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GEOLOGIC NOTE

The Morro Vermelho hypogenic
karst system (Brazil):
Stratigraphy, fractures, and flow
in a carbonate strike-slip fault
zone with implications for
carbonate reservoirs
Giovanni Bertotti, Philippe Audra, Augusto Auler,
Francisco Hilario Bezerra, Stephan de Hoop,
Cayo Pontes, Rahul Prabhakaran, and Rebeca Lima

ABSTRACT

TheMorro Vermelho Cave (MVC) (Brazil) developedwithin the
Morro Vermelho karst system, which affected Neoproterozoic
limestones (Salitre Formation). The MVC experienced little in-
teractions with meteoric processes and is an example of a hy-
pogenic cave formed during strike-slip deformation. The Salitre
carbonates in the MVC experienced distributed deformation
along an elongated domain overlying a buried strike-slip fault.
Gently dipping, semiductile shear zones formed with decimeter-
scale (3.9 in.) dolomitic veins. In our model, Mg-rich fluids
flowing along the Salitre aquifer caused at the same time ex-
tensive dolomitization of the body of rock (100-m [328-ft] scale)
experiencing distributed deformation. With progressive displace-
ment, the deep strike-slip fault propagated upward causing the
development of an anticline pop-up, steepening sedimentary
layers, and steep 1–10-m-long (3.3–33.8-ft) fractures, which
served as pathways for upward fluid flow. These steep extensional
fractures made it possible for fluids flowing in lower, quartzitic
aquifers to enter the carbonate aquifer causing silica deposition in
rock cavities and in fractures and fault planes. Following the main
stage of speleogenesis, silica deposition took over again depositing
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on the cave walls a continuous silica crust, rarely observed in other
settings worldwide. The interplay between regional bedding-
parallel flow and focused circulation of fluids along steep faults
and dipping layers, and the associated rock–fluid interactions
are not unique to the contractional settings presented but can
also occur in association with similar faults in rifted conti-
nental margins.

INTRODUCTION

Hypogenic karst is related to permeable structures enlarged by
dissolution associated with upwelling fluid flow independent of
recharge from the overlying or immediately adjacent surface
(Klimchouk, 2007, 2012). The aggressive character of these up-
welling fluids is usually acquired from deep-seated sources of CO2

and, not alternatively, H2S, possibly associated with thermal
processes, and is independent of soil or meteoric acids (Palmer,
2000; Audra and Palmer, 2015). Karst systems have long been
known as an important factor in carbonate reservoirs for hydro-
carbons as well as for geothermal energy (Goldscheider et al.,
2010; Burchette, 2012). In the last years, there has been an in-
creasing interest in these systems because of the discovery that
dissolution is commonly related to the rise of chemically aggres-
sive hypogene fluids rather than to meteoric waters (Feng et al.,
2017; Zhu et al., 2017; Reijmer et al., 2018), one of the most
important implications being that some karsts might have formed
at depth rather than at the surface. The underground voids (caves)
provide the (connected) pores for the high to superhigh perme-
ability streaks characterizing, among others, the subsalt play of
offshore Brazil (Carlotto et al., 2017) and geothermal reservoirs in
Paleozoic carbonates in northwest Europe (Reijmer et al., 2018).
At the same time, karst poses significant engineering and flow
management challenges because it can cause the loss of drill bits and
unexpected water breakthrough and earlier-than-expected arrival of
cold-water front in the case of geothermal doublets. Because these
voids are commonly too small to be visible in seismic data (see,
however, Basso et al., 2018 for a notable exception) and too big to
be characterized on the basis of wells, there is a great need for tools
to predict their position, shape, size, and distribution in the sub-
surface and to implement them in reservoir simulators.

Because hypogenic fluids essentially move across the stra-
tigraphy, their flow is controlled not only by the primary and
diagenetic permeability of the sedimentary layers but also by the
presence and spatial organization of fracture corridors, faults, and
distributed fractures (Klimchouk, 2017). Large faults and frac-
ture corridors, especially when subvertical, favor efficient upward
movement of aggressive fluids without significant heat loss.
Extensive networks of distributed fractures, however, favor lateral
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flow and widespread dissolution, especially when fractured layers
are sealed by less permeable units (Cazarin et al., 2019). The devel-
opment of hypogenic caves is indeed controlled by the complex in-
terplay between fluid chemistry and physics and by the sedimentologic
and structural architecture of the affected rocks (Klimchouk, 2017).

Outcrops (including caves and associated karst systems ac-
cessible from the surface) form an outstanding source of infor-
mation to strengthen our ability to predict the architecture and
development of hypogenic caves, as well as their relationship with
observables such as stratigraphy and tectonic structures. In caves,
lithologic properties can be described and measured, structures
such as faults and fracture corridors likewise can be constrained,
and cements of veins can be investigated. The three-dimensional
(3-D) nature of cave passages allows for the observation of features
at different angles, and the general lack of weathering favors the
preservation of features that would otherwise be obliterated in
surface outcrops (Plotnick et al., 2015). All these parameters can
then be used for better understanding of long-term, regional-scale
flow patterns.

In this contribution, we report on our findings from theMorro
Vermelho (MV) karst system (MVKS) associatedwith theMVCave
(MVC), a remarkable and previously undocumented cave located
in the Irecê Basin (Bahia State, Brazil) (Figure 1). The MVC is
also quite unique because, differing from the numerous caves in the
Irecê Basin, the composing carbonate layers are fully dolomitized
and steeply dipping. Differing frommost hypogenic caves, more
recent speleogenesis did not mask or completely obliterate evidence of
older phases in the MVC, whereby clear mineralogical and structural
evidence is still available, providing clues about the little-known earlier
stages of deformation, void generation, and mineral deposition.

The cave developed in Neoproterozoic carbonate units of the
Salitre Formation (Fm.) affected by a steep fault zone. The
MVKS is clearly linked to fractures and faults, thereby pre-
senting a relevant case study for hypogenic caves where ag-
gressive fluids moved upward and laterally along fracture corridors,
faults, and tilted sedimentary layers. Using modern techniques of
portable LIDAR, we document for the first time the geometry and
development of substantial hypogene dissolution along a fault zone
and along steepened sedimentary layers. We show how inter-
actions between conduit generation (fracturing, dissolution)
and infilling (precipitation of minerals in fractures and voids) are
key for the understanding of multiscale permeability in carbonate
reservoirs.

Following a geologic introduction, we present the detailed
geometry of the cave derived from innovative LIDAR tools, and we
describe and interpret the speleological architecture, the structural
geology of the cave, and the associated veins, eventually integrating
these observations in an evolutionary model for tectonic and fluid-
flow evolution.

formation, especially the main porosity that
originates the cave passages.
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THE OVERALL SETTING

Regional Geology and Geography

The MVKS developed within the Neoproterozoic
limestone of the Salitre Fm., within the Irecê Basin
(Figure 1) (Misi and Veizer, 1998). The Salitre carbonate
overlies the Mesoproterozoic pelite of the Bebedouro
Fm., the Mesoproterozoic quartzite of the Chapada
Diamantina Group (Magalhães et al., 2016), and an
Archean crystalline basement (Trompette et al., 1992).

The carbonates of the Salitre Fm. are presently
preserved in an inverted rift basin bounded to the
west and east by two anticlines exposing quartzites of

the Chapada Diamantina Group (Figure 1A). To the
south, the same quartzite outcrops in the young
relief of the Chapada Diamantina (e.g., Japsen et al.,
2010), which forms the southern boundary of the
carbonates. The carbonates of the Salitre Fm. are affected
by east-west–trending thrusts and fault-related folds
associated with north-south shortening of the Brasiliano
orogeny (740–650 Ma) (de Almeida et al., 2000;
Sampaio et al., 2001) (Figure 1). The intensity of
contractional deformation decreases southward and
carbonates in the study area are generally flat lying
(Figure 1B).

Toward the west and east, these thrusts merge in
approximately north-south–trending lateral ramps,which

Figure 1. The regional setting of the Morro Vermelho karst system. (A) Map of the Irecê basin (simplified from Reis et al., 2013); (B)
geological section across the basin (trace indicated with thick line in map). Black arrows indicate displacements. The red star as shown in
panels (A) and (B) indicates the position of the Morro Vermelho Hill. The black lines are undefined structural lineaments. Ba = barite
mineralization; Fm = Formation; qtz = quartz.
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have a dextral and sinistral sense of movement, respec-
tively. Sulfur mineralization (e.g., barite) that has not
been analyzed yet is associated with these transcurrent
faults, suggesting intense fluid circulation of chemically
loaded fluids (Sampaio et al., 2001) probably after
passing through the Bebedouro tillite. Alternatively,
sulfur could originate from sulfide beds (mostly Fe and
Zn sulfides) that occur at depth in the Salitre Fm. (Misi
and Kyle, 1994) and disseminated pyrite, which has been
commonly observed in specific layers of the carbonates.

The carbonates of the Salitre Fm. presently sup-
port a low-altitude and low-relief area surrounded to
the east, west, and south by the mountains of the
Chapada Diamantina, with quartzites layers generally
dipping toward the low-elevation domain. Currently,
meteoric waters flow along the flank of these hills and
enter the carbonate succession, causing widespread
meteoric karstification and epigenic caves draining even-
tually toward the Santo Antônio River, which acts as the
current base level of the area (Laureano et al., 2016).

The Morro Vermelho Cave and Karst
System

The MVKS is associated with the approximately 50-
m-high (~164-ft) east-west–trending MV Hill (1.2 ·
0.4 km [0.7 · 0.2mi]), which forms an unusual relief
emerging from the otherwise flat landscape composed
of soil- and laterite-covered flat-lying carbonates of the

Salitre Fm. (Figure 2A). The hill is generally covered
by silicified blocks (Figure 2B) that preserved the relief
but obscure the bedrock, which is only observable
inside the cave, in small scattered outcrops in the MV
Hill and in a nearby hill.

The entrance to the cave is marked by a narrow
vertical passage located on the northern side of the
hill (Figure 2). From there, a small passage descends
toward the southwest for 15–20 m (49–65 ft) before
joining the main chamber, which is characterized by
a fairly irregular geometry (Figure 3). From this
chamber, the cave passage splits into different levels,
one continuing down toward the southeast as steep
passages and fracture-guided shafts and one rising
toward the northwest. The bottom of the cave ap-
proximately corresponds to the altitude of the plain.
To the south of the main chamber, the cave continues
with a north-northeast–south-southwest passage
for another few meters. The floor of the passages
is composed of rubble, fine-grained sediments derived
both from the weathering of the bedrock and outside
sources, and organic material from bat colonies and
animals that use the cave as a den.

The cave displays no features such as fluvial
sediments, dendritic or anastomotic pattern, or
fluvial speleogens, which would be associated
with fluvial action. The walls of the cave are
mostly covered by a thick and an unusual silica
crust, partly detached as a consequence of meteoric

Figure 2. The Morro Vermelho Hill. (A) Aerial view of the Morro Vermelho looking toward the south; the hill is approximately 50 m
(~164 ft) high and 1.2 km (0.74 mi) long (photograph courtesy of R. Maia). (B) Silicified pebbles and blocks covering the entire hill; the
image is 2 m (6.5 ft) across.
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action (Figure 4). Despite the partial masking of the
cave bedrock by chemical coatings, a variety of struc-
tural features and mineralizations (fractures, veins,
and faults) can be observed andwill be described in the
following sections.

THE GEOMETRY OF THE MORRO
VERMELHO CAVE

The LIDAR Survey

Constraining the full 3-D geometry of caves has been
a major challenge until a few years ago, preventing a
detailed and quantitative estimate of, for instance,
dissolved volumes and of shape changes along cave
tunnels. Adopting a recently developed technology,
we have produced one of the first full 3-D digital
models of complex caves using geo simultaneous
localization and mapping (GeoSLAM) ZEB RE-
VO®, a handheld mobile mapping system able to
rapidly generate 3-D point clouds of the cave interior
(Zlot and Bosse, 2014). The GeoSLAM ZEB REVO
is a light, easily portable unit composed of a laser
range scanner coupled with an inertial measurement
unit (IMU)mounted on a rotating drive generating in
real time point clouds while the operator walks
through the cave. The device uses a 3-D simultaneous
location and mapping algorithm to fuse the two-

dimensional laser scan data with the IMU data to
generate the 3-D point clouds (Bosse et al., 2012;
Zlot and Bosse, 2014). For the purposes of this
study, GeoSLAM is superior to conventional ter-
restrial laser scanning because it does not require
the bulky equipment and cumbersome setups that
are ill suited for cave environments, where narrow
and tortuous passages make stop-and-scan strate-
gies difficult. Such systems are, however, possibly
adapted for smaller caves or specific parts of larger
caves (De Waele et al., 2018).

We covered the largest part of the MVC, ap-
proximately 80 m (~262 ft) long and 30 m (98 ft)
wide, in five different surveys with varying degrees of
overlap, with a total survey time of approximately
1.5 hr. Smaller parts could not be surveyed because
passages were too narrow or the descent was too
steep. The volume of the analyzed MVC is ap-
proximately 3000 m3 (~10,600 ft3).

The point cloud of each survey was subsequently
registered and aligned to the cave map, which in-
cluded the position of the cave entrance. Point cloud
registration can be done in several ways, but we
found the workflow defined in the manual of the
open-source software CloudCompare, version 2.9
(CloudCompare, 2019), to be the most effective:
(1) use manual translations and rotations to ap-
proximately align each individual survey to the

Figure 3. Plan view of the surveyed passages of the Morro Vermelho Cave. The backdrop of the picture is formed by the LIDAR model.
The map is enriched by speleological and structural (position of bedding, veins) information. The hatched line is a morphologic step in the
cave. The depth of the reference point is -20 m (65 ft) with respect to the cave entrance (0.); thin solid lines are qualitative isodepths.

2034 Geologic Note



reference survey, (2) extract a small subset of each
individual survey which has clearly overlapping
points, (3) apply iterative closest point (ICP) (Besl
and McKay, 1992) to finely register these subsets
to the reference cloud, (4) apply the obtained trans-
formation matrix from the ICP to the full point clouds
to obtain the fully aligned surveys, and (5) merge the
aligned individual surveys together and obtain one full
continuous survey of the cave.

After all surveys were aligned and merged, a
continuous survey of the cave was obtained com-
prising approximately 20.7 million points. The res-
olution, or point density, of the acquired LIDAR
data varies spatially and is mainly controlled by the
distance between the measurement device and
the object of interest and by the exposure time. The
detection limit of features, when using the ZEB
REVO, approximately follows a 1:10 ratio, (e.g., a
feature of size 10 cm [3.9 in.] can still be recognized
at a distance of 1 m [3.3 ft] between the measure-
ment device and the feature of interest). Where
needed, resolution was improved by increasing ex-
posure time, looping several times over the same

section, possibly lowering the operating speed,
thereby mapping previously unmapped surfaces.

The results of the survey produced a detailed 3-
D model in a very time-efficient manner. Because of
the high resolution obtained, the 3-D model can be
used to map and determine the position in space
of geological features such as bedding and faults,
commonly with a precision higher than that achieved
with a traditional compass. In addition, the full 3-D
cave model can be easily used for further analysis and
experiments such as geomechanical simulations.

Geometry: Results

The map view extracted from the LIDAR survey pro-
vides an accurate and informative description of
the main part of the MVC (Figure 5).

The model clearly shows the irregular shape of
the cave with the northeast-southwest–trending main
elongation axis and the passages toward the southeast
and northwest. The model also clearly images a sharp
linear feature striking North 20 (N-20) (bottom left
to top right in Figure 5), which corresponds to the

Figure 4. Schematic view of the main speleological features of the Morro Vermelho Cave.
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subvertical karstified fault zone with veins, which
forms a major component of the architecture of the
MVC.

A transect across the point cloud in a direction
parallel to the cave axis (Figure 5B) shows the northern
entrance passage descending toward the southwest,
eventually reaching the main chamber where the
cave floor is relatively flat. The morphology of the cave
is marked by two sharp vertical steps associated with a

fracture corridor (on the left) and with the main fault
zone of the cave (Figure 5). The step visible on the
right-hand side of the section is an artifact related to
the intersection between the transect and the cave
walls.

Sections in northwest-southeast direction, at high
angle to the cave axis and to the strike of sedimentary
beds, display the eastward-deepening shape of the
cave, conditioned by the position of the sedimentary

Figure 5. The LIDAR model of the Morro Vermelho Cave. Upper panel: plan view of the digital model showing the ceiling data points
projected on a flat horizontal surface; traces 1 to 3 refer to the transversal sections shown in Figure 6. Lower panel: vertical section along
the main axis of the cave (trace A).

Figure 6. Transects across the LIDAR model of the Morro Vermelho Cave at high angle to the cave elongation (see Figure 5 for their
location). Short lines with bullet termination indicate the position of bedding as measured in the cave walls. Note the clear morphological
expression of the fault zone (FZ) in the roof of the cave along transects 2 and 3 and the fracture corridor in transect 1. H = horizontal; V =
vertical.
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layers (Figure 6), and highlight the factor of stratigraphy
in controlling speleogenesis. In transect 1, the cave
is composed of two segments parallel to sedimentary
bedding separated by a steep zone coinciding with a
fracture corridor. Cave morphology in transect 2 is
more complicated, with a subhorizontal segment in
the northwest passing to the southeast to a passage
generally dipping parallel to bedding (Figure 6B).
The transition between the two is formed by the main
fault zone. In the third transect, the cave has a fairly
irregular shape with the cave floor dipping parallel to
bedding. The trace of the fault zone is clearly visible
in the roof of the cave (Figure 6C).

STRUCTURAL GEOLOGY AND
MINERALIZATION IN THE MORRO
VERMELHO KARST SYSTEM

Country Rock

As the cave dips on thewhole parallel to the bedding,
only 10–15 m (33–49 ft) of stratigraphy are exposed.
Detailed observations are also made difficult by the
widespread presence of a siliceous crust in the cave

walls. In general, lithologies exposed in the cave are
composed of fine-grained limestone organized in
centimeter- to few decimeter-thick layers (tenths
of inch to several inches). The country rock visible in
theMVCand everywhere in the hill is fully dolomitized.

A unique feature of MVKS is represented by the
inclined position of the sedimentary layers, very
different to most of the other caves of the region,
where layers are essentially horizontal. Dips are
approximately 30° to the east-southeast in most of
the cave but become as high as 60° in the west-
ernmost domains where dips are to the southeast
(Figure 7). We interpret the changes in bedding dip as
related to a fold with a north-northeast–trending fold
axis.

Distributed En Echelon Veins

Systems of en echelon centimeter-scale veins (0.5 to
1 in.) are observed in the walls of the main chamber
and at the southern part of the northeast-southwest
passage (Figure 8A). Vein infill is dolomitic. The
walls of the veins are sharp and regular, documenting
the lack of dissolution prior to cement precipitation.

Figure 7. Lower hemisphere projection of bedding in the Morro Vermelho Cave. Letters refer to sites in Figure 3.
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The veins form semiductile shear zones orga-
nized in conjugate sets (Figure 8A) at low angle
with respect to bedding. The conjugate nature of
these shear zones is confirmed by interfault angles
of 50°–60° and by the sense of movement inferred
by the en echelon veins. Therefore, these sets provide
reliable estimates of the direction of the principal
stresses during deformation. Notwithstanding the
difficulties of measuring these subtle features in the
flat cave walls and using the standard Anderson
approach, we derived directions of principal stresses
from three sets of semiductile shear zones. The re-
sults are consistent and indicate maximum principal
stress (s1) dipping approximately 20° to the east-
northeast and an intermediate principal stress (s2)
subhorizontal and trending north-northwest–south-
southeast (Figure 8B). The s1 lies on the bedding
plane, suggesting that the deformation took place
prior to layer steepening.

Steep Veins and Barren Fractures

Rocks visible in the MVC are also affected by wide-
spread steep barren fractures and planar veins with
quartz infill. Because of their steep position and infill
mineralogy, these veins are clearly different from the
en echelon veins described above. Steep veins strike
generally north-northeast–south-southwest (Figure 9A)
and are typically centimeters to decimeters long (tenths
to several inches) and centimeters thick (~0.1 to 1 in.).

In thin sections, quartz in the veins sometimes has a
blocky texture, but fibers are also common and develop
at a high angle to the fracture wall (Figure 9B). Barren
fractures have a consistent north-northeast–south-
southwest strike fully overlapping that of quartz
veins (Figure 9A).

The position of quartz veins and steep barren
fractures is constant throughout the entire cave
(Figure 3), independent of the position of bedding.
Because of the overlapping position and common
extensional character, we interpret quartz veins and
barren fractures to have formed during the same de-
formation stage, after the steepening of sedimentary
layers. As a consequence of differential dissolution,
veins form blades and a structure of boxwork pro-
truding from the cave walls documenting their for-
mation prior to speleogenesis.

Faults

Some surfaces observed in the MVC present stria-
tions and are thus interpreted as faults. Their direc-
tions range from north-south to northeast-southwest,
with generally steep dips toward the west-northwest
and east-southeast (Figure 10). All faults have a normal
fault character, sometimes with a strike-slip component.
Paleostress analysis performed using theWin-Tensor
program (Delvaux and Sperner, 2003) suggests
that all faults can be explained by a normal fault
regime with a subvertical s1, a s2 (corresponding to the

Figure 8. En echelon veins. (A) Photograph from the cave wall. Red arrows indicate sense of movement along shear zones. (B)
Stereoplot (lower hemisphere projection) with principal stresses (maximum principal stress [S1] > intermediate principal stress [S2] >
minimum principal stress [S3]) derived from four sets of conjugate semiductile shear zone (greater than two shear zones per set and ~20
veins); hollow and solid symbols refer to the present-day and back-rotated position of principal stresses.
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maximum horizontal stress) directed northeast-
southwest, and a northwest-southeast–trending min-
imum principal stress (s3) (Figure 10). Fault positions
are not correlated to that of bedding; therefore, we
assume that they developed during the late stages or
following the steepening of sedimentary layers.

Based on their similar directions, we suggest that
faults are in fact reactivations of the steep veins and
barren fractures, both accommodating extensional
strain. The correlation between faults and steep veins
is also strengthened by the fact that crystals growing
along faults are, similarly to the vein infill, composed
of quartz.

Fault Zone

A dominant feature of theMVKS is a tens-of-meters-
long N-20 planar structure clearly visible in map view
and in the vertical transects of the LIDAR model
(Figure 5). The structure is a complex feature com-
posed of slip surfaces and a thin fault gouge, barren
fractures with evidence of dissolution, and decimeters-
thick quartz veins. These features are parallel to each
other and parallel to the steep quartz veins, with as-
sociated barren fracture discussed in previous sections
and independent on the position of layers, suggesting
that they all formed approximately at the same time
after tilting.

Silica Crusts

The cave walls are characterized by the presence of an
unusual silica crust (Figure 11). This crust can be up to

50 cm (20 in.) thick and can display a spongy texture
with high porosity (Figure 11A–C) or be quite massive.
This silica crust is now falling apart because of processes
of corrosion by water condensation on the dolomite
that supports them. Silica also occurs as masses of silica
spherulites growing on silica spongy crust. Silica is also
locally present as small pockets in the bed rock partially
replacing dolomite crystals and documenting the lim-
ited interactions between SiO2-rich fluids and the do-
lomitic country rock (Figure 11).

Figure 9. Steep veins and barren fractures. (A) Stereoplot; veins and fractures formed after layer tilting and therefore have not been
back rotated. (B) Thin sections (crossed nicols) of veins; note quartz infill with a fibrous texture (sample number CARB0090). (C) Fibrous
quartz (sample number CARB0094) (crossed nicols).

Figure 10. Faults, striations, and paleostress analysis from fault
in the Morro Vermelho Cave; analysis performed with the Win-
Tensor program. S1 = maximum principal stress; S2 = interme-
diate principal stress; S3 = minimum principal stress.
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FLUIDS AND SPELEOGENESIS

Observations

A key element for the understanding of the genesis of
theMVKS is constraining the origin of the fluids that
caused the dissolution of the Salitre carbonates and,
thereby, the formation of the MVC. Like it is
commonly the case in speleological studies, this
hinges on the identification of diagnostic mor-
phological features preserved in the cave walls
(Audra et al., 2009).

The absence of features such as sinking streams
or vadose shafts associated to recharge from the
surface and the lack of fluvial sediments and asso-
ciated fluvial speleogens (such as scallops) suggest
that meteoric runoff was a negligible factor in
the initial formation of the MVC. On the contrary,
several diagnostic morphostructures have been ob-
served that are supportive of a hypogenic origin of
the MVC, that is, of dissolution associated with the

rising of chemically aggressive fluids rather than
meteoric fluids.

The cave presents a very irregular 3-D pattern
made of large chambers separated by narrow pas-
sages, which generally develop by volume expansion
in a context of slow rising flow (Osborne, 2001).
Narrow vertical passages occur at the bottom of the
cave (not visible on the incomplete survey in Figure 3),
which are parallel to the main fault of the MVC and
which are generally interpreted as feeders providing
pathways for rising fluids (e.g., Klimchouk, 2007).
Ceiling cupolas are circular dissolution features as-
sociated with slow convective flow of condensation–
corrosion and are nicely developed in the upper reaches
of the MVC (Figure 12A, D). Finally, the walls and
the ceiling of the cave are marked by protruding bodies
corresponding to the infill of quartz veins and re-
sulting from the differential corrosion between the
more soluble dolomite country rock and the very
hard silica veins. Millimetric veins may protrude for
several centimeters (up to a few inches), whereas the

Figure 11. Silica deposition on Morro Vermelho Cave walls. (A) Image of the cave wall, the lower light part corresponding to the silica
crust. The upper gray part corresponds to the dolomite host rock, visible after detachment of silica crust. Note the fractures highlighted by
recent condensation–corrosion. (B, C) Closer views of the silica sponge crust. Central sample is 9 cm (3.5 in.) long. Right view (C) is
approximately 3 mm (~0.1 in.) wide; note the branchlike growth of mineralization. (D) Thin section (crossed nicols) showing quartz (qz)
replacing rhombohedric dolomite crystals (sample CARB0090). (E, F) Thin sections (crossed nicols) of quartz precipitated in cavities in the
dolomite close to the cave walls.
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Figure 12. Morphostructures diagnostic of hypogenic (upward) flow. (A–C) The cupolas extracted from the LIDAR survey in map view
(A, B) and in vertical section (C). White arrows point to the cupolas. (D) View of the boxwork developed in the ceiling of the main
chamber: The 1-mm (0.04-in.)-thick silica veins (light planar surfaces) are protruding for half a meter (1.6 ft) and encompass the dolomite
country rock (in gray), which is also silicified at the scale of the microporosity. White arrows point to arrow blades. Francisco Hilario
Bezerra is pictured for scale.

BERTOTTI ET AL. 2041



thickest veins protrude for half a meter (1.6 ft)
(Figure 12C). These protrusions range among the
largest observed ever in caves. Even if this boxwork
(as these patterns are named in speleological jargon)
can be present in other settings mainly because of
meteoric condensation–corrosion, it is very frequent
and extended in the hypogenic environment.

The most diagnostic feature, however, is exten-
sive silica crust that covers large parts of thewalls, except
in places where they detached after condensation–
corrosion of the underlying dolomite country rock
(Figures 4, 11A). Silica crust thickness is highly
variable but can reach in places up to half a meter
(~1.6 ft). The transition with the underlying do-
lomite country rock is gradual, with impregnation
of silica replacing the dolomite crystals (Figure 11D–F).
Such extensive silica replacement crust is a very un-
common feature in carbonate environment.

A deep origin of the fluids associated with the
development of theMVC is compatible with the fact
that the mineralogical assemblage (mainly silica)
observed in the cave is unrelated to meteoric sources
of acidity related to atmospheric and soil-derived
H2CO3, which would instead result in low-tem-
perature CaCO3-related precipitates (i.e., mainly
calcite speleothems), as it is the case in most of the
caves in the Irecê Basin.

A Speleogenic Model

In our interpretation, the cave was formed by fluids
flowing from deep sources focused upward along the
fracture corridors and fault zones such as the ones we
have documented, which acted as conduits within a

phreatic environment. Rising fluids were also chan-
nelized along the steepened sedimentary beds following
layers of higher permeability, related to sedimen-
tary and diagenetic processes possibly coupled with
higher fracture densities. Our preliminary data suggest
that fractureswere amore important factor than primary
rock porosity.

DEFORMATION AND FLUID FLOW IN THE
MORRO VERMELHO KARST SYSTEM

Evolution of the Morro Vermelho Karst
System

The MVKS is characterized by the abundance of
deformation structures typically associated with
precipitation and, possibly, dissolution phenom-
ena. This allows for a fairly detailed reconstruction of
its structural evolution and of cave speleogenesis, fluid
flow, and fluid–rock interactions through time (Table
1). Although the relative chronology of the different
stages is broadly established, the lack of suitable dat-
able material prevents the precise bracketing of events
in terms of absolute ages.

Stage 1: Distributed Deformation and Dolomitization
A first stage of fluid circulation led to the diffuse
dolomitization of a body of rock that was hundreds
of meters (several hundreds of feet) thick, in any case,
larger than the volume of theMVKS.Our interpretation
that wholesale dolomitization was associated with
fluids rising along the steep strike-slip faults and not,
for instance, to seawater during early diagenesis
(e.g., Hollis et al., 2017), is essentially based on the
fact that fully dolomitized carbonates are only found
in the MV Hill and do not exist in the entire region.

During or following wholesale dolomitization,
the rocks of the MVKS experienced distributed
deformation leading to the development of exten-
sive systems of en echelon veins organized in con-
jugate sets of semiductile shear zones. The geometry
of these shear zones documents a stress field char-
acterized by a bedding-parallel, east-northeast–west-
southwest–trending s1 and a bedding-perpendicular
(subvertical) s3 (Figure 13). The en echelon veins are
spread over the entire cave and represent, therefore,
a stage of distributed deformation probably affecting

Figure 13. Summary of all relevant structural elements ob-
served in Morro Vermelho Cave. s1 = maximum principal stress;
s2 = intermediate principal stress; s3 = minimum principal stress.
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a large body of rock up to 10 m2 (33 ft2) laterally
hosting the MVKS.

The Mg-rich fluids, possibly the same that caused
wholesale country rock dolomitization, precipitated
dolomite in the en echelon veins. No large subvertical
veins with dolomite infill have been detected in the
MVC, and tension gashes are typically less than a
couple of decimeters (several inches) in dimension
and are not interconnected; these observations suggest
that flow occurredmainly along the carbonate layers of
the Salitre Fm. rather than across it, essentially using
the primary and diagenetic permeability of the car-
bonates, locally enhanced by semiductile shearing.

Indirect evidence on the depth of the MV rocks
during this stage of deformation can be derived from
the knowledge that, in the presence of a tectonic
stress, the s3 can only be vertical at relatively shallow
depths. Based on modeling work by Bertotti et al.
(2017) predicting depths at which the s2 is vertical,
we estimate that the MVKS during the development
of tension gashes was not more than 500–800 m
(1600–2600 ft) below the Earth’s surface.

Stage 2: Tilting
Following the development of semiductile distrib-
uted deformation, the sedimentary layers were
steepened probably in association with an approxi-
mately north-northeast–trending anticline. We have

no information as to the width of the fold. The in-
ferred fold axis is oblique (angle of 40°–60°) to the di-
rection of maximum compression associated with the
semiductile shear zones (Figure 13), suggesting that
if semiductile shearing and steepening occurred
under the same boundary conditions, folding de-
veloped in a strike-slip rather than in a pure shear
setting.

Stage 3: Steep Extensional Fractures and Silica-Filled
Veins
Rocks of the MVKS were then affected by the for-
mation of barren fractures and veins that were steep,
decimeters to several meters (feet to tens of feet)
long, and predominantly extensional. Veins and barren
fractures have a fairly consistent north-northeast–
south-southwest–trending orientation with dips both
to the northwest and southeast. Parallelism between
steep fractures and bedding direction suggests that the
steep fractures opened in association with folding.
Slickensides on the quartz infill of the veins document
normal and strike-slip faulting, all related to an
extensional stress regime with subvertical s1 and
subhorizontal, east-northeast–west-southwest–trending
s2 (Figure 13). The fault zone apparent in the cave
and in the LIDAR model is one of these features
that accommodated more displacement and open-
ing than the others.

Table 1. Proposed Evolutionary Scheme for the Morro Vermelho Karst System

Stage Structures Rock–Fluid Interactions Character

1: Distributed deformation Semiductile shear zones
(en echelon veins)

Bedrock dolomitization and dolomite
precipitation in en echelon veins
associated with Mg-rich fluids

Hypogenic

2: Layer tilting — — Hypogenic
3: Formation of steep extensional

fractures
Long and steep,
extensional fractures

Deposition of SiO2 in veins and along
fault planes associated with rising
Si-rich fluids

Hypogenic

4: Speleogenesis — Dissolution by rising chemically
aggressive (H2CO3?) waters

Hypogenic

5: Deposition of silica crust Some possible reactivation
of steep fractures

Deposition of silica crust by partial
replacement of the dolomite walls
associated with Si-rich fluids

Hypogenic

6: Draining of the cave and connection
to surface processes

Some possible reactivation
of steep fractures

Disintegration and alteration of
dolomite, detachment of silica crusts
caused by condensation–corrosion

Epigenic

Abbreviation: — = not applicable.
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The quartz infill of the steep veins documents
the circulation of fluids fundamentally distinct from
those documented during stage 1. Flow of SiO2-rich
fluids was confined to the fracture system, causing
no significant bedrock silicification and imposing a
predominant upward flow component. Because the
silica is widespread in surface outcrops in MV Hill
(away from the cave), but not in a nearby hill, we
interpret precipitation as being caused by a focused
episode of rising SiO2-rich fluids, which promoted
widespread silicification in veins and faults along the
rising path.

A high temperature of the fluids is suggested by
the fact that precipitation rates of silica from fluids
cooler than 100°C is very low (Lowell et al., 1993).
Mixing with cooler (meteoric?) water bodies and
contact with the cooler bedrock could provide op-
timal conditions for silica deposition (Rimstidt and
Barnes, 1980; Martin and Lowell, 2000). Because we
cannot assume thermal equilibrium between the fluids
and the country rock, we cannot use fluid temperature
to estimate the depth of the MVKS during the de-
velopment of SiO2 extensional veins. Their occur-
rence during anticline development suggests that
rocks were shallower than during stage 1.

Stage 4: Speleogenesis
During stage 4, the cave formed characterized by
irregular chambers, vertical rifts, and other morpho-
logical features indicative of ascending speleogenesis
(Klimchouk, 2009). We have no direct evidence of
the chemical composition of the causative acidic
fluids. We believe that fluids involved mostly an
H2CO3-rich solution. Sulfide oxidation at depth is
possibly involved through CO2 and H2SO4 pro-
duction since both disseminated and massive sulfides
occur in the carbonate sequence (Auler and Smart,
2003).

Stage 5: Deposition of the Silica Crust
The SiO2-rich fluids continued to flood the MVKS
during or following speleogenesis leading to the de-
position of the silica crust present on the walls of the
cave. Massive and fast precipitation making porous
texture could be related to abrupt temperature, hydrogen
potential, and oxidation/reduction potential changes
caused by mixing with meteoric water from a
shallower aquifer. Because calcite and dolomite

on the one side, and silica on the other, have opposite
solubility relationships with temperature, cooling rising
waters could result both in simultaneous bedrock
dissolution and silica precipitation with the SiO2

nucleating on the dolomite. Accordingly, stages 4
and 5 do not necessarily imply a distinct temporal
interval but may represent a gradually changing
hydrochemical environment. Under these conditions,
the influence of oxygenated meteoric groundwater
could generate redox zones, in which thriving bacterial
activity would favor silica precipitation (Palmer, 2007;
Sauro et al., 2018). Valle (2004) has demonstrated the
presence of bacterial strains in the local aquifer related
to the sulfur cycle.

Stage 6: Draining of the Cave and Connection to the
Surface
Eventually, the MVKS was raised from the phreatic
to the vadose zone, and erosional lowering of the
surface led to the interception of the cave passage,
resulting in the existing entrance. This allowed for
meteoric influences, causing moderate alterations of
the original hypogenic features. Interactions with the
atmosphere caused condensation–corrosion processes
to dissolve the fabric of the dolomite, resulting in a
porous layer and powdery residue that eventually
detaches large pieces of silica crusts. Condensation–
corrosion is more intense close to the entrance, where
thermal and moisture gradients are the highest, giving
rise to intense wall corrosion, silica crust detach-
ment, and ceiling cupolas resulting from discrete air-
flow convections. Surface-derived clastic and organic
sediments entered the cave at this stage.

A Regional Tectonic Evolution Model

We interpret our structural observations in the MVC
in the frame of strike-slip tectonics acting on a system
composed of a lower rigid unit, in our case the
crystalline basement, overlain by a sedimentary cover
made up of the Chapada Diamantina quartzite and
the Salitre carbonates separated by the fine-grained
sediments of the Bebedouro Fm. Based on the strike
of the tilted layers and of the dominant fault zone
observed in the cave, we infer an approximately north-
northeast–south-southwest direction for the buried
fault.
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A wide range of analog models has been per-
formed in the last decades showing the behavior of
these strike-slip systems (e.g., Dooley and Schreurs,
2012). In a first stage, localized displacement in the
rigid lower block is accommodated in the sedimen-
tary cover by fractures oblique to the main fault,
distributed over a wide band parallel to the fault
itself. With progressing displacement, the fault mi-
grates upward resulting in fractures aligned with the
fault and localized in a narrow corridor. The overall
structural evolution of the MVKS is indeed one of
progressive strain localization in a transpressional
setting characterized by a first stage of distributed
semiductile deformation creating en echelon veins,
followed by localized folding and the partly coeval
development of steep barren fractures, veins, and
faults (Figure 14).

Interestingly, these structural changes are asso-
ciated with substantial modifications in the flow pat-
tern and chemistry of fluids circulating in the MVKS,
resulting in a complex interplay of dissolution and

precipitation. Fluids documented during the distributed
deformation stage (stage 1 in Table 1) were Mg rich
and flowed essentially along bedding, locally facili-
tated by the semiductile shear zones. This suggests
that fluid circulation mainly took place in the Irecê
carbonate aquifer limited at the top by presently
eroded impermeable strata and at the bottom by the
shales and silts of the Bebedouro Fm. The activation
of large, steep, mainly extensional fractures was as-
sociated with the arrival of Si-rich fluids basically
flowing upward along the fractures and the
steepened layers (Figure 14B).We interpret this first-
order change with the upward propagation of the
buried basement fault, which perched the seal formed
by the Bebedouro Fm. connecting the Chapada
Diamantina quartzite aquiferwith the carbonates.Within
this frame, aggressive SiO2-rich fluids, possibly in com-
bination with fluids from the limestone aquifer, caused
widespread dissolution and karstification, and gradual
replacement of the dolomitic walls by silica. This
aggressiveness of rising fluids could be partly enhanced

Figure 14. Evolutionary model. (A) Decimeter-scale (several inches), semiductile shear zones develop in a thrust regime distributed
over a large shear zone; Mg-rich fluids flow through the entire rock mass leading to pervasive dolomitization and formation of
dolomite veins. (B) Persistent strike-slip displacement along the buried fault leads to the development of a positive flower structure
and associated subvertical extensional cracks, which are efficient pathways for upward fluid movement. (C) Fluids circulate along
fractures and along the steepened bedding during and following steepening; eventually, recent exhumation of the cave takes place
with erosion of the overlying cover. Green colors indicate the different fractures in the sedimentary cover. The buried strike-slip fault
is indicated in red. F. = Formation; Si = silica.
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by sulfuric acid originating from disseminated pyrite in
the bedrock (Auler and Smart, 2003).

DISCUSSION

Specificity of Morro Vermelho Karst
System

Hypogenic caves, which are generated by deep fluids
rising along steep (strike-slip or reverse faults), have
been described in other situations (Audra, 2017;
Klimchouk, 2017). Such caves highlight the local
development of cave porosity, focused along the
guiding subvertical discontinuities where deep fluids
aremixing with oxygenated shallowmeteoric aquifers.
The interaction between these highly aggressive fluids
and the bedrock first results in focused dissolution and
enlargement of cave passages (cave porosity) and sec-
ond in the deposition of mineral assemblages, which
can be considered as indicators of hypogene speleo-
genesis (generally thick drusy calcite crust, iron oxi-
hydroxides, barite, etc.; for MVC, mainly silica). Such
hypogene caves along fault zones translate in hundreds-
of-meters-long vertical porosity zones, resulting in
crossformational hydraulic communication between
reservoirs that otherwise are isolated by aquicludes
(Klimchouk, 2017). In addition, these vertical trunks
focus convergent horizontal flow toward the area of
ascending flow, with additional horizontal porosity
growing centripetally across cave-forming zones in
carbonate aquifers.

Patterns of Fluid Flow

Assessing the overall flow pattern of fluids respon-
sible for the generation of the MVKS is key to derive
models predicting the occurrence of comparable
hypogenic karst systems and related mineralization
in the subsurface.

Building on studies on Mississippi Valley Type
deposits in the Ozark–Ouachita region of the central
United States (e.g., Leach and Rowan, 1986) as well
as elsewhere (Audra and Hofmann, 2004; Frazer
et al., 2014; Cordeiro et al., 2018), we propose a
regional evolutionary model for the MVKS that in-
cludes the interaction of processes operating at the

scale of the entire Irecê Basin and that of single
(strike-slip) faults.

At the basin scale, we propose that hot fluids
responsible for the genesis of MVKS moved away
from the São Francisco orogen during the Brasiliano
orogeny (740–560Ma) (de Brito Neves et al., 2014),
driven by hydraulic head associated with recharge
in the orogenic belt possibly in combination with
overpressure caused by tectonic loading (e.g., Frazer
et al., 2014) (Figure 15A). Flow took place from north
to south along the two main aquifers of the region,
namely, the Chapada Diamantina quartzite and the
Salitre carbonate aquifers, separated by the aquitard of
the Bebedouro Fm. This regional pattern of fluid flow
is compatible with the occurrence of hypogenic karsts
and of sulfate minerals (barite among others) over the
entire Irecê Basin (Cazarin et al., 2019). It should be
noted that the geometry of the basin at that time, prior
to the Paleogene exhumation, which affected large
parts of Bahia state (Japsen et al., 2012), was different
from the present one and probably characterized by
a significant northward dip of the Neoproterozoic
layers toward the São Francisco orogen (Figure 15A).
In their studies on the central United States, Leach
and Rowan (1986) and Leach et al. (1991) docu-
mented fluids moving away from the orogen for
hundreds of kilometers, warming up large volumes
of rocks at temperatures significantly higher than
those predicted by the regional gradient. Hot fluids
flowing along the Salitre carbonates aquifer collected
Mg on their way and were, therefore, potentially able
to produce widespread dolomitization when focused
along tectonized zones.

In the area of the MVKS, the general southward,
aquifer-parallel flow ofMg-rich fluids interacted with
a zone of coeval distributed deformation (possibly
hundreds of meters wide) developing on top of a
deeper, north-northeast–south-southwest–trending
strike-slip fault. Widespread dolomitization took
place and dolomite precipitated in the gently dip-
ping tension gashes developed in semiductile shear
zones.

With persisting displacement, the strike-slip
fault, previously affecting only the crystalline base-
ment, propagated upward intersecting the Chapada
Diamantina aquifer and the Bebedouro aquitard,
thereby establishing a local connection between the
previously separated aquifers of the Chapada Dia-
mantina quartzites and the Salitre carbonates and
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allowing for the arrival of Si-rich fluids in theMVKS.
Upward flow was facilitated by the steep position of
the layers tilted in association with the development
of an anticline above the strike-slip fault and re-
sulting in the precipitation of quartz in the related
extensional fractures. Because fractures were steep
and large, flow was very channelized, and only limited
interactions and silicification took place with the country
rock.

During upward flow of Si-rich fluids, speleo-
genesis took place, creating the MVC. Because the
dissolution kinetics of calcite and dolomite have
an inverse relationship to pH and temperature, and
silica shows an opposite (direct) relationship, bedrock
dissolution and silica precipitation are not mutually
exclusive processes, although they require distinct
(changing) geochemical conditions that could have
happened over the long tectonic history of MVKS.

Strike-slip faults such as the one proposed here
are not uncommon in the region and are older base-
ment features that were reactivated during the Brasiliano
orogeny. We propose that the location of hypogenic
karst and (associated) mineralization in the Salitre
Fm. of the Irecê Basin are controlled by such steep
features, namely, strike-slip faults in the case of the
MVKS and by reverse faults in the Toca da Boa Vista
and Toca da Barriguda caves (Ennes-Silva et al.,
2016; Cazarin et al., 2019) north of our study area.
Structures such as strike-slip faults or steep reverse and
normal faults form ideal features that can connect
aquifers, promote vertical flow, and, thereby, localize
karstification along structural discontinuities rather
than along layering (e.g., Bradley and Leach, 2003).

Implications for Reservoir Studies

Hydrothermal dolomitization and karstification
commonly associated with the deposition of exotic
minerals such as barite are phenomena of primary
importance in controlling the permeability of hot
water and hydrocarbon reservoirs and are particu-
larly relevant in the hydrocarbon discoveries in the
subsalt of the Brazil offshore. The tectonics of these
basins are obviously very different from those of the
Irecê Basin, but they share the occurrence of steep
strike-slip faults, which have been shown to be preferred
sites of hydrothermal circulation and dolomitization notFi
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that different from what we have observed (Davies
and Smith, 2006; Feng et al., 2017).

Independently from the overall tectonic setup,
the structural and related karstic events we have
documented in the MVKS can be applicable to
faults in deep carbonate reservoirs such as the ones
imaged in the Santos Basin, offshore Brazil (Carlotto
et al., 2017). Following the model generated for the
MVC, strike-slip faults would be associated with an
initial wholesale dolomitization followed by strain
localization along steep fractures and associated in-
tensive flow and dissolution along the fractures and
the steep layers. The MVKS also shows how most of
the late-stage steep fractures are (partially) open and
can therefore act as major along-plane fluid path-
ways despite the presence of silicified veins.

CONCLUSIONS

The MVKS provides an interesting case study of
speleogenesis, in which the complex interplay among
tectonics, hydrochemistry, karstification and pre-
cipitation, and particularly the widespread dolo-
mitization and (multistage?) deposition of silica
resulted in a unique cave that has no parallel in the
numerous caves identified so far in Brazil and
beyond.

Our working hypothesis is that the MVKS started
developing during the Brasiliano orogeny as a conse-
quence of the interactions between regional fluid flow
along the regional aquifers and steep strike slips
propagating upward through time. Distributed de-
formation above a strike-slip fault and associated
dolomitization are the first episodes recognized in
the MVKS and occurred when fluid flow was still
confined to the Salitre Fm. carbonates. The upward
propagation of the strike-slip fault allowed for the
upward flow of Si-rich fluids documenting the oc-
currence of multiple episodes of fluid upwelling, with
changing chemistry and varied mineral precipitation.

The MVKS provides an instructive example of
the complexities inherent to ancient deep-seated
routes of dissolution and precipitation. Changes in
the origin, composition, ascending path, and geo-
chemical precipitation dynamics can lead to com-
plex dissolution geometries and infillings that can
mimic processes in carbonate oil reservoirs.
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stratigraphy, age and correlations: Precambrian Research,
v. 89, no. 1–2, p. 87–100, doi:10.1016/S0301-9268(97)
00073-9.

Osborne, R. A. L., 2001, Halls and narrows: Network caves in
dipping limestone, examples from eastern Australia:
Cave and Karst Science, v. 28, no. 1, p. 3–14.

Palmer, A. N., 2000, Hydrogeologic control of cave patterns,
in A. B. Klimchouk, D. C. Ford, A. N. Palmer, and
W. Dreybrodt, eds., Speleogenesis: Evolution of karst aqui-
fers: Huntsville, Alabama, National Speleological So-
ciety, p. 77–90.

Palmer, A. N., 2007, Cave geology: Dayton, Ohio, Cave
Books, 454 p.

Plotnick, R. E., F. Kenig, and A. Scott, 2015, Using the voids
to fill the gaps: Caves, time and stratigraphy: Geological
Society, London, Special Publications 2015, v. 404,
p. 233–250.

Reijmer, J. J. G., J. H. ten Veen, B. Jaarsma, and R. Boots,
2018, Seismic stratigraphy of Dinantian carbonates in
the southern Netherlands and northern Belgium: Neth-
erlands Journal of Geosciences, v. 96, no. 4, p. 353–379,
doi:10.1017/njg.2017.33.

Reis, H., C. Gomes, D. Fragoso, andM. Kuchenbecker, 2013,
The epidermal belt of forefathers of the Irecê Basin, São
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