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A B S T R A C T   

The present study used a multitool approach to characterize fractures of several orders of magnitude in large 
fracture corridors, caves, and canyons to investigate their impact on fluid flow in carbonate units. The study area 
is the Brejões carbonate karst system that is located in the Neoproterozoic Salitre Formation in the Irecê Basin, 
São Francisco Craton, Brazil. The approach included satellite imagery, used for interpreting the regional struc-
tural context, Unmanned Aerial Vehicle (UAV) and ground-based Light Detection And Ranging (LiDAR) imagery, 
used for detailed structural interpretation. Regional interpretation revealed that fracture corridors, caves and 
canyons occur along a N–S-oriented anticline hinge. An advanced stage of karstification caused fracture 
enlargement and intrabed dissolution, and the formation of caves and canyons. A river captured by the highly 
fractured zone along the anticline hinge played an important role as an erosive agent. Detailed characterization 
of fracture corridors comprised structural analysis, topological studies, persistence estimations, power-law fitting 
of fracture trace length distributions, and identification of network backbones. Our results indicate that fracture 
corridors comprise four subvertical fracture sets: N–S and E-W and a conjugate pair, NNE-SSW and NW-SE. 
Fractures observed in the caves show the same dominant directions. Fracture directions are consistent with a 
common origin associated with the anticline folding. Fracture traces range from 1.0 m to 300 m, comprising both 
subseismic (<50 m) and seismic scale fractures (>50 m). Networks have dominance of node terminations Y and X 
(notably Y), CB values higher than 1.8, high P20 and P21 persistence values, and highly interconnected backbones. 
Fracture network connectivity is associated with power-law exponents greater than 2.5 for the fracture trace 
distributions, indicating large influence of subseismic-scale fractures on fluid flow. As the final result of folding 
and karstification, large volumes of secondary macroporosity were created, particularly in the zone of maximum 
fracture intensity around the hinge zone of the anticline. This scenario can be used to understand better oil 
reservoirs formed in similar structural controls in near-surface conditions.   

1. Introduction 

Predicting how subseismic-scale fractures and karst features 

influence oil reservoirs has become a challenge to the industry. Under-
standing the development and distribution of these features is funda-
mental to reducing uncertainties related to reservoir characterization 
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and field performance (Gillespie et al., 2011). Previous studies on 
outcropping analogs of oil reservoirs revealed the key role of fractures in 
the subsurface fluid-flow pattern (Ogata et al., 2014). In 
low-permeability matrix rocks, such as carbonates, open fractures often 
act as preferential conduits, composing the main pathways for fluid flow 
and increasing the storage capacity (Agosta et al., 2010; Boersma et al., 
2019). On the other hand, closed fractures can act as seals, permeability 
barriers or baffles that inhibit fluid flow (Larsen et al., 2010). 

The pre-existing porosity/permeability associated with fracture 
networks can commonly be enhanced by karst processes (e.g., Lopes 
et al., 2022) through dissolution and mechanical erosion, improving the 
flow and storage potential of fractured reservoirs (Trice, 2005). In 
particular, fracture corridors formed by karstified fracture networks can 
also be included as key components of reservoirs. Fracture corridors 
compose high-permeability zones, and are commonly developed along 
multiple fracture sets with different orientations (Questiaux et al., 
2010). In addition, they might contribute to disrupting top-seal integrity 
and can play a role in seal-bypass systems interconnecting reservoirs at 
different stratigraphic levels (Questiaux et al., 2010; Ogata et al., 2014). 

The insufficient sampling of nonmatrix features in subsurface mea-
surements might lead to the underestimation of the role of fracture 
corridors, notably of their subseismic-scale components (Loucks, 2001; 
Medekenova and Jones, 2014). Multiscale statistical fracture analyses 
can provide parameters to improve fracture network representation in 
models to understand better the dissolution process in fracture corridors 
(Questiaux et al., 2010; Agosta et al., 2010; Gillespie et al., 2011; Panza 
et al., 2016) and allow fluid flow modeling to assist reservoir develop-
ment (Gholipour et al., 2016). 

Recent studies have demonstrated that representing the geometric 
and spatial parameters of fracture networks is as important as evaluating 
their connectivity through topological parameters (Sanderson and 
Nixon, 2015, 2018; Thiele et al., 2016; Dimmen et al., 2017; Primaleon 
et al., 2020). In this way, parameters estimated from the node type and 
branch classifications provide network descriptions and can evaluate 
structural complexities. Statistical structural analyses performed in 
outcrop analogs cannot be directly applied to deep subsurface pre-
dictions (Gillespie et al., 2011) due to differences in stratigraphy, facies, 
uplift history, and associated stress release, as pointed out by Panza et al. 
(2016). However, studying outcropping scenarios might help us un-
derstand what can occur in subsurface conditions. These studies allow 
detailed structural characterization of fracture networks covering 
several orders of magnitude, thus offering better conditions to mitigate 
censoring and truncation effects (Sanderson and Nixon, 2015). As a 
result, a better understanding of how secondary porosity and perme-
ability originate is gained to make better predictions (Primaleon et al., 
2020). 

A way to obtain more information about fractures and karst features 
on analogs is to perform structural analyses using tridimensional im-
aging (e.g., Bourdon et al., 2004; Gillespie et al., 2011). In particular, 
remote sensing by satellite images, Unmanned Aerial Vehicle (UAV) 
imagery, and Light Detection And Ranging (LiDAR) datasets provide 
material to characterize structures of several orders of magnitude in 
expositions of fracture corridors, caves and canyons. LiDAR technology 
has also proven to be a valuable tool in geological mapping studies 
(Buckley et al., 2008; Drews et al., 2018), elaboration of digital elevation 
models (DEMs) (Slob et al., 2002), and virtual outcrop models of hy-
drocarbon reservoir analogs (Bellian et al., 2005; Enge et al., 2007; 
Fabuel-Perez et al., 2010; Marques et al., 2020). In 3D cave mappings, 
ground-based LiDAR data promote a change of perspective in geomor-
phological studies by allowing the analysis of the morphology and vol-
ume of the voids and conduits (Silvestre et al., 2015; Gallay et al., 2016; 
De Waele et al., 2018) and the analysis of structural and hydrogeological 
characteristics of the cave bedrock (Buchroithner and Gaisecker, 2009). 

We present a detailed study of a near-surface carbonate karst system, 
where fracture corridors, caves and canyons were jointly formed along 
an anticline hinge. The formation of fracture corridors conditioned by 

folding is a well-known process (e.g., Jadoon et al., 2006; Singh et al., 
2008; Questiaux et al., 2010; Ogata et al., 2014; Souque et al., 2019). 
Our aim is to use this well-known structural conditioning to support a 
detailed quantitative characterization of fracture corridors, to go beyond 
qualitative descriptions, to evidence the importance of subseismic 
fractures in the connectivity of fracture corridors. To this end, we use a 
multi-method approach, combining classic structural studies, fracture 
trace length analyses (including adherence to a power law and backbone 
isolation), persistence estimations, and topological characterization. 

2. Geological and speleological settings 

2.1. Tectonic evolution 

The study area is part of the Irecê Basin, a Neoproterozoic (900-600 
Ma) cratonic basin (Souza et al., 1993) located in the central-northern 
region of the São Francisco Craton (SFC), northeastern Brazil (Fig. 1). 
During the Brasiliano Orogeny (740-560 Ma), the Irecê Basin experi-
enced at least two compressional events, which affected the northern 
edge of the SFC in the Brasiliano collisions (Lagoeiro, 1990; Caxito and 
Uhlein, 2013; Brito Neves et al., 2014). As a result, the mobile belts of 
the province overthrust the SFC; for example, the edge of the nappes of 
the Riacho do Pontal mobile belt are located approximately 50 km to the 
south from the contact between the SFC and Borborema Province crustal 
blocks (Oliveira and Medeiros, 2018). 

The main deformation structures recorded in the Irecê Basin due to 
the first compressional event included southward tectonic vergence, 
generating an E-W system of reverse faults, where gentle to open reverse 
drag folds with southward vergence associated with slips along beddings 
occurred. A secondary and younger deformation structure was related to 
E-W-oriented horizontal compression, which resulted in fewer expres-
sive folds and faults than those in the previous event, but was no less 
important since it contributes to the present control of rivers and relief 
(Kuchenbecker et al., 2011; Borges et al., 2016). 

2.2. Geological units 

The sedimentary rocks in the Irecê Basin belong to the Una Group 
(Fig. 1c), which forms an extensive carbonate platform that is more than 
300,000 km2 in area (Misi and Veizer, 1998). The basement of the basin 
is composed of Paleoproterozoic to Mesoproterozoic siliciclastic meta-
sedimentary rocks and Archaean metamorphic units (Misi et al., 2011). 
The sedimentary rocks in the Una Group form an erosive and angular 
unconformity over the basement rocks (Kuchenbecker et al., 2011; 
Guimaraes et al., 2011; Brito Neves et al., 2014). The sedimentary rocks 
of the Una Group include diamictites, sandstones, and pelites from the 
Bebedouro Formation and carbonate rocks from the Salitre Formation, 
the latter forming the framework of the study area (Fig. 1c). 

The Salitre Formation overlies the Bebedouro Formation or the 
basement rocks (Misi and Veizer, 1998; Bizzi et al., 2003; Misi et al., 
2011) and has an estimated maximum age of 669 ± 14 Ma (Santana 
et al., 2021). The Salitre Formation is composed of a succession of car-
bonate rocks, with thicknesses varying between 550 and 1000 m (Misi, 
1993). There are also rare intercalations of pelites (Misi, 1979; Leão and 
Dominguez, 1992). The carbonate rocks were deposited in a shallow 
marine environment on a prevailing ramp-type platform (Santana et al., 
2021) during at least two transgressive-regressive cycles (Dominguez, 
1993; Misi and Veizer, 1998). 

According to Misi and Silva (1996), the Salitre Formation comprises 
five informal units, from the bottom to the top (Fig. 1c): C, red argilla-
ceous dolostones; B, laminated limestones; B1, siliceous dolomites, 
dolarenites (siliceous and politic), and dololutites; A, siltstones, calcitic 
clays, and marl; and A1, calcilutites and oolitic and pisolitic limestones. 
Boersma et al. (2019) included the Brejões outcrops and the Brejões I 
cave segment in units A1 (oolitic limestone) and B (laminated lime-
stone), respectively. The carbonates composing the Brejões system 
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correspond to sub-horizontal limestone beds that are laterally contin-
uous but have variable thickness; they present both stratabound and 
non-stratabound fractures. In the study area, laminated mudstones and 
gray to black grainstones are the most common carbonate rocks 
(Boersma et al., 2019). 

2.3. Geomorphological setting 

The study site (Fig. 2) is part of a vast karst area (Figs. 3 and 4) 
developed on the carbonate rocks of the Salitre Formation (Auler, 2019). 

The area has a semiarid climate and is crossed by the Jacaré River 
(Figs. 2 and 3a). This river flows from south to north and is one of the 
few perennial rivers in the region. Fluvial incision has developed a 
canyon over 100 m deep in some places, created mostly due to the 
collapse of ancient caves. However, caves are still preserved in a few 
places, and the canyon is interrupted as the river flows underground 
(Fig. 3b). 

Brejões is the main cave system in the area and is divided into three 
segments, named Brejões I, II and III (Fig. 2). Its development is asso-
ciated with the Jacaré River. The upstream segment Brejões I is the 

Fig. 1. Tectonic and stratigraphic setting of the study area: (A) The South American continent and location of the study area as part of the São Francisco Craton 
(modified from Bizzi et al., 2003). (B) Simplified geologic map of the northern part of the Irecê Basin (modified from Souza et al., 1993). The study area is represented 
by the red rectangle in (B) that corresponds to Fig. 5a. (C) Simplified stratigraphic column of the Una Group (modified from Santana et al., 2021). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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longest segment and is our main study site. Brejões II is the downstream 
segment and is connected by underground drainages with Brejões I. 
Finally, Brejões III is a short lateral passage not connected to the river 
(Rubbioli et al., 2019). 

The Brejões I segment contains a series of approximately parallel 
passages trending S–N related to former and active routes of the un-
derground Jacaré River. The passages can reach impressive dimensions 
(Fig. 3), being commonly over 40 m high and 50 m wide, with the main 
entrance passage being approximately 100 m high (Fig. 3b). The river 
currently occupies the western passages of the cave, which contain 
several slumped sections. Without an active drainage, the other cave 
passages are dry and contain floors covered by clastic deposits, including 
massive collapsed blocks. The caves exhibit a trend, from passages 
presenting high elevation above the river level in the eastern sector to 
passages near the river level in the western sector. Most passages show 
considerable modifications due to collapse processes, especially the 
largest ones. Due to the advanced stage of the collapse processes, 
sometimes it is difficult to identify the morphology of the original cave. 
In some areas, there are dome-shaped chambers, some of which reach 
the surface, resulting in openings (skylights) that bring light and surface 
runoff toward the caves (Fig. 3c, d and 3e). 

Surface topography also shows imprints from the underground cave 
processes. For example, a dry canyon runs east from the cave passages 
(Fig. 3a and b), representing former hydrologically active caves of an 
earlier phase of Brejões I, which have now collapsed. These collapsed 
karstic valleys show abrupt limestone scarps and are surrounded by 
large, fractured pavements (Fig. 4), having a gentle dip toward the west 
(Boersma et al., 2019). The large carbonate outcrops expose fracture 
corridors (Fig. 4) with subvertical fractures generally enlarged by 
dissolution. Isolated truncated dolines might be aligned with existing 
passages, indicating that they resulted from the partial collapse of con-
duits (Fig. 3e). 

Cave passages in the Brejões I segment are controlled by bedding 
planes and fractures (Berbert-Born and Karmann, 2000). Despite 
considerable modifications due to ceiling collapses, the straight orien-
tation of some passages, such as entrance sections, indicates fracture 
control. In the younger active passages in the western sector, bedding 
control is indicated by flat ceilings and the general horizontal arrange-
ment of the passages. 

The carbonate sequences of the Salitre Formation often contain 
pyrite-rich layers, which can commonly be observed in outcrops inside 
the Brejões I segment. Exposure of pyrite to oxygenated groundwater 
releases sulfuric acid, a powerful booster of speleogenesis (Auler and 
Smart, 2003). In addition, the long geologic history of the Proterozoic 
carbonate sequences in the Una Group has made them natural targets for 
dissolution by the possible deep-seated ascending flow. This process has 
resulted in hypogene cave formation. This has been proposed to explain 
the giant maze caves in the same geological framework to the east 
(Klimchouk et al., 2016; Auler et al., 2017) and the southern portion of 
the Irecê Basin (Bertotti et al., 2020). 

(caption on next column) 

Fig. 2. General view of the study area locating all outcrops and caves. Outcrops 
A (dark green polygon), B (light blue polygon), and C (light green polygon) 
were used to perform the statistical characterization of the fracture networks. 
The dark blue rectangle encompasses outcrops B and C, which were also used to 
compare persistence variation along an anticline coinciding with the Jacaré 
river valley. The pink rectangle represents the area of the block diagram used to 
show the actual configuration of Brejões canyon (Fig. 17b). The red rectangle 
encompasses sectors of Outcrop A, and the contiguous subsurface caves (filled 
orange polygons), which is used to compare fracture networks in corridors and 
caves. The black dots show the cave cross-sections located along the Brejões I 
System. This figure is presented in geographic and UTM coordinate systems to 
facilitate localization at different scales. Cave mapping done by GBPE (“Grupo 
Bambuí de Pesquisas Espeleológicas”) (https://bambuiespeleo.wordpress.com/ 
). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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Despite the possible importance of deep-seated hypogene and/or 
pyrite oxidation processes, the Brejões cave system developed mostly 
through classical epigenic speleogenesis, related to the fluvial incision of 
the Jacaré river. River downcutting is responsible for the general ver-
tical stacking of cave passages and is still the main cave forming process 
in the active river passages in the western part of the cave (Berbert-Born 
and Karmann, 2000). Following the draining of the older upper pas-
sages, the collapse of the ceiling and walls progressively modified the 
passages, leading to a massive accumulation of fallen fragments on the 
floor and upward migration of the ceiling. Eventually, ceiling collapse 
led to the generation of skylights and the development of surface dolines 
and canyons. 

3. Imagery tools 

The primary material of this study comprises remote sensing by 
satellite images, UAV imagery, and ground-based LiDAR data. Satellite 
images were used to characterize the regional structural context of the 
study area, while UAV and LiDAR images were used for detailed struc-
tural characterization of the fracture corridors and caves, respectively. 

3.1. Satellite imagery 

Broad-scale satellite imagery analyses were carried out to obtain an 
overview of the geomorphological and structural features of the study 
area to identify the regional structural setting. We used a digital eleva-
tion model (DEM) by Alos Palsar with a 12.5 m resolution. Using QGIS 
software, a DEM was processed with the multidirection oblique 

(MDOW) Hillshade technique using an azimuth equal to 270◦, elevation 
equal to 45◦, and vertical exaggeration equal to 3, resulting in the im-
ages shown in Fig. 5. 

3.2. UAV imagery 

We used photogrammetric imaging to increase the mapping resolu-
tion to a decimeter scale. The aerial photogrammetric survey was per-
formed with the UAV DJI Phantom 4 PRO model with a 21-megapixel 
camera. The data were obtained with 80% frontal and lateral overlap 
with a mean surface height of 80 m, totaling 998 photos. The covered 
area was 4300 m × 900 m. UAV image processing was performed in 
Agisoft Photoscan® software, resulting in an orthomosaic with 0.08 m of 
resolution that allowed the construction of the DEM. Typical resulting 
images are shown in Figs. 3 and 4. 

3.3. LiDAR imagery 

The study investigated the (3D) fracture network in the caves with 
Terrestrial Laser Scanning (TLS) equipment, VZ 1000 model, manufac-
tured by RIEGL. Time of flight point acquisition was used by applying 
the “cloud-to-cloud” technique with 15% overlap. The precision and 
accuracy of the TLS positions and point clouds were guaranteed by using 
the TOPCON CTS-3007 Total Station and real-time kinematic (RTK- 
GNSS) acquisition technique. LiDAR data were processed with the 
software Riscan Pro following the steps defined by Buckley et al. (2008). 

A total of 3500 m linear profiles of cave conduits were surveyed with 
precision limits of 1 cm (horizontal) and 3 cm (vertical). We used the 

Fig. 3. Main geomorphological features in Brejões Cave System. A) UAV imagery of Brejões System, including the locations of Brejões I entrance and three dolines 
(one representing the collapsed portion of a conduit); Figure A corresponds to the area outlined in Fig. 2 as a dark green polygon. B) Aerial view of the main entrance 
passage (approximately 100 m high); the white dot indicates the point where the Jacaré river sinks underground. C) Detail of the first southern doline (skylight). D) 
Internal part of the cave that corresponds to the second northern doline (skylight); the scale notion is given in the bottom of the figure as a person drawn in white. E) 
Aerial view of an elongated doline related to a partially collapsed cave passage parallel to the first southern doline. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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SIRGAS2000 geodetic georeferenced system projected on a UTM system 
(24S). LiDAR point cloud analyses were performed using CloudCompare 
software. Two additional steps were applied to the Brejões point cloud: 
Hough normal computation, which is a mathematical resource to 
improve the definition of angular forms, and eye-dome lighting, which is 
an image-based shading technique applied to improve depth perception 
(Girardeau-Montaut, 2015). Typical resulting images are shown in 
Figs. 6 and 7. 

4. Structural analysis methodologies 

The structural characterization of the study area was carried out in 
two main phases. In the first phase, based on the interpretation of sat-
ellite images, we characterized the regional structural context, when we 
interpret that the study area comprises an anticline hinge (see details in 
Section 5.2). The second characterization phase was carried out already 
knowing this context. In this second phase, detailed statistical charac-
terization of fracture corridors and caves was done using UAV images 
and ground-based LiDAR images, respectively (see details in Sections 
5.3-5.6). As we follow the classic order of presenting methodological 
aspects in advance, the methodologies used in the detailed interpreta-
tion are described below. 

Three approaches were used to characterize the fracture networks in 
the study area: 1st) statistical characterization of entire fracture corridor 
outcrops, 2nd) statistical characterization of fractures exposed on cave 
surfaces, and 3rd) subsampling of fracture corridors with scan areas. The 

term fracture is used in this study to refer to any discontinuity, such as 
veins, stylolites, joints, or faults. 

4.1. Statistical characterization of entire fracture corridors 

This approach was used to characterize fracture trace statistics, 
persistence parameters, adherence of fracture trace length distributions 
to a power law, and backbone isolation. An auxiliary digital scanline was 
also done. Using UAV images, two-dimensional (2D) quantitative ana-
lyses of fractures were performed in the three outcrops shown in Fig. 2 
and named Outcrop A (149,784 m2), Outcrop B (117,600 m2), and 
Outcrop C (171,282 m2). As schematically shown in Fig. 2, Outcrop A is 
located on the slope above the Brejões I segment, while outcrops B and C 
are on the opposite banks of the Jacaré River in the northern portion of 
the Brejões II segment. 

An interpretive partition of Outcrop A into four different structural 
domains (A-I, A-II, A-III and A-IV) was done based on differences in 
fracture direction statistics (Fig. 8; details are given in Section 5.3). This 
partition was used as a support to select adjacent sectors of the caves 
(Fig. 7) to carry out a comparative study of fracture parameters in cor-
ridors (based on UAV images) and caves (based on LiDAR images) 
(Fig. 8). The vertical distance from fracture corridors to caves varies 
from 63 m to 105 m, while the lateral distance on the surface varies 
between 121 m and 231 m (Fig. 7). 

Similar structural partitions were not done in outcrops B and C. 
Therefore, in these outcrops, denominations B–I to B-III and C–I to C-III, 

Fig. 4. Outcrops A (in A), B (in B), and C (in C) in the Brejões area. All images show that the outcrop pavements are densely fractured and karstified. White circles 
enclose the scan areas used for topological analyses (Fig. 16); each represents a scan over a circular area with a diameter equal to 50 m. 
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respectively, as in Fig. 9, refer just to sectors of the outcrop where 
sampling scan areas for topological analyses were located. 

4.1.1. Fracture trace characterization 
Using the open-source software QGIS 3.12v, fractures were identified 

and digitized on all outcrops and traced as polylines from tip to tip while 
keeping their original geometry (Weismüller et al., 2020). As a result, 
each fracture is represented by a trace, from where spatial parameters, 
such as orientation, trace length, intensity and density, can be measured. 
Statistical analyses were performed with the open-source software 
FracPaQ, following Healy et al. (2017). Typical results are shown in 
Figs. 8a, 9 and 10. 

4.1.2. Persistence estimations 
We obtained maps of fracture persistence (Dershowitz and Herda, 

1992). Specifically, we obtained fracture intensity P21 maps, which ex-
press the variation of total trace length per unit area (dimension [L− 1]), 
and fracture density P20 maps, which express the variation of the 
number of fractures (NL) per unit area (dimension [L− 2]). 

Persistence maps were automatically generated with FracPaQ soft-
ware, according to Dershowitz and Herda (1992) and using the 

automatic scan procedure of Mauldon et al. (2001). Typical results are 
shown in Figs. 11 and 12. In particular, Fig. 12c shows the results of the 
digital scanline obtained according to Priest (1993). 

Although persistence estimates are not directly related to connec-
tivity, a high persistence value (either P20 or P21) is a clue to a high 
degree of connectivity. In addition, persistence estimates are easily 
incorporated into models of macroscopic media equivalent to fractured 
media (Antonellini et al., 2014). 

4.1.3. Power law and backbone isolation 
Fracture network complexity was also assessed by analyzing the 

probability of occurrence of fracture trace lengths both on fracture cor-
ridors and caves. Several studies (e.g., Bonnet et al., 2001; Bertrand 
et al., 2015; Miranda et al., 2018; Giuffrida et al., 2019) have docu-
mented that the probability distribution p(l) of the fracture trace length l 
in a chosen length interval [lmin, lmax] might follow a power law given by: 

p(l)  =  β  l  − α (1)  

where the trace length l represents the discrete interval [l, l + Δ l], β is a 
density parameter, and α is an exponent that commonly varies between 

Fig. 5. Digital elevation model for the study area that 
was constructed from Alos Palsar satellite images. A) 
Plan view showing the spatial distribution of the 
outcrops around the interpreted fold hinge of an 
anticline, whose axis coincides with the river valley; 
outcrops A (yellow square) and B (red square) are 
located on the west fold limb, whilst Outcrop C (or-
ange square) is on the east fold limb of the anticline; 
white arrows illustrate the dip direction of the layers. 
B) Block diagram shows that the layers have opposite 
dip directions related to the interpreted anticline 
hinge. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   
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1 and 3 (Davy, 1993; Bonnet et al., 2001). The estimated fracture trace 
length distributions are shown in Figs. 13 and 14, for fracture corridors 
and caves, respectively. 

Analyses based on fracture trace length are more sensitive to sam-
pling effects, such as truncation and censoring (Espejel et al., 2020). We 
then performed this analysis taking proper care to mitigate these effects 
(see Figs. 13 and 14) but aiming to characterize the connectivity degree 
of fracture networks using different approaches, in a complementary 
way to the other studies. 

In addition, following Odling et al. (1999), we obtained the back-
bones of the fracture corridors. The backbones were isolated from the 
fracture networks by preserving the connected routes (Odling et al., 
1999); that is, all “dead end” fractures were removed from the fracture 
networks, resulting in Fig. 15. 

4.2. Statistical characterization of fractures exposed on cave surfaces 

Quantitative analyses of the cave cross-sections generated from 
ground-based LiDAR data were performed using CloudCompare© 
(Compass plugin) and FracPaQ software. Because exposed surfaces 
might be non-flat, we gave up sampling using scan flat areas and digi-
tized all exposed fracture traces in the images. 

Structural and bedding analyses were performed using 18 cross- 
sections (CS-1 to CS-18) along the Brejões I main cave corridor 
(Fig. 2). Each cross-section has a width ranging from 50 to 100 m and 
provides several perspectives, at different scales, of the cave sector. Four 
of these CSs (CS-8, CS-10, CS-12 and CS-13) were selected to compare 
fracture attributes observed in the cave and in the nearest adjacent 
structural domains identified in Outcrop A (Figs. 7 and 8). The same 
statistical methodology applied to the outcrops was used in the cave 
cross-sections. In particular, fracture orientations were inferred from 

plan views of the fracture traces on the cave surfaces (Fig. 6). 

4.3. Subsampling fracture corridors 

This approach was used to perform topological analyses. Fracture 
topological analysis allows estimating the connectivity and flow prop-
erties of fracture networks (Manzocchi, 2002; Mäkel, 2007; Dimmen 
et al., 2017; Primaleon et al., 2020). The methodology consists of node 
counting inside scan areas to estimate node proportions, branch types, 
and connections per branch (CB) (Sanderson and Nixon, 2015). CB es-
timates are shown in Table 3 for each outcrop; each estimate represents 
the average value obtained from all scan areas contained in the outcrop. 
A circular scan area was used to avoid orientation bias in node counting 
(Mauldon et al., 2001; Watkins et al., 2015). We chose a diameter of 50 
m for the scan areas based on two criteria: first, 98% of the fracture 
traces are smaller than 50 m (Fig. 10) and second, this value is a gross 
estimation of the lateral resolution of seismic data (Yilmaz, 2001). In 
addition, adequate subsampling strategies mitigate interpretation time 
but keep statistical reliability (Ovaskainen et al., 2022). The FracPaQ 
software was used to obtain a first automatic node sampling in each scan 
area, taking into consideration fracture intersections and isolated ends. 
After this, the results were manually checked. 

Fracture intersections were classified as isolated (I), abutting (Y), or 
crossing (X) nodes. Intersections of the V type were included in the Y 
type. The resulting proportions of node types were expressed in ternary 
diagrams, as shown in Fig. 16. Branch classification followed Ortega and 
Marrett (2000). In this approach, branches (segments located between 
two nodes) were grouped into three main topological groups: I–I (iso-
lated), I–C (partly connected), and C–C (doubly connected). To estimate 
branch proportions, we used the methodology proposed by Sanderson 
and Nixon (2015). 

Fig. 6. Uninterpreted (A) and interpreted (B) perspective views of the Brejões cave in cross-section 8 (CS-8 in Fig. 2) created from ground-based LiDAR point 
cloud data. 
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On Outcrop A, the circular scan areas were located on sites associ-
ated with the structural domains A-I, A-II, A-IIIa, A-IIIb, and A-IV 
(Fig. 11). Due to the large area of the A-III domain, the topological 
analysis was divided into two parts (A-IIIa and A-IIIb) to allow for 
greater detail and better distribution of the sampling scan areas. On the 
other hand, in outcrops B and C (Fig. 12), the scan areas were positioned 
in sectors B–I to B-III and C–I to C-III, respectively, in a direction 
approximately perpendicular to the fold axis coinciding with the Jacaré 
River (see the regional structural interpretation in Section 5.2). The 
results of the topological analyses are shown in Fig. 16. 

5. Results 

5.1. General features of the study area 

The UAV imagery revealed three large outcrops where karstified 
fracture corridors are well exposed. Each one has hundreds of meters of 
karst pavements (Fig. 4), which resulted from the denudation of the 
overlying materials that exposed the carbonate rocks to the Earth’s 
surface. They represent fragmented remains of a much larger karst 
surface that was truncated by the incision by the Jacaré River. Due to the 
limited amount of impurities in the limestone, pedogenic processes were 
inhibited, and any residual soil was washed into joints, leaving a 
denuded flat surface. 

The degree of karstification in the pavement is directly related to the 
length of time of exposure to meteoric dissolution, with the more 

Fig. 7. Profiles B to E (thin black lines in A) crossing both the Outcrop A (green polygon) and cave sectors of the Brejões I System (shown as altimetry). The 
associated vertical cross-sections of the profiles are shown in (B) to (E). In (A–E), thick black lines correspond to the projections on the surface of the cave cross- 
sections, while in (B–E), thick green lines represent the intercepted sector of the Outcrop A. Areas around profiles B-E were used to compare the fracture di-
rections in adjacent sectors of the outcrop and cave, as shown in Fig. 8. The cave cross-sections CS-13, CS-12, CS-10, and CS-8 (Fig. 2) correspond to the structural 
domains SD-I, SD-II, SD-III and SD-IV of Outcrop A shown in Fig. 8, respectively. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 8. Interpreted fracture traces for the adjacent sectors of Outcrop A (in A) and cave (in B-E). The interpreted structural domains SD-I, SD-II, SD-III, and SD-IV of 
the outcrop (in A) correspond to the cave cross-sections CS-13, CS-12, CS-10, and CS-8 (in B-E), respectively. Precise horizontal and vertical positioning of the outcrop 
domains and cave cross-sections are shown in Fig. 7. In Outcrop A, 4398 fractures were identified, resulting in the blue rose diagram shown in (A), while the four rose 
diagrams in black (also shown in A) correspond to the fracture directions in the four structural domains of the outcrop. On the other hand, in B-E, fracture directions 
were interpreted in the cave from ground-based LiDAR data, using interpreted views as exemplified in Fig. 6b. Note that the fracture directions are similar in adjacent 
sectors of the outcrop and cave. Persistence values P21 and P20 of this outcrop are shown in Fig. 11. In (A), red circles represent the five circular scan areas, A-I, A-II, 
A-III, A-IIIb, and A-IV, which were used to perform topological analyses (Fig. 16). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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favorable larger fractures showing a higher degree of dissolution. This is 
in agreement with the results of Lopes et al. (2022), where it is evi-
denced that fracture enlargement due to dissolution in highly karstified 
outcrops is strongly influenced by fracture connectivity and little related 
to fracture length. All outcrops exhibit open subvertical fractures that 
were enlarged by karstification. The outcrops have different topographic 

gradients: Outcrop A is marked by subhorizontal layers from east to 
west, while outcrops B and C have slopes toward the NNW. 

5.2. Regional structural framework 

The influence of the E-W tectonics in the study area generated gentle 
antiforms and sinforms with N–S-oriented axes (Fig. 1). In particular, we 
interpret that the study area is characterized by an anticline whose axis 
coincides with the Jacaré River valley, as highlighted in Fig. 5. In 
addition, there are subvertical fracture networks composed of at least 
four different sets of directions (rose diagrams in Figs. 8a and 9c-d): 1) a 
N–S-striking set parallel to the referred anticline axis; 2) a NNE-SSW- 
striking set; 3) a NW-SE-striking set that we interpret as a conjugated 
set with the NNE-SSW-striking set; and 4) an E-W-striking set, approx-
imately perpendicular to the anticline axis. We verified by careful in-
spection that there are no preferential relationships of crosscutting and 
abutting at the fracture terminations, a result that strongly suggests that 
fracture generation was coeval. In addition, the identified directions of 
the four fracture sets are consistent with the fracture directions gener-
ated around a folding axis (Price, 1966). These results and inferences 
support our interpretation that all fracture sets were generated during 
the anticline formation (Fig. 5). 

Integrating the anticline and fracture networks results, we interpret 
that the study area compose the classic example of a fracture corridor 

Fig. 9. Interpreted fracture traces in outcrops B and C (in A). In B, the profile D-D’ (green line in A) highlights the positions of the outcrops in relation to the river 
valley, which corresponds to the axis of an anticline (Fig. 5); outcrops B and C correspond to the west and east fold limbs of the anticline, respectively. The resulting 
rose diagrams for the estimated fracture directions are shown in (C), for the whole outcrops, and in (D), for sampled sectors of the outcrops (red circles). Measures of 
persistence P21 and P20 are shown in Fig. 12. Red circles represent the circular scan areas used to perform topological analyses (Fig. 16). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. Histogram of the fracture trace lengths in the three outcrops. Note that 
all outcrops show a predominance of fracture lengths smaller than 50 m, a value 
that might be taken as a gross estimate of the lateral resolution length of seismic 
data. The proportion of subseismic fractures is higher than 98% in all outcrops. 
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installed near the hinge area of a fold (Ogata et al., 2014). On the fold 
axis, the N–S and NW-SE sets of fractures are dominant and contributed 
to the collapse of the hinge, creating a valley where the riverbed is 
located. 

The Brejões cave system occurs farther west from the river. It is 
located on the left limb of the antiform. We interpret that the cave is 
controlled by the same four fracture sets seen in the fracture corridors. 
Two facts corroborate our interpretation: 1st) fracture directions in 
fracture corridors and caves show similar statistics (compare the rose 
diagrams in Figs. 8) and 2nd) fracture trace lengths in fracture corridors 
and caves follow similar power laws (compare Figs. 13 and 14 and 
estimated exponents α in Table 1). We propose that the cave was created 
by karstification and collapse of a former fracture corridor that devel-
oped in the limestone bedding on the limb of the fold. 

Surface topography also shows imprints from the underground cave 
processes. For example, a dry canyon runs east from the cave passages 
(Fig. 3a and b), representing former hydrologically active caves of an 
earlier phase of Brejões I, now collapsed. These collapsed karstic valleys 
show abrupt limestone scarps and are surrounded by large, fractured 
pavements (Fig. 4), presenting a gentle dip towards the west (Boersma 
et al., 2019). The large carbonate outcrops expose fracture corridors 
(Fig. 4) with subvertical fractures generally enlarged by dissolution. 
Isolated truncated dolines might be aligned with existing passages, 
evidencing that they result from the partial collapse of conduits 
(Fig. 3e). 

The spatial distribution of the outcrops reveals that outcrops A and B 
are located on the west fold limb, while Outcrop C is located on the east 
fold limb (Fig. 5a). All outcrops are pavement-like and are heavily 
fractured, showing the same four fracture sets. However, the dominance 
of a fracture set might vary inside the same outcrop, resulting in slightly 
different structural domains, as we proposed for Outcrop A (Fig. 8). 

5.3. Characterization of fracture trace length and directions 

We digitized a total of 11,230 fractures in the three outcrops: 4398 in 
Outcrop A (Figs. 8a), 2 and 458 in B, and 4374 in C (Fig. 9a). All outcrops 
contain fracture sets in which 98% of the fracture lengths are less than 
50 m long (Fig. 10). The fracture distribution in Outcrop A is hetero-
geneous. As already stated, we identified at least four structural domains 
in this outcrop (Fig. 8a) The SD-I domain represents the northern part of 
this outcrop, consisting of a densely fractured and karstified part 
(Fig. 4a). In this area, we observed relevant contributions of all fracture 
sets. On the other hand, SD-II domain exhibits a higher frequency of the 
NNE-SSW set, while in the SD-III domain, which is the largest one, the 
N–S set is more evident, and the NNE-SSW set has a smaller contribution. 
Finally, the SD-IV domain exhibits the predominance of the NW-SE set, 
having a smaller contribution than the N–S set. Comparatively, outcrops 
B and C are more uniform (Fig. 9c–d), having an overall predominance 
of the NW-SE and E-W sets. As already stated, we did not perform par-
titions of outcrops B and C in structural domains. 

We stress that the quantitative analyses of the fracture networks in 
the caves (Fig. 8b–e) showed the same fracture sets as observed in 
Outcrop A, and that they also have fracture trace lengths from centi-
meters to decameters Fig. 14). The geometry of the caves revealed 
changes in their lineament orientations. The cross-sections in the cave 
sectors closer to the intersections, such as CS-12, have a wide distribu-
tion of structural orientations and a higher frequency of fractures. In the 
subsurface, the NW-SE set is more evident in cross-sections CS-13, while 
the NNE-SSW fracture set is dominant in cross-sections CS-8 and CS-10, 
and CS-12. These facts confirm again that both the cave system and 
outcrops are structurally related, as proposed also by Boersma et al. 
(2019). We measured bedding strike dip in all 18 cross-sections (Fig. 2 
and Table 2). Dip and dip direction measurements (collected directly 
from the cross-section) indicate that the W-E-trending plunge of the fold 
axis has a mean value of 5◦ and a mean dip direction of 283◦. 

5.4. Persistence measurements 

Outcrop A is characterized by an increase in fracture intensity (P21) 
and density (P20) from the west toward the east (Fig. 11). The highest 
values of persistence occur in the A-II domain, particularly for P21 
values. Nonetheless, on the whole, Outcrop A has the highest values of 
both parameters. The largest persistence values appear to be related to 
the relative frequency increase of the NW-SE- and NNE-SSW-striking 
fracture sets (Figs. 8a and 11). 

On the other hand, outcrops B and C have an increase in P21 and P20 
values toward the Jacaré River valley (Fig. 12c). This fact corroborates 
our previous interpretation that this valley corresponds to a fold hinge 
(Fig. 5). It is impossible to estimate P21 and P20 values in the river valley 
due to the lack of exposure. However, both curves suggest maximum 
values over the anticline axis (dashed black line in Fig. 12c). 

5.5. Adherence of fracture trace length distributions to a power law and 
backbones of the fracture networks 

The high resolution of UAV images allowed us to obtain detailed 
statistics of the fracture trace length distribution for each outcrop, 
covering more than two orders of magnitude (Fig. 13). Within the 
identified length limits imposed by censoring and truncation effects 
(Bonnet et al., 2001), power laws can be fitted to the fracture length 
distributions of all outcrops (Fig. 13). The fitted parameters associated 

Fig. 11. Persistences P21 (in A) and P20 (in B) in Outcrop A. Note that P21 and 
P20 values increase from west to east. Black circles represent the five circular 
scan areas, named A-I, A-II, A-III, A-IIIb, and A-IV, used to perform topological 
analyses (Fig. 16). 
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with Eq. (1) are shown in Table 1. All fitting correlations are higher than 
90% (Table 1), thus revealing good adherence to the power laws in the 
three datasets. In addition, we observed that all estimates of the expo-
nent α are higher than 2.5. 

According to Bour and Davy (1997), the greater the exponent α of the 
power law in Eq. (1), the greater the influence of small length fractures 
on the network connectivity. In particular, in fracture networks associ-
ated with an exponent α higher than 2.5 (all cases in this study), frac-
tures of all measured lengths contribute to the network connectivity. In 
other words, the largest fractures do not dominate the network con-
nectivity, as would be the case when the exponent α is close to 1.0 (Bour 
and Davy, 1997). 

In addition, all fracture corridors have connectivity highly influ-
enced by subseismic fractures (<50 m). Therefore, subseismic fractures 
play a key role in interconnecting fracture corridors. To corroborate 

these assertions, we show in Fig. 15 the backbones of the fracture net-
works; the backbones were obtained according to the definition of 
Odling et al. (1999). In accordance with the estimated values for the 
exponent α of the power laws (Table 1) (Bour and Davy, 1997), all 
backbones show clear contributions of fracture lengths of all measured 
sizes. 

5.6. Topological analyses 

We summarized the estimates of the topological parameters obtained 
for all outcrop sectors in Table 3. Note that C–C type of branch is 
strongly dominant in all outcrops (>80%, according to Table 3). 

Table 3 shows also that the study area has a high proportion of NY +

NX (>70%) and high values of CB for all outcrops, results that are 
consistent with our previous interpretation that there are no preferential 

Fig. 12. Persistence values P21 (in A) and P20 (in B) 
in outcrops B and C. In (C), the profiles of persistence 
values along the line D-D’ (green line both in A and B, 
also shown in Fig. 9a) are shown. The river valley is 
controlled by an anticline axis (Fig. 5), so that out-
crops B and C are positioned on the west and east fold 
limbs of the anticline, respectively. Because of the 
lack of exposure, there are no measurements of P21 
and P20 on the river valley, but the profile suggests 
maximum values for both persistences over the anti-
cline axis (dashed black line in C). In (A) and (B), the 
circles represent the circular scan areas used to 
perform topological analyses (Fig. 16). (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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relationships of crosscutting and abutting at the fracture terminations. 
All outcrops show high values for the topological parameters. In 
particular, CB values are close to 2.0, thus revealing that all fracture 
networks are highly interconnected (Sanderson and Nixon, 2018). 

Differences among the three outcrops are small. Domain A-II and 
sector C-II appear to be the most interconnected. In the A-II case, this 
result also coincides with the highest values of persistence (Fig. 11). 
However, for Outcrop C, the C–I sector shows higher persistence values 
than C-II (Fig. 12a and b). We attribute this behavior to the relatively 
higher number of N–S fractures (Fig. 9) in promoting a higher inter-
connection in the C-II sector. This fact reveals the importance of joint 
analyses of persistence and topological parameters. 

Ternary diagrams (Fig. 16a and b) show a dominance of Y and X 
nodes in all outcrops, as exemplified in some circular scans (Fig. 16c). In 
particular, a high incidence of Y nodes occurs in association with areas 
showing a wide distribution of fracture orientations and high values of 
P20 and P21, as in the A-II, A-IIIa, and A-IV domains (Outcrop A), in 
addition to the B–I (Outcrop B) and C–I and C-II sectors (Outcrop C). On 
the other hand, a high incidence of X nodes occurs in areas where the 
NW-SE- and NNE-SSW-string conjugate fractures seem to be more 
evident, as in the A-I and A-II domains (Outcrop A), B–I and B-II 
(Outcrop B), and C–I sectors (Outcrop C). 

The variation in node proportion (Fig. 16b) also indicates the exis-
tence of slightly distinct topological zones and thus different degrees of 
connectivity within the outcrops. In Outcrop A, the highest values occur 
in domains A-I and A-II, both densely fractured and karstified; these are 
also the domains that showed the highest P20 and P21. In outcrops B and 
C, the B–I, C–I, and C-II sectors exhibit the highest values of the topo-
logical parameters (Table 3). These sectors correspond to areas close to 
the fold axis, thus corresponding to areas with high P20 and P21 (Fig. 12). 

6. Discussion 

6.1. Karst evolution 

Karst relief in the study area resulted from a long-term geomorphical 
history. The present exposure of the karst pavements follows the denu-
dation of overlying noncarbonate units in the Salitre Formation and the 
erosional removal of any residual pedological cover. Since no significant 
soil generation was possible in situ (terra rossa) (due to the lack of im-
purities in the carbonate) and mass transport was hindered (due to the 
lack of a gradient), denuded pavements were continuously exposed to 
meteoric dissolution. This was the dominant dissolution mechanism that 
resulted in the formation of fracture corridors with enlarged fractures. 

On the other hand, the caves were created by a slightly different but 
related epigenic process associated with the incision of the fluvial 
drainage by the Jacaré River. The source area for this river is located in 
quartzite catchments to the south, and after they enter the carbonates, 
they flow underground in some sections, excavating extensive caves. 
The present canyon is mostly a result of the partial collapse of these 
caves. Collapse processes occur when the void represented by the cave 
passage becomes too large to support itself, generating structural in-
stabilities. The process usually involves creating a domed ceiling in the 
cave that ultimately reaches the surface. This is a gradual (and ongoing) 
process and results in the partial collapse of the cave ceiling toward the 
surface. The amalgamation of collapsed areas resulted in the present 
canyon. 

Passages at the Brejões I segment show a decreasing trend in eleva-
tion toward the west (present location of the river), suggesting a west-
ward pattern of river migration and cave evolution (Fig. 2). Bedding 
plane orientation exerts an important control on the position of cave 
passages. Boersma et al. (2019) identified a dip toward the west in the 
outcrops surrounding the cave. During the fluvial-downcutting process, 
the river followed this trend, migrating along the bed orientation. In this 
scheme, the eastern passages would be older passages. This interpreta-
tion is reinforced by the presence of both truncated passages and surface 

Fig. 13. Probability of occurrence of fracture trace length for outcrops A (in A), 
B (in B) and C (in C). The vertical lines (in dashed red) show the approximate 
limits of sampling validity imposed by truncation and censoring effects. The 
fitted power laws are shown as blue dotted lines. Table 1 exhibits the estimated 
values for the power-law parameters (eq. (1)). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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canyons in the east, which probably represent ancient hydrologically 
active caves. Earlier hypogene processes and pyrite oxidation could have 
enhanced dissolution in this dominantly epigenic cave system. Although 
the study area is presently under a semiarid climate, there were 
numerous wetter intervals in the past (Wang et al., 2004), which would 
have considerably increased the discharge of the Jacaré River and the 
dissolution potential of epigenic processes in both the cave and karst 
pavements. Using the U-series method, Auler et al. (2004) dated tufa 
deposits on the valley slope just upstream from the Brejões I segment. 
The obtained ages ranged between 330 and 460 kyrs, showing the 
occurrence of significant meteoric processes at that time and that the 
valley attained its approximate present configuration during the 
mid-Pleistocene. Similar results of fracture direction statistics (Fig. 8) 
and trace length distributions (Figs. 13 and 14) in adjacent sectors of 
fracture corridors and caves (Fig. 7), indicate that karstified fracture 
corridors, caves and canyons developed in the study area as the final 
result of an advanced stage of the karst processes along the anticline 
axis. This process is similar to the one identified by Bagni et al. (2020) in 
the Jandaíra Formation (~1000 km north of the study area in the 
Potiguar Basin). The controlled flow of the Jacaré river along the fold 
hinge played a key role in the dissolution processes, especially in the 
formation of caves and canyons. The entire process resulted from frac-
ture networks concentrating fluid flow percolation because of their high 
connectivity. In low-porosity carbonate rocks, this often results in high 
exposure to dissolution effects, thus creating ideal conditions for karst 
development. 

In the three-block diagrams in Fig. 17a, we schematically summarize 
the evolution of this karstification scenario in near-surface carbonate 
rock. Due to the folding, fracture networks were created (stage I in 
Fig. 17a). Then, fracture epigenic enlargement began, particularly along 
the fold hinge, leading to the development of a structurally controlled 
river (stages II and III shown in Fig. 17a); in some parts, the river flows 
underground. The advancement of karstification process led to the 

formation of caves and canyons, the latter enlarged by river erosion 
(stage III in Fig. 17a and b). In the subsurface, karst evolution could also 
have caused intrabed dissolution, sometimes leading to ceiling collapse. 
In this situation, the formation of canyons resulted mainly from the 
progressive collapse of the cave ceilings that eventually reached the 
surface and formed dolines. 

6.2. Connectivity and percolation of the fracture networks 

Fracture corridors are often composed of fracture networks having 
fracture sets with different orientations (Questiaux et al., 2010; 
Lamarche et al., 2012; Ogata et al., 2014). Great variability in fracture 
orientations might allow high connectivity to the network and fracture 
density (Manzocchi, 2002; Sanderson and Nixon, 2018). High connec-
tivity degrees suggest increased flow through high permeability fracture 
conduits (Ogata et al., 2014). 

However, because fracture corridors can present very complex in-
ternal architectures, this concept has not yet been fully defined in the 
literature, at least from a quantitative viewpoint. Recent studies have 
been performed to establish spatial relationships between geometric and 
topological parameters related to the intrinsic architecture of fracture 
corridors (Espejel et al., 2020; Hermansen, 2019). Our research uses an 
integrated multiapproach structural analysis to show that fracture cor-
ridors formed along fold hinges have a high degree of connectivity. In 
particular, the predominance of terminations of types Y and X (notably 
Y) agrees with the results of Manzocchi (2002) and Nixon et al. (2013). 
As a result, fracture abutments are key contributors to the connectivity 
of fracture corridors, following other studies of natural fracture systems 
(Odling et al., 1999; Manzocchi, 2002). The major incidence of Y nodes 
in the areas with a wide distribution of fracture orientations and/or 
areas with high P20 and P21 is consistent with Manzocchi (2002). In 
addition, node classification indicates that fracture corridors consist of 
intense and connected fracture systems. 

Fig. 14. Probability of occurrence of 
fracture trace length for the cave cross- 
sections CS-13 (in A), CS-12 (in B), CS- 
10 (in C), and CS-8 (in D). Fig. 7 
shows the positions of the cave cross- 
sections in relation to the adjacent 
structural domains of Outcrop A. The 
vertical lines (in dashed red) show the 
approximate limits of sampling validity 
imposed by truncation and censoring 
effects. The fitted power laws are shown 
as blue dotted lines. Table 1 exhibits the 
estimated values for the power-law pa-
rameters (eq. (1)). (For interpretation of 
the references to colour in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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In turn, Bour and Davy (1997), based on computational studies of 
synthetic fracture networks, showed that the greater the power-law 
exponent Eq. (1) is, the greater the number of connections per fracture 
and the greater the influence of fractures of all sampled lengths on 
connectivity. The obtained field results corroborate this inference in the 
study area because all estimates of exponent α are higher than 2.5. It is 
important to emphasize that Bour and Davy (1997) considered only the 
fracture length and size of the analyzed area. 

According to Sanderson and Nixon (2015), the best parameter to 
define fracture network connectivity is the number of connections per 
branch (CB) since it can be sampled uniquely and relies less on edge 
effects. The CB value is dimensionless and varies between 0 and 2; 
therefore, the larger the CB, the greater the connectivity. The high CB 
values estimated for the outcrops (between approximately 1.8 and 1.9, 
Table 3) show that all fracture networks are highly interconnected and 
have approximately the same average connectivity (CB ~ 1.9), even for 
slightly different exponent values α of the power law. In addition, the CB 
values indicate an increase in the connectivity degree of the cluster due 
to the proximity of the fold axis, following Hermansen (2019). 
Furthermore, we detected at least one case where topological analysis 
showed a high degree of connectivity even in the presence of a moderate 
value of persistence. These results demonstrate the importance of 
combined analyses of geometric, persistence and topological parameters 
of fracture systems. 

According also to Sanderson and Nixon (2018), it is possible to 
obtain a reasonable indication of percolation from the average number 
of connections per branch for percolating systems with CB > 1.56. The 
obtained high estimates of CB values indicate that all fracture corridors 
reached the percolation threshold. 

On the other hand, the power-law coefficients and backbone analyses 
indicate that the fluid flow routes in all fracture corridors have contri-
butions of fracture trace lengths of all sampled sizes, particularly from 
subseismic lengths (<50 m). This is an important result for practical 
reservoir studies, which are often based on seismic images. Thus, map-
ping damage zones instead of mapping only seismic faults, as in Iacopini 
et al. (2016), might be an alternative approach to identifying fracture 
corridors with fracture lengths below the conventional concept of 
seismic resolution. Despite the limitations of fracture length analyses 
(Espejel et al., 2020), they added independent auxiliary information to 
the main conclusion derived from the topological analyses that the 
fracture corridors are highly interconnected. 

The branch analysis provided an estimation of cluster dimensions 
based on C–C proportion (PCC). According to Nixon et al. (2013), cluster 
extension is more important than the connectivity degree since the 
spanning extent of the large clusters controls the percolation networks. 
Its extension is related to PCC; therefore, lower PCC values can be 
associated with isolated small local clusters, while higher PCC values 
represent large clusters (Sanderson and Nixon, 2018). The branch 

Fig. 15. Backbones of the fracture networks of the outcrops A (in A), B (in B), and C (in C). Note that the three backbones show contributions from fracture lengths of 
all measured sizes, a result in accordance with the fact that all estimated values for the exponent α of the power laws are close to 3.0 (Table 1) (Bour and Davy, 1997). 
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classification performed in the outcrops (Table 3) shows PCCs higher 
than 81%. Espejel et al. (2020) and Sanderson and Nixon (2018) also 
suggested that smaller fractures are more likely to form connected 
branches. This suggestion is consistent with the fact that approximately 
98% of the mapped fracture lengths are subseismic in the study area. 

Finally, all obtained results in this study conform with the general 
proposition (e.g., Questiaux et al., 2010) that folds might have essential 
control over the development of fracture corridors. In particular, the 
increase in persistence in the direction of the fold axis shows that frac-
ture corridors might be curvature-controlled, developing parallel or 
along the hinge fold. It is important to remember the well-known fact 

that folds might be imaged with seismic data, thus pointing out possible 
locations for preferential development of fracture corridors. 

6.3. Implications for carbonate reservoirs 

Integrated studies based on geometric, topological, and persistence 

Fig. 16. Results of topological analyzes performed on eleven circular scan areas of the fracture networks in outcrops A (five areas), B (three areas), and C (three 
areas). Scan areas are marked in Figs. 4, 8, 9, 11 and 12 and the detailed statistical results are given in Table 3. In (A) and (B), ternary diagrams for the fracture node 
types are shown: in (A) taking into consideration all scan areas in a given outcrop, while in (B) for the different scan areas of each outcrop. In (C), we give examples of 
scan areas for the three outcrops; the chosen areas correspond to the most contrasting values identified in (B). Note that CB values are close to 2.0 in all outcrops, thus 
evidencing that the fracture networks are highly connected and dominated by C–C branches (Sanderson and Nixon, 2018). 

Table 1 
Parameters for the fitted power laws to the probability distributions of occur-
rence of fracture trace lengths for fracture corridors and caves. The estimates of 
the power-law parameters were obtained with the software FracPaQ. The 
probability distribution curves are shown in Figs. 13 and 14.  

Outcrop Power-law parameters 

Lower limit 
(m) 

Upper limit 
(m) 

Exponent α Correlation 
coefficient 

A 22.37 96.06 2.87 92.16% 
B 13.18 54.38 2.94 91.20% 
C 29.14 77.06 3.47 95.28% 
Cave Lower limit 

(m) 
Upper limit 
(m) 

Exponent α Correlation 
coefficient 

CS-13 7.06 30.58 2.77 99.60% 
CS-12 4.94 29.90 2.89 93.28% 
CS-10 7.79 26.47 2.95 94.36% 
CS-8 4.28 35.80 2.68 98.40%  

Table 2 
Dip and dip-direction measurements collected from the Brejões ground-based 
LiDAR point clouds. The cross-sections (CS-1 to CS-18) are shown in Figs. 2, 7 
and 8.  

CS Num. Meas. Mean Dip (degree) Mean Dip Dir. (degree) 

1 90 005 277 
2 166 005 286 
3 91 005 278 
4 115 005 277 
5 27 005 280 
6 135 005 283 
7 210 004 287 
8 108 004 279 
9 70 004 279 
10 121 005 291 
11 80 005 284 
12 153 006 293 
13 97 005 283 
14 209 005 292 
15 143 005 284 
16 129 005 282 
17 105 005 284 
18 113 004 283 

Note: CS= Cross-section, Num. Meas. = Number of measurements, Mean Dip 
Dir. = Mean Dip Direction. 
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Table 3 
Results of topological analyses obtained from sampling circular scan areas. Topology parameters were calculated based on the methodology proposed by Sanderson 
and Nixon (2015). The scan areas are shown in Figs. 4, 8, 9, 11 and 12. Ternary diagrams are shown in Fig. 16.  

Scan Area Number of fractures NI Ny NX NY + NX (%) C–C (%) I–C (%) I–I (%) Total uncertainty (%) CB CB average 

A-I 109 31 106 150 89.20 93.57 3.16 0.11 3.16 1.93 1.92 
A-II 165 29 187 137 91.78 94.97 2.48 0.06 2.48 1.95 
A-IIIa 161 53 190 90 84.08 89.51 5.10 0.29 5.10 1.89 
A-IIIb 105 30 109 90 86.90 91.81 4.01 0.18 4.01 1.92 
A-IV 130 43 141 104 85.07 90.49 4.64 0.24 4.64 1.90 
B–I 238 108 256 197 80.75 87.44 6.07 0.42 6.07 1.87 1.86 
B-II 198 112 212 224 79.56 86.84 6.35 0.46 6.35 1.86 
B-III 95 46 82 71 76.88 84.67 7.35 0.64 7.35 1.84 
C–I 260 62 316 284 90.63 94.31 2.81 0.08 2.81 1.94 1.92 
C-II 163 24 304 91 94.27 96.34 1.81 0.03 1.81 1.96 
C-III 180 79 197 107 79.37 86.13 6.68 0.52 6.68 1.86  

Fig. 17. Evolution model of the karstification scenario in folded carbonate rocks proposed for the Brejões System. In (A), the three block diagrams (I, II, and III) show 
the development of the Jacaré River valley and the karstic dissolution in the anticline hinge zone. In stage I, fracture networks are created due to folding. In stage II, 
fracture epigenic enlargement begins, particularly along the fold hinge, leading to the development of a structurally controlled river. In stage III, the advancement of 
karstification leads to the formation of caves and canyons, the latter potentialized by river erosion. In (B), a block diagram is presented, in scale, merging elements of 
the digital elevation model, drone photographs, and conceptual karst development (in the vertical section) to show the present configuration of the study area. 
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analyses of reservoir analogs can increase understanding the complex 
behavior of fracture networks. In rocks with low primary porosity/ 
permeability, such as carbonates, fluid-flow properties are mainly 
controlled by fracture networks (Lamarche et al., 2012). Therefore, 
assessing how network elements are connected and distributed allows 
the estimation of the connectivity variability of fracture corridors. In 
particular, topological characterization integrated with backbone 
studies provides a good connectivity assessment and allows under-
standing how subseismic fractures might influence rock permeability. 
This is important because the exploratory potential of a reservoir might 
be underestimated as a result of insufficient sampling of its low-scale 
structures; that is, in the case the reservoir has fracture corridors high-
ly influenced by subseismic fractures. Thus, integrated studies of frac-
ture systems might help us understand some difficult reservoir 
management issues. For example, the high variability of well perfor-
mance is often observed in fractured reservoirs, as pointed out by 
Questiaux et al. (2010). 

Topological and backbone analyses might be carried out on different 
scales. In this way, it is possible to characterize the fracture network at 
the available scales and to attempt to upscale/downscale the obtained 
results for the typical scale of engineering fluid flow studies based on the 
fact that fracture networks might have similar parameters at different 
scales (e.g., Bonnet et al., 2001), as illustrated in Fig. 18. In particular, 
studies performed in reservoir analogs, such as the present study, might 
provide information to understand the data gap between the seismic and 
borehole scales. 

Finally, our results corroborate that fracture corridors installed in 
folded carbonate rocks constitute preferential places for fluid flow 
concentration (e.g. Evans and Fischer, 2012) and karst development (e. 
g. Bagni et al., 2020). The high connectivity proportioned by the fracture 
corridors allows the concentration of preferential routes for fluid 
percolation, contributing to higher exposure to dissolution effects in 
carbonate rocks, thus creating ideal conditions for karst development. 

The deformation of carbonate rocks, leading to the possible forma-
tion of folds, is a widely spread phenomenon in nature. As a result, at 
least two important types of carbonate reservoirs might be created, 
sometimes coexisting laterally in the same area. Following the classifi-
cation of reservoir types I and II of Giuffrida et al. (2020), modified by La 
Bruna et al. (2021), they are: (a) reservoirs having large volumes of 
secondary porosity associated with ancient caves and canyons (type I 
reservoir) and (b) reservoirs composed of enlarged fracture corridors 
(type II reservoir). In deep condition, all spaces created by dissolution 

processes are infilled by other geologic materials but still strongly 
contribute to secondary porosity/permeability formation. Because of 
fracture control, the two types of reservoirs have marked anisotropies, 
leading to preferential routes of fluid migration and impacting all phases 
of reservoir exploitation. 

7. Conclusions 

Integrated interpretation of structural data using several approaches 
allowed us to conclude that fracture corridors, caves and canyons were 
implanted along an anticline fold hinge in the study area. The fracture 
corridors acted as preferential routes for fluid flow, thus creating good 
conditions for karst dissolution. As a result of an advanced stage of 
karstification involving both fracture enlargement and intrabed disso-
lution, karstified fracture corridors, caves and canyons were formed. In 
the last two cases, a river captured by the highly fractured zone of the 
fold hinge played an important role as an erosive agent. 

The described scenario might be associated with the formation of at 
least two important types of carbonate reservoirs, which can coexist 
laterally in the same region: reservoirs composed of enlarged fracture 
corridors and reservoirs having large volumes of secondary porosity 
associated with ancient caves and canyons. In deep conditions, spaces 
created by dissolution processes are often infilled by other geologic 
materials but still strongly contribute to secondary porosity/perme-
ability formation. Due to fracture control, the two types of oil reservoirs 
have marked anisotropy, leading to preferential routes of fluid migration 
and impacting all phases of exploitation. 

Among the described results for the fracture corridors, we highlight 
the following. First, they reveal the high influence of subseismic frac-
tures in connecting the fracture networks, thus indicating that this type 
of structure must be taken into account in reservoirs dominated by 
fracture corridors. In particular, large α exponents in the power laws 
(>2.5) indicate that relatively small-length fractures play an important 
role in fracture corridor connectivity. Second, in fracture corridors, node 
termination of types X and notably Y predominate, being the CB values 
close to 2.0. Third, fracture corridors have high values of persistence P20 
and P21. Fourth, fracture networks in fracture corridors have highly 
interconnected backbones. 

Given the importance of subseismic fractures, we suggest that 
deformation zone mapping is a possible alternative to identify fracture 
corridors with fracture lengths below conventional seismic resolution. In 
particular, in the case of fracture networks with lengths governed by a 

Fig. 18. Schematic block diagrams show that, in a fracture corridor, fracture directions and connectivity might be approximately the same on all scales. As a result, 
the information obtained by the joint interpretation of small-scale (log images, outcrop analogs) and large-scale (seismic) datasets might be used together to predict 
the behavior of fracture networks in the inter-well space at an intermediate scale, typical of engineering fluid-flow studies. 
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power law, the joint characterization of small fractures (from borehole 
images) and large fractures (from seismic data) might be used together 
to predict the behavior of fractures in the inter-well space. 
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Validation of fracture data recognition in rock masses by automated plane detection 
in 3D point clouds. Int. J. Rock Mech. Min. Sci. 109, 19–31. https://doi.org/ 
10.1016/j.ijrmms.2018.06.023. 

Enge, H.D., Buckley, S.J., Rotevatn, A., Howell, J.A., 2007. From outcrop to reservoir 
simulation model: workflow and procedures. Geosphere 3 (6), 469–490. https://doi. 
org/10.1130/GES00099.1. 

Espejel, R.L., Alves, T.M., Blenkinsop, T.G., 2020. Multi-scale fracture network 
characterisation on carbonate platforms. J. Struct. Geol. 140, 104160. https://doi. 
org/10.1016/j.jsg.2020.104160. 

Evans, M.A., Fischer, M.P., 2012. On the distribution of fluids in folds: a review of 
controlling factors and processes. J. Struct. Geol. 44, 2–24. https://doi.org/10.1016/ 
j.jsg.2012.08.003. 

Fabuel-Perez, I., Hodgetts, D., Redfern, J., 2010. Integration of digital outcrop models 
(DOMs) and high resolution sedimentology e workflow and implications for 
geological modelling: oukaimeden Sandstone Formation, High Atlas (Morocco). 
Petrol. Geosci. 16 (2), 133–154. https://doi.org/10.1144/1354-079309-820. 
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Ovaskainen, N., Nordbäck, N., Skyttä, P., Engström, J., 2022. A new subsampling 
methodology to optimize the characterization of two-dimensional bedrock fracture 
networks. J. Struct. Geol. 104528. https://doi.org/10.1016/j.jsg.2022.104528. 

Panza, E., Agosta, F., Rustichelli, A., Zambrano, M., Tondi, E., Prosser, G., Janiseck, J.M., 
2016. Fracture stratigraphy and fluid flow properties of shallow-water, tight 
carbonates: the case study of the Murge Plateau (southern Italy). Mar. Petrol. Geol. 
73, 350–370. https://doi.org/10.1016/j.marpetgeo.2016.03.022. 

Price, N.J., 1966. Fault and Joint Development in Brittle and Semi-brittle Rocks. 
Pergamon, Oxford.  

Priest, S.D., 1993. Discontinuity Analysis for Rock Engineering. Chapman & Hall, 
London, United Kingdom, p. 473. 

Primaleon, L.P., McCaffrey, K.J.W., Holdsworth, R.E., 2020. Fracture attribute and 
topology characteristics of a geothermal reservoir: southern negros, Philippines. 
J. Geol. Soc. 177 (5), 1092–1106. https://doi.org/10.1144/jgs2019-126. 

Questiaux, J.M., Couples, G.D., Ruby, N., 2010. Fractured reservoirs with fracture 
corridors. Geophys. Prospect. 58 (2), 279–295. https://doi.org/10.1111/j.1365- 
2478.2009.00810.x. 

Rubbioli, E., Auler, A.S., Menin, D., Brandi, R., 2019. Cavernas. Atlas Do Brasil 
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