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Abstract: This work analyses morphostructural aspects and their influence on the development of the karst relief
of Serra da Capivara (State of Piaui, northeastern Brazil). For this purpose, structural data derived from lineament
extraction, sedimentary bed geometry, karstification degree of the layer, and analysis of the karst morphology
were performed. Structural lineament data showed a NE-SW orientation trend, coinciding with the orientation
of the Transbrasiliano Lineament. The reactivation of the brittle structures can be related to the orientation, scarp
retreat, direction, and incision of the main valleys. From the analysis of the fracture array (NE-SW) and bedding
planes, we suggest that the fracture connectivity of these structures resulted in conduit formation, which evolved
to form subterranean galleries. Thus, the expansion of the karst system led to the formation of valleys, which are
situated in higher deformed zones, such as fold hinges. These valleys currently constitute the most advanced
stage of karstification, with the development of the tributary drainages as the most recent stage. The structural
directions show a NE-SW trend, represented by larger valleys, and subordinated to this, an NW-SE trend, where
headwaters of low-order channels are located.

Keywords: Morphostructural analysis; Karst relief; Geomorphological evolution; Serra da Capivara

Resumo: O presente trabalho analisa os aspectos morfoestruturais e sua influéncia no desenvolvimento do relevo
carstico da Serra da Capivara (Piaui, NE do Brasil). Para tanto, foram utilizados dados estruturais provenientes
de extragao de lineamentos, geometria das camadas estratigraficas, grau de carstificacdo da camada e analise da
morfologia carstica. Os dados de lineamentos estruturais da drea evidenciaram uma tendéncia de orientacéo
principal NE-SW, mesma dire¢ao do Lineamento Transbrasiliano. A reativagao das estruturas frageis pode estar
relacionada a orientagao, ao recuo das vertentes, a direcdo e ao encaixe dos vales principais. A partir da analise
do arranjo de fraturas (NW-SE) e dos planos de acamamento, sugere-se que a conectividade dessas estruturas
resultou na formacao de condutos, os quais evoluiram para galerias subterraneas. Assim, a expansao do sistema
carstico levou a formagdo dos vales, os quais estdo situados em zonas mais deformadas, como charneiras de
dobras. Esses vales atualmente compdem a fase mais avangada da carstificacao, tendo o desenvolvimento da rede
de tributdrios como o estagio mais recente. As dire¢des estruturais mostram uma tendencia NE-SW, representada
pelos vales mais largos, e subordinada a esta, NW-SE, onde se situam as cabeceiras dos canais de ordem inferior.
Palavras-chave: Andlise morfoestrutural; Relevo carstico; Evolucao geomorfolédgica; Serra da Capivara
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1. Introduction

Karstification processes are not restricted to carbonate rocks, so that is possible to identify typical features of
this system in terrains built of siliciclastic rocks, such as sandstones (HARDT, RODER e PINTO, 2010; YOUNG,
2010). This widened the possibilities of interpretation of geomorphological landscapes in a number of geological
settings, further reinforcing the karst as a significant component in the explanation of landscapes.

In Brazil, works on karst relief have instigated important findings, such as studies on the abysses of Serra do
Caraca (quartzite, MG), almost 500 m deep and more than 3.000 m in length, and the Guy-Collet Abyss (Serra do
Acara, AM), the deepest of the world built in quartzites, with a depth of 670 m (EPIS, 2007; HARDT, RODET e
PINTO, 2010). Near the city of Ouro Petro, MG, smaller cavities were studied in the Serra do Itacolomi (WIEGAND
et. al., 2004). Still in the brazilian scientific scenario, we highlight the works of Wernick, Pastore and Pires Neto
(1973); Troppmair and Tavares (1984); Martins (1985); Karmann (1986); Verissimo and Spoladore (1994); Corréa
Neto and Batista Filho (1997); Corréa Neto (2000); Monteiro e Ribeiro (2001); Hardt (2003); Auler (2004); Silva
(2004); Spoladore (2006); Willems et al. (2004, 2008); Uagoda, Avelar and Coelho Netto (2006); Hardt and Pinto
(2008); Hardt (2009); Morais (2009); Rodet et al. (2009), and Hardt ef al. (2009).

Concerning the works that emphasized and analyzed sandstone karst landscapes in the brazilian and
northeastern context, we point out the studies in the following places: Chapada dos Guimaraes and Parecis (MT)
(HARDT, 2011); Vila Velha (PR) (SALLUM FILHO e KARMANN, 2007; PONTES et al 2020); Palmas, Diandpolis
and Palmeirépolis (TO) (MORAIS, 2009; MORAIS e SOUZA, 2009); Catimbau (PE) (FERREIRA et al., 2017);
Chapada Diamantina (BA) (PEREIRA, 1998); Serra das Confusdes, Serra da Capivara and Sete Cidades (PI)
(BARBOSA e FURRIER, 2012; CHARBER e COURBON, 1997, SANTOS, 2001; DELLA FAVERA, 2002;
MUTZENBERG et. al., 2015).

In order to contribute to the understanding of the formation of the sandstone karst system in the brazilian
Northeastern context, this research presents a morphostructural analysis concerning the development of the karst
relief in Serra da Capivara (Piaui, Brazil). From this perspective, the research aims to comprehend the structural
context in which the origin and evolution of the analyzed relief occurred, and the lithostructural and tectonic
influence in the area. For this purpose, morphostructural data were collected and their repercussions in the
drainage network incision and the current relief configuration were investigated.

2. Location and hydroclimatic characterization of the study area

The study area (representative geomorphological features) is located in the municipality of Coronel José Dias
(Piaui, Brazil), bordered in the west by the municipality of Sao Raimundo Nonato (PI), comprising a polygon of 89
km? in the southeast of the State of Piaui. The area is inserted in the Serra da Capivara National Park (PARNA),
where it can be found the geological landmark “Arco do Triunfo da Pedra Furada”, a feature with a high tourist
appeal (Figure 1). The features are underlain by sandstones and conglomerates of the Serra Grande Grup (Ipu
Unity) and are bounded to the north by sandstones, shales, and siltites of the Pimenteiras Unit (Canindé Group),
and to the south by the Barra Bonita Formation (Unity 1) composed of metalimestones, with subordinated
intercalations of silt-argillaceous and arenaceous metasediments (PFALTZGRAFF, TORRES e BRANDAO, 2010).

The climate is semiarid, with irregular precipitations, an annual average of 650 mm, and annual potential
evapotranspiration in the order of 1400 mm. The humid season is evident in the first four months of the year, while
the dry season can last for over eight months (BARROS et. al., 2012). The rainfall occurrence is related to the
northeastern climate context influenced by the Intertropical Convergence Zone (ITCZ), as well as associated
mechanisms, including Cold fronts, Upper-Tropospheric Cyclonic Vortex (UTCV), and easterly waves (NIMER,
1989). The temperatures oscillate between a minimum of 12 °C, averages of 25 °C, and a maximum of 35 °C
(BARROS et. al., 2012).
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Figure 1. Location of the study area (B). Position of the area in the context of the Parnaiba Sedimentary Basin, and in

South America (A).

3. Materials and Methods

The bibliographic survey supporting the discussion of this research was combined with cartographic surveys,
in order to identify the representations (charts, maps, images) of the area, as well as the collection of remote sensing
products, which were essential to carry out the mapping of the geomorphological features. Initially, fieldwork was
necessary for the general recognition of the area, and to make photographic records of the landscape. Moreover,
the application of geoprocessing techniques helped the extraction, characterization, and spatialization of the
drainage network and relief lineaments.

Among the remote sensing products available for the study area, MDE ALOS/PALSAR data with a spatial
resolution of 12.5 meters were utilized, which are gratuitously available by the Laboratory of Remote Sensing of
the University of Alaska Fairbanks at the following address: https://vertex.daac.asf.alaska.edu/. In addition, the
analyses were supported by satellite images of 2m-resolution, freely available by Google Satellite (Source: Esri,
Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN and GIS User
Community) and aerial photographs acquired with drone. The softwares utilized were ArcGis (version 10.4),
Global Mapper (version 18), PCI Geomatic and OpenStereo.

The cartographic representations and the remote sensing products allowed for the elaboration of thematic
maps and tridimensional models, and for the extraction and vectorization of geomorphological features in the

study area. Automatic extraction of the drainage network was executed in GIS environment, by using the tool
TauDEM (Terrain Analysis Using Digital Elevation Models) enabled by the ArcGis software; this was combined
with visual interpretation for further detailing of these features.

The lineament extraction was executed automatically combined with manual interpretation. This process was
enabled by the software PCI Geomatic in the Focus module, using the LINE algorithm (Tools > Algorithm Librarian
> LINE: Lineament Extraction). Therefore, linear features on the MDE ALOS/PALSAR were converted into
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vectorial segments based on global parameters, in which the values were modified from the visual interpretation
of the 2m-resolution satellite image.

As a means to spatialize the lineament data concerning the fracturing features, a density map was elaborated.
Similar to the drainage network data, statistics and rose diagram generation were used for presenting the trend
direction and frequency of relief lineaments.

4. Geological and Geomorphological regional context

The study area is located at the junction of three provinces of the South American Platform: Borborema, Sao
Francisco and Parnaiba. The two first are mostly composed of Precambrian rocks forming the basement of the
latter, composed of sedimentary rocks (ALMEIDA, 1967; ALMEIDA et. al., 1981).

In terms of genesis, the region comprises the portion of the Parnaiba Basin that is a border of an intracratonic
sedimentary basin (BPar). This area locally exhibits the shape of cuesta (homocline structure), where the layers were
deposited during a stage of stabilization of the South American Platform (ALMEIDA e CARNEIRO, 2004), and
corresponds to the margins of the Brasiliano Belt, which was eroded and underwent tectonic collapse. In its place,
a syneclise basin was installed, having its origin related to the arrangement of intracratonic rifts resulting from the

breakup of Panotia in Early Paleozoic, and which were later aborted (CASTRO et al., 2016). In this context, the
sedimentation of the Parnaiba Basin occurred during the rift phase related to the formation of the Cambro-
Ordovician rifts of Jaibaras, Juguarapi, Cococi/Rio Juca, Sao Julido, and Sao Raimundo Nonato (BRITO NEVES,
1998).

Associated with the inheritance of the Brasiliano shear zones, the tectonic evolution of the southeast border
of the Parnaiba Basin occurred over at least three deformational events. The first, which occurred during Ediacaran-
Cambrian, can be recognized only in the crystalline Precambrian basement and is related to a late-stage,
retrometamorphic and plastic-brittle stage of the Brasiliano mylonite zones. The signature of this event includes
NE-SW -strike transcurrent dextral shear zones and quartz veins filling distension joints E-W. The second event
corresponds to a new stage of transcurrent dextral movement of the NE-SW structures, accompanied by normal
faults and distension joints with orientations WNW to E-W, affecting, in this case, the Siluro-Devonian units.
Finally, the third deformational cycle is characterized by normal faults, basic dikes (correlated to the Eocretacic
Sardinha Suite), siliceous veins, and ridges of silicified sandstones, all striking NE-SW. This last phase results from
a NE-SW distension, analogous to that recognized further to east, in the Interior Basins of Northeastern Brazil,
related to the South Atlantic rifting (LIMA e SA, 2017).

Concerning the sedimentary lithostructural sedimentary units of the BPar present in the Serra da Capivara
National Park (BARROS, et. al., 2012; PFALTZGRAFF, TORRES e BRANDAO, 2010) (Figure 2), the Cenozoic
lateritic deposits (colluvial-eluvial) appear as the level of higher altitude and present a low degree of dissection,
slightly inclined and following the plunge of the layers towards the center of the basin (preserved summit). The
sandstones of the Cabecas Formation (Devonian) occur as slopes with a summit capped by the lateritic deposits
(dissected top). On the other side, the sandstones, shales, and siltites of the Pimenteiras Formation (Devonian)
compose the lower topographic sector between the Cabegas Formation and Serra Grande Group (sandstones and
conglomerates of Silurian time), and display a distinct shape, acting as an intermediate surface between the two
areas with a high degree of dissection (moderate summit); among these areas, the Serra Grande Group presents
lower altitudes, but with a higher degree of relief dissection (very dissected summit) (MUTZENBERG et. al., 2015).
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Figure 2. Block diagram and profile illustrating the topography of the Serra da Capivara National Park and
adjacencies as well as the geomorphological behavior along the main lithostructural sedimentary units (Serra da
Capivara Cuesta) and crystalline rocks (Sertaneja Surface).

As a result, the landforms of the area and its surroundings (Figure 3) are primarily related to the formations
that constitute the BPar, being limited to the north by plateaus and to the south by flattened surfaces. In the
topographic surface, the landforms appear as structural levels formed by valleys and eroded scarps, exhibiting a
diversity of features, such as water gaps, canyons, plains, pinnacles, plateaus, besides rock shelters and caves
(BARROS et. al., 2012).

Figure 3. Hillslopes underlain by sandstones of the Serra Grande Group with large, individualized blocks giving

origin to residual features in the Serra da Capivara National Park.

Revista Brasileira de Geomorfologia. 2024, v.25 n.1; €2392; DOL: http://dx.doi.org/10.20502/rbg.v25i1.2392 https://rbgeomorfologia.org.br



Revista Brasileira de Geomorfologia, v. 25, n. 1; €2392; 2024 6 of 22

5. Results

The results to be presented and analyzed reveal the lithostructural and tectonic influence in the area,
demonstrating the behavior and the relationship between drainage and lineaments in the present morphological
configuration.

5.1 Structural lineaments
The lineament data extracted in the area are presented in two representations, one in which relief lineaments
were mapped, and the other in which a more detailed identification and mapping of fractures was carried out.

5.1.1 Relief lineaments

Concerning the relief lineaments mapped from the DEM, the linear features traced were those with surface
repercussions — ridges, valleys, and scarp lines. According to the mapped features in Figure 4 and represented in
Figure 5, the relief lineaments in the area display a primary NE-SW orientation trend, followed by an E-W trend.

42°30'30"W

8°50'0"'S
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Figure 3. Rose diagram illustrating the Absolute Frequency of the relief lineaments mapped in the study area.

5.1.2 Fractures

The typical features of fracturing were extracted from high-resolution (2 m) satellite images, allowing the
identification of fracture sets marked in the relief through vertical valley incisions (Figure 06). It was observed that
in the upper outcropping facies of the Ipu Formation, the fractures are enlarged, whereas the idle and basal
outcropping facies exhibit a more brittle behavior.
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Figure 4. Structural lineaments: Fractures (a). Rose diagram according to the absolute frequency of the mapped

fracturing features (b).

Regarding the direction of these features, it is possible to identify four main azimuthal intervals with features
trending NW, W, NE, and N which appear on the surface forming a set of vertical and horizontal fractures (Figure
6).

The vertical fractures form two arrays with features perpendicular to each other associated with a third array
composed of horizontal fractures, developed along the bedding planes. This arrangement allows us to infer, for
vertical fractures, a classification of orthogonal pattern that, in association with the vertical set, provides a
configuration on the surface of separated cubic sandstone blocks, and sectors with line scarps delimited and/ or
disconnected in their extension by right angle contours.

The mapped fracturing features occur at the summit of the Serra da Capivara cuesta hillslopes and in isolated
compartments at altitudes up to 590 m. A particular emphasis should be given to the clustering of features
bordering the clefts formed by a narrow and extensive strip of sandstones and conglomerates of the Serra Grande
Group (Figure 7).
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Figure 5. Density of the mapped fracturing features.

5.2. Drainage system

The delimitation of the study area comprises a regional transitional context of interface between Precambrian
crystalline rocks and the Paleozoic sedimentary rocks, where the Serra da Capivara Cuesta behaves as a water
divider trending NE-SW. Given this context, the hydrological framework also responds to this change through the
configuration of its channel and drainage patterns, presenting rectilinear channels forming trellis to rectangular
patterns.

In the Sertaneja Surface (low erosional surface), it is possible to find the headwaters of the high course of Piaui
River, which flows towards the Parnaiba River as it advances to the east with a dendritic drainage pattern, irregular
channels arranged in all directions. Insofar as the drainage advances towards the cuesta, the channels begin to
assume, from the front to the back, a parallel drainage pattern, in which the streams are arranged virtually
perpendicular to each other.

In the scale of analysis more directed to the defined polygon in the study area, it is possible to identify a
drainage that stands outs, as it exhibits a drainage pattern that is not expected considering the geological context
in which it occurs; Between the Sertaneja Surface and the cuesta, in a sector underlain by sandstones of the Serra
Grande Group, there is a rectangular drainage, in which the main and secondary channels display curves at a right
angle along their course and in the confluence of the channels. This arrangement is a consequence of the
ramification of two main channels with tributaries of 5t and 1st order, draining the canyon into two portions: NW-
SE and E-W (Figure 8).
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Figure 8. Local drainage network.

The area encompasses several headwaters, which advance from the border of the Parnaiba Sedimentary Basin
to its center, meeting the water divider. The Serra da Capivara Cuesta demarcates the analyzed sector by dissected
steep slopes (>45°), providing the sector a strong declivity (in comparison with values proposed by LEPSCH, 1991).

In respect of the spatialization of the mapped channels’ direction, the main channels (6% and 34 order) exhibit
a tendency of flow that obeys the effect of the semicircular border of the BPar and the path towards the channel of
the Parnaiba River. Conversely, the lower order channels (Figure 9) are marked by the predominance of the NW-
SE trending direction, but we also highlight the channels trending N-S and E-W.

Third-order channels Second-order channels First-order channels

1
——

12.5% 12.5%

Figure 6. Rose diagrams according to the absolute frequency of the lower order fluvial channels.

5.3. Local geomorphology

The study area is located at the base of the backslope of the Serra da Capivara Cuesta, where escarpments up
to 590 m separate this area from the adjacent sector underlain by crystalline rocks, exhibiting a topographic range
of up to 240 m. The area is topographically divided by altitudes that correspond to the Sertaneja Surface,
surrounding the base of the cliffs, which in turn, form valley scarps that present altitudes varying from 420 to 500
m at the base; at the top of these cliffs and of the front slope of the cuesta, the altitude range is from 500 m to 540
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m. At the summit of the cuesta and at the top of isolated compartments (buttes) altitudes reach up to 590 m (Figure
10).
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Figure 7. Altimetric representation of the study area.

The analyzed surfaces correspond to connected clefts surrounding the hillslopes of the cuesta and forming
sectors with notable surface karst relief. It is possible to observe characteristics that distinguish them from other
sedimentary sectors in the adjacencies, such as their steep rectilinear slopes with features bounded by acute to right

angles (Figure 11).

AT

-~

Figure 8. View from the Museu da Natureza (Museum of Nature), where the steep slopes are built of sandstones and

conglomerates (location: Coronel José Dias, PI).
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The hillslopes host morphologies with characteristics of narrow and widened valleys (Figure 12a), as well as
features that result from separation from the main slope, shaping towers and pinnacles (Figure 12b). It is still
possible to identify waterfalls (Figure 12c) and shelters that evolve from the horizontal detachment of sandstone
boulders (Figure 12d).

Source: a, ¢: Author, 2022;
b, d: BARROS, et.al., 2012

Figure 9. Geomorphological features typical of the study area. (a) Toca do Inferno site; (b) Toca do Sitio do Meio

site; (c) Boqueirao da Pedra Furada site; (d) Toca da entrada do Pajed site.

The area is also distinguished by the presence of arches shaped along parallel ridges, oriented NW-SE (Figure
13c), especially the geological landmark “Arco do Triunfo da Pedra Furada”, at 400 m of altitude. These
morphologies occur as circular features that may have their circumference still preserved (Figure 13a) or
discontinued by collapse of its upper part (Figure 13d). In addition, we observed circular cavities behind the

geological monument that did not cut through the structure (Figure 13b).

Revista Brasileira de Geomorfologia. 2024, v.25 n.1; €2392; DOIL: http://dx.doi.org/10.20502/rbg.v25i1.2392 https://rbgeomorfologia.org.br



Revista Brasileira de Geomorfologia, v. 25, n. 1; €2392; 2024 12 of 22

Figure 10. Geological landmark “Arco do Triunfo da Pedra Furada” (Serra da Capivara National Park) (a) aligned

along sandstone ridges (c). Sectors along the monument that did not cut through the slope (b), and feature that

transposed the structure, but displays a discontinued form due to the collapse of its upper portion (d).

6. Discussion

The selection of the study area to contextualize karstification processes in sandstones of Northeastern Brazil
demonstrated that the morphostructural aspects are indispensable in understanding the formation and
development of this system in a lithological context different from those reported in previous works, as it
extrapolates the interpretation that karst environment is associated to carbonate lithologies (MIKULAS, 2007;
ADAMOVIC, MIKULAS and CILEK, 2010; URBAN and GORNIK, 2017; WRAY and SAURO, 2017).

With respect to the elements that govern the geomorphological evolution of these areas, it is worthwhile to
note that tectonic events and geological structures associated with them exert a significant role in the
geomorphological interpretation; moreover, its structural characteristic is increasingly present in the
interpretations once it allows correlating landforms to tectonic and structural processes (PEULVAST and
VANNEY, 2002). Therefore, the karst system in sandstones of the Serra da Capivara can be understood from the
tectonic, structural, and climatic controlling factors.
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6.1. Regional tectonic and climatic controlling factors

In the context of the morphotectonic evolution of the relief in Northeastern Brazil, the Gondwana breakup
(Lower Cretaceous) is a key controlling factor of the current geomorphology of the Serra da Capivara; this event
triggered the reactivation and brittle deformation along Precambrian structures, as well as regional uplift of
formerly depressed areas, which would be better placed in the Late Cretaceous from the geochronological point of
view and followed by the role of erosion (MATOS, 1992; CLAUDINO-SALES and PEULVAST, 2007). It is worth
emphasizing the importance of the effect of the Transbrasiliano Lineament in the context of the BPar (CORDANI
et al., 2013a e b; BRITO NEVES and FUCK, 2014; GANADE DE ARAU]JO et al., 2014; CAXITO et al., 2020 e 2021),
influencing the crystalline basement over which the sedimentation occurred through tectonic reactivations, mostly
cretaceous; we highlight the repercussions in the bordering depositional layer that corresponds to the Serra Grande
Group (LIMA and JARDIM DE SA, 2017; PORTO, et al., 2022). This dynamism suggests that landforms correlated
to fault scarp and associated fractures, interrupted by sequences of grabens, demonstrate the role played by the
regional brittle tectonics with local repercussions (PARENTE et al., 2004; MORAIS NETO et al., 2013; FREITAS,
2014; LIMA, 2015).

The deformational tectonic event that affected the Paleozoic sequence correspondent to the Serra Grande
Group comprises normal and oblique faults and extensional joints trending NE-SW. This phase corresponds to a
strain field with a main distension axis NE-SW and vertical shortening (CACAMA et al., 2015; SANTOS et al., 2018).
In the surrounding areas, this event is accompanied by the emplacement of basic dikes (Sardinha Suite) of probably
cretaceous age (VAZ et al.,, 2007) and by the formation of siliceous veins associated with this magmatism. The
cretaceous distension, NW-SE-striking, with expression in the east/southeast border of the BPar (LIMA, 2015), is
characteristic of the other Inner Basins of Northeastern Brazil, reinforcing the compatibility with the rifting that
originated the South Atlantic (LIMA e JARDIM DE SA, 2017).

The action of erosive processes promoted scarp retreat, which is controlled mainly by fault lines oriented at
NE-SW and E-W (inherited fault scarp) (VASCONCELOS et al; 2004) and secondarily by headward erosion,
promoted by the obsequent drainage (MUTZENBERG et al., 2015). Behling et al. (2000), analyzing cores collected
in the continental platform of the Northeast of Brazil, observed the occurrence of drastic climatic events at the end
of the Pleistocene and beginning of the Holocene, with strong precipitations in the region, which permitted a high
concentration of water to reach the sandstones sector in subsurface, enabling chemical weathering processes along
lines of weakness and the slow and gradual development of typical weathering features. With the resumption of
dryer climates, the erosion process was resumed more efficiently (UTIDA et al., 2020).

6.2. The role of fracturing features as a structural controlling factor in the formation process of the karst system in sandstones
of the study area

In the light of the tectonic and climatic context presented, we can attribute the formation of the sandstone
karst relief under analysis to the assemblage of processes related to the silica dissolution and mechanical
remobilization of the altered grains, associated simultaneously with the hydrological demand and to the high
hydraulic gradient. Overall, this process of chemical disaggregation of the grains by cement dissolution is named
“arenization” (first process) (MARTINI, 1979;1984). Generally, this dynamic occurs in rather small amounts, until
the cohesion decreases exponentially, which allows mechanical remobilization. Once remobilized, the material
displays small channels that characterize a drainage network via piping (JENNINGS, 1985). Thus, the mechanical
remobilization of the altered grains results in conduit formation, which may evolve into forming subterranean
galleries MARTINI, 1979; GALAN, 1991).

The impact of structural features such as faults and fractures in fluid flow (water and weathered material) in
the formation of a karst system in sandstones is imperative (RAWLING et al., 2001; SCHULTZ and FOSSEN,
2008; BENSE et al., 2013; PARDO-IGUZQUIZA et al., 2018). Furthermore, the condition that these structures
function as conduits (JOLLEY et al., 2007; DIMMEN et al., 2017) reinforces that it is not enough for water to reach
the system by primary infiltration, but that it also circulates between the conduits besides circulating
intergranularly in the rock pores; therefore, the presence of structural controlling factors are necessary. ~ For such
reasons, structures such as bedding planes and fractures significantly act influenced the morphology of the area
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by providing a secondary permeability (DIMMEN et al., 2017; BAGNI et al., 2022), through which the water
circulation was eased, enhancing intergranular dissolution processes.

Based on the arrangement formed by the mapped fractures in the area is also possible to infer conditions to
explain why the area under analysis is significantly more exposed than the adjacent areas and exhibits a unique
landscape setting. Generally, the fracture patterns tend to be more regular in sandstones, where frequently
orthogonal systems are found, subjected to extensions along two perpendicular directions (LI and JI, 2021),
consisting of two vertical/nearly vertical sets perpendicular to each other, typically associated to a third horizontal
set, developed along the bedding planes (MIGON, DUSZYNSKI and GOUDIE, 2017; MIGON, 2021; MIGON and
DUSZYNSKI, 2022).

Besides evidencing the role of these discontinuities in the formation of the karst system in the area, it is
possible to suggest that the arrays, formed by the vertical and horizontal axis of fracturing and of bedding planes,
behave as a condition of fracture connectivity (ROTEVATN and BASTESEN, 2014; RABELO et al., 2020). At the
surface, this condition is marked by the clefts’ layout, forming rectilinear valleys connected with expressive
angularity; by the continuous separation of blocks along the slopes, originating pinnacles and buttes, and by the
expressiveness of landmarks such as “Pedra Furada”, in which cavities along the ridges and their configuration
suggest that they were formerly connected paleoconduits.

6.3. Analysis of relief lineaments, drainage network and associated features

In general terms, the density and direction of structural lineaments are aspects that evidence in which way
valleys, slopes and ridges may be correlated with the orientation of tectonic structures. In the northern NE of Brazil,
the influence of the Brasiliano events in the Borborema Province is widely recognized, mostly regarding the
generation of important shear zones and ductile/brittle features, which were reactivated over geological time. In
this context, it is possible to correlate the repercussion of the Transbrasiliano lineament and of the Senador Pompeu
Shear Zone with the NE-SW-trending features, and the influence of Patos and Pernambuco lineaments in
controlling the presence of E-W features (BEZERRA and VITA-FINZI, 2000; MABESSONE, 2002; CHAMANI, 2011;
CASTRO et. al., 2012).

Since the drainage network is a very sensitive element to crustal alterations, it also constitutes a significant
variable in the geomorphological landscapes, as it reflects crustal dynamics along its evolution (SCHUMM,
DUMONT e HOLBROOK, 2000). Its expressiveness in the study area is particularly noted, at the surface, by the
transition of drainage patterns (dendritic-rectangular-parallel), indicating lithological and structural controls. The
latter, in turn, is revealed in the linear features, especially fracturing arrangements at the summit of steep slopes,
dissected in the form of valleys with the incision of the drainage network. Moreover, the occurrence of significant
relief ruptures (knickpoints) along the clefts suggests a structural control in the area (ETCHEBEHERE, 2000;
ACKLAS JR. and ETCHEBEHERE, 2003; ETCHEBEHERE et al., 2004; SALAMUNI et al., 2004; GUEDES et al., 2006).

The evidence that the drainage network is concentrated in the more intensely fractured area exhibiting a
different drainage pattern (rectangular) from the adjacent areas, allows us to consider that the exuberant forms
usually termed watergaps and canyons do not apply to the analyzed setting as they do not result from fluvial
action forming the features by drainage superimposition, a common occurrence, for example, along the fluvial
channels of the Jaguaribe River, in Ceara (SAADI e TORQUATO, 1992; BARRETO, 2015; COSTA, et. al., 2020). In
this case, it consists of a drainage system formed from the adjustment of the channels to the fractured structures,
enabling the adaptation of the rivers to the valleys (SILVA e MAIA, 2017). This structural control on the drainage
can be identified when analyzing the track of one of the most important rivers in the region, the Piaui River, whose
path is arranged in the same direction as the regional fault lines (NE-SW). In addition, it can be noted that the
fracturing lines with NW-SE trend act as subordinate structural elements guiding the distribution of the secondary
channels in the area (Figure 14) (MUTZENBERG et al., 2015).
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Figure 11. Clefts formed by connected valleys oriented according to the arrangement of fracturing features in Serra

da Capivara.

6.4. Evolutionary proposal for the karst relief in sandstones in Serra da Capivara

Shaped in a basin edge, the karst relief of Serra da Capivara that is currently on surface, can be understood,
concerning their evolutionary stages, from cretaceous tectonic events followed by Cenozoic denudational and
erosive processes, which may be explained, based on the presented discussions, in three main stages.

The first stage (Figure 15a) corresponds to the effect of the cretaceous reactivation of the Precambrian ductile
and brittle deformation zones on the Paleozoic sedimentary terrains of the BPar. The deformations associated with
the Transbrasiliano Lineament were followed by the uplift of the crystalline basement and sedimentary layers,
which until then formed depressed areas (Zone of maximum deformation).

As the erosive processes advanced from the edge towards the interior of the BPar, the retreat of fault lines
delimited a scarp shaped in the sandstones of the Serra Grande Group. With the progressive slope retreat
(karstification zone), given the advance of the drainage network in the direction of the basin edge, denudational
processes in the fractured sector are evident on the surface, as they control a dissection guided by lines of weakness
(second stage) (Figure 15b).

With regards to structural control, the dissection of the relief in ridges, main valleys, and scarps conforms to
the orientation of the primary deformation with regional repercussions (NE-SW and E-W). Along the secondary
deformations, especially the mapped fracture arrays of NW-SE trend, is evident, along the hillslopes, the presence
of shorter and narrower valleys, which are connected to the main valleys, the isolation of fractured block and
shaping of residual (ruiniform) relief, such as pinnacles, towers, buttes and associated rockfall (third stage) (Figure
15c¢).

In a more advanced stage, we highlight in the area the landmark “Arco do Triunfo da Pedra Furada” (Figures
12 and 15c), which constitutes part of a former karst currently exhumed. The homonymous cavity (arche) cuts
through a residual ridge perpendicular to the main fracturing direction. The apparent dipping of the layers in this
site is perpendicular to the valley with a descending angle, which indicates folding. Thus, this sector is likely
situated in gentle fold hinges concentrating fracture corridors that generate high-permeability zones and
contributed to karstification processes (BAGNI et al., 2020; LA BRUNNA et al., 2021).
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Figure 15. Evolutionary model of the karst relief in sandstones in Serra da Capivara. (A) First phase, demarcated by
a zone of maximum deformation; (B) Second stage defined by the karstification zone formed along the deformations;
(C) Third and present situation, guided by erosive events.

7. Final considerations

The data presented in this work show that the preferential tendency of valley widening according to the channel
order (NE-SW for 3 and 4t order and NW-SE for 15t and 2nd order) revel a structural control on the relief associated
with the post-depositional phase of the Parniba Basin. Moreover, we observed that, besides the structural
directions, dip angles observed in the Pedra Furada site suggest an anticlinal deformation. This type of deformation
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concentrates, in the hinge line, sets of fractures resulting from local distension. This structural context enhances
localized Kkarstification, since it increases secondary porosity of the rock due to the degree of fracturing. When
interconnected, the fracture planes enable the development of zones of hydraulic flow, which guide the formation
of karst relief according to the structural directions, being 30 % in the NE-SW and 31% in the NW-SE direction.
Such structural control is expressed in the current morphology in the form of wined valleys connected by
perpendicular galleries that feed the river channels.
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