins coinciding with one of the tallest knickpoints and near seismic
epicenters (Figs. 1 and 6).
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Figure 6. Chi map and migration of divides between the main hydrographic basins in the area. (a) and (b) are
respectively the basins of Ribeirao Vermelho and Pirap6 respectively. The white arrows indicate sectors of the divide
in imbalance and the direction of its migration.

Regarding the asymmetry factor of the analyzed basins, the Apertados River basin, at the southern extreme of
the area (B6), has the highest asymmetry factor value (AF =71.5), with asymmetry towards the left bank, indicating
tilting and channel migration to the north (Fig. 7). Similarly, at the northern extreme of the area, the Jacutinga River
basin (B1) also shows tilting to the north, with an AF value of 61.5. In contrast, the other basins show tilting and
trunk migration to the southern quadrant, with the Limoeiro River basin (B2) exhibiting an AF value of 33.6, and
the Trés Bocas River basin (B5), 28.16. The basins of its tributaries, the Cafezal and Cambé rivers, also showed tilting
towards the right bank (south), although with more subtle values of the asymmetry factor compared to the other
analyzed basins.

The calculations defined by Cox (1994) for the determination of the transverse topographic symmetry factor
(T) involved the sectorization of each analyzed basin for a more detailed analysis that considered the particularities
and inflections of the main channels, which do not behave uniformly along their course. Each basin was analyzed
in five approximately equidistant sections from the headwaters to the mouth. T values close to 0 would indicate
basins (or sections) with symmetric characteristics, not tilted, while increases in the value of T, approaching 1,
would indicate asymmetrical basins and/or sections, indicating tilting. We considered T values > 0.5 as markedly
asymmetrical sections.
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Figure 7. Asymmetry Factor (AF) and Transverse Topographic Symmetry Factor (T) of the six analyzed hydrographic

basins.

In all analyzed basins, we observed a decrease in the values of T from the headwaters to the river mouth. In
the Apertados River basin, the highest number of markedly asymmetric sections was recorded from the headwaters
to its median portion. The Limoeiro River basin recorded a single markedly asymmetric section, in the region near
the headwaters. In the Jacutinga and Trés Bocas river basins, the asymmetric sections were located in the median
portions of the basins, while the Cambé and Cafezal river basins showed the lowest values for the transverse

topographic symmetry factor.

The Apertados River basin is asymmetric to the north, from the upper to the middle course, while the Trés
Bocas basin records more asymmetric values in portions of the middle course, with asymmetries to the south. The
Cafezal and Cambé basins showed asymmetry to the south, following the general tilting of the Trés Bocas River
basin (Figs. 7 e 8). The Limoeiro River basin recorded tilting to the south, with a high T value near the source and
values indicating greater symmetry gradually towards the mouth of the main channel. The Jacutinga River basin
showed little tilting in the initial section but recorded increases in the T factor in portions of the middle course,
decreasing again towards the mouth of the main channel in the Tibagi River.
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4.3. Analysis of river longitudinal profiles

The main rivers analyzed exhibit longitudinally imbalanced profiles in general (Figs. 9 and 10), with gradient
breaks marked by clusters of knickpoints predominantly in the upper course (Figs. 9B; 10B) or middle and upper
courses (Figs. 9A, C, D; 10A, C, D). Although the results reveal a certain degree of knickpoints scattering, especially
in the Trés Bocas basin (Figs. 9C and 10C), a common knickpoint cluster is noted around 500 to 550 m elevation
and a range of chi values between ~4000 and 6000 m, corroborating the statistics presented in Figure 2B indicating
a higher knickpoint frequency between 500 and 550 m elevation. Interestingly, the Trés Bocas and Apertados basins
reveal another knickpoint cluster at elevations between 650 and 700 m with chi values around ~8000 m (Figs. 10c,d).
There is an increase in slope downstream from the highest knickpoint concentrations in the chi-transformed profiles
of all analyzed basins (Fig. 10), with a more pronounced degree in the Trés Bocas basin (Fig. 10c). The total incision,
visually estimated from the chi-elevation profiles (KIRBY, WHIPPLE, 2012), varies among the basins, around 150
m in the northern portion basins (Jacutinga and Limoeiro; Figs 10 A, B), and around 300 m in the southernmost
basins (Trés Bocas and Apertados; Figs. 10C, D). The chi-elevation profiles exhibit some non-collinear tributaries in
the studied basins, except for the Limoeiro basin containing a strong collinearity with the tributaries (Fig. 10). The
patterns of the basins near the mouth vary between oscillatory (Fig. 10C) and increased gradient (Figs. 10B, D).
There is also a contrast in the slope pattern of the headwater sector among the analyzed basins, marked by a
decrease in slope in the Limoeiro basin while the others maintain high slope (Figs. 9 and 10).
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Figure 9. Longitudinal profiles of the main rivers in the study area and associated knickpoints.
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Figure 10. Chi-plots and associated knickpoints of the main analyzed hydrographic basins.

4.4. Structural analysis of field data

From the field survey, 203 fault plane attitudes were obtained (Figure 11), of which 98% were determined as
strike-slip faults and 2% as normal faults. East-West trending faults predominate, ranging between ENE-WSW and
WNW-ESE directions, followed by NNE-SSW, NW-SE, and NE-SW faults. In the planes of 90 strike-slip faults, it
was possible to identify kinematic indicators, with predominantly horizontal to sub-horizontal dips.

The faults were described as continuous, rectilinear to curvilinear structures, sometimes exhibiting cataclasis
associated with damage zones with thicknesses between 0.2 and 1.0 meters (Figure 12). The fault planes are smooth
to rough, and may be filled with minerals such as oxides, calcite, and clay minerals. Identified kinematic indicators
include slickensides - mineral fiber streaks - conjugate fractures, crescent fractures, spoon fractures, and grooves
(Figure 13).

The faults were separated into six families based on their directions: F1 (N71-90E), F2 (N41-70E), F3 (N16-40E),
F4 (N15E-N15W), F5 (N16-40W), and F6 (N41-70W). This division allowed for a more accurate structural analysis
of each fault family and facilitated subsequent systematization for determining paleostress directions in the
WinTensor software.

Statistical predominance was observed in the strike-slip faults of the F1 family, with an equal number of
sinistral and dextral movements, indicating tectonic reactivations in this direction. The F2 fault family,
predominantly characterized by sinistral movements, showed a higher incidence of structures with ambiguous
kinematics. In this context, occurrences of both dextral and sinistral movements on the same fault were observed,
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suggesting reactivations of these structures. For families F3 and F4, dextral strike-slip faults predominated; unlike
families F5 and F6, which were predominantly sinistral. Normal and transtensional faults also belong to the same
systems as families F5 and F6, indicating structural directions where relief occurred.

The mean axes of the paleostress fields were defined at five field points (Figure 14), based on the
systematization and analysis of fault data and kinematic information in the WinTensor software, which uses the
method of right dihedra for its calculation routine. Kinematic and dynamic analyses allowed the interpretation of
three paleostress fields in the region's rocks, with o1 directions: (a) N25E-5205W, (b) N20W-5160E, and (c) a variable
paleostress field between N75E-5255W and N75W-5105E. The shear relationships described in the field allowed us
to verify that the E-W and NW-SE trending faults would be younger structures than those of the NE-SW direction,
which are intersected and displaced by those faults.

The action of the N25E paleostress field would be responsible for the dextral kinematics of the F4 fault family
and the sinistral kinematics of the F3 faults. The position of a N20W paleostress axis would be related to the dextral
movement of F5 and the sinistral movement of F3 and F4. Finally, the N75E paleostress direction would be related
to the dextral kinematics of the F2 fault family and the sinistral kinematics of the F1 and F5 fault families.

Stereogram of 203 fault planes Strike of 203 fault planes

0

270 270

180

Dip of 203 fault planes Dip of 90 kinematic indicators on fault

planes

0 0

90 90 .

Figure 11. Stereograms illustrating the azimuthal distribution of the 203 fault planes measured during the fieldwork
stage. Also illustrated are the dips of the planes and the kinematic indicators, recording almost all transcurrent faults
in the study area.
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Figure 12. (a) Conjugate faults, forming a significant curviplanar fault plane with a wealth of kinematic indicators;
(b) Pervasive and systematic faults, trending N75E, dextral; (c) Negative flower structure, formed by N35W/70NE
faults (F5 family) and N82W/89NE faults (F1 family).
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Figure 13. Kinematic indicators: (a) R parameter, where R fractures, synthetic, exhibit low angularity with the main
fault (Y), forming so-called incongruent steps, or false steps; (b) and (e) spoon structure, kinematic indicators
produced by the gouge material dragged along the fault plane during movement; (c) and (d) Combination of mineral
slickensides and steps, produced by mineral crystallization and growth during movement along the fault plane. The
arrows on the scale indicate the direction of movement of the missing block.
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Figure 14. Paleostress directions determined by the method of right dihedrals at five field points in the study area.
5. Discussion

5.1. Dynamics of geomorphic processes

The geomorphic analysis of the topography and rivers indicates a landscape in a stage of adjustment to
disturbances, likely of regional and local scale and occurring at different periods in the Cenozoic evolutionary
history. The results suggest an erosive pattern of the topography driven by at least two pulses of regional uplift/base
level fall, evidenced by clusters of knickpoints in chi-transformed profiles indicating an increase in ksn downstream
(KIRBY; WHIPPLE, 2012); an older one, whose migrating incision wave currently shows around 700 m elevation,
already reaching the headwaters near the regional divide of the Tibagi, Pirap6 (to the west), and Ribeirdo Vermelho
(to the northwest) basins; a more recent wave, currently around 500 to 550 m elevation, and which shows
interference from knickpoints generated at the upstream edge of the N50-60E escarpment, evidenced by the
dispersion of channel slope ruptures, especially in the Trés Bocas basin (Figs. 2; 10c). Visual analysis of the chi x
elevation profiles allows estimating the magnitude of this more recent uplift/base level fall to be in the range of 100
to 150 m. This magnitude is consistent with factors such as denudational or flexural isostasy or far-field stress in
the intraplate context of the southern-southeastern region of Brazil (c.f. CAMPOS et al., 2023).

The topographic asymmetry in the E-W direction, marked by narrow and elongated remnants of high plateaus
to the west (>800 m) contrasting with the more dissected portion near the Tibagi valley floor (between 400 and 500
m), appears disturbed by a N50-60E band delineated by steeper slope and ksn values, in addition to aligned and
migrating knickpoints from its northwest edge (Fig. 2). Along the band and downstream of it, the E-W channels
tend to inflect and assume the same NE direction, indicating control by this N50-60E structure. This geomorphic
configuration associated spatially with greater heights of knickpoints and concentration of recent seismic epicenters
(Figs. 1 and 2) suggests probable reactivation of this N50-60E structure, where knickpoints of different elevations
are aligned and propagate upstream from the escarpment, signaling the sector of highest uplift rate (BOULTON et
al., 2014; CAMPOS et al., 2023), contrasting with the downstream sector of the escarpment with lower channels and
increments in sinuosity. In this sense, the high block of the escarpment to the west and northwest explains the
occurrence of straight channels, entrenched in fractures and faults of the basaltic basement. It is noteworthy that as
one approaches the intersection between the N50-60E fault scarp and the Sdo Jeronimo-Curitiva ~N20W lineament
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in the southwest portion of the area, the total incision in the main E-W basins increases, reaching ~300 m.
Additionally, there is a change in the migration direction of the divide from north to south, promoting an increase
in the area of the Apertados river basin (Fig. 6) and, consequently, an acceleration in erosion rate in this area and
progressively captures of adjacent basin headwaters. Thus, our results reveal differentiated uplift/base level fall
among the E-W basins, main tributaries of the left bank of the Tibagi River in the study area, with an increase in
uplift/base level fall to the south as one approaches the Sao Jerdnimo-Curittva Lineament. The inversion of the
migration direction of the divide between the basins suggests that those cut by the Sdo Jerénimo-Curitiva
Lineament (Apertados and Trés Bocas) are more influenced by it than by the Paranapanema Lineament of ~E-W
direction immediately north of the area.

The analysis of the drainage basin symmetry reveals asymmetries in the main channels, indicating tectonic
block tilting processes and possible block rotation, consistent with the analysis of divide migration. The Trés Bocas
and Apertados basins showed higher values of the asymmetry factor (AF), followed by Limoeiro, Jacutinga,
Cafezal, and Cambé, demonstrating that, comparatively, the migration of the channel towards the basin edge was
uneven. On the other hand, the analysis of the transverse topography symmetry factor (T) shows preferentially
tilted areas in each basin, with greater asymmetries in the upper and middle reaches, decreasing as one approaches
the channel mouths. This basin symmetry configuration denotes a stepped block geometry, with three blocks
delimited by WNW-ESE (and ENE-WSW) lineaments. These lineaments correspond to strike-slip faults that,
associated with normal movement components, enable a transtensive arrangement, responsible for block rotation
and the tilting of the central block southward, disagreeing with the regional relief slope.

5.2. Cenozoic tectonics and its relationship with landscape dynamics

The results of paleostress analyses, obtained from the kinematic analysis of field rupture data, revealed the
main average stress field directions (o1): N30E, N20W, and N75E. These paleostress directions correspond to
different proposed tectonic pulses, as a single deformational event could not generate the spatial arrangement of
structures with the heterogeneous kinematics of faults observed in the area.

The N50-60E escarpment structure is associated with the Guaxupé Fault, an important Proterozoic shear zone
marked by recurrent tectonic reactivations during the formation and deformation of the Parana Basin, from the
Paleozoic to the Cenozoic. The N50-60E structure exhibits predominantly sinistral strike-slip fault planes. The
direction and kinematics of this set of faults indicate that they are older than the faults-oriented NW-SE and E-W.
These observations are supported by several recent studies conducted in the south and southeast of Brazil (PEYERL
et al., 2018; PINHEIRO et al,, 2019; PINHEIRO; CIANFARRA, 2021; SILVA et al,, 2021; FARIAS et al., 2022;
GIMENEZ et al., 2022; SANTOS et al., 2022). We consider the N30E paleostress axis responsible for generating
dextral strike-slip faults with N-S orientation and reactivating sinistral faults with N40-60E orientation. In the field,
these structures are better represented in outcrops to the north of the area, near the mouth of the Lindoia river into
the Jacutinga river (Figure 15 - ¢, d). This tectonic pulse would have been responsible for the reactivation of NE-SW
faults, such as the Guaxupé Fault and subsidiary structures, which culminated in the initiation of the N50-60E
escarpment formation. Along the Jacutinga river, the altimetric breaks were directly related to the structuring of
N-S oriented faults, combined with NE-SW trending faults.

The N40-55W oriented lineaments correspond regionally to the Ponta Grossa Arch and locally to the Sao
Jerénimo-Curitiva Lineament. They control the drainage network and dissect the N50-60E escarpment. The Cambé
river basin, the most seismogenic among those evaluated (Figure 1), is nestled in a valley with N55W orientation,
differing from the others with orientations close to E-W. There is also an epicenter near the headwaters of the
Limoeiro river with an ~E-W direction and adjacent to the Cambé river basin. The common factor for the epicenters
of both basins is the N50-60E structure and aligned knickpoints in that direction, not the general orientation of the
basins. Thus, our results indicate a strong relationship between recent seismic epicenters and knickpoints aligned
along the N50-60E escarpment, including those with greater height in the area (Figs. 2, 3, and 5). These results
corroborate the previous study by Santos et al. (2022), which points to a preferential spatial association of Guaxupé
Fault segment reactivation in sectors where it intersects with the Sdo Jeronimo-Curitiva Lineament. In the field,
NW-SE oriented faults were predominantly described as sinistral strike-slip faults, although dextral ones also
occur, in addition to few normal faults.

The N20W paleostress axis was better observed in the southeast of the area, in the lower course of the Trés
Bocas river basin, near the boundary with the Apertados basin. This stress direction is related to the nucleation of
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dextral strike-slip faults with N40-55W orientation, structures linked to the Ponta Grossa Arch, such as the Sao
Jerdnimo-Curitva Lineament and the NW-SE faults parallel to it (Figure 15A, B). It is a NNW-SSE compressive
pulse responsible, also, for reactivations in the NW-SE structuring of the basement, which allowed the dissection
of the pre-existing NE-SW oriented escarpment.
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Figure 15. Outcrop at Expressa quarry (a), in the Trés Bocas River basin (red circle in image b)): conjugate strike-slip
faults with N35-55W orientation, parallel to the Sado Jeronimo-Curitiva lineament, whose dextral activation is
associated with compressive paleostress N20W. ICA Quarry (c), Jacutinga River basin (red circle in image d)):
mapped dextral N-S and sinistral N40-60E strike-slip faults: activations would be linked to the paleostress tensor
N30E.

The strike-slip faults with a normal component and the purely normal faults concentrated in the N25-35W and
N55-65W directions, configuring negative flower structures (Figure 12C). Their presence in the study area allows
defining a transtensive structural arrangement.

The lineaments in the E-W direction (ENE-WSW, ESE-WNW) correspond to the direction of the Paranapanema
Lineament and the Sdo Sebastidao Lineament (SOARES, 1991). The faults in this direction are represented by the
valleys and interfluves of the main analyzed channels, showing a marked parallelism. Field surveys showed that
faults in the E-W direction were the most statistically representative, corresponding to both sinistral and dextral
strike-slip faults.
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The paleostress direction with an azimuth of N75E was well characterized in the central block, in the Cambé
and Cafezal basins (Figure 16), and in the southern block, in the Apertados River basin (Figure 17). It is related to
the dextral reactivations of NE-SW strike-slip faults and sinistral reactivations in NW-SE faults. The E-W faults,
when subjected to this paleostress direction, would have responded through variations in the activation of the
dextral-sinistral binary. This pulse would be responsible for the escarpments along strike-slip faults with an
approximately E-W direction, which delimit much of the analyzed basins and tectonically tilted blocks. Spatial
arrangements between efforts and pre-existing structures may have been responsible for the transtensive situations
that culminated in rotations and tilting along this direction.
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Figure 16. Cachoeira do Tatu (c), located in the Cafezal River basin (white circle in figure b), represents a significant
knickpoint conditioned by a dextral strike-slip fault zone with a N10E direction (a). Channel ruptures generated by
N-S trending faults were mapped in the central block (Cambé and Cafezal basins), being responsible for escarpments
in drainage channels entrenched in E-W trending faults, and they are associated with the paleostress axis N75E (a).

The N-S fault trend (NNW-SSE, NNE-SSW), although less represented in the lineament directions, controls
the rearrangement of the drainage network in the analyzed basins, conditioning parallelisms, sharp inflections, and
channel captures associated with knickpoints. The tectonic control exerted by the N-S trending faults could be
observed in the Cdrrego do Tatu (Figure 16), a tributary of the Cafezal River, where a significant knickpoint occurs
conditioned by a dextral strike-slip fault zone with a N10E direction.

The exact chronological hierarchy among the compressive pulses is hindered by the absence of field data, such
as faulted colluvium or absolute dating. However, establishing a relative chronology of the events can be inferred
from correlations with previous studies that addressed and/or dated post-Cretaceous brittle deformation events in
southern and southeastern Brazil.

The compressive pulse N30E was the first among the identified events in the researched area and would have
occurred from the Neocretaceous to the Paleogene, with the action of a compressive paleostress (o1) with a N30E
direction. The compressive event in this direction was described by Strugale et al. (2007) in the Ponta Grossa Arch
region and Jacques et al. (2014) on the eastern edge of the Parana Basin (SC), occurring between the Neocretaceous
and the Paleogene. Riccomini (1995), in the Cananeia Massif (SP), verified the action of a 01 NE-SW paleostress
during the Paleogene (Eocene), associated with the initial tectonics forming the rift basins of the RCSB. More
recently, Peyerl et al. (2018) and Santos et al. (2019), respectively, in the basaltic plateau of the PIP in the Guarapuava
(PR) and Chapecé (SC) regions, also consider such a maximum compression event NE-SW in the Paleogene.
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However, studies conducted in the Cinzas River basin, adjacent to the Tibagi River basin, suggest a probable
Miocene age for such a stress regime in the region (c.f. SANTOS et al., 2022).

51°200W
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Figure 17. Cachoeira do Bulle (a), located in the Apertados River basin (red circle in image c)): sinistral strike-slip
faults (b) with a N55W direction were mapped at the site, parallel to the Sao Jeronimo-Curitiva lineament, into which
this stretch of the river fits. These structures are associated with compressive paleostress of approximately N75E
direction, which would also be responsible for the escarpments along strike-slip faults of approximately E-W
direction, such as the fault generating the knickpoint at this location.

The activation of this compressive axis would have been responsible for the sinistral reactivation of strike-slip
faults with N40-70E direction, corresponding to the important pre-Cambrian structuring of the Parana Basin, as
well as for the dextral activation of N-S strike-slip faults. This deformational pulse could have reactivated during
this period the fault segment with N50-60E direction present in the area, associated with the Guaxupé Fault,
constituting a strike-slip weakness zone. Our results point to a subsequent reactivation of this structure, since the
drainage signatures observed would have disappeared from the landscape if they were related to the Paleogene,
considering the time scale of fluvial responses to disturbances of 1-5 Ma (WHITTAKER; BOULTON, 2012), and
even, if it could be extended due to homogeneous substrates with very resistant lithologies, which is not the case
of the Tibagi basin, such an extension of time would not date back to the Paleogene.

Subsequently, there would have been a second compressive pulse in the Plio-Pleistocene, related to the
activation of compressive paleostress (01) with N20W direction. This paleostress would have been responsible for
the dextral activation of NW-SE strike-slip faults, equivalent to the faults of the Ponta Grossa Arch, as well as for
the sinistral activation of WNW-ESE strike-slip faults. This paleostress direction is associated with the compressive
paleotensor (01) verified in the Curitiba Basin (CHAVEZ-KUZ; SALAMUNI, 2008), and in other regions of the
basaltic plateau and southeastern Brazil (PEYERL et al., 2018; SANTOS et al.,, 2019a; PINHEIRO et al., 2019;
PINHEIRO; CIANFARRA, 2021; SILVA et al., 2021; CTANFARRA et al., 2022), responsible for sinistrally activating
the N-S transcurrent faults and dextrally activating the NW-SE transcurrent faults.

Finally, there would be a tectonic pulse related to compressive paleostress in the approximate direction of
N75E, responsible for activating the dextral-sinistral binary in the WNW-ESE and ENE-WSW strike-slip faults and
conditioning scarps and drainage segments such as those of the Cambé River and the channel migrations of local
hydrographic basins. This paleostress direction was verified by Riccomini (1995), Salvador and Riccomini (1995),
Salamuni (1998), Salamuni et al. (2004), and Santos et al. (2022) and characterized as active between the Pleistocene
and Holocene. It was also verified in the works of Peyerl et al. (2018) and Santos et al. (2019a) in the rocks of the
PIP. According to Assumpgao et al. (2016), this paleostress direction corresponds to the current stress field to which
the Brazilian platform is subject, due to the interaction of forces between the South American and Nazca plates,
varying near the E-W axis. Thus, since the Pleistocene, a compressive stress (01) would have been acting in the
N75E direction, associated with far-field stress acting on the Brazilian platform due to the interaction with forces
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resulting from the movements of the South American and Nazca plates. The activation of this compressive axis
would be associated with the movement of the strike-slip faults with a direction close to E-W, in a sinistral manner.
These faults condition most of the edges of the analyzed hydrographic basins, and a marked parallelism in drainage
in this direction.

The results suggest a relationship between seismic epicenters and segments of the N50-60E fault. The presence
of knickpoints aligned along the fault and migrating towards the block with higher uplift rates upstream of the
escarpment indicates reactivation prior to this more recent seismic activity, thus characterizing recurrent
reactivation over time. The age of such reactivation is still uncertain, but the signatures of longitudinal river profiles
allow us to rule out a relationship with the Paleogene tectonic pulse. The location of recorded seismic epicenters
generally coincides in the field with the regions of intersection of the N50-60E fault, which conditions slope ruptures
in the escarpment zone, and the lineaments of N40-55W direction, equivalent to the Sao Jerénimo-Curitiva
lineament and the Ponta Grossa Arch. Such observations corroborate a previous study by Santos et al. (2022), which
identifies sectors of intersection between the Guaxupé Fault and the Sao Jeronimo-Curitiva Lineament as
preferential zones of Neogene/Quaternary reactivation. It is not uncommon to observe in the field the filling and
growth of minerals, especially calcite and manganese, along fault planes, which can aid in determining the age of
recurrent reactivation pulses of such faults through the dating of these minerals in future studies (cf. CALEGARI
et al., 2020).

Our results, based on the combination of geological field data, structural analysis, and geomorphic analysis,
allow the elaboration of a morphotectonic model of the Londrina region (Figure 18).
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Figure 18. Proposed morphotectonic model for the study area, showing the locations of registered seismic epicenters,
the outline of relief lineaments, and indications of block tilting. For each field point, there is a representation of the
paleostress axes (blue arrows correspond to the maximum compression axis 01) and a schematic representation of
the arrangement of the main fault families observed at the point, including their kinematics.

The model proposes an arrangement with northern, central, and southern blocks, tilted in different directions,
bounded by strike-slip faults associated with transpressive movements (Figure 18). These processes complement
the possibility of subsidence related to transpression at the boundaries between the blocks, under the NW-SE and
WNW-ESE directions. Variations in the asymmetry factors of the analyzed basins indicated different tilting
directions, associated with responses to tectonic stresses. The results suggest that the substrate exhibits a geometry
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in structural domains bounded by faults that tilt in different directions, in a transpressive arrangement involving
differentiated block rotation along reactivated substrate faults (Figure 18).

6. Conclusions

In this study, we explored the relationships between surface processes and tectonics, analyzing signals in the
topography, rivers, and basaltic rocks of the substrate, aiming for a deeper understanding of recent seismicity in
the area. Geomorphic and structural analyses allowed us to verify the influence of post-Cretaceous tectonic control
on the landscape dynamics of the Londrina region. Our findings point to external factors triggering recurrent
disturbances at both regional and local scales, implying a state of landscape transience towards an adjustment, not
yet achieved, to new conditions.

The results reveal two pulses of uplift/base level fall recorded by the drainage network. Reactivations of
segments, especially along the intersection sectors of important pre-existing structures, seem to interfere with this
dynamic, likely generating differentiation in uplift rates between basins, gain and loss of area in these basins, and
block rotation under a transtensive regime.

From the perspective of the tectonic process that has affected the landscape since at least the beginning of the
Paleogene, we identified three deformational pulses: (a) N30E paleostress axis responsible for generating dextral
strike-slip faults of N-S direction and reactivation of sinistral faults of N40-60E direction. This pulse would have
been responsible for reactivations in NE-SW faults, such as the Guaxupé fault and subsidiary structures, which
could have triggered the onset of the N50-60E escarpment formation; (b) N20W paleostress axis related to the
activation of structures linked to the Ponta Grossa Arch, such as the N40-55W strike-slip faults reactivated with
dextral kinematics, such as the Sdo Jeronimo-Curitva lineament; (c) N75E paleostress axis related to the
reactivation of N40-70E faults with dextral kinematics and reactivation of N70E to E-W and N15-40W faults with
sinistral kinematics.

The earthquakes recorded in recent years are directly related to reactivation along an N50-60E fault scarp,
whose geomorphic and kinematic signatures indicate recurrence of tectonic movement over time.

The conclusions of this article broaden the knowledge of intraplate tectonics between the
Neocretaceous/Paleogene and the Pleistocene and emphasize the complexity, challenge, and need for a deeper
understanding of landscape evolution within plates, especially the South American Plate. In this regard, it is
expected that future studies can advance in determining the age of recurrent reactivation pulses of such faults
through dating of grown and stretched filling minerals (such as calcite, illite, and manganese) along some of their
segments.
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