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Flow pathways in multiple-direction fold hinges: Implications for fractured 1 

and karstified carbonate reservoirs 2 
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 15 

Abstract 16 

Caves developed in carbonate units have a significant role in fluid flow, but most of 17 

these subsurface voids are below seismic resolution. We concentrated our study on 18 

four caves to determine the roles of fractures and folds in the development of karst 19 

conduits that may form flow pathways in carbonate reservoirs. We performed structural 20 

field investigations, petrographic analyses, and geometric characterization using Light 21 

Detection and Ranging (LIDAR) for caves in Neoproterozoic carbonates of the Salitre 22 

Formation, central part of the São Francisco Craton, Brazil. We found that the conduit 23 

shape, usually with an ellipsoidal cross-section, is a reflection of the tectonic features 24 

and textural variations. Carbonate layers containing pyrite and low contents of detritic 25 
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minerals are generally karstified and appear to act as favorable flow pathways. Our 26 

results indicate that the development of the karst system is related to fracture corridors 27 

formed along parallel and orthogonal sets of fold hinges, which provide preferential 28 

pathways for fluid flow and contribute to the development of super-K zones. This study 29 

provides insights about the prediction of subseismic-scale voids in subsurface 30 

carbonate reservoirs, with direct application for the hydrocarbon and hydrogeology 31 

communities.   32 

 33 

Keywords: Fracture corridors; Hypogene karst conduits; Salitre formation; Carbonate 34 

reservoir. 35 

 36 

1. Introduction 37 

Fractured and karstified carbonate rocks form significant hydrocarbon and 38 

groundwater reservoirs (Xu et al., 2017). Karst systems are formed where the 39 

dissolution of these rocks by the aqueous fluid is the dominant process (De Waele et 40 

al., 2009). Karst features are mainly controlled by structural heterogeneities such as 41 

bedding planes, faults and fractures, which affect fluid flow by providing preferential 42 

pathways for geofluids with the development of secondary porosity (e.g., Balsamo et 43 

al., 2016; Ennes-Silva et al., 2016, and references therein). This may influence the 44 

production and exploitation of oil reservoirs (Ogata et al., 2012; Frumkin, 2013; 45 

Klimchouk et al., 2017). 46 

 47 

An accurate characterization of karst systems, common in carbonate reservoirs, 48 

requires special attention given that this type of reservoir represents 60% of the 49 

world's oil and 40% of the world's gas reserves (Montaron, 2008) and 25% of the 50 



water supply, up to 50% or more in some countries (Ford and Williams 2007). 51 

Therefore, they have high economic and social importance. Understanding the time-52 

space evolution, geometry and size of karst porosity is fundamental in modeling and 53 

predicting fluid flow in carbonate aquifers and oil reservoirs (Popov et al., 2007; Agar 54 

and Geiger, 2015; Gholpoiur et al., 2016; Xu et al., 2017; Lyu et al., 2020). 55 

 56 

The main mechanisms controlling karst distribution are chemical processes 57 

(oxidation of sulfides, and/or hypogenic biogenic CO2), hydrothermalism, regional 58 

flow and regional and local structural control (Auler and Smart, 2003; De Waele et 59 

al., 2009; Ennes-Silva et al., 2016). Dissolution of carbonate rocks can occur by 60 

fluids enriched in CO2 coming from the surface (epigenic karst, e.g., Audra and 61 

Palmer, 2011) or when ascending flow brings thermal CO2-rich water (Dublyansky, 62 

2012) or sulfidic fluids (Palmer and Hill, 2019). Fluids can also acquire their 63 

dissolutional aggressivity by mixing processes (for example, in coastal areas, 64 

Mylroie, 2012), or by localized oxidation of sulfides (e.g., pyrite) (Auler and Smart, 65 

2003; Tisato et al., 2012a).  66 

 67 

Folds may concentrate the highest strain in the fold hinge zone (Cosgrove, 2015), 68 

where fractures and fracture corridors occur. The term fracture corridor will be used 69 

to describe persistent subparallel fractures with consistent continuity (Ogata et al., 70 

2014). These fractures often directly influence the fluid flow in the reservoirs and 71 

aquifers (Odling et al., 1999; Bagni et al., 2020).   72 

 73 

The presence of karstified zones can cause problems such as loss of fluid circulation 74 

and well collapse in the exploited oil field (Xu et al., 2017). Therefore,  decisions 75 



about reservoir prospecting and exploration are carried out amid many uncertainties 76 

arising from a poor understanding of the properties of these systems (Ogata et al., 77 

2014; Klimchouk et al., 2016).  78 

 79 

However, karst can also significantly enhance fluid flow in carbonate reservoirs 80 

(Pantou, 2014). Karst flow pathways may form very high-permeability zones (super-K 81 

zones), characterizing an important factor assessed in oil reservoirs (Questiaux et al., 82 

2010; Ogata et al., 2012, 2014), which can connect different mechanical units and 83 

compartmentalize reservoirs in different stratigraphic levels (Questiaux et al., 2010; 84 

Bagni et al., 2020) and therefore optimize the oil production.  85 

 86 

Even with the recent advances in knowledge about karst and fractures connecting 87 

different parts of rock masses (Pollard and Aydin, 1988; Matthäi and Belayneh, 2004; 88 

Narasimhan, 2005), several parameters such as karst evolution, geometry, structural 89 

control, and their influence on carbonate reservoirs have not been fully clarified 90 

through conventional exploration techniques such as seismic surveys because they 91 

are too small to be detected by seismic surveys or wells.  92 

 93 

Major karst features can be observed at the seismic scale but, due to the limitation of 94 

the seismic resolution (>10 m), minor features often remain undetected (Tian et al., 95 

2017). Several geoscientists have been applying new methodologies combined with 96 

seismic data to optimize the prediction of karst, such as thin section analyses and 97 

C/O isotope ratios of core samples, borehole images, 3D delineation methods (Tian 98 

et al., 2015 and references therein), and well-seismic inversion (Zhao et al., 2015).  99 



However, despite the appreciable progress, major karst flowpaths are still often 100 

overlooked in conventional seismic lines. 101 

 102 

Hence, the use of carbonate outcrop analogues (Guerriero et al., 2010, 2011; Santos 103 

et al., 2015; Giuffrida et al., 2019; La Bruna et al., 2018, 2020; Balsamo et al., 2020) 104 

could provide insights about these systems to minimize errors in development and 105 

production in carbonate reservoirs and allow for more reliable reservoir or aquifer 106 

reconstruction. To fill the aforementioned gaps, analogue outcrop studies can be 107 

used in some cases to supply the additional data required for the inter-well fracture 108 

property population (de Joussineau and Aydin, 2007; Panza et al., 2015).  109 

 110 

This contribution focuses on the reconstruction of paleo-flow pathways below seismic 111 

resolution (less than 10 m) by analyzing subseismic-scale fractures and folds in four 112 

hypogenic karst systems developed within the carbonate succession of the Salitre 113 

Formation, (Fig. 1 a, b), an analogue of fractured and karstified reservoirs within the 114 

São Francisco Craton (SFC, Almeida et al., 2000) and adjacent areas.  115 

 116 

In this study, we employed a multiscale and multidisciplinary approach involving 117 

petrographic characterization, qualitative and quantitative structural analysis, and high-118 

resolution Light Detection and Ranging (LiDAR) imagery. LiDAR analysis was 119 

performed to provide first-order predictions on the occurrence and geometry of karst 120 

features and to better understand the relationship between diffuse or localized 121 

deformation on the development of flow pathways. We present a first-order prediction 122 

of the occurrence and geometrical attributes in karstified carbonate rocks to shed new 123 



light on the role played by both diffuse and localized deformation on the development 124 

of flow pathways. 125 

'Figure 1 here' 126 

2. Geological and speleological settings  127 

The SFC (Almeida et al., 2000) (Fig. 1 a) corresponds to the western portion of a large 128 

cratonic area together with the Congo Craton in Africa, which were segmented during 129 

the Pangea breakup and opening of the South Atlantic Ocean in the Late Jurassic and 130 

Early Cretaceous (Alkmim and Martins-Neto, 2012; Cazarin et al., 2019). The most 131 

recent part of the SFC is composed of Meso- and Neoproterozoic sedimentary units: 132 

the Una Group, which overlaps both Paleoproterozoic and Archean basement units.   133 

Within the SFC, the Irecê and Una-Utinga basins were formed by rifting that occurred 134 

during the fragmentation of the Rodinia supercontinent (c. 950 – 600 Ma) (Condie, 135 

2002; Guimarães et al., 2011). The presence of normal faults in the Una Group 136 

indicates that the extensional tectonic regime continued until the sedimentation of 137 

these Neoproterozoic basins (Misi and Veizer, 1998; Guimarães et al., 2011). A later 138 

deformation stage occurred during the Brasiliano orogeny (~ 650 – 500 Ma) (Misi and 139 

Veizer, 1998). Two main phases of deformation, marked respectively by folds and 140 

thrusts that strike NNE-SSW and E-W, are related to collisional events on the margin 141 

of the SFC during the Brasiliano orogeny (Guimarães et al., 2011; Ennes-Silva et al., 142 

2016; Boersma et al., 2019). 143 

 144 

The Salitre Formation represents an excellent natural laboratory to investigate the 145 

relationship between karst systems and fractured carbonate reservoirs. This unit 146 

occurs at the top of the Una Group, is approximately 500-m thick, and is mostly 147 

composed of carbonate units (Misi and Veizer, 1998). The Salitre Formation hosts 148 



hundreds of caves, including the longest cave systems in South America, with a 149 

combined length of over 140 km of passages (Auler et al., 2017). Most caves were 150 

developed in deep-seated confined conditions, formed by a combination of rising flow 151 

that migrated upward through the basal units and then spread laterally (Klimchouk et 152 

al., 2016) and oxidation of sulfide-rich beds in shallow aquifers (Auler and Smart, 153 

2003). Bertotti et al. (2020) highlighted the local development of caves formed along 154 

strike-slip faults, displaying clear evidence of the interaction between silica-rich fluids 155 

and carbonate rocks during cave formation that is rarely observed in other settings 156 

worldwide. 157 

 158 

In almost all cave systems, folds and related fractures control the planimetric 159 

development of the passages (Auler and Smart, 2003). The development of a huge 160 

number of caves in the Salitre Formation mostly occurred along fold hinges (Ennes-161 

Silva et al., 2016; Boersma et al., 2019). The deformation features visible in the caves 162 

include stylolites, open mode fractures (joints and veins), stratabound (SB, confined 163 

within mechanical unit) and non strata-bound (NSB, smaller and greater than the 164 

mechanical unit) fractures and conjugate shear fractures (Ennes-Silva et al., 2016; 165 

Boersma et al., 2019, Balsamo, et al., 2020).  166 

 167 

The stratigraphic features of the caves in the northern part of the Irecê basin were 168 

described by Cazarin et al. (2019). They identified five units from the bottom to the top: 169 

(1) grainstones with cross-bedded stratification, (2) fine grainstones with chert nodules, 170 

(3) microbial carbonates, (4) fine siliciclastic layers and marls, and (5) crystalline 171 

grainstone interfingered with chert layers. The compositional difference in these units 172 

is related to the variable degrees of diagenesis and provides these rocks different 173 



petrophysical properties. Some units concentrate fluid flow whereas others act as 174 

sealing units, preventing the fluid flow and intensifying the dissolution in the underlying 175 

layers (Cazarin et al., 2019; Balsamo et al., 2020). 176 

 177 

3. Methods  178 

In this study, four caves were selected, known by local name: the Ioiô, Torrinha, 179 

Lapinha, and Paixão (Fig. 1b). All caves are interpreted as displaying features 180 

associated with confined flow/hypogenic conditions (Auler, 1999), although epigenic 181 

features (and earlier) may occur. Data integration allowed for clarifying the relationship 182 

between the physical properties of the host rocks and both fracturing and karstification 183 

processes. We describe the above-mentioned analyses in the following sections. 184 

 185 

3.1 Petrographic and lithostratigraphic analyses 186 

The laboratory work included the petrographic analysis of 22 thin oriented sections 187 

obtained from samples collected in the caves. The petrographic analysis was carried 188 

out using a Leica DMLP optical microscope under planar and cross-polarized lights. 189 

Based on their texture, carbonate rocks were described according to Dunham (1962). 190 

This analysis allowed for us to define the composition, sedimentary facies, and texture 191 

of the karstified carbonates. Four stratigraphic columns, one for each cave, were 192 

reconstructed and sampled in key sectors. This approach was employed to understand 193 

which units had the highest degree of dissolution (more dissolved) based on the 194 

distribution of facies and mineral composition.  195 

  196 

3.2 Structural analysis 197 



Deformation features in the caves of the Salitre Formation were measured and sorted 198 

into different types: mode I fractures (joints and veins), bed-parallel stylolites, 199 

conjugate shear fractures (i.e, minor faults), and fold hinges. Joints and veins include 200 

both SB and NSB structures. Bedding attitude and dip variations were also measured 201 

systematically. Detailed qualitative and quantitative structural analyses were carried 202 

out at each site studied. The qualitative analysis aimed at deciphering the nature, 203 

kinematics, relative timing, and attitude of individual features affecting the carbonate 204 

rock multilayers. 205 

 206 

Moreover scanline analyses were performed (Marrett et al., 1999; Ortega et al., 2006; 207 

Miranda et al., 2014; Giuffrida et al., 2019; Pontes et al., 2019). In total, 603 fractures 208 

were measured, interpreted and analyzed with stereonet software (Allmendinger et al., 209 

2011). These analyses were performed along the sub-vertical walls at the external 210 

portion of cave entrances. At each site analyzed, the 5-m-long parallel-to-bedding 211 

scanlines were located orthogonally to the main fracture striking-sets (N-S and E-W 212 

direction) to be as representative as possible of all the structural features present. For 213 

each fracture, we measured the following parameters: attitude, height, distance from 214 

the origin of the scanline, type (joint, shear joint, fault), aperture and infill (if present). 215 

The aperture was measured using a comparator developed by Ortega et al. (2006). 216 

The real spacing between fractures was calculated with trigonometric equations using 217 

the azimuthal angle formed by the scanline plunge/dip and the main strike/dip of each 218 

set (Terzaghi, 1965). The Coefficient of variation (Cv) was calculated; it consists of the 219 

ratio between the σ1 standard deviation and the mean value of fracture spacing of 220 

individual fracture sets (Zambrano et al., 2016; Giuffrida et al., 2019). Furthermore, the 221 

best-fit equations were calculated for the recognized individual fracture striking-sets. 222 



This distinction among fracture striking-sets was determined by plotting the mean 223 

fracture spacing and their cumulative number, cn, in bi-logarithmic plots (Gillespie et 224 

al., 1993; Railsback, 1998; Odonne et al., 2007).  225 

 226 

3.3 LiDAR survey 227 

The caving club “Grupo Bambui de Pesquisas Espeológicas” provided the cave maps 228 

with topographic data from the caves. Using these maps, it was possible to formulate 229 

data acquisition strategies for LiDAR, boundary outlines, and the structural maps of 230 

caves. The purpose of this technique was to understand the karst geometry and the 231 

relation with the fracture pattern. We carried out scanning with a terrestrial LiDAR 232 

system (TLS) using a Leica Scanstation P40 scanner from ViGeA (Reggio Emilia, Italy) 233 

and a mobile LiDAR system (MLS), a ZEB-Revo GeoSLAM scanner. The MLS shows 234 

better results for the cave morphology and irregularities in the passages. In addition, 235 

the user could go through complex cave passages with the MLS during the acquisition 236 

of the 3D point clouds without changing stations, which provided quick and better 237 

results to identify the cave morphology. The TLS can provide more accuracy and 238 

precision due to the series of additional sensors such as an inclinometer, an electronic 239 

compass and a dual-axis compensator (Fabbri et al., 2017; De Waele et al., 2018) 240 

LiDAR scanning can reveal the importance of fractures in karstification (Jacquemyn et 241 

al., 2012). At least 35 M points were acquired for each cave studied. 242 

  243 

We processed the point clouds with the open-source software Cloud Compare using 244 

the raw file from the LIDAR data. Cloud Compare offers several tools to improve the 245 

analysis of cave morphology (Fabbri et al., 2017; De Waele et al., 2018) and geometry. 246 

MLS data were loaded to plot the intensity values of the scalar field using grayscale. 247 



For a good visualization of the structural features, we used the “Eye-dome Lighting” 248 

filter. We created 3D model slices of several parts to visualize the geometry around 249 

and inside the cave using the “Cross Section” tool. Approximately 1.4 km of cave 250 

passages were surveyed, approximately 350 m in the Ioiô cave, 500 m in the Torrinha 251 

cave, 240 m in the Lapinha cave, and 200 m in the Paixão cave.  252 

 253 

4. Results 254 

4.1 Lithostratigraphy of cave systems  255 

In the area of the four investigated caves, the carbonate rocks of the Salitre Formation 256 

are arranged in millimeter- to centimeter-thick tabular layers. Stratigraphic analysis 257 

indicates three main lithologies, from the base to the top: (a) microbial carbonates, (b) 258 

microbial carbonates with intercalations of siltstone levels, and (c) sedimentary breccia 259 

(Fig. 2a). 260 

'Figure 2 here' 261 

The carbonate layers that are microbial carbonate display chert nodules or dark boudin 262 

concretions in some portions (Fig. 2a.). The thin sections analysis indicates that the 263 

texture of these carbonate layers are mudstones affected by an intensive process of 264 

dolomitization. The primary porosity of lithologies that compose the Salitre Formation 265 

was reduced mostly by mesodiagenesis cementation (Cazarin et al., 2019). The 266 

secondary porosity was mostly represented by fractures. The mudstone interval shows 267 

a smaller grain size, with a particle-size distribution classified as silt, with frequent chert 268 

nodules and pyrite present (Fig. 2 b, c).  269 

 270 

The microbial carbonate with siltstone levels is a mudstone (Fig. 2 d, e) affected by 271 

dolomitization and characterized by detritic minerals that correspond to 10-20% of their 272 



composition. The sedimentary breccia (Fig. 2 f, g) corresponds to grainstone 273 

characterized by a coarse grain size (sands). Specific layers display less significant 274 

dissolution compared with others, forming high relief zones (prominent layers) that vary 275 

according to rock texture and composition (Fig. 3). Usually, the mudstone with siltstone 276 

levels and the grainstone are more prominent in relief inside the caves than the 277 

mudstone layers (Fig. 3). Occasionally within the mudstone layers, we identified darker 278 

intercalations composed of organic material and/or pyrite (Fig. 2 c), which indicate a 279 

reducing environment.    280 

'Figure 3 here' 281 

4.2 Structural data 282 

We divided this topic into quantitative and qualitative approaches. The qualitative 283 

approach included detailed structural mapping and LiDAR imaging analysis to identify 284 

the relationship between the fracture sets and principal fracture zones, as well as the 285 

characterization of the cave features. A quantitative field fracture analysis was 286 

performed along the surveyed carbonate rock walls to distinguish the diffuse 287 

deformation from the fold-fault related deformation and determine their influence on 288 

the cave’s nucleation and development.  289 

 290 

4.2.1 General cave features 291 

The qualitative structural analysis based on field observations, LiDAR imaging, and 292 

structural measurements was performed within the caves and along the external sub-293 

vertical walls that surround the cave entrances. We documented fractures (joints, 294 

veins, sheared joints, and sheared veins), bed-parallel stylolites, sedimentary bedding, 295 

and fold hinges. Commonly, bed-parallel stylolites are located at the bed interfaces 296 

within mm-thick, continuous, clay-rich marl levels. Less often, they are present within 297 



individual carbonate beds. Open-mode fractures may display hackles and ribs and thus 298 

were identified as joints. In some cases, a millimeter-to-centimeter offset of 299 

depositional surfaces was observed across them and thus we considered the above 300 

features to be sheared joints. Some of the cave passages exhibit an alignment of 301 

speleothems located in the central part of the cave roofs. These speleothems are 302 

mainly associated with several fracture zones parallel to the cave passages and 303 

running along the central part of the cave roofs (Fig. 4 a). The cave passages are 304 

arranged in a linear or maze pattern, with rectilinear sub-horizontal passages 305 

developed parallel to fractures in an orthogonal pattern (Fig. 4 a, b). High dissolution 306 

zones occur in the middle portion of the cave passages (Fig. 4 c). In general, cave 307 

galleries could be divided into major chambers ~ 10-m high and smaller conduits up to 308 

2.5-m high that link the major chambers. The preferred direction of the cave passages 309 

coincides with the main persistent N-S- and E-W-striking fracture zones.  310 

'Figure 4 here' 311 

Fractures may be confined within individual carbonate beds as SB, usually observed 312 

away from the main dissolution zones, or as NSB where they crosscut one or several 313 

beds, usually related to main dissolution zones. Both SB and NSB fractures are much 314 

more evident along the external portion of the caves where the dissolution and 315 

mineralization processes do not entirely erase or overprint them (Fig. 5 a, b). The SB 316 

and NSB fractures are not necessarily parallel (Fig. 5 c). However, the high dissolution 317 

zones are parallel to the main persistent NSB fractures.  318 

'Figure 5 here' 319 

Two main fracture sets were observed in the study sites, striking N-S and E-W; 320 

systematically, the E-W fractures terminate against the N-S ones, which indicates that 321 

the latter are older than the former (Fig. 6 a). Bed-parallel stylolites are common 322 

throughout the analyzed sites, at the surface and inside the caves. We also 323 



documented bed-perpendicular folded veins (Fig. 6 b) and several high-angle normal 324 

faults characterized by extensional or oblique kinematics (Fig. 6 c and d). Usually, 325 

these structures are composed of several discontinuous slip surfaces; the 326 

abutting/crosscutting relationships (Fig. 6 d) among the fracture sets are consistent 327 

with their hierarchical formation and subsequent shearing of joint sets sub-parallel to 328 

the main slip surfaces (Davatzes and Aydin, 2003; Myers and Aydin, 2004).  329 

'Figure 6 here' 330 

4.2.2 Identification of fold hinges and fracture sets 331 

Two major gentle folds occur in the Ioiô cave (Fig. 7 a, b, c, d). These antiforms display 332 

a N-S fold axis, which is parallel to the main cave passage and the main 333 

fracture/dissolution zones (Fig. 7 e, f). Along the cave passages, the bed surfaces 334 

display a dip of approximately 10º toward the west (along the western cave wall) and 335 

10º toward the east (along the eastern wall, Fig. 7 c, d, g). 336 

'Figure 7 here' 337 

We performed LiDAR surveys in all the caves. In the Lapinha cave (Fig. 8 a) the LiDAR 338 

survey was integrated with detailed structural analysis at 13 sites (Fig. 8 b). This cave 339 

is marked by the presence of two orthogonal, bed-perpendicular fracture sets that 340 

strike ~ N-S and E-W (Fig. 8 c). Along the ~ N-S passages, the bed surfaces show dip 341 

ranging from 3º to 15º toward the east and west. E-W cave passages show a bedding 342 

dip from 5º to 10º toward the north and south (Fig. 8 d and e). The main 343 

fracture/dissolution zones are parallel to the documented fold hinges and concentrated 344 

along the central portion of the cave ceilings (Fig. 8 c, d). Furthermore, the LIDAR data 345 

analysis allowed for us to highlight and measure the fold wavelengths in the Lapinha 346 

cave. E-W and N-S folds display an almost equidistant wavelength of ca 30 m (Fig. 8 347 

e). 348 

'Figure 8 here' 349 



The high-resolution imaging provided by the MLS survey in a maze portion of the 350 

Torrinha cave provides a consistent representative model of the geometry of the cave 351 

passage (Fig. 9 a, b) and allowed for us to determine that the karstification processes 352 

followed the direction of fold hinges. The main geometric pattern observed for the cave 353 

passages could be associated with an ellipsoid with a major axis in a horizontal or 354 

vertical position (Figs. 9 b, c, d). The processes of dissolution are more developed near 355 

or at the fracture/fault intersection, as highlighted in the 3D model of the Paixão cave 356 

(Fig. 9 e) and Fig. 4 b.  357 

'Figure 9 here' 358 

The studied mazes in Torrinha cave displays a similar structure to the Lapinha cave, 359 

characterized by an orthogonal pattern of the cave passages. This geometry is 360 

highlighted by the LiDAR survey carried out in the southeastern part of the cave (Fig. 361 

10 a). Along this portion, the cave is affected by folds showing both N-S and E-W hinge 362 

directions (Fig. 10 b, c). The bedding dip ranges from 8º to 15º, usually in opposite 363 

directions, forming gentle folds (Fig. 10 c, d). The E-W passages usually terminate 364 

against the N-S structures, which are more persistent. A NW-SE strike-slip fault with a 365 

dextral kinematic (Fig. 10 c) causing a displacement of N-S fold hinges was observed. 366 

The detachment of carbonate layers indicates a compressive component (Fig. 10 e).  367 

'Figure 10 here' 368 

The Paixão cave is characterized by orthogonal cave passages and related anticlines 369 

(Fig. 11 a) where these passages display an en echelon pattern associated with 370 

several en echelon fold hinges (Fig. 11 b, c). The bedding dip ranges from 4º to 18º 371 

along the cave walls (Fig. 11d). One of the main cave passages is associated with a 372 

single fault zone (Fig. 11 e) showing high displacement (HD) in the central part, 373 

observed in the LiDAR digital model (Fig. 11 g). Along this fault zone, we also identified 374 

and characterized several dip-slip faults (Figs. 11 g, h). 375 



'Figure 11 here' 376 

4.2.3 Background and clustered fractures  377 

The quantitative structural analysis based on the scanline methodology was performed 378 

along the external vertical walls. The scanline measurements were taken to decipher 379 

the nature, orientation, geometry, dimension, and multi-scale properties of background 380 

and clustered fractures. The values of the exponential distribution, power law 381 

distribution and Cv are summarized in table 1.  382 

'Table 1 here' 383 

The N-S-striking set shows Cv values higher than 1 for the Ioiô (Fig. 12 a), Lapinha 384 

(Fig. 13 a), and Torrinha sites (Fig. 14 a), and values lower than 1 for the Paixão site 385 

(Table 1). The same results were observed for the NNW-SSE-striking set. The Cv 386 

values of the NW-SE-striking set are close to 2 in the Ioiô site; they range from 0.8 and 387 

1.7 in the Torrinha site and they from 0.29 to 0.99 in the Paixão site. In the Ioio site, 388 

the E-W- and NE-SW-striking sets show Cv values lower than 1. However, in the 389 

Torrinha and Lapinha sites, which exhibit caves with maze geometries, the E-W- and 390 

NE-SW-striking sets exhibit Cv values higher than 1, reaching 2.26 at scanline 1 of the 391 

set NE-SW (Table 1). Only in the Paixão site, all striking-sets (Fig. 15 a) present Cv 392 

values lower than 1 for all scanlines.    393 

'Figure 12 here' 394 

'Figure 13 here' 395 

The multi-scale spacing distribution computed for the SB and NSB fracture sets (Figs. 396 

12 b, 13 b, 14 b, 15 a) is presented in Figures 12 c, 13 c, 14 c, and 15 b, in which the 397 

fracture spacing is plotted in a log-log space versus as a cumulative number. In the 398 

Ioiô site, the N-S-striking set (Fig. 12 b, 13 b, 14 b, 15 a) shows a power-law distribution 399 

(Fig. 12 c); the same occurs at scanline 3 in the Torrinha site (Fig. 14 c). All other N-S 400 

striking-set scanlines show an exponential distribution in the Lapinha and Paixão sites 401 



(Figs. 13 c, 15 b). The NNW-SSE- and NW-SE-striking sets present the same behavior 402 

as the N-S-striking set. In the Ioiô and Torrinha sites, the E-W-striking set shows an 403 

exponential distribution. In the Lapinha site, the E-W-striking set presents both an 404 

exponential and power-law distribution (Fig. 13 c). In the Paixão cave, all measured 405 

striking-sets, N-S, NW-SE, and NNW-SSE, exhibit an exponential distribution (Fig. 15 406 

b). The NE-SW-striking set in the Ioiô and Lapinha sites show a power-law distribution 407 

(table 1). In all cave sites, the clustered fracture sets (fracture corridors) exhibit the 408 

same trend as that in the main cave passage. 409 

'Figure 14 here' 410 

'Figure 15 here' 411 

5. Discussion 412 

5.1 The origin and evolution of fracture corridors and flow pathways in multiple-413 

direction fold hinges 414 

The prediction of flow pathways that connect different parts of reservoirs may provide 415 

useful information to interpret fluid flow at a subseismic scale and could optimize oil 416 

field development planning. The evolution of subseismic flow pathways in multiple-417 

direction fold hinges may be explained in four stages: background deformation, E-W 418 

compression, N-S compression, and karst development. Quantitative analysis 419 

performed for our study sites allowed for discriminating the fracture sets associated 420 

with a previous stress field related to burial (background deformation) from the fracture 421 

sets related to the fold-fault events that could play a key role in fluid migration 422 

processes.  423 

 424 

Focusing on the fractures that have been analyzed, the first stage (background 425 

deformation) is characterized by cross-orthogonal bed perpendicular joints related to 426 

diffuse deformation in different striking sets. Fracture sets related to diffuse 427 



deformation and the bed-parallel stylolites could be associated with the overburden of 428 

the Salitre Formation (Figure 16 a, Ennes Silva et al., 2016). The bed-parallel stylolites 429 

occur inside the stratigraphic layers as well as in the interface between layers. The 430 

burial deformation is the first stage marked by the aforementioned fracture sets and 431 

bed-parallel stylolites. Permutation of the sub-horizontal σ2 and σ3 principal stress 432 

likely took place during burial diagenesis of the studied carbonate succession allowing 433 

for the formation of both N-S and E-W fracture sets (Bai et al., 2002). The joint sets 434 

are mainly characterized by a negative exponential, multi-scale spacing distribution, 435 

which is distinctive of a diffuse deformation (Ortega et al., 2006). Moreover, the range 436 

of Cv variations is consistent with randomly distributed fractures (Gillespie et al., 1993). 437 

 438 

The second stage of evolution of flow pathways is related to E-W compression (Fig. 439 

16 b). This tectonic compression occurred during the major folding event, N-S 440 

shortening, related to the Brasiliano orogeny (Ennes Silva et al., 2016), which 441 

developed gentle fold sets that display fold hinges mainly striking N-S (Fig. 7 d, e). 442 

During this second stage of deformation, nucleation and development of the NW-SE, 443 

NE-SW, NNE-SSW and NNW-SSE-striking fracture sets occurred. These structural 444 

elements were associated with the shearing of the pre-existing N-S fractures and the 445 

development of incipient faults (Figs. 6 c, 6 d, 11 e, 11 f, 11 g, 11 h). These fracture 446 

sets were described by a power-law distribution, typical of clustered deformation. Cv 447 

values usually range from 1.03 to 2.2 and thus these fracture sets are ascribed to a 448 

folding event or a mature stage of faulting (de Joussineau and Aydin, 2007). 449 

 450 

The third stage is the development of folds displaying a basin-dome configuration 451 

(Ramsay, 1967) due to N-S shortening (Fig. 16 c). E-W fold hinges and NW-SE strike-452 



slip faults (Fig. 10 c, e) characterize this tectonic compression. A displacement of the 453 

N-S fold hinge reinforces that the N-S trends predate the development of this strike-454 

slip fault. These two contractional phases were also documented by previous research 455 

conducted by Cruz and Alkmim (2006), Guimarães et al. (2011), Ennes-Silva et al. 456 

2016, Klimchouk et al. (2016), D’Angelo et al. (2019) and Balsamo et al. (2020). Ennes-457 

Silva et al. (2016) proposed the generation of a superposed fold pattern initiated by 458 

NW-SE-oriented compression, which initially formed NNE-SSW-oriented joints and E-459 

W folds and then E-W-oriented joints and N-S folds associated with a thrust in the 460 

northern portion of the Salitre Formation. In our study in the southern portion of the 461 

Salitre Formation, we suggest that the first contractional phase is evidenced by E-W 462 

compression that originated N-S and NNE-SSW fold hinges and N-S-striking fractures 463 

that are more pervasive than the E-W fold hinges and E-W-striking fractures. This 464 

sequence of contractional events, with E-W structures younger than N-S, was also 465 

documented by D’Angelo et al. (2019). E-W-oriented fractures abut against N-S-466 

striking fractures, supporting this interpretation.  467 

 468 

In the proposed generation of superposed folds, the development of fracture corridors 469 

predates the entry of fluid into the system, which represents the last stage on the 470 

development of flow pathways. The same brittle mechanism with contractional control 471 

was documented by Agosta and Aydin (2006), La Bruna et al., (2017), and Mazzoli et 472 

al. (2014) for tight carbonates cropping out in central and southern Italy, which were 473 

interpreted as a poly-phasic tectonic activity. From the cross-cutting and abutting 474 

relationship, it is possible to deduce that the E-W-striking fractures developed later 475 

than the N-S-striking fractures (Fig. 6 a; 10 c), Moreover, along the intersection or 476 

fracture termination zones, the karstification process is enhanced (Fig 4 b, 9 d). Bed-477 



parallel stylolites and bed-perpendicular folded veins indicate the variation in the stress 478 

fields that affected these carbonate rocks (Fig. 6 b). Based on the crosscutting 479 

relationship, it is possible to deduce that the bed-parallel stylolites predate bed-480 

perpendicular folded veins. 481 

 482 

After the development of both fracture sets and the extension localized along fold 483 

hinges, rising fluid flow interacted with the surrounding rocks (Figure 16 d). Due to the 484 

very low primary porosity of the carbonate rocks, ranging from 0% to 7% (Cazarin et 485 

al., 2019), the fractures acted as preferential fluid pathways. NSB fracture corridors 486 

localized along fold hinges increased permeability and connectivity (Fig. 3, 4 a, 4 b) 487 

(Bagni et al., 2020). The fluid-rock interaction may directly affect the fluid flow and 488 

storage (Evans and Fischer, 2012), making high dissolution zones (super-K zones) 489 

(Figs. 4 c, 7 e, 7 f). The high dissolution/karstification rate following fracture corridors 490 

is evidenced by the cave pattern, forming a typical hypogene maze, and the lack of the 491 

downward carving vadose infiltration passages typical of epigenic cave systems. The 492 

alignment of speleothems following these fractures highlights the presence of the 493 

structural fluid flow pathways, which are still exploited by present epigenic infiltrating 494 

waters (Fig. 3, 4 a, Kim and Sanderson, 2010). 495 

 496 

The fourth stage of development of karst conduits is related to lithologic/stratigraphic 497 

control. Even with the development of cave passages along fold hinges, differential 498 

degrees of karstification (Fig. 3) in the observed lithologies, based on the cross-section 499 

morphology of the cave, indicate that the development of the karst in carbonate rocks 500 

is also related to their composition. Field and laboratory analyses suggest that the 501 

composition of these rocks definitely influenced can influence the karst development 502 



(de Melo et al., 2015; Baiyegunhi et al., 2017). Carbonate rocks that have a finer grain 503 

size are more readily dissolved (Fig. 2 c), which would have focused the dissolution 504 

process and the fluid flow. Moreover, the presence of pyrite (Worthington and Ford, 505 

1995; Palmer, 2016) (Fig. 2 c) may have contributed to an increase in the karstification 506 

process by H2S oxidation (Auler and Smart, 2003; Tisato et al., 2012; D’Angeli et al., 507 

2019). The primary porosity of these rocks is very low, so it is the secondary porosity 508 

(i.e., fractures, that are strongly related to the rock composition, Balsamo et al., 2020) 509 

that guides karstification (Cazarin et al., 2019). The layers characterized by lower 510 

dissolution rates correspond to grainstone with clasts and a coarser grain size (Fig. 2 511 

f, g) and mudstone interspersed with siltstone levels with high detritic mineral content 512 

(15-20%), mainly quartz grains (Fig. 2 d, e). The compositional variation in the wall 513 

rocks leads to the present-day visible karst geometry.   514 

'Figure 16 here' 515 

5.2 Development of karst conduits according to the deformation stages 516 

The development of karst conduits in the Salitre Formation's carbonate units follows 517 

the structural and compositional controls mentioned above, but each cave has unique 518 

characteristics. We performed a statistical analysis to provide a useful model for 519 

comparison of the fracture sets that influenced the development of karst conduits in 520 

each cave. For the Ioiô cave (Fig. 7), the N-S-, NW-SE-, and NE-SW-striking sets show 521 

a power-law distribution rather than an exponential distribution, and they could be 522 

associated with a localized deformation (fold-fault related, Ortega et al., 2006). The Cv 523 

of these fracture sets is higher than 1 whereas the N-S sets display Cv values greater 524 

than 1.9. Therefore, we affirm that the N-S-, NW-SE-, and NE-SW-striking sets are 525 

clustered, and could be related to a folding process. The E-W-striking fracture set 526 

displays an exponential distribution and lower Cv of 0.85 and 0.75, which indicate a 527 



diffuse deformation. As the N-S-, NW-SE-, NNW-SSE-, and NE-SW-striking sets show 528 

a power-law distribution in the Ioio site (Table 1), we conclude that the development of 529 

the Ioiô cave passages is related to fold-related fractures concentrated along fold 530 

hinges. 531 

 532 

In the Lapinha cave (Fig. 8), all fracture sets (NE-SW, N-S, WNW-ESE, and E-W) show 533 

Cv values greater than 1, which indicates a clustered deformation (Gillespie et al., 534 

1993; de Joussineau and Aydin, 2007). Only the NE-SW-striking set, with a Cv value 535 

of 2.26, shows a power-law distribution (Table 1). The range of Cv variations is 536 

consistent with both even-spaced and clustered fracture distributions in the carbonates 537 

(Gillespie et al., 1993), The Cv higher than 1 and variation in the power-law and 538 

exponential distributions implies that multiple-stage jointing occurred during the burial 539 

and subsequent evolution of the Salitre Formation.   540 

 541 

The striking sets of the Torrinha cave (N-S, NNW-SSE, NW-SE and E-W, Fig. 10 b) 542 

show a similar behavior, with Cv values higher than 1, but only the N-S striking set 543 

shows more power-law distribution than exponential distribution, which is related to the 544 

aforementioned multiple-stage jointing. We suggest that mostly N-S-oriented joints 545 

were formed during the fold event, and NNW-SSE-, NW-SE- and E-W-oriented striking 546 

sets may be formed during the burial and may have reactivated during a tangential 547 

stress regime.  548 

 549 

In the Paixão cave (Fig. 11 a), the N-S-, NW-SE- and NNW-SSE-striking sets (Figure 550 

15 a) show a better correlation with the exponential distribution than a power-law 551 

distribution. The Cv of these sets is lower than 1, from 0.34 to 0.88. Based on these 552 



values and the good correlation with an exponential distribution, we suggest that these 553 

fractures do not originate during the folding process. These striking sets may have 554 

formed during the burial history of the Salitre Formation, and may have reactivated 555 

during the folding event. 556 

 557 

Faults may form preferential flow paths and guide fluid migration (Ligtenberg, 2004; 558 

Wilson et al., 2011; Ogata et al., 2012, 2014; Balsamo et al. 2019). Karst development 559 

may also follow fracture corridors generated in fault damage zones (Fig. 10 e, Ogata 560 

et al., 2014). The process of karstification in faults as well as in folded zones is 561 

observed worldwide, for example, in the Tarim Basin where these areas represent 562 

ideal targets for oil (Xu et al., 2017). In the Paixão cave, it was observed that cave 563 

passages developed following an en echelon pattern (Fig. 10 b, c). In the central 564 

portion of the fault zone, which has the highest deformation and displacement rates 565 

(Ogata et al., 2014), a subvertical master fault was observed (Fig. 10 e, f) and a 566 

transtensive structure developed at the edge of the fault zone (Fig. 10 g, h). This allows 567 

for us to affirm that cave passages follow both anticline fold hinges and fault zones. 568 

 569 

5.3 Implications for fluid flow in carbonate units 570 

Tectonic structures greatly impact the fluid flow in carbonate units (Goldscheider, 2005; 571 

Dewever et al., 2010; Pantou, 2014; Agosta et al., 2015; Cosgrove, 2015; Ennes-Silva 572 

et al., 2016; Wang et al., 2017; Boersma et al., 2019; Balsamo et al., 2020). Structures 573 

such as fracture corridors often form preferential zones for fluid flow (Ogata et al., 2014; 574 

Souque et al., 2019), but the location of their occurrence is an enormous challenge for 575 

the oil industry because they are barely visible at a seismic resolution (Lamarche et 576 

al., 2018). Understanding the key factors in their formation, distribution and geometry 577 



may contribute to flow modeling for fractured carbonate rocks (Goldscheider, 2005) 578 

and to the assessment of their impacts on the development of karstified reservoirs.   579 

 580 

Structural data allowed for correlating diffuse and localized fold-fault-related 581 

deformation with influence on the development of the hypogenic caves analyzed. This 582 

information provides new insights on storage and fluid flow properties. The qualitative 583 

analysis indicates that the development of the karst-conduits investigated is mainly 584 

related to highly persistent fractures, usually visible along the central portion of the 585 

roofs of these caves and parallel to the fold hinges (Evans and Fischer, 2012), creating 586 

a high-dissolution zone (Figures 4 c, 7 e, f). This evidence was also reported and 587 

documented in many other cases around the world, including the Middle East oil fields, 588 

pre-salt reservoirs offshore Brazil and the Tarim Basin in China (Pollastro, 2003; 589 

Menezes et al., 2016; Li et al., 2018). Li et al. (2018) highlighted that trending fractures 590 

in the extensional area of faulted folds are better developed than the fractures in the 591 

limb of folds improving the migration of fluids and permeability in tight sandstone 592 

reservoirs. Based on our observations of high-dissolution zones located in the 593 

extensional area of folds (Fig. 3; 7 c, d), it is possible to verify the same behavior in 594 

carbonate rocks and carbonate reservoirs. 595 

 596 

Fluid flow events in carbonates subdued by tectonic compression was described by 597 

Warren et al. (2014), who integrated isotope data with structural surveys. Morley et al. 598 

(2014) highlighted the relevance of fluid flow along fold-thrust belts in deep aquifers 599 

and onshore (offshore Brunei and the Central Basin of Iran, respectively). Both works 600 

highlight the importance of fractures in the migration of fluids and in the fluid-rock 601 



interaction. Here, we highlight the importance of fracture corridors that, similar to 602 

fractures, act as fluid pathways in fold and thrust environments.   603 

 604 

The use of LiDAR was demonstrated to be a very useful tool for detailed cave mapping. 605 

Fabbri et al. (2017b) used TLS to make detailed 3D models for morphometric 606 

measurements. De Waele et al. (2018) used TLS and 3D photogrammetry to identify 607 

different evolution stages of ceiling channels. Here, we applied both TLS and MLS to 608 

observe the karst geometry/shape (Fig. 3, 7 e, 11 f); the MLS showed more accurate 609 

results due to the ability to move the instrument through both narrow and large cave 610 

passages without interrupting during acquisition. 611 

 612 

The karst conduit shape is a response to the interaction between structural features 613 

and the composition of the carbonate rocks. Structural features such as fractures and 614 

fracture corridors provide space for vertical rising flow, and horizontal enlargement 615 

occurs laterally along preferential carbonate layers (Klimchouk, 2009). This 616 

enlargement occurs manly in presence of mudstones with a silt grain size and pyrite 617 

content that boost the carbonate dissolution by sulfide oxidation. Carbonate layers with 618 

a coarse grain size and higher detritic mineral content that are absent of pyrite may 619 

hinder the fluid flow and concentrate the dissolution in subjacent layers, confining the 620 

ascending fluid and intensifying a horizontal fluid circulation (Klimchouk et al., 2016), 621 

leading to the ellipsoidal cross-sectional shape of the karst corridors. 622 

 623 

Hence, the development of the hypogenic caves studied following the structural control 624 

(Ennes-Silva et al., 2016; Boersma et al., 2019) of the area, mainly expressed as 625 

fracture corridors along orthogonal fold hinges. These fracture sets were initially 626 



randomly distributed and reactivated during the folding event, with preferential N-S and 627 

E-W strikes, providing localized deformation in the fold hinges generated by the 628 

compression that affects the carbonate rocks (Ennes-Silva et al., 2016; Boersma et al., 629 

2019; Balsamo et al., 2020). These structural elements result from the shearing and 630 

linkage of pre-existing, bed-confined N-S and E-W fractures and the formation of NW-631 

SE-, NE-SW-, NNE-SSW-, and NNW-SSE-striking tail joints, which clustered at the 632 

mode-II extensional quadrants and along the Mode-III terminations of the sheared N-633 

S and E-W elements (sensu Segall and Pollard, 1983; Peacock et al., 1997; Agosta et 634 

al., 2015).  635 

 636 

The positions of fold-hinges control the fold-related N-S and E-W fractures (Awdal et 637 

al., 2016) and the development of fracture corridors and karst conduits. Although 638 

fracture corridors are barely visible on the subseismic scale (Lamarche et al., 2018), 639 

these tectonic structures could be related to regional structures, such as fold hinges, 640 

that could be observed on maximum-curvature maps (Fischer and Wilkerson, 2000), 641 

for example.  642 

 643 

6. Conclusions 644 

The structural data and the karstification processes that affect the carbonate rocks of 645 

the Salitre formation indicate that the caves develop following the main structural 646 

features of the area, which is strongly influenced by fold hinges and faults. The major 647 

results of this research contribute to the prediction of karst geometry and occurrence, 648 

and are summarized below: 649 

(a) In plan view, the cave passages are orthogonal, with a maze pattern, following the 650 

structural control of the area, and are expressed as fracture corridors along fold hinges 651 



and faults. The development of subseismic flow pathways is directly related to the 652 

structural features that affect these rocks. 653 

(b) The vertical profile of the cave passages shows an ellipsoidal shape/geometry due 654 

to the textural variation that provides different karstification levels. Carbonate layers 655 

that have more pyrite and less detrital minerals in their composition are more karstified 656 

and can act as flow pathways. Carbonate layers with a coarser grain size and higher 657 

detrital minerals content hinder the karstification. These layers often act as seals to 658 

rising fluid flow. 659 

(c) Fracture corridors are formed along fold hinges, even in gentle folds with a bedding 660 

dip less than ~10º. These fracture corridors behave like high-permeability zones (super 661 

K-zones) that facilitate the vertical fluid percolation and the karstification process. 662 

These fracture corridors are strongly related to fluid migration.  663 

 (d) Cave passages may develop during or after faulting. The secondary porosity due 664 

to faulting is essential to fluid percolation. In addition, the karstification process is 665 

intensified at intersections between distinct fractures sets.   666 

(e) The subseismic flow pathways and karst conduits can be predicted by the accurate 667 

structural analysis. Both diffuse and localized deformation, related to folds or faults, 668 

may increase the process of karstification. The development of subseismic flow 669 

pathways and karst conduits is intensified in a localized deformation due to the 670 

clustered fractures that provide pathways and enhance the fluid flow.  671 
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Figure caption 1096 



Figure 1. (a) Sketch map of the São Francisco Craton Salitre formation; (b) zoom and location 1097 

of the studied sites. 1098 

 1099 

Figure 2. (a) Schematic stratigraphic column of the study area from Ioiô, Lapinha, Torrinha, 1100 

and Paixão caves. (b) close up view of a grainstone; (c) photomicrograph of a representative 1101 

mudstone with the pervasive occurrence of pyrite. (d) hand sample of mudstone with siltstone 1102 

levels; (e) photomicrograph of mudstone that shows siliciclastic grains; (e) close up view of 1103 

mudstone with chert nodules; (g) photomicrograph of a representative grainstone; Key: Un: 1104 

stratigraphic unit described in the text, M: Mudstone, W: Wackestone, P: Packstone, G: 1105 

Grainstone, F: Floatstone, Py: pyrite, Si: Silica, dol: dolomite, S0: bedding. 1106 

 1107 

Figure 3. 3D model slice orthogonal to the cave passage in Ioiô cave showing different levels 1108 

of dissolution due to distinct carbonate rock textures. The location of the slice is shown in Fig. 1109 

7b. Key: FCZ: fracture corridor zone; HDZ: high-dissolution zone; SdB: Sedimentary breccia; 1110 

MdSL: Mudstone with Silstone level; Md: mudstone; St: stalactites. 1111 

 1112 

Figure 4. (a) View of the Ioiô cave roof displaying speleothems aligned along the main N-S- 1113 

and E-W-striking fracture zones; (b) Orthogonal system of fractures on the cave ceiling; (c) 1114 

gentle fold highlighting the high dissolution zone along the fold hinge. Note opposite bedding 1115 

dips. Key: HDZ: high-dissolution zone. 1116 

 1117 

Figure 5. (a) outcrop view of an external wall near Lapinha cave entrance; (b) linedrawing of 1118 

(a); (c) lower hemisphere equal-area projections of the poles related to the NSB and SB; (d) 1119 

close up view of a karst dissolution zone parallel to a persistent non-stratabound fracture zone 1120 

inside the cave. Key: NSB = Non-Stratabound fracture; S0 = bedding. 1121 



 1122 

Figure 6. Close up view of fracture sets in the ceiling of caves: (a) E-W-striking fracture set 1123 

abuts against N-S-striking fracture set in the Torrinha cave; (b) bed-parallel stylolite and 1124 

bedperpendicular folded vein in the Ioiô cave; (c) normal fault with left-lateral strike-slip 1125 

kinematics in the Lapinha cave; (d) line drawing of (c). 1126 

 1127 

Figure 7. Structural and karst features of the Ioiô cave: (a) cave map with area surveyed with 1128 

LiDAR; (b) 3D LiDAR model of the cave with the location of investigated sites; (c) main fold 1129 

hinges of the cave; (d) lower hemisphere equal-area projection of the poles and relative density 1130 

contour plots of bedding planes and fractures; (e) digital image of the slice on site B showing a 1131 

high dissolution zone along a fracture corridor following the fold hinge in the central part of 1132 

the cave passage; (f) detail of HDZ highlighted in (e) (yellow square). Key: FCZ: fracture 1133 

corridor zone; HDZ: high-dissolution zone. 1134 

 1135 

Figure 8. Structural and karst features of the Lapinha cave: (a) cave map with area surveyed 1136 

with LiDAR; (b) 3D model of the cave with the location of investigated sites; (c) structural map 1137 

of the central part of the cave showing two main directions of anticline folds (d) lower 1138 

hemisphere equalarea projection of the poles of NSB and SB fractures, mean bedding planes, 1139 

and mean fold hinge (black dot); (e) digital slice between the (C) and (I) sites highlighting the 1140 

wavelength of N-S folds. Key: FCZ: fracture corridor zone. 1141 

 1142 

Figure 9. Geometric features of the Torrinha (a-d) and Paixão (e) caves: (a) internal view of the 1143 

cave geometry showing widening of the passage along the fold hinge; (b) 3D LiDAR model 1144 

(a); (c) plan view of the site (e) (location in Fig. 9b) showing both major N-S- and subsidiary 1145 

E-Woriented cave passages; (d) transversal view of (d) showing the vertical elliptical shape of 1146 



the cave passages; (e) 3D LiDAR model of Paixão cave ceiling with a close up view of two N-1147 

S- and E-W-string fracture sets. 1148 

 1149 

Figure 10. Structural and dissolutional features of the Torrinha cave: (a) map highlighting the 1150 

LiDAR surveyed area in the southern portion of the cave; (b) 3D model of the scanned areas 1151 

with the location of investigated sites; (c) structural map of site B in the cave; (d) lower 1152 

hemisphere equal-area projection of the poles of NSB and SB fractures, mean bedding planes, 1153 

and mean fold hinge (black dot). (e) NW-SE strike-slip fault at site B of Torrinha cave. 1154 

 1155 

Figure 11. Structural and dissolutional features of the Paixão cave: (a) map highlighting the 1156 

area surveyed with LiDAR and location of the investigated sites; (b) 3D LiDAR model of the 1157 

studied part of the cave; (c) structural map of the eastern part of the Paixão cave highlighting 1158 

the en echelon pattern of fold hinges; (d) lower hemisphere equal-area projection of the poles 1159 

of NSB and SB fractures, mean bedding planes, and mean fold hinge (black dot); (e) zoom on 1160 

the central portion of the model highlighting the location of a fault zone (blue ellipsoid); (f) 1161 

digital slice of the cave’s central portion affected by a dip-slip fault zone; (g) orthogonal-to-dip 1162 

view of a normal fault located in the central portion of the cave; (h) cave central portion 1163 

highlighting the fault displayed in (e). Key: HD = High displacement;St = stalactite. 1164 

 1165 

Figure 12. Quantitative data of the Ioiô site: (a) Outcrop oblique view of the site and the 1166 

investigated beds; red lines used for the linedrawings are related to both SB and NSB fractures; 1167 

(b) Lower hemisphere equal-area projection of the poles and relative density contour plots 1168 

representing the fractures measured in the site; (c) Log-log diagrams of the cumulative 1169 

frequency distribution for fracture spacing; blue lines correspond to exponential-law 1170 



distribution, red lines correspond to power-law distribution calculated for the single fracture 1171 

sets in the site. 1172 

 1173 

Figure 13. Quantitative data in the Lapinha site: (a) Outcrop view of beds; red lines used for 1174 

the linedrawing are related to both SB and NSB fracture sets; (b) Lower hemisphere equal-area 1175 

projection of poles and relative density contour plots representing fractures; (c) Log-log 1176 

diagram of the cumulative frequency distribution for fracture spacing; blue lines correspond to 1177 

exponentiallaw distribution, red lines correspond to power-law distribution calculated for the 1178 

single fracture sets. 1179 

 1180 

Figure 14. Quantitative structural data of the Torrinha site: (a) Outcrop view of the investigated 1181 

beds outside the cave; red lines used for the linedrawing are related to both SB and NSB 1182 

fractures; (b) lower hemisphere equal-area projection of the poles and relative density contour 1183 

plots representing the fractures; (c) log-log diagrams of the cumulative frequency distribution 1184 

for fracture spacing; blue lines correspond to exponential law distribution and red lines 1185 

correspond to power-law distribution calculated for the single fracture sets in the site. 1186 

 1187 

Figure 15. Quantitative data for the Paixão site: (a) lower hemisphere equal-area projection of 1188 

the poles and relative density contour plots representing the fractures; (b) log-log diagram of 1189 

the cumulative frequency distribution for fracture spacing; blue lines correspond to exponential-1190 

law distribution; red lines correspond to power-law distribution calculated for the single fracture 1191 

sets in the site. 1192 

 1193 



Figure 16. Evolutionary conceptual model proposed for development of the hypogenic conduits 1194 

in carbonate units of the Salitre Formation, Brazil. (a) background burial-related; (b) E-W 1195 

compression; (c) N-S compression; (d) ascending fluids and karst development 1196 
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