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Abstract

Hypogene dissolution-precipitation processes strongly affect petrophysical properties of carbonate
rocks and fluid migration pathways in sedimentary basins. In many deep carbonate reservoirs,
hypogene cavernous voids are often associated with silicified horizons. The diagenesis of silicain
carbonate sequences is still a poorly-investigated research topic. Studies exploring the complexity
of silica dissolution-precipitation patterns in hypogene cave analogues are therefore fundamental
to unravel the diagenetic and speleogenetic processes that may affect this kind of reservoirs. In this
work we investigated an exhumed and silicified Neoproterozoic carbonate sequence in Brazil

hosting a 1.4 km-long cave. Quartz mineralization and silicified textures were analyzed with a
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multidisciplinary approach combining petrography, fluid inclusion microthermometry, silicon-
oxygen stable isotope analyses, and U-Th-Pb dating of monazite crystals. We found that an early
silicification event caused the replacement of the dolostone layers with micro-crystalline quartz
forming chert nodules. This event was likely associated with mixing fluids (ancient Neoproterozoic
seawater and hydrothermal solutions sourced from the underlying Mesoproterozoic basement) at
relatively low temperatures (ca. 50-100 °C) and shallow depth. After the tectonic deformation
produced by the Brasiliano orogeny, silica dissolution was promoted by high temperature and
alkaline hydrothermal solutions rising from the quartzite basement along deep-rooted structures.
Hypogene hydrothermal alteration promoted the dissolution of the cherty layers and the
precipitation of chalcedony and megaquartz. Homogenization temperatures from primary fluid
inclusions in megaquartz cement indicate minimum formation temperatures of 165-210 °C. Similar
temperature estimates (110-200 °C) were obtained from the §3°Si and 680 isotope systematics of
quartz precipitated from hydrothermal solutions. The dissolved salts in the fluid inclusions were
evaluated as NaCl+CaCl> from microthermometric data combined with cryogenic Raman
spectroscopy, corresponding to salinity ranging between 17 and 25 wt.%. No reliable age constraints
for hydrothermal silica dissolution-precipitation phases were obtained from monazite U-Th-Pb
dating. However, our results, interpreted in the regional context of the S3o Francisco Craton,
suggest that the Cambrian tectono-thermal events could have been among the possible drivers for

this hypogene process inthe basin.
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1. Introduction

Although solubility of silica under most surface or shallow crustal conditions is low (Rimstidt,
1997), dissolution (karstic) features including caves and cave systems are known in quartz-
dominated rocks (Sauro et al., 2014; Wray and Sauro, 2017). Solutional voids and karstic vugs are
commonly found in quartzites and silicified (cherty) carbonates in many hydrocarbon reservoirs in
sedimentary basins, such as North Slope in Alaska (e.g., Shanmugan and Higgins, 1988), offshore
Brazil (De Luca et al., 2017; Lima et al., 2020; Fernandez-lbafiez et al., 2022a), and Tarim Basin in

China (Dong et al., 2018; You et al., 2018; Wei et al., 2021).



Karst features in deep reservoirs are commonly attributed to hypogene dissolution (hypogene
speleogenesis) resulting from upwelling and migration of thermal groundwaters (Dublyansky, 1990;
Andreychouk et al., 2009; Klimchouk, 2007; 2019). Hydrothermal alteration in carbonate reservoirs
resulting incavernous vugs and non-matrix permeability is acommon phenomenon, especiallyalong
fault and fracture zones (Alvaro, 2013; Zhou et al., 2014; Fernandez-lbafiez et al., 2022a; Strugale
and Cartwright, 2022). These hypogene karst processes generate non-fabric-selective
interconnected pore systems, resulting in heterogeneous porosity and highly anisotropic rock
permeability (Trice, 2005; Fernandez-lbafiez et al., 2022a), which has implications not only for
hydrocarbon exploration but also for the characterization of geothermal resources and
groundwater reserves (Goldscheider et al., 2010; Montanari et al., 2017; Audra et al., 2022).

Exhumed hypogene caves accessible from the surface represent analogues of deep-seated
conduit systems, where parameters of cave-forming environments can be reconstructed by
studying mineralogical and geochemical footprints (Klimchouk, 2019). Studies of such features-
analogues of deep-seated conduits are indispensable for interpreting data from drilling and
geophysical surveys and building accurate conceptual models.

An increasing number of publications have documented the development of hypogene caves
and karst features in silicified carbonate rocks (Sauro et al., 2014; Bertotti et al., 2020; La Bruna et
al., 2021; Souza et al., 2021; Pisani et al., 2022). Cavernous, sometimes mineralized solutional voids
attributed to hydrothermal speleogenesis have been described in quartzites and skarns in
Kyrgyzstan (Leven, 1961; Kornilov, 1978), USA (Colorado; Lovering et al.,1978), and Ukraine (Tsykin,
1989). Silicified reservoirs are typical of the lower Cretaceous pre-salt sequences of the Campos
and Santos basins in Brazil (Lima and De Ros, 2019; Lima et al., 2020), the Kwanza-Congo Basins of
Africa (Poros et al., 2017; Teboul et al., 2019), and the Parkland gas field in Canada (Packard et al.,
2001). On the basis of petrographic, isotopic, and fluid inclusion studies, pervasive silicification and
porosity enhancement processes in these basins were ascribed to the circulation of high-
temperature fluids (Girard and San Miguel, 2017; De Luca et al., 2017; Poros et al., 2017; Teboul et
al., 2019; Lima et al., 2020). However, the link between silicification and hypogene karst dissolution,
and their evolution in space and time, are still poorly understood.

The study of secondary minerals lining or filling solutional (karstic) cavities is a powerful tool
that can be combined with geomorphological observations to build accurate speleogenetic and
minerogenetic models (Onac and Forti, 2011). Understanding properties and origin of hydrothermal

mineralizations (e.g., by studying fluid inclusions, stable isotopes, and trace elements) may provide



new insights into the characterization of hypogene conduit networks associated with ore deposit
emplacement, hydrocarbon reservoirs, and geothermal resources.

In this paper we present the results of the study of aninactive hypogene cave system (Calixto
Cave) developed in the Neoproterozoic rocks of the Una-Utinga Basin in northeastern Brazil. Using
a multidisciplinary approach comprising petrographic, stratigraphic, structural, and
geomorphological observations, Pisani et al. (2022) documented quartz-rich mineral deposits
partially filling solutional pores and fractures in the silicified rocks that host the main corroded high-
permeability zones of the sedimentary sequence.

Since various processes may be involved in the formation of quartz-rich mineralization and
silicified layers inmarine carbonate units, a detailed characterization of quartz textures and mineral-
forming fluid properties is needed to understand the character and evolution of fluid circulation,
fluid-rock interaction, and silica dissolution-precipitation.

To unravel the origin of silica dissolution-precipitation processes, we combined petrographic
observations with fluid-inclusion studies and silicon (63°Si) and oxygen (6'80) isotope analyses of
quartz, chalcedony, and highly silicified chert samples from Calixto Cave, and quartzite samples from
the underlying Mesoproterozoic basement (Chapada Diamantina Group). These analyses were
integrated with the U-Th-Pb dating of monazite grains found in association with quartz-rich
mineralization, attempting to constrain the age for fluid circulation, speleogenesis, and mineral
deposition. Lastly, the Si and O isotope composition of studied materials was compared with
different genetic mechanisms using an isotope modelling approach (Stefansson et al., 2017; Kleine

et al., 2018).

2. Geological setting

The Calixto Cave is located in the Sdo Francisco Craton (northeastern Brazil, Fig. 1a). This
hypogene karst system comprises 1.4 km of passages located between 420 and 475 m a.s.l.and is
developed in the Neoproterozoic carbonates of the Salitre Formation (Fm), Una-Utinga Basin.

The Sao Francisco Craton is the western portion of a large crustal block segmented during the
breakup of Pangea (Almeida et al., 2000; Misi et al., 2011). The Neoproterozoic rocks of the Una
Group (Misi et al., 2007, 2011) overlay the Archean-Paleoproterozoic basement, comprised of
metamorphic and igneous rocks, and the mainly siliciclastic Mesoproterozoic sequences of the
Chapada Diamantina Group, rich in quartzites and ortho-quartzites (Magalhdes et al., 2016) (Fig.
1b). The Una-Utinga and the Irecé basins resulted from the rifting of the Rodinia supercontinent

between ca. 900 to 600 Ma (Misi and Veizer, 1998; Misi et al., 2007, 2011). This extensional stage



was responsible for the sedimentation of glaciogenic and marine carbonate mega-sequences of the
Una Group.

Sedimentation in these basins was partially coeval with the geodynamic and tectonic events
of the Brasiliano orogeny, which occurred in this area from ca. 740 to 540 Ma with a peak at 600 Ma
(Brito Neves et al., 2014; Bento dos Santos et al., 2015; Sial et al., 2016; Santana et al., 2021). A first
rifting event and a subsequent collisional stage determined the present structural configuration of
the basins, with thrust faults, strike-slip (or oblique-slip) faults, and folded belts (Brito Neves et al.,
2014; D’Angelo et al.,, 2019). The late orogenic stages (540-510 Ma) involved magmatism,
hydrothermal activity, and large-scale fluid migration along faults and shear zones (Almeida et al.,
2000; Trindade et al., 2004; Guimardes et al., 2011).

The lower units of the Salitre Fm are interpreted as the product of accumulation of sediments
in anintra-cratonic basinduring rifting of the passive northern margin of the craton (Misiand Veizer,
1998; Misi et al., 2007; Santana et al., 2021). The upper part of the Salitre Fm is considered by some
authors as a foreland basin filled with mega-sequences deposited during the Brasiliano orogeny ca.
600 Ma ago (Misi et al., 2007, 2011; Santana et al., 2021). The maximum depositional age
determined from detrital zircons in the basal portion of the Salitre Fm is 669 + 14 Ma (Sial et al.,

2016; Santana etal., 2021).
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Figure 1. Geological setting: a) Location of the Una-Utinga basin in the Séo Francisco Craton (SFC) in
northeastern Brazil; b) Conceptual stratigraphic column (not to scale) of the Una Group and the
underlying basement rocks (modified from Misi et al., 2007 and Santana et al., 2021); c) Geological
map of the Una-Utinga basin (Brazil), with the location of the Calixto Cave (modified from Pisani et

al., 2022).

The Salitre Fm hosts hundreds of karst systems, some of which are among the longest known

in South America (Auler, 2017). Most of these caves have a hypogene origin and were interpreted



as the result of hydrothermal alteration by rising acidic solutions migrating through the fractured
basement (Klimchouk et al., 2016; Balsamo et al., 2020; Pontes et al., 2021).

Some caves in the Sdo Francisco Craton are also associated with silicification (Bertotti et al.,
2020; La Bruna et al., 2021; Souza et al., 2021) or contain hydrothermal minerals, e.g., quartz and
chalcedony filling veins and vugs (Cazarin et al., 2019). Furthermore, in several sites of the Una-
Utinga and Irecé basins, hydrothermal mineral assemblages of quartz, sphalerite, barite, and galena
form Mississippi Valley Type (MVT) ore bodies (Kyle and Misi, 1997; Misi et al., 2012; Caird et al.,
2017; Cazarin et al., 2021).

Among these caves, Calixto Cave represents a close analogue for karstified and silicified
hydrocarbon reservoirs. The middle portion of the cave (middle storey; Fig. 2) is a sub-horizontal
and stratigraphically confined network of conduits mostly developed within silicified dolostone
layers with a SiO2 content up to 80—85 wt.% (unit B1, Fig. 2b; Pisani et al., 2022). These silica-rich
layers have a high permeability due to a combination of high fracture density and early-stage
hypogene processes involving silica dissolution and precipitation (Pisani etal., 2022).
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Figure 2. a) Lithostratigraphic log and schematic conceptual model of Calixto Cave conduit network.
A 3D model of the cave is also shown (modified after Pisani et al., 2022). b) example of a master

conduit in the middle storey, mostly localized in the sedimentary unit B1 (highly silicified dolostones).

3. Material and methods

To assess the origin of silica dissolution-precipitation processes in the Calixto Cave, we studied
samples consisting of megaquartz (euhedral quartz crystals larger than 100 um, generally up to 1-2
mm; Marin-Carbonne et al., 2014; Teboul et al., 2019), chalcedony, and chert (lithotype composed
of microcrystalline quartz). Quartzite samples from the Chapada Diamantina Group (Fig. 1b) were

analyzed for comparison.

3.1 Quartz and fluid inclusion petrography

Thirty-one thin sections were prepared and examined using a petrographic microscope to
identify their main textural and petrographic characteristics. Five ca. 100 um-thick doubly polished
sections were prepared and examined for the presence of fluid-inclusion assemblages (FIAs) using
a petrographic microscope. FIAs are defined as petrographically discriminated, cogenetic groups of
fluid inclusions (Goldstein and Reynolds, 1994; Goldstein, 2003), which record the physical and
chemical conditions of the fluid system at the time of trapping, assuming inclusions did not re-
equilibrate (Bodnar, 2003). Roedder's criteria for FIAs classification according to the timing of
entrapment were used (Roedder, 1984; Goldstein and Reynolds, 1994). FIAs were classed as primary
(P), secondary (S), pseudosecondary (PS), or undetermined (U; no clear relationships with crystal
growth could be established).

First-order features supporting the primary origin of FIAs are their occurrence in
tridimensional clusters or their association with crystal growth zones. Different modes of occurrence
of primary inclusions have been observed: FIAs associated with well-defined crystal growth zones
(P1), isolated 3D clusters of inclusions of well-developed negative-crystal shapes (P2), or isolated 3D
clusters of inclusions of elongated or irregular shapes (P3).

After identifying the main petrographic and textural characteristics of fluid inclusions, seven
small fragments of the thick sections (up to 5 mm in diameter) were prepared for

microthermometric measurements.



3.2 Fluid inclusion microthermometry

Microthermometric characteristics of fluid inclusions were determined using a Linkam
THMS600 heating-freezing stage mounted on an Olympus BX41 microscope, using a 40x objective
and a condenser lens at the University of Innsbruck. The stage was calibrated by using H20-CO>
synthetic fluid inclusions. The accuracy of the calibration is £0.1 °C.

Homogenization temperatures (Tn) were determined on the FIAs by heating the samples from
room temperature using the cycling technique described by Goldstein and Reynolds (1994). Freezing
experiments were performed after measuring Th. Inclusions were cooled to -180 °C and then slowly
heated to detect the potential formation of solid phases (e.g., clathrates, salt hydrates, ice). Volume
fractions of individual fluid inclusions (ratios of the vapor to liquid phases, V:L) were estimated

visually at room temperature.

3.3 Fluid inclusion Raman spectrometry
The composition of representative individual inclusions was determined using Raman

spectroscopy at room temperature and at cryogenic temperatures (Goldstein and Reynolds, 1994;
Bodnar, 2003; Samson and Walker, 2000; Bakker, 2004; see Supplementary Materials for further
details). Raman analyses were performed at the University of Innsbruck with a Horiba Jobin-Yvon
Labram-HR800 spectrometer, equipped with a 532.18 nm laser and a Linkam THMS600
heating/freezing stage. Two to three accumulations were used during spectral acquisitions. Raman
spectra were processed with LabSpec software (ver. 6.6.2.7). Calibration was performed using a

standard Si-wafer with known reference Si-Si vibration at 520.7 cm™.

3.4 60 and 63°Sianalyses

Oxygen (6*80) and silicon (63°Si) isotope values were analyzed using an in-situ secondary ion
mass spectrometry (SIMS) technique (Abraham et al., 2011; Kleine et al., 2018) at the NordSIMS
laboratory of the Swedish Museum of Natural History. Two individual grains for each silica sample
(0.2 to 1 mm in size) were embedded in epoxy along with the quartz standard UNIL-Q1 (Seitz etal.,
2016). The sample mounts were polished to 1 um and gold coated.

Each grain was chemically characterized using a scanning electron microscope (SEM) Tescan
Vega 3 LMU equipped with an energy dispersive spectroscopy (EDS) Apollo-X SDD detector at 20 kV
accelerating voltage, 1.2 nA beam current, and 5-10 um beam diameter, at the Earth Sciences

Department of the University of Genova. EDS spectra and back scattered electron (BSE) images (see



Supplemental Materials) were acquired to identify the most suitable locations (e.g., almost pure
SiO2 phase) forin-situ isotope analyses. One to two analyses for each SiO2 grain were performed for
silicon and oxygen isotopes.

The isotope values are reported relative to V-SMOW and NBS28 using the standard delta
notation. Errors associated with the stable isotopes data range between +0.13%o0 and +0.20%o for
539Si, and from +0.19%. to +0.38%o for 8§180.

Geochemical modelling of §3°Si and 680 isotope systematics was carried out assuming a open
system-type Rayleigh model for the simulation of quartz precipitation in result of cooling/boiling
hydrothermal fluids, burial diagenesis at different temperatures, and fluid mixing. Rayleigh
distillation curves were calculated following the procedure of Kleine et al. (2018). Further details on

the adopted calculations and reference equations are reported in the Supplementary Materials.

3.5 U-Th-Pb dating

Quantitative analyses of selected monazite grains were performed at the University of Graz
using a JEOL JXA-8530F Plus electron microprobe equipped with five wavelength-dispersive
spectrometers (radius of the Rowland circle = 140 mm). Operating conditions were 15 kV
accelerating voltage, 150 nA beam current and 1 um beam diameter. The X-ray lines, counting times,
calibration materials, and interference corrections are listed in the Supplementary Material Table
S1, together with the data for monazite reference materials measured to assess the accuracy of Th-
U-total Pb dates. Matrix correction follows the method of Bence and Albee (1968) with a-factors
after Kato (2005). The full data on monazite analyses are presented in the Supplementary Materials

(Table S2).

4. Results
4.1 Petrographic observations

Silica deposits studied in thin and thick sections were classified based on their petrographic
and textural characteristics in five facies, defined as micro-crystalline quartz (qtz-mc), chalcedony
and “jigsaw” mosaic quartz (qtz-C), early-stage megaquartz (qtz-1), late-stage megaquartz (qtz-Il),
and quartz-rich hydraulic breccias (qgtz-br).

Qtz-mc replaces the precursor dolomite forming silicified zones, where the main sub-
horizontal conduits of the cave are concentrated (Fig. 2; middle storey; Pisani et al., 2022). Qtz-mc

is organized in nodules and bands (namely chert) sometimes hosting patches of residual dolomite



(Fig.3). The latter shows a grain size of 5-40 um, with predominantly sub-euhedral crystal structures.
Enlarged fractures, solutional vugs and cavernous voids up to a several millimeters in size (classified
as meso-pores in the range of 4-32 mm, based on the definition by Choquette and Pray, 1970) are
common in these silicified rocks observed at the thin-section scale. Occasionally, larger irregular
mega-pores are observed at the hand sample scale, reaching up to 4-5 cm in their larger axes.
Examples of representative vugs, cavernous voids and corrosion features in the cherts are shown in
the Supplementary Materials (Fig. S1).

Small crystals (< 10-20 um) of Fe- and Fe-Ti oxides (less commonly, pyrite) are associated with
gtz-mc. Fe hydroxides occur primarily as overgrowths of Fe oxides and sulfides or pseudomorphs
after them.

Qtz-C consists of chalcedony (Fig. 3b) or “jigsaw” mosaic quartz (Moncada et al., 2012) filling
micro-veins and solutional vugs in the chert nodules and at the transition zone with megaquartz
crystals (Figs. 3c, 3d). Sometimes, qtz-C is found in the core of the larger quartz crystals (Fig. 4c). The
transition between qtz-C and qtz-l is usually gradual and diffuse (Fig. 5). Chalcedony fibers are
typically aligned in a parallel or spherulitic fashion and have a “feathery” appearance.

Qtz-l consists of megaquartz crystals with cloudy cores and colloform-plumose textures
(Sander and Black, 1988; Saunders, 1994; Moncada et al., 2012; Figs. 4a, 4b, 5a, 5b). Such textures
commonly occur in the inner zones of gtz-I crystals (Fig. 5b).

The second facies of megaquartz (qtz-11) represents the final episode of crystallization in the
paragenetic sequence (Fig. 5a). It shows zonal or massive textures and a large crystal size variability
(0.2 to 5 mm; Figs. 4c, 4d, 5c, 5d). Both qtz-l and qgtz-Il show undulose extinction, deformation
lamellae, and recrystallization textures like interfingering subgrain boundaries (Passchier and
Trouw, 2005), indicating crystal lattice deformation acquired at depth (Figs. 4e, 4f).

Another type of quartz mineralization found in the Calixto Cave is qtz-br, which consists of
subhedral or anhedral quartz fragments with breccia-like textures (Fig. 5e), usually associated with
abundant K-feldsparwith sericiticalteration. This facies is commonly found along bedding interfaces
and lamination of the heterolith layers overlying the main cave passages in the middle and upper
storeys (Fig. 2). Brecciation is represented by angular clasts of silica and K-feldspar in a matrix of
fine-grained detrital grains with heterolithic composition. Alteration halos rich in muscovite and
altered K-feldpsar are common in the matrix associated with the brecciated textures, spanning from

hundreds of um to a few mm around the quartz-rich zones (Pisani et al., 2022). Besides K-feldspar



and muscovite, the halos host disseminated sulfides, Fe oxides, and Fe hydroxide stains (up to 200—
250 um in size) and monazite grains (Pisani etal., 2022).

Solid inclusions (ca. 5-50 um in size) of anhydrite, barite, K-feldspar, muscovite, sulfides, Fe-
Ti oxides, and apatite (Pisani et al., 2022) are abundant in early gtz-I and often found in qtz-C and

gtz-br.

ony)
T

»

g qtz-l+qtz-li

Figure 3. a) Microcrystalline quartz (qtz-mc) replacing the original dolomite and forming chert
nodules. b) Qtz-mc, chalcedony (qtz-C), and early stage megaquartz (qtz-1) in the upper right corner.
¢) Residual dolomite (dol), gtz-mc and jigsaw quartz (qtz-C). d) Transition between gtz-mc and a
solutional macro-pore in it, lined with qtz-C, qtz-1 and qtz-1l. Photographs at cross-polarized light.

The yellow dashed lines mark the transition between silica facies.
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Figure 4. a) Megaquartz with plumose texture (qtz-1). b) Mineral inclusions with high interference
colors (mostly anhydrite, barite and muscovite) in early-stage megaquartz (qtz-1). c) Late-stage
megaquartz crystals (qtz-11) partially filling a solutional macro-pore. Note cores composed of qgtz-C
and qtz-1 in a large qtz-1l crystal. d) Residual dolomite partially replaced by silica (dol+qtz-mc), and
the paragenetic sequence comprising qtz-C, qtz-I, and qtz-ll filling a solutional macro-pore. e-f)
Deformation lamellae (def. lam.) and recrystallized subgrains in qtz-ll. Photographs at cross-
polarized light. K-f = K-feldspar; dol = dolomite. The yellow dashed lines mark the transition between

silica facies.



Figure 5. a) Paragenetic sequence of quartz facies from chert (qgtz-mc) to (in order of growth) qtz-C
(chalcedony), qtz-1 (colloform-plumose quartz with cloudy cores), and qtz-Il (massive or zonal
euhedral megaquartz crystals). b) Contact between qtz-mc and qtz-C/qtz-1 facies. Yellow dotted lines
highlight colloform quartz bands. c) Qtz-I showing cloudy cores with randomly distributed inclusions,
followed by qtz-1l showing well-developed growth zones rich in primary fluid inclusions. Yellow solid
lines highlight the transition between qtz-I and qtz-1l. d) Detail of a qtz-1/qtz-1l transition followed by
defined growth zones parallel to crystal boundaries. Yellow solid lines highlight the transition
between qtz-1 and qtz-l. e) Breccia microtexture (qtz-br) in a heterolith layer, with fragmented clasts

of silica and K-feldspar surrounded by a matrix of fine-grained detrital clasts.



4.2 Fluid inclusion petrography

Most of the fluid inclusions were found in qtz-l1 and qgtz-Il facies (Figs.5, 6). Qtz-I possess cloudy
cores (Fig. 5a) whose cloudy appearance is due to abundant mineral inclusions, randomly
distributed two-phase liquid-vapor (L+V)inclusions (< 10 umin size) with inconsistent V:L ratios (Fig.
6e), and dark large monophase (V) inclusions with shapes approaching negative-crystal (e.g.,
inclusions with surfaces resembling crystal faces; Goldstein and Reynolds, 1994) (Fig. 6f).

The transition between qtz-I and gtz-ll usually features well-developed growth zones with
trails of primary two-phase L+V inclusions (Figs. 5c, 5d, 6a). In gtz-ll, growth zones with trails of
primary two-phase FIAs are common (Figs. 6a, 6b). Inclusions in these FIAs have sizes of 5-10 um
and show visually consistent V:L ratios (0.10-0.15). Other primary FIAs are associated with 3D
clusters of large intracrystalline inclusions (up to 10-15 um in size), often having negative-crystal
shapes (Fig. 6¢c). The boundaries between the quartz crystals commonly host irregular and
imperfectly healed microfractures. Occasionally, dark single-phase (V) inclusions were observed in
this type of quartz; no compelling evidence of their primary origin was recognized.

The gtz-mc and qtz-C facies show no recognizable FIAs due to the small size of the crystals.
Abundant negative-crystal shaped microcavities (ghosts of rhombohedral dolomite grains; Fig. 6d)
and relicts of the pristine dolostone rock are present (Fig. 4d).

The gtz-br facies shows the coexistence of 3D clusters of large intracrystalline L+V inclusions
(up to 20 pum in size) with consistent V:L ratios (0.10—0.15) and solid inclusions. Irregular-shaped

dark single-phase (V) inclusions are also present in this facies.



Figure 6. a) Trails of primary fluid inclusions (highlighted with black dashed lines) aligned parallel to
gtz-Il crystal faces. Black solid line marks the transition between qtz-l (cloudy core) and qtz-ll
(megaquartz with zonal texture). b) Close-up of inset in ‘a’: Primary two-phase (L+V) inclusions and
trails of secondary inclusions, cross-cutting the primary FIAs (highlighted with red dashed lines). c)
3D cluster of primary fluid inclusions in gtz-1l. Most of the inclusions have negative-crystal shapes. d)
Rhombohedral dark cavities (ghosts of dolomite grains) in the qtz-mc facies. e-f) Coexisting two-

phase (L+V), single-phase (V) fluid and solid (S) inclusions in the cloudy cores of qtz-I.

4.3 Fluid inclusion microthermometry
Four selected samples of gtz-ll and one sample of qgtz-br were studied to obtain

microthermometric data from 57 FIAs (236 individual inclusions). The only phase transition



observed during the heating runs was homogenization, which always occurred in the liquid phase.
For most of the primary FIAs, Th was consistent (according to the criteria of Goldstein and Reynolds,
1994). Fig. 7a shows the cumulative frequency histogram of the entire dataset (n=210) without
three FIAs showing inconsistent Th data (see Figs. S2 and S3 in the Supplementary Materials for the
whole dataset). About 95% of the primary FIAs homogenize inthe 175-210 °C interval. The bimodal
distribution has two well-defined peaks centered at 185 °C and 200 °C.

After the heating runs, freezing measurements were used to assess the salt composition of
representative FIAs. Due to the very small size of most of the inclusions, phase changes during
cooling runs were recognized only in a limited subset of FIAs (n=62; Fig.7b). The two-phase aqueous
inclusions were completely frozen (dark or brownish mosaic of crystals) at around —70° to —60 °C.
During slow heating, several phase transitions were observed between —-60 °C and room
temperature. Most inclusions showed a clear first melting between -52 °C and -47 °C. With
progressive heating, an intermediate melting temperature between —28 °C and -26 °C was observed
in most of the FIAs with the sudden disappearance of the darkish, granular solid phase (likely small
hydrohalite crystals), leaving the inclusions with only rounded and larger crystals, liquid, and vapor
phases. The final melting of the lastsolid phase (Tm) occurred between —26 °C and —15 °C. About

90% of the primary inclusions have Tm values between —25 °C and —20 °C (median at—23 °C).
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b) Frequency histogram of estimated salinity (NaCl-CaCl2-equivalent) for all FIAs studied at low



temperature (n=62). c) Th-salinity plot for the fluid inclusions where both Th and salinity data were

acquired (n=62).

4.4. Raman spectrometry of fluid inclusions

As no gases were determined during microthermometry (e.g., melting of a carbonic-phase or
clathrate formation during the freezing experiments), Raman spectroscopy analyses were
performed on a set of representative FIAs (samples 1094A-5, 1094B-3). Aqueous fluid inclusions
hosted in gtz-l, gtz-1l and qtz-br show a very broad peak at the characteristic wavenumbers of liquid
H20 (ca. 3400-3500 cm), and occasional peak at the wavenumber characteristic of HCO3™ solute
(1017 cm). These peaks were determined as weak in all spectra; no other gas phases (e.g., CO>,
H2S, SO2, CH4) were detected. Such spectroscopic determinations are consistent with the lack of
microthermometric evidence of a carbonic-phase or clathrate formation during the freezing
experiments (Dubessy et al., 2001; Marchesini et al., 2019).

Raman spectra were also acquired at —170 °C, =100 °C, as well as at any observed phase
transitions to detect the presence of ice, hydrohalite and salts in the spectral range of 2700 to 3550
cm® (Samson and Walker, 2000; Bakker, 2004; Baumgartner and Bakker, 2010). Most of the frozen
inclusions showed Raman spectra with poorly defined peaks. However, few representative primary
inclusions that were analyzed during progressive heating present broad peaks indicating the
presence of a mixture of ice, NaCl hydrate (hydrohalite), and CaCl; hexahydrate (antarcticite). These
solid phase peaks disappeared from the Raman spectra at the observed melting temperatures, as
expected by the phase behavior typical of the H>0-NaCl-CaClz system at low temperatures (see

Supplementary Materials for further details).

4.5 Oxygen and Silicon isotopes

The results of oxygen and silicon stable isotope analyses for Calixto Cave samples (n=26) and
quartzites from the Chapada Diamantina basement (n=4) are summarized in Fig. 8 and Table 1. The
530Si values of the Calixto Cave samples range from —3.6 to 2.6%o, while the Chapada Diamantina
basement quartzites have 8§3°Si values of 0.1 to 0.4%. (Fig. 8a). The 6180 values of the cave samples
range between 22.1 and 29.7%., whereas those from the basement quartzites clusteraround 13%o
(Fig. 8b).

The &30Si values of cherts found in Calixto Cave define a general trend toward more negative

values going from the “pristine” or scarcely corroded cherts (0.9 to 1.5%o) to the highly corroded



ones (—2.6to —3.6%o) (Fig. 8c). This trend is associated with an increase in the §'80 values (by up to

7%o).

Diagnostic textural features of the early stage megaquartz (qtz-1) and qtz-C were hardly

distinguishable in SEM observations. Therefore, they were classified into a single group. Samples

from the middle storey megaquartz and chalcedony deposits have heterogeneous values (Figs. 8a,

8b), with the 63°Si between —1.9 and 2.6%o, and the 880 between 23.9 and 29.7%eo.

Table 1. 6°°Si and 6180 isotope results with associated uncertainties (1o).

Locality Sample ID Silica facies GrainID 639Si (%0 NBS28) 6180 (%o V-SMOW)
Chapada CARB-1040  quartzitebedrock 16A 0.15 +0.17 13.58 +0.20
Diamantina 16A-b1 0.12 $0.18 13.71  20.19
basement 168 0.30 0.17 13.68  $0.18
16B-b2 0.40 #0.19 13.73 +0.18

Calixto Cave CARB-1081  qgtz-l/chalcedony 19A 1.06 +0.17 24 .95 +0.19
19B -0.52 £0.17 29.27 10.20

CARB-1063A corroded chert 20A 0.95 +0.17 23.75 +0.20

20B -1.57 £0.20 24.18 +0.20

CARB-1063B qtz-I/chalcedony 21A 0.86 0.18 26.05 10.20

21B -0.12 £0.18 28.49 10.19

CARB-1098  chert 22A 0.98 +0.17 24.36 +0.27

22A-b1 0.93 0.14 23.47 10.36

228B 1.12 0.20 23.56 10.32

22B-b2 1.07 0.13 23.99 10.38

CARB-1085  chert 23A 1.48 +0.17 22.10 +0.36

23B 0.88 £0.20 22.42 10.36

CARB-1094B qtz-II 25A -1.90 #0.18 23.95 10.19

corroded chert 25B 0.84 +0.19 23.55 +0.19

CARB-1094D corroded chert 27A 0.49 +0.17 25.70 +0.36

278B 0.65 +0.17 24.43 +0.37

CARB-1094E corroded chert 28A -0.19 +0.20 24.14 +0.21

28B -1.09 +0.17 24.19 #0.19

CARB-1094F qtz-l/chalcedony 298 -0.83 #0.17 29.72 +0.19

gtz-Il 29A -1.40 £0.18 25.30 1+0.20

CARB-1094G qtz-Il 30A -1.17 £0.17 26.84 +0.36

30B 2.60 0.17 28.41 10.36

CARB-1094H highly corroded 31A -2.98 +0.17 28.66 +0.36

chert 31A-b1 -2.63 £0.20 27.95 +0.38

31B -3.64 £0.17 28.29 +0.38

31B-b2 -3.30 £0.18 25.98 10.36
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4.6 Monazite geochronology

Thirty-two U-Th-Pb analyses were performed on fourteen monazite grains (Table 2, Fig. 9). All
grains were smaller than ca. 10 um, had highly irregular shapes and were commonly crosscut by
cracks and microfractures. The Th-U-total Pb dates range from ca. 2550 to O (Pb content below
detection limit) Ma and four different groups were distinguished. The first and youngest group
(group 1linTable 2) is represented by 3 analyses of the same grain (siteD3-Mnz2) that cluster at 626
+ 17 Ma and have intermediate Y contents (Y203=1.25 wt.%). A second group comprising five
analyses (group 2 in Table 2) of Y- and mostly Th-U-poor grains (Y203=0.51 wt.%) yielded dates
between 1700 and 1100 Ma. The dominant and oldest group (group 3 in Table 2) at ca. 2000 Ma
(one spot at 2500, twelve between 2200-1900 Ma) is relatively rich in Y (average Y203=1.89 wt.%),
Th (Th0O2=6.37 wt.%), and Ca (Ca0=0.85 wt.%). The last group of analyses (not shown in Table 2 and
Fig. 9) comprises Y- and Th-U-poor analyses (Y203<0.10 wt.%; ThO2<1.65 wt.%; U below detection
limit) with Pb below the detection limit (around ca. 150 ppm; Montel et al., 1996). No reliable dates

were calculated for this group.

Table 2. Th-U-total Pb dates obtained from electron microprobe dating of monazite.

ID site number of analyses per site  calculated date (Ma) 26 (Ma) group
SiteD3-Mnz2 3 644 26 1
604 34
619 31
SiteA-Mnz1 2 1716 3 2
(1402) (7)
SiteC-Mnz1 1 1186 46
SiteMatrix4 2 1526 32
1508 82
SiteA-Mnz2 2 2554 5 3
2188
SiteA-Mnz3 2 1973
1983 5
SiteMatrix1 2 2006 20
1933 20
SiteMatrix4 1 1942 30
SiteMatrix3 6 2005 4
1994 4
1982 4
2010 4
2006 4
1962 5

Footnote: (Date in brackets)=analysis with a low total.
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Figure 9. Frequency histogram and probability density distribution of the Th-U-total Pb dates for

monazite grains in the heterolith unit with gtz-br mineralization (cf. Fig.2, unit B2).

5. Discussion
Hypogene caves and solutional karst porosity found in the carbonates of the Salitre Fm

(Klimchouk et al., 2016; Cazarin et al., 2019; Bertotti et al., 2020; Pisani et al., 2022) and the nearby
Chapada Diamantina Group (La Bruna et al., 2021; Souza et al., 2021) are often associated with
silicified layers or hydrothermal mineralization containing quartz.

Silicification of marine carbonates is commonly the result of diagenetic processes (Maliva and
Siever, 1989). The most representative silica crystallization sequence associated with increasing
temperature during diagenesis is: 1) amorphous silica or opal-A; 2) cristobalite-tridymite (CT) opal;
3) microcrystalline quartz; 4) chalcedony; and 5) megaquartz (Maliva and Siever, 1989; Sander and
Black, 1988; Marin, 2009; Marin-Carbonne et al., 2014). This sequence is often observed in marine

carbonates, where calcite/dolomite grains are replaced by opal or microcrystalline quartz (e.g.,



forming chert nodules). The other quartz textures occur preferentially in large voids and open
fractures (Hesse, 1989), representing either late-stage silica deposition at elevated temperature or
recrystallization of micro-quartz/chalcedony.

It is important to note that the behavior of silica during the diagenetic evolution of carbonate
sediments is more complex than the simple paragenetic sequence listed above. Various sediment-
water interactions may act as either silica sinks or sources, for example: biodegradation of organic
matter (Bennett et al., 1988), transformation of clay minerals, devitrification of volcanic ash (Siever,
1962; Siever and Woodford, 1973), or circulation of hydrothermal fluids (Wei et al., 2021). Chert
with a predominantly volcanic silica source is recognizable by its high alkali, Al, and Ti contents,
ghosts of volcanic glass shards, and associated volcaniclastic sediments (Pollock, 1987; Maliva and
Siever, 1989). Another source could be direct precipitation from silica-rich seawater (Maliva and
Siever, 1989; Ledevin et al., 2019), which could be expected for ancient Precambrian basins (Marin-
Carbonne et al., 2014).

Based on the petrographic, textural, and stratigraphic evidence from Calixto Cave (Pisani et
al., 2022 and this study) and the entire Sdo Francisco Craton (Kyle and Misi, 1997; Klimchouk et al.,
2016; Cazarin et al., 2019; Bertotti et al., 2020; La Bruna et al., 2021; Souza et al., 2021), two main
sources may be invoked to explain the widespread silica precipitation associated with karst
development in the study area: i) Si-enriched hydrothermal solutions rising through the fractured
basement; and ii) Neoproterozoic connate (pore)water during burial diagenesis. Based on
petrographic, mineralogical and speleogenetic observations, most of the works cited above
interpreted silicification and karst development in the S3o Francisco Craton as a product of
hydrothermal (hypogene) fluid circulation, even though no analytical data on quartz (e.g., stable
isotopes, fluid inclusions, trace element composition) were reported so far.

In the following sections, the possible sources of silicification and silica dissolution-
precipitation in Calixto Cave are discussed in the framework of the diagenetic evolution of the

sequence.

5.1 Petrographic and microthermometric characteristics of silica

Like many Precambrian cherts (Maliva et al., 2005; Marin-Carbonne et al., 2014), no evidence
of amorphous silica, opal-A, or opal-CT precipitated via biotic processes was found in the Calixto
Cave sequence. The petrographic and textural characteristics of the chert nodules indicate that the

first episodes of silica precipitation involved the replacement of the precursor carbonate with



microcrystalline quartz. This process was likely related to early diagenetic (shallow burial)
conditions, as supported by the ubiquitous cross-cutting relations between cherts and all tectonic
and diagenetic features (like burial-related fractures and bedding-parallel stylolites) found in the
cave, as described by Pisani et al. (2022). Furthermore, evidence of intense dissolution prevails in
the gtz-mc facies, with cavernous vugs, solution-enlarged fractures, and pores lined by qtz-C
followed by megaquartz. Undulose extinction and deformation lamellae in megaquartz crystals also
suggest that these crystals were subject to deformation after their deposition (Figs. 4e, 4f) .

Megaquartz and chalcedony in marine carbonate sequences are usually products of silica
recrystallization and cementation in a deep-burial setting or due to later
hydrothermal/metamorphic processes (Marin-Carbonne et al., 2013; Teboul et al., 2019). In Calixto
Cave, the colloform-plumose textures and the coexisting solid (S), two-phase (V+L) and single-phase
(V) primary inclusions are diagnostic features of hydrothermal processes, possibly associated with
boiling solutions (Albinson et al., 2001; Roedder and Bodnar, 1997; Moncada et al., 2017). These
features were mainly described in epithermal Au-Ag and precious ore deposits (Sander and Black,
1988; Saunders, 1994; Dong et al., 1995; Camprubi et al., 2007; Moncada et al.,2012; Shimizu, 2014;
Palinkas et al., 2018).

In the Calixto Cave, colloform and plumose textures are typical of qtz-I facies, which represent
the first crystallization stage of megaquartz in the paragenetic sequence (Fig. 5, Table 3). Jigsaw
mosaic quartz and chalcedony are also associated with dissolution-recrystallization processes of
microcrystalline quartz (Sander and Black, 1988; Bobis, 1994; Moncada et al., 2012; Shimizu, 2014).
They are mainly associated with a gradually increasing crystal size, as usually observed at the
transition between qtz-C and megaquartz and at the rims of the solutional pores in the cherts (Fig.
3b, 3c). The presence of spherulitic/fibrous chalcedony, which is a “rapid” growth texture implying
recrystallization of silica, suggests that the fluid was not at high temperature during the formation
of this facies (< ca. 150 °C; Marin-Carbonne et al., 2014).

Boiling and resultant quartz textures in epithermal systems (especially colloform quartz) are
commonly related to upwelling fluids associated with open channels and accessory ore minerals
precipitation (Hedenquist et al., 2000; Simmons et al., 2005; Moncada et al., 2012). Furthermore,
silica-rich brecciated textures (like gtz-br facies) are considered a proxy for fluid overpressurization
and hydraulic fracturing (Saunders, 1994; Grare et al., 2018).

Solid inclusions compatible with high temperature (likely > 200 °C) parental solutions were

found mostly in the early-stage megaquartz (Figs. 4b, 6e). Most of theseinclusions consistof sulfates



(anhydrite and barite), sulfides (pyrite and sphalerite), Fe- or Fe-Ti oxides, K-feldspar, muscovite,
and apatite (Pisani et al., 2022). Sericitic alteration of K-feldspar associated with sulfide
precipitation, as observed in the alteration halos of qtz-br, is typical of high-temperature
hydrothermal  solutions, close to 200-350 °C (Parry et al., 2002). Furthermore,
penecontemporaneous precipitation of sulfides and sulfates may occur at a temperature range of
100 to 500 °C and in alkaline or neutral (pH 7-10) solutions (Zhang, 1986; Rye, 2005). Alkaline (pH >
8-9) conditions and high temperatures are also invoked to explain significant silica dissolution, as
evidenced by the widespread karst features in the cherts (Siever, 1962; Mitsiuk, 1974; Dove, 1995;
Dove and Nix, 1997; Andreychouk et al., 2009; Cui et al., 2017; Pisani etal., 2022).

The late stage euhedral megaquartz (qtz-11) is characterized by massive or zonal textures (Figs.
5c, 5d), typical of cooling aqueous solutions (Sander and Black, 1988; Moncada et al., 2012, 2017).
During the low temperature measurements, evidence of first melting below —40 °C and last melting
below the eutectic point of NaCl (—21.2 °C) suggest the presence of antarcticite (CaCl2:6H20) in the
frozen inclusions (Oakes et al., 1990; Goldstein and Reynolds, 1994). Considering the observed
phase changes and Raman results at cryogenic temperatures (see section 4.4 and Supplementary
Materials), we selected the H20-NaCl-CaCl, composition as the most likely approximation to assess
the salinity for the studied inclusions. Estimated salinity values (Fig. 7b) were calculated from the
measured intermediate melting temperature (Tint) and final melting temperature (Tm) using the
Excel spreadsheet provided by Steele-Maclnnis et al. (2011). The salinity values are clustered in a
narrow range of 17-25 wt.% with only a few individual inclusions showing values < 20 wt.%.

Minimum formation temperature estimates were obtained from primary FlAs
homogenization temperatures. Since no independent data on the burial-thermal history are
available for the Salitre Fm, we cannot apply a pressure correction (Goldstein and Reynolds, 1994)
to the homogenization temperatures. Qtz-ll shows primary FIAs with Th of 165-210 °C and high
salinity (17-25 wt.%, Fig. 7b). No significant relations have been identified between salinity and Th
(Fig. 7c).

The high salinity and the NaCl-CaCl, composition of the primary two-phase FIAs suggest
extensive fluid-rock interactions, with an enrichment in CaCl;likely derived from the interaction with
the carbonate-rich strata (Goldstein and Reynolds, 1994; You et al., 2018). Furthermore, the
presence of solid inclusions of sulfates, hematite-ilmenite, pyrite, sphalerite, and K-rich silicate (K-
feldspar and muscovite), entrapped in the cloudy cores of qgtz-l (Figs. 5, 6e), suggest that the

estimated H.O+NaCl+CaClaocomposition is likely representative of the lateststages of crystallization,



with the earlier being characterized by anenrichment in other cations (e.g., Fe, Ba, K, Ti), H2S,and/or

S04?.

Table 3. Summary of the silica facies at Calixto Cave with associated Th and salinity values obtained

from primary FlAs.

Silica facies Texture Primary Primary inclusions Description
inclusions T, salinity (wt.%)
gtz-mc Microcrystalline n.d. n.d. Dolomite replacement; chert
quartz nodules andirregular bands;

highly porous

qtz-C Chalcedony or n.d. n.d. Silica recrystallization texture;
jigsaw mosaic lining fractures and solutional
quartz vugs; gradual transitioninto
qtz-|
gtz-br Quartz-rich 160-185°C 19-25 Quartz + K-feldspar + sericitic
hydraulic alteration involving
breccias overpressurization and

hydraulicfracturing

gtz-I Plumose- n.d. n.d Early stage of megaquartz
colloform precipitation, entrapping high
megaquartz temperature solid inclusions

gtz-ll Massiveor zonal 165-210°C 17-25 Late stage of megaquartz
megaquartz precipitation

Note: n.d. = not determined.

5.2 Stable isotope modelling and the origin of silicification

Stable isotopes modelling (Stefansson et al., 2017; Kleine et al., 2018; and references therein)
is a common tool used to assess the origin of fluids, chemical reactions, and associated isotope
fractionations for various processes occurring in the Earth’s crust, including fluid-rock interaction,
fluid phase separation (boiling) and cooling.

Silicon isotopes (83°Si) are excellent proxies to trace hydrothermal activity and reconstruct
paleoenvironments. Generally, the variation range of silicon isotopes during fractionation is very
small. For example, the variation of §3°Si in ancient sedimentary cherts goes from —5%o to 5%o, while
quartz cements range between —5%o and 1%o (Kleine et al., 2018), with negative &3°Si values typical

of hydrothermal silica precipitation (Robert and Chaussidon, 2006; Abraham et al., 2011).



In this paper, a Rayleigh-type model (see section 3.4, Supplementary Materials and Tab. S3 for
further details on the adopted calculations) was applied to simulate equilibrium and kinetic effects
on silicon and oxygen isotope variations measured in cherts and quartz deposits in the course of: 1)
quartz precipitation from boiling and cooling of hydrothermal fluids; 2) direct quartz precipitation
from marine-derived pore water during burial diagenesis; and 3) quartz precipitation from mixing
of hydrothermal fluids and seawater.

As shown in Fig. 10, most of the values from Calixto Cave quartz deposits are characterized by
relatively negative 639Sivalues (-2 to 1%o) and relatively positive 6180 values (23 to 29%o). The range
of measured isotopes for most of the samples is consistent with silica precipitation upon boiling and
cooling of Si-rich hydrothermal fluids at temperatures between 110 and 200 °C. The isotopic
signature of the hypothetic hydrothermal fluid (63°Si=6.44%., §180=-0.21%0) was derived from the
Chapada Diamantina basement rocks (in isotopic equilibrium with the fluid at ca. 300 °C). The
temperatures assessed for the scenario of boiling/cooling hydrothermal fluids (T = 140-200 °C) for
late-stage megaquartz (qtz-1l) are also consistent with the Th measured for this quartz facies (Th=
165-210 °C) (Table 3).

On the contrary, the “pristine” (non-corroded) chert cluster shows positive 63°Si (> 0.1%o,
mean of 1%o) and 680 values ranging from 22 to 25%s.; literature data (van den Boorn et al., 2010;
Abraham et al., 2011; Chakrabarti et al.,2012; Teboul et al.,2019) consider these values as a possible
indicator of direct precipitation from marine-derived pore water during diagenesis. High values of
680 insilica (>20-25%o) are usually interpreted in the context of diagenetic fluids (Marin-Carbonne
et al., 2014; Teboul et al., 2019), whereas depleted §'80 is considered to reflect either a mantle or
a meteoric source (Hemond et al., 1993; Kleine et al., 2018). Hydrothermal derived quartz and silica
usually show more dispersed 680 values, in the range of 13-36% (Clayton et al., 1972; Liu et al.,
2022).

The values from uncorroded cherts of the unaltered host rock, clustering in a restricted area
(Fig. 10), are inconsistent with the modelled cooling/boiling systematics of hydrothermal fluids. A
slightly higher shift in the 63°Si (around +1%o) means that this cluster falls outside the predicted
domain, suggesting a different parental fluid composition.

Furthermore, a clear trend towards more-depleted &3°Si values is observed between the
pristine chert and the corroded cherts, showing solutional (vuggy) porosity at the micro-scale.

Values of corroded and highly corroded cherts represent samples collected in the middle storey (Fig.



2b), where karstification was stronger and associated with the main conduits of the cave (Pisani et
al., 2022).

Fluid-rock interaction resulting in modifications of the pristine isotope ratios of cave walls is a
common phenomenon in hypogene speleogenesis (Plan etal., 2012; Spétl et al., 2021; Temovski et
al., 2022). The most commonly observed pattern of isotopic alteration in carbonate rocks is the
lowering of the bedrock 680 values near the cave wall because of the interaction with low-8'%0
high temperature meteoric waters, as well as the lowering of bedrock §'3C values due to interaction
with dissolved inorganic carbon with lower 613C values (Dublyansky, 1995; Temovski et al., 2022).
Interaction of low-839Si and high-temperature thermal solutions with silica material would result in
changes in the Si isotopic ratio, usually towards lower 63°Si values (Chackrabarti et al., 2012). Many
authors, however, suggested that, despite the highly uncertain effect of silica dissolution-
recrystallization reactions on Si and O isotopic fractionation, early diagenetic cherts are less
susceptible to pervasive post-depositional changes (Knauth, 1979; Heck et al., 2011, Chackrabarti et
al., 2012).

In contrast to this assumption, the corroded chert samples in Calixto Cave show evidence of
intense post-depositional isotopic alteration (63°Si depletion by up to 3—4%.; 6180 increase by up to
6—7%o) that we interpret as the consequence of gtz-mc interacting with deep-seated hydrothermal
solutions at high temperature and alkaline conditions, as supported also by textural and
petrographic observations (see section 5.1).

To discuss a possible origin for the early-diagenetic cherts,simulation of isotope systematics
for silica precipitated from pore (sea)waterduring diagenesis has been modelled adopting Rayleigh-
type fractionation curves (see Supplementary Materials). Trends corresponding to incremental
steps of 30 °C in burial temperatures were plotted in dashed red color in Fig. 10, ascribing a region
of extremely positive §3°Siand 880 values. Since no data are available for the burial-thermal history
of the Salitre Fm, these burial temperatures were set arbitrarily to evaluate the consistency of the
measured data with the model isotope systematics. Most of the cherts and chalcedony/qtz-1 plot in
the simulated isotopic range that would imply a burial diagenesis reaching temperatures of 120-150
°C (Fig. 10). In the case of a hypothetical maximum burial temperature of around 150 °C, a
cumulative overburden of 4-6 km would be required above the Salitre Fm, assuming an average
geothermal gradient of 25-35 °C/km (Kenneth et al., 2012). Nevertheless, such high temperatures
would reflect an unrealistic burial depth, exceeding the one estimated for the entire region

(Klimchouk et al., 2016, Jaspen et al., 2012).


https://www.sciencedirect.com/science/article/pii/S0016703712003122?via%3Dihub#b0195

A study by Japsen et al. (2012) based on apatite fission track data showed that prior to the
Campanian the Chapada Diamantina Group (west of the study area) was buried to a depth of no
more than 2—-3 km. This cover was completely removed during episodic uplift between ca. 80 and
15 Ma (Japsen et al., 2012). However, it is unknown if the Una-Utinga basin was ever buried to the
same (or different) depth after the deposition of the Calixto Cave sequence. Hypothesizing a
thickness of around 500-1000 m for the Salitre Fm (Misi and Veizer, 1998; Klimchouk et al., 2016), a
maximum burial between 2 and 2.5 km could be expected and related to peak temperatures of no
more than 60-90 °C under typical geothermal gradients (Kenneth et al., 2012). These values are not
supported by the measured isotopes in the cherts and present a discrepancy in temperatures of
about 60 °C. Another possibility to fit the isotopic values and predicted temperatures for chert
formation with low burial thickness (up to ca. 2.5 km) requires an anomalously high geothermal
gradient of 50-60 °C/km.

Since both scenarios seem geologically unlikely, we interpret the early diagenetic chert as the
product of precipitation from Precambrian seawater mixed with hydrothermal solutions coming
from the basement at relatively low temperature (ca.50-100 °C; Fig. 10). This process could explain
the slightly higher 63°Si values that characterize the cherts, shifted towards the 63°Si of Precambrian
seawater, as predicted by the isotope values modelled for the mixing process (green region in Fig.
10). Most of the values of uncorroded cherts plot close to the lower border of the green shadowed
area in the model of Fig. 10, which represent the predicted isotopes for silica precipitation from
Precambrian oceanic seawater mixed with low temperature hydrothermal fluids (T = 50 °C). The
upper border of the green area represent the predicted isotope systematics of silica precipitated
from the same process, but with a hydrothermal fluid temperature reaching 100 °C. This hypothesis
is also consistent with the early-diagenetic petrographic characteristics of the cherts (Pisani et al.,

2022).
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Figure 10. Predicted isotope systematics of quartz formed upon: (1) boiling/cooling of hydrothermal
fluids (black grid), (2) burial diagenesis (red grid), and (3) mixing of Precambrian seawater with
hydrothermal fluids (green shadowed area). The isotopic signature of the hydrothermal fluid is
assumed to have been equilibrated with Chapada Diamantina quartzites at a temperature of 300 °C.
composition of the Precambrian seawater from Robert and Chaussidon (2006) and Marin-Carbonne
etal. (2014). f=fraction of remaining H4SiO4 in the aqueous fluid (following the adopted fractionation

curves shown in the Supplementary Materials).

5.3 Diagenetic evolution of the Salitre Formation and speleogenetic implications

The diagenetic, petrographic, and karstic features in the studied Neoproterozoic sequence
indicate a complex succession of processes that played a major role during (and after) the burial of
the Salitre Fm sediments. The conceptual model of the main diageneticand speleogenetic processes
is presented in Fig. 11 and discussed below.

During shallow burial, following mechanical compaction of the sediments, primary calcite

constituents were replaced by dolomite. The origin of diffuse dolomitization in the sequence is



beyond the scope of this work; however, the subhedral shapes of the dolomite crystals suggest low
temperatures and shallow burial conditions (Sibley and Gregg, 1987).

Chert (gtz-mc) in the dolostone layers is interpreted to have formed during a diffuse
silicification episode at shallow depth and relatively low temperature (ca. 50-100 °C), by
precipitation from ancient seawater mixed with thermal water, sourced from the underlying
quartzites of the Chapada Diamantina Group. This process was followed by progressive burial and
chemical compaction to form bedding-parallel stylolites.

The process of hydrothermal silicification of carbonates plays an important role in modifying
the original petrophysical properties of the rock. Although this effect on porosity is still debated,
recent studies on Brazilian pre-salt hydrocarbon reservoirs (Fernandez-lbafiez et al., 2022b)
revealed anincrease in porosity up to around 10% thanks to hypogene dissolution of mineral grains
and the brittle behavior of silica. The localization of fractures in the stiff chert nodules has been
observed alsoin Calixto Cave (Pisani et al., 2022) and contributed to significantly increase porosity
and permeability.

Around ca. 600 Ma, the basin was involved in the Brasiliano orogeny, and the depositional
environment changed from an intracratonic gulf-like basin to a foreland basin(Santana etal., 2021).
Continued burial and tectonic deformation produced a large set of faults and fractures during a
prolonged period and the reactivation of basement-rooted structures (D’Angelo et al., 2019). Crustal
thickening, continental collision and uplift were marked by an intense magmatic activity,
represented by numerous plutons and batholiths that intruded the basement in the orogenic belts
surrounding the craton (Ferreira et al., 1998; Sial and Ferreira, 2016). In the Borborema Province
(north of the study area), the ages of the plutons fall into two intervals of 640-610 and 590-530 Ma
(Guimaraes et al., 2004, Neves et al., 2015; Ferreira et al., 2021; Neves et al., 2022). The latest
orogenic events in the Cambrian (540-510 Ma) were characterized by hydrothermalism and large-
scale fluid migration in the craton (Almeida et al., 2000; Trindade, 2004). Deep-rooted deformation
zones represented permeability pathways for the localized upwelling of thermal solutions from the
underlying basement rocks (Klimchouk et al., 2016; Bertotti et al., 2020; Pisani et al., 2022).

Evidence of high temperature and alkaline parental solutions explain the widespread
dissolution of silica observed in Calixto Cave middle storey, with the development of high solutional
porosity and permeability. Bulk permeability in the silicified and karstified layers at Calixto Cave
reached 103 mD, as reported by Pisani et al. (2022), with rock plugs permeability that can reach up

to 200-250 mD (2 to 3 orders of magnitude higher than surrounding carbonates) and porosity up to



16%. The formation of pervasive cavernous porosity-permeability in silica is common in many
hydrocarbon reservoirs affected by hydrothermal silicification (Packard et al., 2001; De Luca et al.,
2017; Poros et al., 2017; Teboul et al., 2019; Lima et al., 2020; Wei et al., 2021). These reservoirs
show incredibly complex porosity-permeability heterogeneities, fault- and fracture-controlled
conduit systems, secondary mineralization and reactive fronts associated with vuggy pore space.

Our observations support the previous work of Pisani et al. (2022), who hypothesized that a
deep-seated hydrothermal alteration in the cherts caused an increase in porosity and permeability
at the micro-scale, which paved the way for the later speleogenetic processes. The combination of
high fracture intensity that characterizes the silicified dolostones (Pisani et al., 2022) and early
dissolution of silica was crucial for the definition of preferential flow pathways and favorable
conditions for hypogene speleogenesis, which ultimately lead to the development of macro-scale
conduit-type porosity.

Hydrothermal fluids rising from the underlying Chapada Diamantina Group along faults or
fracture zones were the main drivers for hypogene speleogenetic processes in deep-seated confined
settings; they determined the formation of extensive networks of conduits in the Salitre Fm, mostly
of stratiform and multi-storey type and commonly associated with silica-rich mineralizations
(Klimchouk et al., 2016; Cazarin et al., 2019; Balsamo et al., 2020; Bertotti et al., 2020; Pontes et al.,
2021; Pisani et al., 2022). In this context, the dissolution of carbonate and silicified layers to form
the main conduit networks required specific (and almost opposite) conditions, with the carbonate
dissolution promoted by acidicand low temperature conditions, and the silica dissolution promoted
bv alkaline and/or high temperature conditions (Andreychouketal.,2009; Cuiet al.,2017; Klimchouk,
2019). High temperature aqueous solutions enlarged and connected the vuggy pores in chert
nodules, producing micro-scale solutional cavernous voids. Water cooling and/or gradual decrease
in pH caused the switch from silica-dominant dissolution to carbonate-dominant dissolution and
quartz precipitation.

Euhedral megaquartz (qgtz-Il) filling fractures and vuggy pores marks the final crystallization
stages of the hydrothermal fluids at a minimum temperature range (from homogenization
temperatures) of 165-210 °C (Fig. 7a). The decrease in pH towards more acidic conditions is
supported not only by the dissolution of the carbonates in the sequence (Pisani et al., 2022), but
also by the occurrence of HCO3 Raman peaks found in some primary fluid inclusions.

Karstification in hypogene setting to produce the main macro-scale void-conduit systems must

have been the result of prolonged dissolution in confined settings, with formation of a three-



dimensional pattern of conduits controlled by the main lateral and vertical heterogeneity in
distribution of flow-conducting fractures and, in turn, high- versus low-permeability zones

(Klimchouk et al., 2016; Pisani etal., 2022).

Maximum depositional age Late orogenic tectonothermal  Mesozoic
Diage netic evo I utio n 0{ 626417 Ma from monazite dating events (at ca. 540-510J 'Ma) rifﬂg
Legend  HYpogene processes | Shallow buri_n"m Uplift 2 11
Mechanical compaction ———  — [ Unknown maximum Burial (?)
porosjty- burial depth, likely
. . Dolomitization t ding 3 k
obliteration o - riot exceeding = km Uplift and episodic burial
processes Silicification (gtz-mc, chert) between 80 and 15 Ma
I | Chemical compaction (stylolites) I (from depsen etal, 2012)
: Brasiliano orogeny deformation [ |
porosity-
enhancement | Silica dissolution (vugs and cavernous voids) [

0 . . rising hydrothermal
processes | Silica recrystallization (qtz-C) (I fiuids from the
B Early quartz precipitation (gtz-| and qtz-br) [ basement

K pH decrease, carbonate dissolution and late quartz precipitation (gtz-Il) ———
unknown Th=165-210°C
effecton | Epigenetic processes
porosity | gy ifide oxidation, carbonate dissolution and collapses (enlarged conduits) o
— Late calcite speleothems and veins 1]

Figure 11. Conceptual scheme of the main diagenetic processes affecting the Calixto Cave
sedimentary sequence in relation with the key geodynamic events that occurred in the SGo Francisco
Craton. The main phases of silica dissolution-precipitation are here interpreted as the result of

hydrothermal fluid circulation during the Cambrian tectono-thermal events (ca. 540-510 Ma).

5.4 Possible timing of hydrothermal dissolution-precipitation in the Salitre Formation

To constrain the possible age of the hydrothermal dissolution-precipitation phases, monazite
grains associated with silicification were dated. The obtained ages (Fig. 9, Table 2) point toward a
detrital origin, with ages ranging from Paleoproterozoic (groups 2 and 3) to Neoproterozoic (group
1) source rocks. The maximum depositional age of the Salitre Fm was constrained by the age of the
youngest zircon grain at 669114 Ma by Santana et al. (2021). Our youngest monazite grain (626+17
Ma) further constrains the maximum depositional age of the Calixto Cave sequence to the
Ediacaran. In addition, eleven analyses in the same sample are characterized by low Th, U and Pb
contents (seesection 4.6). This group of monazites, from which no reliable ages could be calculated,
might represent detrital grains which have been hydrothermally altered during fluid circulation at
the basin scale (Poitrasson et al., 2000) or new (authigenic) hydrothermal crystals. A widespread

resetting of the U-Pb isotopic system triggered by hydrothermal fluid circulation was documented



by Trindade et al. (2004) in the Salitre Fm carbonates and dated to the Cambrian (around ca. 520
Ma). The same tectono-thermal event could be related to the hypogene speleogenetic phase
affecting the basin, as also suggested by Klimchouk et al. (2016) for the northern sector of the Irecé
basin (ca. 330 km north of the study area). There, a giant cave system with similar characteristics to
the Calixto Cave has been described (Klimchouk et al., 2016; Cazarin et al., 2019; Balsamo et al.,
2020). However, we cannot attribute any definite geochronological constraint to the hydrothermal
events affecting the Calixto Cave sequence.

The Cambrian tectono-thermal events recognized in the whole Sdo Francisco and Congo
Cratons (Almeida et al., 2000; Trindade et al., 2004; Misi et al., 2005) were regarded by several
authors as the source of the Pb-Zn sulfide mineralization in the Salitre Fm (Moraes Filho and Leal,
1990; Kyle and Misi, 1997; Gomes et al., 2000; Silva et al., 2006; Teixeira et al., 2010), and as a
possible driver of hypogene (hydrothermal) karst development (Klimchouk et al., 2016; Bertotti et
al., 2020). The study of primary fluid inclusions in sphalerites of the Nova Redeng¢dao Pb-Zn sulfide
deposit (about 20 km to the east of Andarai city, Fig. 1c) revealed the presence of saline (ca. 24-25
wt.%) aqueous solutions formed mainly by H20-NaCl, possibly with dissolved salts of Ca, K or Mg,
and minimum trapping temperatures of 140-190 °C (Gomes et al., 2000). This economic ore deposit
is in the same basin (Una-Utinga) and is associated with dolostones characterized by silicification
and quartz-ferruginous breccias. Primary fluid inclusions in sphalerites from Fe-Zn-Pb ore deposits
in the nearby Irecé basin (Kyle and Misi, 1997) point to minimum formation temperatures ranging
from 140 to 200 °C. All these ore deposits with gangue quartz mineralization were interpreted as
the consequence of hydrothermal fluid circulation in the Salitre Fm during the late phases of the
Brasiliano orogeny in the Cambrian. Such observations, reported from different sectors of the
craton, are compatible with the petrographic and microthermometric data obtained from the
Calixto Cave quartz deposits.

Despite a lack of geochronological constraints, which require additional research, we
hypothesize that hypogene silica dissolution (and reprecipitation) likely occurred during the late-
orogenic Cambrian tectono-thermal events (Fig. 11). The presence of undulose extinction and
deformation lamellae in megaquartz (Figs. 4e, 4f) is also consistent with this interpretation,
suggesting that megaquartz precipitation occurred before the Ordovician tectonic stabilization of
the cratonic block (Almeida et al., 2000). Another possibility proposed by Klimchouk et al. (2016) is
that rifting associated with the Pangea break-up (Triassic—Cretaceous) andits related fluid migration

events could be a possible driver for the main phase of hypogene speleogenesis in the Salitre Fm.



If either of these interpretations are correct, the development of solutional (karst) porosity in
the silicified rocks of Calixto Cave would be among the oldest studied on Earth (Klimchouk et al.,

2016; Auler et al., 2017).

Conclusions
Our petrographic, microthermometric, and stable isotope data suggest that the quartz

deposits in the silicified layers of Calixto Cave resulted from interactions with high-temperature
hydrothermal solutions. Associated processes involved chert dissolution, chalcedony/quartz
reprecipitation lining fractures, and vuggy pores in the sequence. Hydrothermal alteration of the
cherts caused a 3°Si decrease by up to 3—4%o in the silicified cherty layers. The isotopic composition
of the early diagenetic cherts is explained by precipitation from Neoproterozoic seawater mixed
with thermal fluids derived from the quartzites of the Chapada Diamantina basement at an
estimated temperature range of 50-100 °C. Chalcedony and megaquartz formed by precipitation
from high-temperature hydrothermal fluids show an isotopic signature compatible with
boiling/cooling solutions derived from the basement quartzites in the range of 110-200 °C. Further
constraints were obtained from microthermometric measurements, which indicate that late-stage
megaquartz precipitation happened at a minimum temperature range of 165-210 °C. The dissolved
salts in primary FIAs were identified as NaCl-CaCl2 by low-temperature microthermometric
measurements supported by cryogenic Raman spectroscopy. The salinity of the mineral-forming
fluids was estimated at 17-25 wt.%. Similar values were also obtained for the quartz-rich hydraulic
breccias in the sedimentary units sealing the main conduit system.

The documented dissolution and reprecipitation of silica in Calixto Cave demonstrate the role
of hypogene (hydrothermal) processes that drastically modified the petrophysical properties of host
rocks considered to have very low solubility at typical near-surface conditions (e.g., chert, quartzite,
silicified carbonate). Hydrothermal silicification followed by circulation of high-temperature
aqueous fluids in fractured sub-surface systems may promote the formation of high-permeability
zones (subsequently filled by chalcedony and mega-quartz). Such peculiar and underestimated
processes may have important implications for the development of high porous chert/silicified
reservoirs and, potentially, favorable conditions for hypogene speleogenetic processes (e.g.,
macroscale void-conduit formation).

Despite the high variability of silica sources in sedimentary basins, integrating geochemical,

petrographic, and field observations in caves representing analogues of deep-seated conduits, is a



first-order tool to expand our knowledge on hypogene speleogenetic and minerogenetic processes.
The research conducted in Calixto Cave may help to clarify the origin of silica dissolution-
precipitation processes in other carbonate reservoirs where silicification and karst development are

closely associated.
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Silica

Locality =~ Sample ID Grain ID  8%°Si (%o NBS28) 880 (%o V-SMOW)

facies
16A 0.15 +0.17 13.58 +0.20
Chapada .
. . quartzite
Diamantina CARB-1040 bedrock 16A-b1 0.12 +0.18 13.71 +0.19
basement 16B 0.3 +0.17 13.68 +0.18
16B-b2 0.4 +0.19 13.73 +0.18
qtz-
19A 1.06 +0.17 24.95 +0.19
CARB-1081 |/chalced
ony 19B -0.52 +0.17 29.27 +0.20
CARB-1063A corroded 20A 0.95 +0.17 23.75 +0.20
chert 20B -1.57 +0.20 24.18 +0.20
qtz-
+ +
CARB-1063B /chalced 21A 0.86 +0.18 26.05 +0.20
ony 21B -0.12 +0.18 28.49 +0.19
22A 0.98 10.17  24.36 0.27
- + +
CARB-1098  chert 22A-b1  0.93 +0.14 23.47 +0.36
228B 1.12 +0.20 23.56 +0.32
22B-b2 1.07 +0.13 23.99 +0.38
+ +
CARB-1085  chert 23A 1.48 +0.17 22.1 +0.36
23B 0.88 +0.20 22.42 +0.36
qtz-ll 25A -1.9 +0.18 23.95 +0.19
Calixto C CARB-1094B ded
aixto Lave corroded Hop 084 4019 2355 0.19
chert
+ +
CARB-1094D corroded 27A 0.49 +0.17 25.7 +0.36
chert 278B 0.65 +0.17 24 .43 +0.37
CARB-1094E corroded 28A -0.19 +0.20 24.14 +0.21
chert 28B -1.09 +0.17 24.19 +0.19
qtz-
- + +
CARB-1094F |/chalced 29B 0.83 +0.17 29.72 +0.19
ony
qtz-ll 29A -1.4 +0.18 25.3 +0.20
- + +
CARB-1094G qtz-I 30A 1.17 +0.17 26.84 +0.36
30B 2.6 +0.17 28.41 +0.36
highl 31A -2.98 +0.17 28.66 +0.36
CARBL05AH Cogrroyded 31Ab1  -2.63 4020  27.95 +0.38
chert 31B -3.64 +0.17 28.29 +0.38

31B-b2 -3.3 $+0.18 25.98 +0.36




number

ID site lated date 26 (Ma) group
analyses
per site

siteD3-Mnz: 3 644 26

604 34 1
619 31
SiteA-Mnz1 2 1716 3
-1402 -7

SiteC-Mnz1 1 1186 46 2
SiteMatrix4 2 1526 32
1508 82
SiteA-Mnz2 2 2554 5
2188 6
SiteA-Mnz3 2 1973 5
1983 5
SiteMatrix1 2 2006 20
1933 20

SiteMatrix4 1 1942 30 3
SiteMatrix3 6 2005 4
1994 4
1982 4
2010 4
2006 4
1962 5




Primary Primary

Silica facies Texture inclusions

inclusions T
h salinity (wt.%)

Description

gtz-mc

gtz-C

gtz-br

qtz-|

qtz-ll

Microcrystalline

n.d. n.d.
quartz
Chalcedony or
jigsaw mosaic n.d. n.d.
quartz
Quartz-rich

160-185°C  19-25
hydraulic breccias

Plumose- 4
n.d.
colloform n.d

megaquartz

Massive or zonal
megaquartz

165-210 °C 17-25

Dolomite replacement; chert
nodules and irregular bands;
highly porous

Silica recrystallization texture;
lining fractures and solutional
vugs; gradual transition into gtz-
|

Quartz + K-feldspar + sericitic
alteration involving
overpressurization and hydraulic
fracturing

Early stage of megaquartz
precipitation, entrapping high
temperature solid inclusions

Late stage of megaquartz
precipitation
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