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Graphical Abstract

Graphical abstract:

Bedding-parallel stylolites in dolomitic limestone consist of high-porosity (up to
20%) mm- to cm-thick zones, which acted as potential fluid conduits.

IE loio cave

[l less karstified unit
[ ] most karstified unit

Stylolites

inicial stage: tectonic framework and mineralogical suite

Geologist as scale

° Terrigenous content Stylolites

(A) Representative sample from the most karstified unit with clusters of stylolites.
(B) Representative sample from the less karstified unit with submillimetre
stylolites. (C) 3D model from the inicial stage of cave development. (D) Final
stage of cave geometry development.
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Highlights:

Beds dissolution intensity is estimated from 2D vertical cave profiles
Dissolution intensity does not depends on host rock petrophysical
properties

Spacing and thickness of burial stylolites control bed dissolution intensity
Burial stylolites have 20% porosity and consist of detrital dolomite grains

2D cave geometry depends on stylolites attributes acting as flow pathways
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stylolite clusters may control the hypogenic cave geometry. These findings could have

implications for fluid flow and ore deposits associated with reactivated stylolites.

Keywords: Carbonate reservoir; Karst; Stylolites; Hypogene cave; Fluid flow; Salitre

formation.

1 Introduction

Karst features include different high-porosity structures spanning from the
macroscale, with cave systems of kilometers of conduits, to the microscale, as vugs a few
millimeters in size. They can occur at different depths and are mainly related to the chemical
dissolution of carbonate sequences (Flugel, 2010). The comprehensive understanding of
karstification of carbonate units is fundamental to the development and exploitation of
hydrocarbon reservoirs, bedrock quality assessment in anthropic areas, and
hydrogeological behavior of aquifers (Heward et al., 2000; Klimchouk et al., 2000; Petrella
et al., 2007). Understanding the geometry and size of karst porosity is a key factor for the
simulation of fluid flow in reservoirs, with direct application to the oil industry and carbonate
aquifers (Popov et al., 2007; Agar and Geiger, 2015; Gholpoiur et al., 2016; Xu et al., 2017;
Lyu et al., 2020). In oil reservoirs, the growth of macroscopic porosity (e.g., increase in
volume available for fluid accommodation) and permeability (e.g., fluid flow capacity) is
associated with karstification (Araujo et al., 2021; Klimchouk et al., 2000; Worthington and
Ford, 1995).

Karst systems can be classified by evaluating the nature of the fluids responsible for

their formation. Surficial fluids enriched in CO2 flowing downward by gravity give rise to
2
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epigene karst (Audra and Palmer, 2011; Pisani et al., 2022). In contrast, when karst is
formed by an ascending, relatively deep hydrothermal or sulfate-enriched fluid flow
(Dublyansky, 2012; Palmer, 2016), it results in hypogene karst (Klimchouk, 2007).
Hypogene karst systems comprise interconnected vugs and caves with a wide range of
sizes and volumes (Flugel, 2010).

Hypogenic karst systems are developed by undersaturated water with respect to the
country rock and are formed by ascending fluid flow (Dreybrodt, 1990; Klimchouk et al.,
2000). These systems are mainly controlled by macroscale structural and sedimentary
discontinuities (e.g., fractures and bedding planes), stratigraphic (e.g., type of rock) and
hydrological settings (e.g., De Waele et al., 2009; Ennes-Silva et al., 2016; Cazarin et al.,
2019; Balsamo et al., 2020). Other important intrinsic factors influencing hypogene karst
development are related to the lithology (e.g., mineralogy, fabric and texture) and
petrophysical properties (e.g., porosity and permeability) of the host rock.

Previous studies highlighted the relevance of fracture network persistence and
density in the development of hypogenic cave systems in gently folded carbonate
sequences (Antonellini et al., 2019; Ogata et al., 2014; Palmer, 1991, 1989; Pisani et al.,
2021; Pontes et al.,, 2020; Wang et al., 2017). The time-space evolution of fractures
influences the generation and evolution of karst systems (Araujo et al., 2021; Auler et al.,
2017; Barbier et al., 2012; Ennes-Silva et al., 2016; La Bruna et al., 2021; Lamarche et al.,
2012; Laubach et al., 2009). Fracturing and diagenesis influence the development of karst
systems on a regional and mesoscale, generating preferential pathways for fluid flow
(Antonellini et al., 2019; Bagni et al., 2020; Pisani et al., 2019; Wang et al., 2017).

Another important feature that must be observed, principally in carbonate reservoirs,
is the stylolites. Stylolites are wavy diagenetic features caused by pressure dissolution that
occur initially at the grain-crystal interface at the micron scale. They are filled with insoluble

materials such as clay minerals, organic matter, and sulfides (Hosseini et al., 2022 and
3
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references therein) and can be classified into burial and tectonic types based on their
formation mechanism and orientation with respect to bedding. Burial stylolites develop
parallel to bedding due to lithostatic pressure, while tectonic stylolites usually develop at
high angles with respect to bedding and form due to compressional tectonic stresses.

Stylolites acting as potential conduits for flow have been described in recent decades
(Araujo et al., 2021; Bruna et al., 2019; Hosseini et al., 2022; Rustichelli et al., 2015) but are
generally considered impermeable, acting as barriers to flow (Gomez-Rivas et al., 2022).
Therefore, stylolites require special attention in carbonate reservoirs due to their potential
impact on mechanical strength, diagenetic processes, dolomitization, ore deposits and fluid
flow (Baud et al., 2016; Bruna et al., 2019; Gomez-Rivas et al., 2022; Heap et al., 2014;
Hosseini et al., 2022), but little has been quantified related to karst systems.

This work adopted a multidisciplinary and multiscale approach to document how layer
properties (bed thickness, petrophysical properties, attributes of bedding-parallel stylolites)
control hypogenic karst dissolution intensity in the heterolithic tight carbonates of the Salitre
Formation, Brazil. We selected two karst systems named loio cave and Torrinha cave, which
occur in the southern portion of the Irece basin (Fig. 1). We combine structural geological
surveys with cave imaging by Laser Detecting and Ranging (LiDAR), linear scanlines,
stratigraphic logs into caves, uniaxial compressive strength (UCS) measured with the
Schmidt hammer, mercury-intrusion porosimetry and 2D image analysis (total porosity and
pore-size distribution), thin section observations, scanning electron microscopy (SEM) and
energy dispersive X-ray spectrometry (EDS) analysis. This hypogenic karst system,
developed in well-layered carbonates, comprises horizontal conduits characterized, in
vertical sections, by scalloped 2D dissolution profiles.

Our data indicate that the 2D cave vertical profile (i.e., the bedding-parallel dissolution
intensity orthogonal to the main horizontal conduits) is related to the spacing, thickness, and

mineralogy of bedding-parallel stylolites. These results could contribute to many scientific
4
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fields of geoscience related to fluid flow simulations in oil and water reservoirs, as well as

ore deposits associated with reactivated stylolites.

2 Geological and karst settings

2.1. Tectonic setting

The Irecé Basin lies within the northern part of the Sdo Francisco Craton (SFC),
northeastern Brazil (Almeida et al., 2000) (Fig. 1A). The studied caves are located in the
southern portion of the Irecé Basin (Fig. 1B), which includes Neoproterozoic carbonates of
the Salitre Formation overlying pelites of the Mesoproterozoic Bebedouro Formation and
Mesoproterozoic quartzites of the Chapada Diamantina Group (e.g., Magalhdes et al.,

2016).

The S&o Francisco Craton corresponds to a large cratonic area segmented by the
Congo Craton during the Pangea breakup in the Late Jurassic and Early Cretaceous
(Alkmim and Martins-Neto, 2012). Within the S&o Francisco Craton, the Irecé Basin
developed due to extensional tectonics during the fragmentation of the Rodinia
supercontinent (c. 950—-600 Ma). Normal faults indicate that the extensional regime was

active until the sedimentation of the Neoproterozoic basin (D’Angelo et al., 2019).

The Irecé Basin was inverted in the late Brasiliano orogeny (c. 650-500 Ma) (Misi
and Veizer, 1998). Most of the contractional deformation is localized within the Riacho do
Pontal Mobile to the north of the Irecé Basin (Condie, 2002; Guimaraes et al., 2011) and
along the contractional quadrant related to the strike-slip fault zones bounding the basin
(Cazarin et al., 2021). In the Irecé Basin, the contractional deformation is related to east—
west and north-south-verging folds and thrust belts, indicating that two contractional
deformation phases usually display a basin-dome pattern (Cruz and Alkmim, 2006;

Guimaraes et al., 2011; Ennes-Silva et al., 2016; Klimchouk et al., 2016; D’Angelo et al.,
5
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2019; Balsamo et al., 2020; La Bruna et al., 2020; Pontes et al., 2021). The intensity of
contractional deformation decreased southward. Therefore, carbonate units of the Salitre
Formation in the southern part of the Irecé Basin display subhorizontal bedding with gentle,

high-amplitude folds (Bertotti et al., 2020; La Bruna et al., 2021; Pontes et al., 2021).

2.2. Stratigraphic and speleological settings

The Salitre Formation, which forms the main infill of the lrecé Basin (Fig. 1B),
corresponds to a Neoproterozoic ramp deposited on postSturtian Cap carbonate in a gulf-
like basin, which overlies the Mesoproterozoic-Neoproterozoic glacial deposits of the
Bebedouro Formation (Santana et al.,, 2021). The Salitre Formation was subjected to
dolomitization, silicification, recrystallization and dissolution (Bertotti et al., 2020; Cazarin et
al., 2019). The carbonate rocks have been subjected to brittle deformation and intense
karstification (Auler and Smart, 2003). Five stratigraphic units host the hypogene cave
systems in the northern portion of the Irecé Basin. They are from bottom to top grainstones
with cross-bedded stratification, fine grainstones with chert nodules, microbial carbonates,
fine siliciclastic layers and marls, and crystalline grainstones interfingered with chert layers
(Cazarin et al., 2019).

The origin of many caves and dolines concentrated in the southern part of the Irecé
Basin is explained by the surrounding mountains of quartzites from the Chapada Diamantina
Group. These quartzites generally dip toward the low-elevation domain (center of the basin),
correspondent to the carbonates of the Salitre Formation and were the main pathways for
the ascending deep-seated fluids. The fluids flowed through the quartzites along the flanks
of the hills and entered the carbonate succession, causing extensive karstification (Laureano
et al., 2016).

2.3. Cave system
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Karst systems are common in the Salitre Formation. The longest cave system in
South America, the Toca da Boa Vista and Toca da Barriguda cave systems, with a total of
140 km of cave passages (Auler et al., 2017), is located in this stratigraphic unit. Both
epigenic and hypogenic caves have been described in this unit. The development of
hypogenic caves was proposed to be linked to rising hydrothermal fluids ascending and
migrating through the fractured basement and were horizontally confined by seals that
correspond to low permeable layers (Balsamo et al., 2020; Pisani et al., 2022). The
development of caves related to strike-slip fault zones and late silicification of dolostone
layers were proposed by Bertotti et al. (2020). The process of karstification was likely
enhanced by the oxidation of sulfide-rich rocks in shallow aquifers (Auler and Smart, 2003),
a promising scenario that explains the development of a large number of karst systems.

Caves in the Salitre Formation form along fold hinges and associated fracture
corridors (Ennes-Silva et al., 2016; La Bruna et al., 2021; Pontes et al., 2020, 2021).
Fractures, which provide the main contribution to the secondary porosity of the carbonates
from the Salitre Formation, mainly strike parallel to fold hinges (Cazarin et al., 2019). This
secondary porosity and high permeability zones facilitated the fluid flow and, consequently,
the karstification of cave passages (Bagni et al., 2020; Ennes-Silva et al., 2016; Pontes et
al., 2020). The tectonic folds of the Salitre Formation display a basin-dome configuration
(Ramsay, 1967), and the maze pattern of the investigated caves contributes to supporting
this observation, given that fold hinges are formed in the fold axis and act as flow pathways
(Ennes-Silva et al., 2016; Pontes et al., 2021). Finally, Balsamo et al. (2020) highlighted the
role of mechanical stratigraphy on the development of multistory karst systems, emphasizing
the role of bedding properties (thickness, bed-to-bed interlayers) in determining fracture
patterns and permeability anisotropy, thus controlling the shape and main trends of the
karstification process of cave systems in the Salitre Formation.

3 Methods



179

80

81

182

8
1433
11
13

» 5

16
1186
18
1187
20
21
288
23
2189
25

2m1

395

43
497

498

60
204

We used data derived from different methods from the macroscale to the microscale.
The analyses include imaging of cave passages by Laser Detecting and Ranging (LiDAR),
stratigraphic description of stratigraphic logs in the caves, petrographic analysis of thin
sections, porosity and pore-size distribution by mercury-intrusion porosimetry, scanning
electron microscopy (SEM), energy dispersive X-ray spectrometry (EDS), and in situ uniaxial
compressive strength (UCS) with Schmidt hammer.

We have performed a detailed stratigraphic and sedimentary facies description in two
stratigraphic logs in loio cave and two other stratigraphic logs in Torrinha cave. The
mesoscale description of host rocks adopted the Dunham classification of carbonate rocks.

The LiDAR survey was performed with the mobile LIDAR system (MLS), developed
by a ZEB-Revo GeoSLAM scanner. These data acquisitions aimed to acquire the karst
geometry via 3D models. The MLS shows good results in reconstructing cave geometry, but
due to its high resolution, we applied the filter Eye-dome lighting from the open-source
software Cloud Compare. We selected slices corresponding to the same cave portion,
where the stratigraphic logs and sampling were performed. To create 3D models of specific
areas, we used the tool “cross-section” on Cloud Compare. In the Torrinha cave,
approximately 89 million points were obtained, and 35 million points were obtained in the
loio cave. In total, we surveyed 1.09 km of cave passages in both caves. To compare the
different levels of karstification dissolution, 3D models were made in cave passages. In both
caves, the “dissolution intensity” parameter was calculated from 2D slices to compare the
different degrees of dissolution between lithological units. To calculate this parameter, a
vertical reference line was drawn in the central part of the cave passage. Then, we measured
the distance (m) between the reference line and the cave wall in each unit described in the
stratigraphic log.

We analyzed the petrographic and petrophysical properties that influenced cave

development. Fractures were measured in and outside caves, where opening mode |
8
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fractures (joints and veins), bed-parallel stylolites and tectonic stylolites occur. The fracture
arrangement was analyzed with Stereonet 10.5 open-source stereographic projection
software (Allmendinger et al., 2011). The measurements were performed in a direction
orthogonal to the main fracture set strike, namely, N-S and E-W, to represent the spatial
arrangement of structural features found in the Salitre Formation.

A total of 22 thin sections from each lithostratigraphic unit were analyzed with a Zeiss
Axioplan2 standard petrographic microscope. SEM analysis was carried out with a JEOL
JSM 6400 SEM equipped with an Oxford-INCA EDS modulus on representative samples to
distinguish the chemical composition of rock inside and outside stylolite clusters and
evaluate the 2D microporosity. All thin sections were scanned with a Nikon SuperCoolScan
5000 thin section scanner to identify different types of sedimentary and tectonic structures.
The high-resolution thickness and spacing of laminations and burial stylolites were
measured via ImagedJ open-source image analysis software (Schneider et al., 2012).

The porosity and pore-size distribution of the selected and prepared sample amounts
were calculated using the Hg-intrusion porosimetry technique with a PoreMaster 33
apparatus (Quantachrome Instruments). A total of 22 samples from both caves were
analyzed. The samples were dried at 40 °C for 24 hours in an oven; afterward, ~1.5-2 g of
subsamples was inserted into the porosimeter. The measurement settings were as
following: sample cell size 1.0 x 3.0 cm, the pressure range was 0.5-33000 psi; the pore
size range ranged from 0.0064 to 950 um; the contact angle of mercury was 140°; and the
mercury surface tension was 0.48 N/m (480 dyn/cm). In mercury porosimetry analysis, the
applied hydraulic pressure is required to measure the volume of mercury entering porous
samples. The pore size distribution data were interpreted using the Washburn equation to

calculate the mercury intrusion curves:

2y*cosf
-

R =
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where (P) corresponds to the hydraulic pressure related to the cross-sectional radius (R) of
the pore throats accessible by the pressured mercury, together with two material-related
thermodynamic parameters, namely, (), the surface tension of mercury, and (), the contact
angle with the sample material (Balsamo et al., 2014; Léon Y Ledn, 1998; Washburn, 1921).
The analysis of the intrusion curves was conducted with the software Poremaster 8.01
developed by Quantachrome Instruments. The capillary pressure was obtained from the
relation of pressure (psi) with the volume of intruded mercury (%) measured in each sample
collected along the stratigraphic logs.

The sample density was calculated with an Ultrapyc 1200E Helium pycnometer
(Quantachrome Instruments). The sample density was determined by simply dividing the
sample weight (gained with a precision weighing balance) by the measured volume. We
provide density as a mean value of 10 consecutive measurements on the same sample.

The procedure we adopted to collect the geomechanical data followed the American
Society for Testing Material (ASTM, 2001), in which ten measurements of rebound values
were performed for each stratigraphic unit, and the average was calculated to obtain a
corresponding value for the unit. The measurements were performed in all sedimentary units

of each stratigraphic log using an L-type Schmidt Hammer.

4 Results

The loio cave is arranged in a linear pattern, with an absence of recent fluvial
sediments (Fig. 2A). The cave displays an alignment of speleothems located in the central
portion of the cave conduits, parallel to the cave passages and running along the central
part of the cave roof. The study conducted within the Torrinha cave focused on the area
displaying the maze pattern and absence of fluvial interference (Fig. 2B). Different
lithostratigraphic units that experienced different degrees of dissolution compose the walls
of the studied caves. The linear/maze pattern of the passages developed parallel to fractures

10
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in an orthogonal pattern expressed on the roof (Pontes et al., 2021). Nonetheless, structural
features (e.g., fractures, veins and faults) are rarely observed in the walls, as the

karstification process masks them.

The cave geometry and conduits exposed in the study area are characterized by
different lithostratigraphic units showing different degrees of karstification, identified by
scalloped profiles of vertical cave sections. The scalloped profile of vertical cave sections
depends on siliciclastic content, bedding thickness, stylolites, and fractures. The following
sections describe the results from LiDAR imagery, field observations, and petrographic and
petrophysical analyses. We carefully selected sites that represent all stratigraphic units

cropping out in the study area for this study.

4.1 Structural features

The drone imagery shows that both cave entrances developed in doline zones (Fig.
2). The analyzed portion of the loio cave corresponds to a N—S-oriented linear conduit (Fig.
2A). The measured bedding indicates that the carbonate strata of the loio cave dip to the
east and west, forming a gentle and open N-S-oriented anticline. The cave developed
chiefly along the anticline fold hinge. Subvertical veins filled with calcite cement striking N—
S and NNW-SSE and subvertical stylolites in the ENE-WSW direction were observed (Fig.
2A). A total of 105 fractures were measured inside and outside near the cave entrance (Fig.

2A), displaying fractures orthogonal and parallel to the main N=S cave direction (Fig. 2A).

The Torrinha cave shows a more complex conduit system. Our fieldwork
concentrated on the maze section of conduits, a feature common in hypogenic caves. The
measured bedding attitude is similar to the loio cave, with the primary conduits in their fold

hinge. A total of 52 calcite veins strike mostly N=S and E-W, whereas 50 stylolites strike

11
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preferentially NNW-SSE (Fig. 2B). Two main trends of fractures, one N-S and the other E—
W, were observed, with a subordinate NW-SE trend (Fig. 2B). A total of 270 fractures, 66
veins, 58 stylolites and 217 sedimentary structures (e.g., bedding) were measured in both

caves.

4.2 LIDAR survey within the caves

The analyzed portion of the loio cave was imaged by LiDAR (Fig. 3A). Within the
corresponding cloud point model of the cave, two representative portions were selected (Fig.
3C and D). This portion was selected based on their lithological and vertical relief variations.
The same approach was adopted in the Torrinha cave (Fig. 3B, E, F). In total, ~ 1.2 km of
karstic conduits were imaged. Our research and sampling were concentrated in stratigraphic
logs 1, 2, 3, and 4, respectively, as shown in Fig. 3C, D, E, and F. The surveyed portion of
the loio cave was localized along the N—S-striking fold axis, resulting in a horizontal linear-
cylindrical cave conduit. In Torrinha cave, E-W-striking- and N-S-striking sets parallel to
two fold hinges were observed. The main cylindrical conduits are horizontal and are 8-12 m
wide. In both cases, the vertical section of horizontal conduits has an elliptical shape with
positive and negative relief variations (scalloped profiles in 2D), which follow the lithological

variation.

4.3 Stratigraphic and geomechanical logs

The cave analyses indicate different lithostratigraphic units shown in four simplified
stratigraphic logs (Fig. 4). Based on the lithological variations, measurements of
geomechanical profiles were performed accordingly. Additionally, the dissolution intensity in
different units was quantified by measuring the distances from the median line of the cave

(starting from the cave apex) to the cave wall in LIDAR imagery and 3D models (Fig. 4).

12
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Stratigraphic log 1, corresponding to site 1 (Fig. 3C) of the loio cave, comprises seven
lithostratigraphic units. From bottom to top, these units are (1) widely spaced laminated
limestone with chert nodules, (2) closely spaced laminated limestone, (3) reddish siltstone,
(4) intraformational breccia, (5) limestone with terrigenous content, (6) homogeneous wavy
laminated limestone, and (7) intraformational breccia on the top of the gallery. We quantified
the uniaxial compressive strength only in the first 3 meters in this portion of the cave (Fig.
5A), with the mean UCS value varying from 44.2 MPa to 57.53 MPa. Stratigraphic log 2 was
also performed in the loio cave, specifically at site 2 (Fig. 3D). It is composed of 5
lithostratigraphic units, from bottom to top: (1) laminated limestone, (2) closely spaced wavy
laminated limestone with terrigenous content on the top, (3) limestone with millimetric
siltstone levels, (4) calcarenite limestone with centimetric laminations, and (5)
intraformational breccia. The geomechanical profile was made in the first four units (Fig.
5B), with a mean value of 28.84 MPa in unit 1, the lowest mean value and related to a most

karstified unit, and 42.95 MPa in unit 3, the less karstified unit in this stratigraphic log.

Stratigraphic log 3 was performed at site 3 in the Torrinha cave (Fig. 3E). The basal
unit corresponds to a wavy laminated limestone with a high density of laminations between
0.8 m and 2.10 m and has an intraformational breccia on the top. In addition, we obtained a
geomechanical profile along the entire stratigraphic log (Figs. 4 and 5C). The mean value
varies from 35.8 MPa in the basal unit to 69.9 MPa and from 49.2 MPa to 62.5 MPa in the
top unit. Stratigraphic log 4, related to conduits with a height of 10 m, shows a maze pattern
in Torrinha cave (Fig. 3B, F) with the highest unit variation. In total, ten lithostratigraphic
units were identified; from bottom to top, these units are (1) laminated limestone, (2)
laminated limestone with muddy concretions, (3) wavy laminated limestone, (4) wavy

laminated limestone with muddy concretions, (5) densely laminated limestone with silica
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nodules, (6) teepee, (7) laminated limestone with silica layers and nodules, (8) densely wavy
laminated limestone, (9) densely laminated limestone with muddy concretions and
calcarenite levels, and (10) densely laminated calcarenite. The UCS values do not show a
straightforward relationship with the intensity of dissolution of these lithological units, but in
general, in this stratigraphic log, the mean value from less dissolved units is lower than the

mean value from most karstified units (Fig. 5D).

Thin section analysis highlights the carbonatic strata arrangement made by
millimeter- to centimeter-thick tabular layers that could be classified into three main
lithofacies/microfacies, represented by (1) microbial carbonates (Mc), (2) fine
siliciclastic/siltstone levels (Sl), and (3) intraformational breccia (Sb). Mc microfacies
corresponds to lithologies with a high level of dissolution. The outcrop description shows
interbedded and crenulated layers typical of stromatolites. Thin sections present a fine grain
matrix (um to mm size) and allelochemical association — possibly oolites, pellets, and
intraclasts (Fig. 6A). The micritization process is intense and difficult to interpret, precisely
the alochemical assemblage. Sl and Sb microfacies act as barriers to fluid flow. The fine
matrix in the S| microfacies is characterized by the concentration of terrigenous minerals in
stylolite clusters (Fig. 6B). Sb microfacies also behave as a flow barrier due to the poorly
selected intraclast grains (cm-size) (Fig. 6C) and the absence of porosity. In general, thin
sections do not present significant porosity in Mc. The cementation process, which was
active during mesodiagenesis (Choquette and Pray, 1970), reduced the primary porosity of
these rocks. The secondary porosity was mostly represented by bedding parallel stylolites

and fractures.
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4.4 Stylolite spacing and thickness data

Four representative samples, two from the most karstified units and two from the less
karstified units, were selected to quantify the spacing and thickness of bedding-parallel
laminations (stylolites) visible within the layers (Fig. 7). In both caves, the more dissolved
units, represented by the slab samples reported in Figs. 7A and 7C (loio and Torrinha caves,
respectively), are the units with lower spacing between laminations. Conversely, the units
with less dissolution intensity are characterized by greater spacing between laminations, as
represented in Figures 7B and 7D. The thickness of laminations, corresponding to stylolite
clusters, is greater in most karstified units (Fig. 7A and 7C) than in the less karstified units

(Fig. 7B and 7D).

Detailed petrographic analyses were conducted on thin sections from the same
representative slab samples (Fig. 8) to (i) quantify the thickness of individual stylolites and
(i) measure the spacing between individual stylolites and between each stylolite within the
clusters (Fig. 8C). The lithostratigraphic units with more intense dissolution (Fig. 8A and F)
have thicker stylolite clusters, with a mean thickness value of 0.91 mm in the loio cave and
1.14 mm in the Torrinha cave (Table 1). The thinner stylolites occur with low amplitude and
are isolated as single stylolites (Fig. 8D), with a mean thickness of 0.13 mm in the loio cave
and 0.23 mm in the Torrinha cave. The spacing between stylolites (individual (Fig. 8E) and
clusters) is also directly related to karstification intensity at the microscale. The most
karstified units of the loio cave have a mean spacing of 2.27 mm, while the less karstified
units show a value of 3.51 mm (Table 1). In Torrinha cave, this value is 5.22 mm in the more

karstified unit and 10.01 mm in the less karstified unit.

4.5 SEM-EDS analyses and porosity data

SEM analyses were performed on the four samples representing the more dissolved

and less dissolved units, highlighting the zones with a high intensity of dissolution (stylolite
15
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cluster zones) and zones where the dissolution is less intense in the host rock. The more
karstified units show thicker stylolite clusters (Fig. 9A) and, surprisingly, higher microporosity
inside the clusters with respect to the host rock. To compare the porosity inside the stylolite
cluster zone and within the host rock, we used the SEM images to calculate the 2D porosity
via the image analysis technique. The host rock microporosity varies from 0.68% to 1.33%
in the more dissolved unit and from 1.21% to 1.43% in the less dissolved unit. The
microporosity within the stylolite cluster in the more dissolved unit is 22.22% (Fig. 9A), while
it drops to 11.39% in the less dissolved unit (Fig. 10A). The EDS analysis shows that the
bulk host rock is made of calcite (Fig. 9B) with sparsely distributed dolomitic grains, usually
smaller than 50 um. The dolomite grains are concentrated within the stylolite cluster,
reaching >90% of the total area (Fig. 9C). Inside the stylolitic cluster, little siliciclastic content

occurs (>3%) (Fig. 9D), as well as minor Fe-oxides and hydroxides (>2%) (Fig. 9E).

The EDS analysis in the less karstified samples shows a composition similar to the
more karstified units, mainly calcite (Fig. 10B) with little detrital dolomite grains. The high-
porosity stylolite is dominantly composed of dolomite (Fig. 10C) with terrigenous accessory

material (Fig. 10D).

4.6 Petrophysical properties of lithological units

Using Hg-intrusion porosity analysis, we measure the total porosity (%), mean pore
size (um) and capillary pressure of the host rock matrix (n=23 samples). Data are reported
in Table 2 in conjunction with the dissolution intensity of each bed, as measured from LIDAR

2D vertical profiles.

In general, the host-rock matrix porosity of the analyzed samples is low, varying from

1% to 4%. In the samples related to limestones with terrigenous material, the porosity value
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is 18.4%. The values of porosity do not show a clear relation with the degree of karstification

and dissolution.

For example, in stratigraphic log 2 of loio cave, the more karstified unit, corresponding
to sample CARB 264, yielded a porosity of 6.46% (Fig. 2, Table 2). The second most
dissolved unit has only 1.05%, whereas the less karstified unit has 2.92% total porosity. In
Torrinha cave, the most and least karstified unit in stratigraphic log 3 exhibits porosity values
of 1.84% and 5.44%, respectively. In stratigraphic log 4, the less karstified unit presents
porosity values up to 4.39% (sample CARB 242), whereas the most karstified unit (sample
CARB 239) exhibits a porosity of 3.73%. With different degrees of dissolution, all other

samples show low values varying from 0.59% to 2.1%.

The mean pore size is another petrophysical property with no apparent relation to the
degree of dissolution. In stratigraphic log 1, the lowest mean pore size value equals 0.036
um, with all samples showing values lower than 0.9 um. Only the CARB 262 sample, which
corresponds to intraformational breccia, presents values higher than 1, with a mean value
of 2.81 um. Similar values are obtained for stratigraphic logs 2 and 3. In stratigraphic log 4,
a wide variation in pore size is observed. Samples CARB 239, CARB 236, and CARB 238
present pore sizes of 4.3 um, 22.71 um and 20.2 um, respectively. However, along the same
stratigraphic log, samples with low pore size radii were observed (0.14 um for unit CARB

234 and 0.17 um for unit CARB 241).

The capillary pressure, measured in psi, was quantified at 20%, 50%, and 80%
thresholds of mercury intrusion volume in each stratigraphic unit (Table 2). As for the
porosity and the mean pore size, the pressure values at the mercury volume thresholds do
not clearly correlate with the values obtained from the dissolution profile. Sample CARB 257,
related to the most karstified unit of column Section 1, until 50% of the mercury intruded

volume had no registered pressure, but 279 psi was necessary to obtain 80% of the mercury
17
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intruded volume. On the other hand, the less karstified unit required only 7.82 psi to reach

80% of the volume intruded (Table 2), which sounds counterintuitive.

In stratigraphic log 1 (Table 2), the more dissolved units are those in which the
intruded volume of mercury shows a higher percentage in the lower pressure range. Sample
CARB 262 shows a different behavior: even if it is part of the less dissolved units, it describes
an intrusion curve with more than 70% intruded mercury volume at less than 1 psi. Samples
from stratigraphic log 2 (Table 2) that were also collected in the loio cave show similar values

for all lithological units, with more than 60% of the volume intruded at less than 10 psi.

Samples from stratigraphic log 3 (Table 2), corresponding to the Torrinha cave, show
similar values for both less and more karstified units until 10 psi, with approximately 60% of
the volume intruded mercury. The variation between the two units occurs in the high-
pressure range. In particular, it was necessary to reach 1000 psi to obtain 80% of the volume
intruded into the less dissolved unit and approximately 100 psi into the more dissolved unit.
Rock samples from stratigraphic log 4 show similar values for all units. Nevertheless, as a
general observation, the less dissolved units have a higher intruded volume at lower

pressure values than the most dissolved units (Table 2).

4.7. Summary of results

Fig. 11 shows the correlation between all measured petrophysical properties and the
dissolution intensity obtained by measuring the scalloped wall profiles in LIDAR images. The
diagrams of porosity (Fig. 11A), mean pore size diameter (Fig. 11B), density (Fig. 11C), and
capillary pressure (Fig. 11D) indicate that these properties have no clear correlation with the

dissolution intensity within the cave conduits.

On the other hand, the stylolite thickness relates to dissolution intensity if compared

in each cave. In Torrinha cave, the more karstified units have a mean value of stylolite cluster
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thickness of 1.6 mm, whereas the mean thickness of stylolites is 0.28 mm in the less
karstified units (Fig. 11E). In the loio cave, this value is 1.38 mm and 0.31 mm in the most
and less karstified units, respectively. Finally, the spacing between laminations clearly
relates to the overall dissolution intensity estimated in both caves (Fig. 11F). The carbonate
units that are more dissolved correspond to lithologies with lower spacing between bedding-
parallel stylolites. The most karstified units from the loio cave exhibit a mean spacing
between laminations of 2.62 mm, with the least karstified units having 3.6 mm in the same
cave. Most karstified lithological units in Torrinha cave have a mean spacing of 7.29 mm,
while the least karstified units have a mean value of 15 mm (Fig. 11F). These data suggest
that the spacing of bedding-parallel stylolites (individual or clusters) contained in a bed has

a role in determining the amount of layer dissolution.

5. Discussion

Previous studies highlighted that cave patterns can be determined not only by
lithological differences but can also be related to the vertical distribution and persistence of
fractures (Balsamo et al., 2020; Boersma et al., 2019; Klimchouk, 2007; La Bruna et al.,
2021). In this contribution, we investigated a heterolithic carbonate sequence to constrain
the relationship between karst patterns and the petrophysical/microtextural properties of
lithological units, focusing on the attributes of bedding-parallel stylolites (spacing, thickness).
The stratigraphic logs (Fig. 4) show that both caves were developed within a heterolithic
carbonate package composed of different lithological units. The observed bedding-parallel
laminations occur as submillimeter individual stylolites or cm-thick clusters of stylolites and
are most likely formed during progressive burial estimated to be approximately 1000 m
(Klimchouk et al., 2016). The development of bedding-parallel stylolites in the depth range

of 600-900 m (van Golf-Racht, 1982) reinforces this affirmation.
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The stylolite formation process is related to the physical stress-induced compaction
of grains along the fluid-filled interface and chemical dissolution, which are partially
controlled by the mineralogical heterogeneity of the rock (Bruna et al. 2019). In carbonate
reservoirs, stylolites may generate positive porosity and permeability anomalies that guide
fluid flow and subsequent dissolution (Araujo et al., 2021; Bruna et al., 2019; Heap et al.,
2014; Toussaint et al., 2018). The higher variation in the composition of carbonates from the
Salitre Formation explains why some beds exibit a higher number of stylolites than others
and therefore different degrees of karstification, since the carbonates do not present primary

porosity and are characterized by low values of permeability.

LiDAR imaging is a strong tool for observing variations in 3D cave geometry (e.g.,
Fabbri et al., 2017; De Waele et al., 2018). The 3D models provided by the LIiDAR survey
(Fig. 3) were used to constrain the intensity of dissolution from scalloped cave wall profiles
and link this parameter with the microtextural and petrophysical properties of lithological
units.

5.1 Bedding-parallel stylolites and dissolution intensity

The first-order observation is that siliciclastic units, although more porous, are less
dissolved and generally provide the roof of caves. Conversely, limestone lithological units
experienced more intense dissolution. This was expected because carbonates are more
soluble than clay minerals and quartz-rich rocks (e.g., Flugel, 2010). Another important
observation is that most dissolved lithostratigraphic units are densely laminated, with thicker
clusters of stylolites varying from 0.91 mm to 1.14 mm (Figs. 7 and 8). In comparison, the
thickness of stylolites in units where the dissolution is less intense spans from 0.13 mm to
0.23 mm (Table 1), i.e., one order of magnitude smaller. The spacing between laminations
also shows a direct relation with the dissolution intensity of individual beds. The most

karstified units show lower spacing between stylolite clusters (Fig. 11E).

20



1504
13

26
25110

This can be explained by the fact that although compressional structures developed
during progressive overburden (with vertical c1), stylolites may represent preferential
conduits for fluid infiltration and circulation, causing more effective dissolution (e.g., Araujo
et al.,, 2021). Fluid pathways mostly depend on the interaction between hydrological
properties, stratigraphy, and fracture distributions (Odling et al., 1999), which provide
connectivity to fluid circulation. In the study caves, which are composed of limestones with
low matrix porosity and permeability, the fluid pathways were focused within stylolites
parallel to bedding. This is confirmed by the microporosity documented within the stylolite
clusters in SEM—-EDS images (Figs. 9A and 10A). For example, Kang et al. (2019) affirmed
that higher porosity could accelerate the flow and, therefore, the permeability after analyzing
the impact of laminar flow. Our data show that the total host-rock matrix porosity is not
directly related to the karst dissolution intensity. Nonetheless, 2D porosity analysis
conducted in SEM images shows that the porosity along the stylolitic zones is 10-20 times
higher than that surrounding the host rock (Figs. 9 and 10), thus supporting the interpretation
that such mm- to cm-thick zones can focus fluid flow enhancing dissolution. The porosity
values within stylolites documented in this study are surprisingly high, as stylolites consist

of concentrated detrital dolomite grains rather than insoluble clay material.

5.2 Kast and petrophysical properties

The UCS measurements parallel to the bedding are prone to be dissipated by the
anisotropy between layers, which act as mechanical discontinuity surfaces (Ozbek, 2009).
It stands to reason that stratigraphic units with several closely spaced layers should have
lower UCS values due to the high anisotropy. Nonetheless, the UCS values we measured
indicate that dissolution is not related to the uniaxial strength of carbonates (Fig. 4). In the

study area, the only clear relationship with dissolution is provided by the spacing between
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laminations and the thickness of stylolitic clusters. Baud et al. (2016) conducted numerical
simulations suggesting that rock weakening induced by stylolites is mostly due to the higher
porosity and heterogeneity inside and outside the stylolites. These stylolites may act as
planes of weakness when the thickness exceeds 5 mm. This value of 5 mm is higher than
the mean observed values in our analysis, 0.13 mm to 1.14 mm, respectively, and supports
the lack of relation between UCS and dissolution.

The matrix porosity values of the host rock, measured by mercury-intrusion
porosimetry (spanning from 0.5% to <5% - Table 2) and capillary pressure/pore size
distribution analyses and density (Table 2, Fig. 10 A, B, C), do not display a clear relationship
with the dissolution intensity. This could be related to a limited connection between
micropores and, therefore, a hampered fluid circulation.

The studied carbonates show a vast variety of pore sizes. This variation is directly
related to the complex pattern and to the polymodal pore-size distribution of the curves
expressed by pressure (psi) vs. mercury intruded volume (Fig. 10). Therefore, it was difficult
to define the exact inflection point of the intrusion curve. Therefore, we compared the
pressure needed in different units to obtain the same value of intruded mercury volume.
Several studies related the higher capillary pressure to units that act efficiently as sealing
and leading the fluid flow (Torabi et al., 2013; Xiong et al., 2015). Even with this relation
reported in the literature, a direct relationship with the dissolution intensity comparing the

pressure needed to intrude the mercury inside the samples was not observed.

5.3 Stylolites as preferential flow pathways

Several previous contributions have pointed out the role of stylolites acting as barriers
or as conduits to fluid flow. The hydraulic barrier role is further enhanced when enrichment

of phyllosilicates or calcite precipitation locally occurs within the stylolite zone, closing pore

22



549

550

551

552
8

1556

60
74

space and hampering fluid flow. However, an increasing number of recent studies have been
relating stylolites with fluid flow conduits. These studies observed a high porosity zone
surrounding stylolites compared to the host rock. Our case study showed that the more
karstified beds have a greater number of thick stylolite clusters (Figs. 7 and 8). Based on
EDS images and XRD analysis, we noted that the stylolite cluster zones have greater
porosity than the host rock (up to 20% versus <2%). Certainly, these zones of high porosity
may act as preferential fluid pathways that increase the dissolution of the surrounding
carbonate host rock matrix. In a well-layered heterolithic carbonate sequence, this process
ends up with typical scalloped cave profiles.

Our analysis shows that the stylolite clusters are composed of 90% detrital dolomite
grains with clayish residual material, terrigenous grains, and Fe oxides as accessory
minerals (Figs. 9 and 10). The host rock is made of micritic limestone with minor dolomite
grains dispersed into the calcite matrix (Figs. 9 and 10). We suggest that the dissolution in
the stylolitic zones has completely removed the CaCOs and concentrated dolomite grains
within the stylolites as a dissolution residue. Our interpretation is supported by Toussaint,
who discussed the influence of stylolites as conduits for promoting a permeability path
parallel to the stylolites. For example, Riegel et al. (2019) accounted for a relation of
microfractures improving the permeability in the matrix and acting as fluid conduits. Here,
stylolite clusters acted as “open microfractures”, improving the porosity and permeability of

the carbonate rock.

5.4 Conceptaul model

Figure 12 summarizes the structural evolution of the Salitre carbonates in the studied
cave systems. In the first stage (Fig. 12A), different units were deposited in a bed parallel
pattern, and background fractures may have developed. In this phase, bedding-parallel

stylolites developed during progressive burial, but no significant dissolution occurred since
23



575

578

1582

no connection between the fractures was established. Successive contractional tectonic
events caused gentle folding of carbonates from the Salitre Formation in the Irecé Basin.
These superposed folding events created clustered fractures in a pattern parallel to the fold
hinges (Fig. 12B) and provided fluid pathways increasing fluid circulations (Fig. 12C).

The second stage of cave development occurred following the fluid circulations at
different levels affecting the several studied lithological units. The carbonate beds with
extensive stylolites acting as microfluid pathways enhanced the karstification process (Fig.
13B). The third stage comprises the last phase of dissolution, resulting in the present-day
cave geometry (Fig. 13C) on the cave walls. The geometry is associated with alternating
layers showing differential dissolution intensity. In particular, less dissolved layers (Fig. 7B,
7D) composed of limestones with minor siliciclastic content and absence or high spacing
between laminations form a positive relief (Fig. 13C). Negative dissolution relief is related to
the most dissolved layers, composed of highly laminated limestones (Fig. 7A, 7C) with the
extensive occurrence of stylolite clusters (Fig. 8A; 13C). The study by Araujo et al. (2021),
who observed a similar process in epigenetic karst in carbonate sequences, further supports
our work hypothesis. Several studies have shown that the stratigraphy, fracture pattern,
hydrologic setting and preferential orientation of major tectonic discontinuities play a primary
role in karst geometry. In this work, we show that minor structures such as burial stylolites

also provide key features that may control the hypogenic cave geometry.

6. Conclusion

The present research combines field and laboratory analyses to identify the
hypogenic karst geometry and its relationship with petrographic, petrophysical and
geomechanical features of Neoproterozoic carbonate rocks of the Salitre Formation, Séao

Francisco Craton, Brazil. The hypogenic caves exhibit alternating positive and negative
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reliefs on cave sections with different degrees of karstification. Karstification initiated with
the entrance of fluids into the carbonate system along N-S- and E—W-striking fractures
parallel to fold hinges. These fractures acted as primary flow pathways. The secondary flow
pathways were stylolite clusters, which allowed lateral flow, enhancing karstification along

the bedding. The major results of this research are summarized below:

e Lithostratigraphic units composed of mixed carbonate and terrigenous grains show
lower dissolution intensity than pure limestones. The carbonate chemical
composition is therefore directly related to the intensity of karstification.

e Bedding-parallel stylolites in dolomitic limestone consist of high-porosity (up to 20%)
mm- to cm-thick zones with >90% dolomite detrital grains.

e As a result, beds with closely spaced and thicker stylolites are more karstified and
dissolved, indicating that stylolitic zones act as flow pathways in low porosity-
permeability carbonates.

e The new finding of this paper is that the attributes of burial-related stylolites may

control cave passage enlargement via selective karstification and bed dissolution.
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more karstified units and (D) less karstified units in Torrinha cave. The yellow rectangles mark the position of thin

sections in each sample.
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52 Figure 9: (A) SEM image showing the detall of a thicker stylolite cluster and related EDS analyzed points, typical of the most
54 dissolved units, (B) X-ray spectrogram from the site B, (C) X-ray spectrogram from the site C. (D) X-ray spectrogram from the
56 sie D. (E) X-ray spectrogram from the site E. Key: Cal, caicite; Dol, dolomite; Si, silica; @; porosity. Ca, Calcium; O, Oxygen;

58 Fe, lron; Zn, Zinc; Si, Silica; Al, Aluminum; Mg, Magnesium; K, Potassium; Ct, Chlorine; Mn, Manganese; Mo, Molybdenum
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Figure 10: (A} SEM image showing the thicker stylolite cluster associated with EDS analyzed points in the less dissolved

units, (B) X-ray spectrogram from the sile B. (C) X-ray spectrogram from the sile C. (D) X-ray spectrogram from the site D. Dol,
dolomste; ®@; porosity Ca, Calcium; O, Oxygen: Fe, lron; Zn, Zinc; Si, Silica: Al, Aluminum; Mg, Magnesium; K, Potassium; CI,

Chiorine; Mn, Manganese; Mo, Molybdenum.,
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s, Figure 12: Schematic model of the evolution of fracture corridors along fold hinge, providing flow
53 pathways and enhancing the karstification. Based on Bagnietal. 2020 and Pontes et al, 2020.
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Less karstified - loio

Most karstified - loio

Less karstified —

Most karstified -

Torrinha Torrinha
Lamination | Stylolite | Lamination | Stylolite | Lamination | Stylolite | Lamination | Stylolite
spacing thickness spacing thickness spacing thickness spacing thickness
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
4.2 0.24 1.16 0.29 8.72 0.56 8,24 0.96
3.13 0.32 1.98 0.18 7.15 0.04 3.99 1.68
3.06 0.17 212 0.17 14.15 0.44 9.65 1.1
3.35 0.06 1.75 0.41 0.07 3.38 0.98
1.78 0.07 1.76 2.66 0.08 6.98 0.41
5.55 0.15 4.06 1.64 24 23
2.07 0.05 1.96 0.55 1.91 0.6
4.96 0.06 2.74 214
0.05 2.86 0.17
3.51 0.13 2.27 0.91 10.01 0.24 5.22 1.15

* medium value in mm.

Table 1: Measured values in the thin section regarding the spacing (S) between laminations

and stylolite thickness (T).
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loio 01 — Stratigraphic log 1
1 sample dissolution intensity Porosity (%) Medium Pore size capillary pressure (psi)
g (m) (microns) 20% | 50% 80% (vol intruded)
4 264 4,63 6,46 0,6548 1 1 10,29
5 263 4,14 1,05 0,135 1 2,64 28,17
S 265 4,36 0,66 0,3043 1,12 | 2,54 8,6
8 266 4,05 3,99 0,1314 2,62 5,6 29,5
9 262 3,27 2,92 2,812 1,03 | 1,15 7,82
12 loio 02 - Stratigraphic log 2
12 sample dissolution intensity Porosity (%) Medium Pore size capillary pressure
ii (m) (microns) 20% | 50% 80% (vol intruded)
15 257 6,52 1,3 0,5213 0 0 279
16 256 5,26 3,44 0,2381 1,4 10,9 361
i; 261 3,43 2,76 0,8358 1,3 7,14 321
19 259 2,8 2,35 0,4906 59 32,9 276
20 260 2,91 18,4 0,03627 488 | 2007 8698
2; 258 2,79 8,19 0,8358 1,46 | 457 1458
23 262 2,47 2,92 2,812 1,03 | 1,15 7,82
gg Torrinha 01 - Stratigraphic log 3
26 sample dissolution intensity Porosity (%) Medium Pore size capillary pressure
27 (m) (microns) 20% | 50% 80% (vol intruded)
;g 220 42 1,847 0,03489 24 | 116 18318,
30 218 2,8 5,44 0,1688 2,2 9,6 487 1
31
;23 Torrinha 02 - Stratigraphic log 4
34 sample dissolution intensity Porosity (%) Medium Pore size capillary pressure
35 (m) (microns) 20% | 50% 80% (vol intruded)
gs 234 1,48 1,285 0,1462 247 | 11,6 18478
38 236 1,45 0,758 22,71 1,37 | 3,01 13,4
28 238 133 2,157 20,2 1,36 | 1,58 8,96
41 235 1,26 3851 0,3111 6,6 7,8 527
42 237 1,2 1,68 1,45 1,58 | 4,38 15,1
1 |29 16 3,736 4,339 1 | 138 233
45 240 1,15 0,596 1,971 0 1,3 22
46 241 1,03 1,91 0,1737 1,29 | 1,84 2,74
j; 242 0,6 4,391 86,75 1,27 1,4 1,9
49
50
51 Table 2: Intensity of dissolution (m) and petrophysical properties of total porosity (%), mean pore
52
53 size distribution (um) and values of capillary pressure (psi) calculated at thresholds corresponding
54
52 to 20%, 50% and 80% of mercury intruded volume in the samples collected along the
5
57 stratigraphic logs.
58
59
60
61
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