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ABSTRACT

The Barra Velha Formation is a prolific Aptian (Lower Creta-
ceous) oil and gas producer located in the Santos Basin, south-
eastern Brazilian coast. We used structural core description,
petrography, geochemistry, and geochronology to show evidence
from drill cores that the Barra Velha Formation was affected by
several events of brittle deformation and interacting hydrother-
mal alteration. The U-Pb geochronology provides an age of ca.
116 Ma for depositional host rock calcites, although recrystalli-
zation is possible. An early brecciation event occurred at ca.
108 Ma. Recracked fractures (>10 cm wide) are interpreted as
spring mound vents. A dolomite fault mineralization is dated at
ca. 95 Ma. Events affecting fractures include widespread dissolu-
tion, with secondary porosity filled by barite, quartz, and solid
bitumen. Fluid inclusion geochemistry suggests that diagenesis
occurred with the participation of seawater. We show a timeline
of diagenetic events and infer that fracture porosity is more likely
to be preserved where deep faults enabled fluids from greater
depths to ascend into the reservoir, where they created large
vuggy cavities by dissolution of host rock.

INTRODUCTION

Fractured carbonates are a type of subsurface reservoir that cur-
rently store a large portion of oil and gas resources worldwide
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(e.g., Nelson, 2001; Narr et al., 2006; Garland et al., 2012). One
of the most prolific discoveries of recent decades is in the Santos
Basin, southeastern Brazil. These discoveries are part of the giant
Brazilian pre-Salt oil fields that are within Aptian (Lower Creta-
ceous) lacustrine carbonates of the Barra Velha Formation (e.g.,
Moreira et al., 2007; Carminatti et al., 2009; Carlotto et al.,
2017; Pedrinha et al., 2018; Tanaka et al., 2022).

The Barra Velha Formation host rock is composed mostly of
in situ calcite shrub-dominated facies, spherulitic Mg-rich silicate
argillites (commonly dissolved or substituted by dolomite or
quartz), laminites, and reworked sediments (Terra et al., 2010;
De Paula Faria et al., 2017; Herlinger et al., 2017; Arienti
et al., 2018; Tosca and Wright, 2018; Lima and De Ros, 2019;
Gomes et al., 2020; Hosa et al., 2020; Azerêdo et al., 2021; Car-
ramal et al., 2022; Carvalho et al., 2022; Netto et al., 2022;
Fragoso et al., 2023). These deposits formed during evaporitic
lake conditions between 123 and 110 Ma (Moreira et al., 2007;
Wright and Barnett, 2015; Farias et al., 2019; Wright, 2022),
although their exact age is still a matter of debate (Tedeschi et al.,
2017; Pietzsch et al., 2020; Sanjines et al., 2022; Lawson et al.,
2023). Direct age measurements of calcitic host rock are recent
and rare (e.g., Brito et al., 2024), and age is based primarily on
ostracod and pollen biostratigraphy (e.g., Moura, 1972; Regali
et al., 1974; Arai et al., 1989; Poropat and Colin, 2012; Pietzsch
et al., 2018) or extrapolation of K-Ar ages from interbedded
mafic rocks (e.g., Mizusaki et al., 1992; Moreira et al., 2007).

The Barra Velha Formation rocks have been described as
fractured reservoirs in some locations (Corrêa et al., 2019;
Fern�andez-Ib�a~nez et al., 2022a, b; Tanaka et al., 2022; Lupinacci
et al., 2023; Wennberg et al., 2023). Hydrothermal alteration
has been invoked to be associated with fracturing or faulting
(Alvarenga et al., 2016; Souza et al., 2018; De Ros, 2021), and
analogous examples can also be found in neighboring Macabu
Formation in Campos Basin (Vieira de Luca et al., 2017; Tritlla
et al., 2018, Lima and De Ros, 2019; Lima et al., 2020). Second-
ary porosity dominated by fractures and dissolution features
impact well productivity (e.g., De Jesus et al., 2016, 2019; Corrêa
et al., 2019; Vieira de Luca et al., 2019; Lima, 2020; Silva et al.,
2021; Mejia et al., 2022; Mimoun and Fern�andez-Ib�a~nez, 2023).
Host rock and fractures are commonly associated with several
stages of silicification (e.g., Teboul et al., 2019; Sartorato et al.,
2020; Basso et al., 2023). However, both the characterization of
the diagenetic processes and their association with brittle struc-
tures remain poorly understood.

The analysis of diagenetic products, such as cements, in frac-
tures can provide valuable information about how fracture net-
works were formed (i.e., structural diagenesis) (Laubach et al.,
2010, 2019; Beaudoin et al., 2022). Petrographic studies, fluid
inclusion microthermometry, and isotope geochemistry combined
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with modern techniques such as laser ablation-inductively cou-
pled plasma-mass spectrometry (LA-ICP-MS) and U-Pb geochro-
nology of carbonate minerals (e.g., Roberts et al., 2020; Roberts
and Holdsworth, 2022) provide means to characterize the envi-
ronmental conditions and to date the age of fracture and fault
formation (e.g., Hoareau et al., 2021; Corrêa et al., 2022; Mu~noz-
L�opez et al., 2022; Aubert et al., 2023). Structural diagenetic
analysis can be carried out on well rock cores or sidewall core
samples, with the benefit of improving knowledge about the sub-
surface fracture network to constrain inputs to discrete fracture
network models (e.g., Corrêa et al., 2019; Tanaka et al., 2022).

Published studies about the Barra Velha Formation suggest
that fault damage zones (Chester and Logan, 1986; Caine et al.,
1996) play an important role in fracture development and that
some fractures are enlarged by dissolution leading to vuggy poros-
ity (i.e., large open cavities in rock volume), although complete
or partial porosity obliteration by cement also is common (e.g.,
Corrêa et al., 2019; Fern�andez-Ib�a~nez et al., 2022a, b; Wennberg
et al., 2023). Available fracture studies of the area focus only on
seismic or macroscopic description of the structures; therefore,
fracture microscopic textures, their geochemical characteristics,
and age are poorly understood. This lack of information com-
monly impedes subsurface interpreters in building accurate mod-
els. Such models should be constrained by a correct understanding
of the brittle deformation and diagenetic processes in the pre-Salt
oil fields.

Here, we describe textures of the host rock and brittle struc-
tures and interpret the geochemical environment and timing of
several diagenetic products. To achieve this objective, we used
structural core description, petrography, fluid inclusions analysis
(microthermometry, bulk crush-leach, noble gas analysis), carbon
and oxygen stable isotope analysis, and U-Pb geochronology of
carbonates in cores from two wells drilled in the Barra Velha For-
mation. We reconstruct the timeline of diagenetic events linking
brittle deformation and hydrothermal alteration that affected the
Barra Velha Formation, documenting the operation of hydrother-
mal processes that ultimately impact reservoir quality.

GEOLOGIC CONTEXT

Santos Basin Geology

The Santos Basin is located at the southeastern Brazilian margin
in the Atlantic Ocean (Figure 1). This margin was initially rifted
apart from the Gondwana continent during the Berriasian (Cam-
pos Neto et al., 2007; França et al., 2007; Gontijo et al., 2007;
Moreira et al., 2007; Rangel et al., 2007; Rodovalho et al., 2007;
Silva et al., 2007; Winter et al., 2007; Chaboureau et al., 2013),
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with its African counterpart at the Angolan Cabinda, Kwanza,
and Namibe Basins. The original Gondwanan basement is com-
posed of high-grade metamorphic and magmatic rocks that were
formed in episodes of accretion and collision during the Brazilian-
Pan-African Orogeny in the Neoproterozoic (Heilbron et al.,
2008). These rocks constitute the basement under the Santos
Basin and may have conditioned rifting tectonics due to previ-
ously existing structures, as shown in the nearby Campos Basin
(north of Santos Basin) (Fetter, 2009; Strugale et al., 2021). A
later change in the direction of rift opening from northwest to
southeast to east to west may have caused oblique and transcur-
rent reactivations of older faults in the Santos and Campos Basins
(e.g., Dehler et al., 2016; Savastano et al., 2017). The Santos
Basin is a rift basin with oblique opening, mostly structured by
extensional tectonics within a magma-poor passive margin (Zal�an
et al., 2011; Rigoti, 2015). Transfer zones are identified in some
parts of the basin as causing local lateral movements that accom-
modate deformation (Dehler et al., 2016; Magnavita, 2021).

In the Santos Basin, the rifting history started with the propa-
gation of the rift toward the southern Brazilian margin and the
deposition of mafic volcanic rocks, the Cambori�u Formation,
mainly during the Hauterivian (Early Cretaceous) (Moreira et al.,
2007). The sedimentary infill began in the Barremian (Early Cre-
taceous) with the deposition of a sequence of siliciclastic rocks,
the Piçarras Formation, mostly composed of alluvial-lacustrine
shales and stevensitic (i.e., variety of the clay mineral smectite)
sandstones (e.g., Leite et al., 2020). By the end of the Barremian
and the beginning of the Aptian (Jiqui�a local age) (e.g., Moura,
1972; Pietzsch et al., 2018), new bioclastic carbonate rocks com-
monly composed of pelecypod shells formed most of the Itapema
Formation, an important reservoir that also contains some of the
main shaly source rocks deposited in the deepest parts of the lake.
Most of the Itapema Formation reservoirs comprise bioclastic
rudstones and grainstones, thought to have formed in lake islands,
with constant freshwater input, enabling a suitable environment
to foster life diversity (e.g., Sabato Ceraldi and Green, 2017;
Mizuno et al., 2018; Muniz and Bosence, 2018; Pietzsch et al.,
2018, 2020). This interpretation is supported by progradational
features in seismic lines that suggest a relevant lacustrine bathy-
metric relief at this stage (e.g., Carlotto et al., 2017; Barnett et al.,
2021). The top of the Jiqui�a Stage is capped by the sub-Alagoas
unconformity that separates the bioclastic Itapema Formation
from the overlying Barra Velha Formation.

The Barra Velha Formation was deposited during the Aptian
(Alagoas local age), where environmental conditions were very
arid and the lake became underfilled (e.g., Moreira et al., 2007;
Wright and Barnett, 2015; Tosca and Wright, 2018), forming
unique chemical conditions that allowed the deposition of large
amounts of lacustrine carbonate rocks that form the main
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reservoir in the pre-Salt of the Santos Basin. The most
common reservoir facies are in situ calcite shrub-
dominated facies (shrubstone [Gomes et al., 2020])
and Mg-rich silicate argillites with spherulites (spheru-
litestone [Gomes et al., 2020]) that may show variable
amounts of diagenetic alterations that can create
secondary porosity. These shrubby and spherulitic cal-
cite textures are thought to have formed in special
conditions when the lake water was alkaline and super-
saturated with respect to calcite, with the microbial
contribution being a rare component, mostly linked to
laminite facies (e.g., Terra et al., 2010; Souza et al.,
2018; Lima and De Ros, 2019; Pietzsch et al., 2022).
Laminites and grainstones can form cyclical deposits
with silica beds (Wright and Barnett, 2015), due to

variation in freshwater input and pH level. The lower
Barra Velha section is capped by the intra-Alagoas
unconformity that separates the less-structured upper
section from the more-structured lower section, which
is the same organization seen in most neighboring
basins along the Brazilian southeastern coast (e.g.,
Strugale and Cartwright, 2022).

Fractures are commonly observed both in cores
and image logs, frequently associated with vuggy
porosity (Corrêa et al., 2019; Wennberg et al.,
2023), and usually related to silicified zones (Lupi-
nacci et al., 2023; Mendes et al., 2024). Fault zones
show high fracture density and are important con-
duits for fluid flow (Fern�andez-Ib�a~nez et al., 2022b;
Tanaka et al., 2022).

Figure 1. Santos Basin location and stratigraphic chart. (A) Map of Brazil with location of the Santos Basin at the southeastern coast of
Brazil, inside the white square. Internal Brazilian state borderlines are in black. (B) Location of the studied oil field (red square) within the
Santos Basin outer high (thick solid black line). The basin is limited by the Cabo Frio high on the northeast and the Florian�opolis high on
the southwest (dashed lines). (C) Stratigraphic chart of Santos Basin showing the position of the Barra Velha Formation, the main reservoir
of the Brazilian pre-Salt fields. The Ariri Formation is formed by evaporites and is a regional seal for the oil fields within the Barra Velha
Formation. Main magmatic events, tectonic phases, and unconformities are shown on the right side (modified from Moreira et al. [2007],
Buckley et al. [2015], and Wright [2022]). GTS = geological time scale.
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The Barra Velha Formation is overlain by the
evaporites of the Ariri Formation, deposited with the
emplacement of extremely arid environment and
marine incursions (Moreira et al., 2007). The Ariri
Formation acts as a regional seal for the pre-Salt accu-
mulations. Later, the Santos Basin evolved into a
passive-margin marine basin, as represented by sedi-
mentary successions of the Camburi, Frade, and
Itamambuca Groups (Moreira et al., 2007). Lastly,
apart from the Cambori�u Formation, at least four
magmatic events that occurred in the basin during
the Barremian, Aptian, Campanian, and Eocene have
been recorded (Moreira et al., 2007).

The evolution of the Santos Basin is linked to
other basins along the Brazilian and the Angolan
coasts, which also have pre-Salt reservoirs like the
Barra Velha Formation. To the north, the Santos
Basin is separated from the Campos Basin by the
Cabo Frio high. To the south, it is separated from the
Pelotas Basin by the Florian�opolis high, also thought to
have impeded communication with seawater during
most of the Early Cretaceous. Toward Africa, the
Kwanza and Namibe Basins are the original continua-
tion, now separated by the Atlantic Ocean (e.g., Mou-
lin et al., 2010; Sabato Ceraldi andGreen, 2017).

Well Data

The samples studied here originate from drill cores
from two producing vertical wells in one oil field in

the Barra Velha Formation. The wells were exten-
sively cored, allowing us to describe the structures
and to prepare thin and thick sections, rock chips,
and rock powders for geochemical analysis.

Our analysis is focused within the limits of the
Barra Velha Formation. Seismic lines show that both
wells are positioned in mounded carbonate features
(several hundred meters high), with chaotic seismic
facies (Figure 2). It is also possible to see deep faults
crossing the Barra Velha Formation, some of which
reach the basement and the top of the Barra Velha
Formation, where evaporites are deposited. The tops
of these mounds are capped by an anhydrate layer.
Both wells showed severe drilling mud loss during
the drilling operation, indicating the presence of
open conduits. Formation tests show permeability
levels up to several darcies, which is much higher
than matrix permeability, indicating an extramatrix
component in the permeability (e.g., Fern�andez-
Ib�a~nez et al., 2022a).

Well A has a total of 10.6 m of core length.
Although we studied the entire cored section, most
of our work focused on one representative part of
?4 m, where we could clearly observe intensive brit-
tle deformation with vuggy fractures (e.g., Nelson,
2001) and cavities lined by euhedral quartz (i.e.,
quartz geodes). In addition to this core, we obtained
a spherulitestone sample from a drilled plug, located
deeper and ?250 m below the core position in well
A, in the lower Barra Velha Formation, to be used

Figure 2. Seismic sections in depth showing the locations of wells A and B. Both wells were drilled in carbonate mounds that are rooted
by deeply faulted basement and reservoir blocks. Well trace is in yellow; core positions are shown by red rectangles. (A) East-west seismic
section with location of well A. (B) East-west seismic cross section with location of well B. Note faults displacing the top of the Barra Velha
Formation.
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specifically for petrography and geochronology. Well
B has a total of 99.39 m of core length. Our studies
focused on one interval of 15.8 m, where we observed
intensive brecciation and faults.

METHODS

Structural Core Description

Core orientation was not available, and thus we mea-
sured dip angle variation, fracture width (i.e., total
opening displacement) and apertures (i.e., preserved
open part of the fracture) (Ortega et al., 2006;
Bisdom et al., 2016; Wennberg et al., 2016). Since
the wells are nearly vertical, the dip angles can be
obtained directly from the core without angular correc-
tions (e.g., Terzaghi correction). For macroscopic and
microscopic descriptions of host rocks, we used the
classification from Gomes et al. (2020) that is well
suited for the rocks of the Barra Velha Formation.

The brittle structures in core can be divided into
faults and opening-mode fractures having various
degrees of mineral fill. We designated structures in
core using the following nomenclature.

Fault: macroscopic shear planes with striation and
associated breccia and cataclasis. Used for struc-
tures of unknown displacement, but likely
greater than centimetric (Hancock, 1985).

Small displacement fault: fault showing centimetric
or millimetric shear displacement (i.e., wall par-
allel movement) and cataclastic texture.

Collapse breccia: rock composed of clasts of host
rock or of other breccias, commonly cemented,
sometimes show geopetal infill and evidence of
roof collapse (Shukla and Sharma, 2018).

Fault breccia: rock composed of clasts of host rock
or of other breccias, commonly cemented and
with angular fragments, found within fault zones
(Shukla and Sharma, 2018).

Opening-mode fracture: general term for fractures
showing wall perpendicular displacement, which
can be filled with cement or not.

Vein: fully or partially cemented opening-mode
fracture (Hancock, 1985).

Vuggy fracture: opening-mode fracture with disso-
lution features and aperture commonly larger
than 1 cm (e.g., Nelson, 2001).

Wide vein: cemented opening-mode fractures with
widths larger than 10 cm, with irregular walls,
crack-seal texture, cementation by quartz and
calcite, internal brecciation, geopetal infill, and
vuggy pores.

Geode: vuggy pore (larger than 1 cm) or cavity
coated by euhedral crystals.

Petrography

Some types of fractures were too small to be macro-
scopically visible in the cores and needed further
investigation through microscopy. In total, we pre-
pared 9 thin sections from the well A drill core and
23 thin sections from the well B drill core. We
stained the thin sections using Alizarin Red S where
we needed to differentiate calcite from dolomite
(Friedman, 1959). Thin sections were analyzed using
transmitted light in a Zeiss Imager A2m microscope,
and several thin sections were imaged into a photo-
mosaic using a Zeiss M2m microscope. We observed
cement fabrics and crosscutting relationships to
determine cement precipitation order.

Some thin sections were carbon coated and
imaged using backscattered electron microscopy
using a Zeiss Sigma high vacuum field emission scan-
ning electron microscope with 5 to 7 kV. We used an
energy-dispersive x-ray spectroscopy detector to
obtain x-ray spectra with 15 kV from locations where
mineral identification was dubious using only trans-
mitted light petrography. We also acquired optical
cathodoluminescence images from some samples to
assess the degree of recrystallization. For this, we
used a CITL MK5-2 cathodoluminescence device
coupled into a Zeiss Scope.A1 microscope under a
beam current of 200 mA and 10 kV.

Fluid Inclusion Microthermometry

Fluid inclusion petrography was conducted using a
Zeiss microscope equipped with an ultraviolet (UV)
epifluorescence light (UV metal halide light source
and 40,6-diamidino-2-phenylindole filter) and 50·
and 100· objectives combined with auxiliary lenses of
·1.6 and ·2.5. Fluid inclusions were classified based
on their textural and spatial distribution into primary
and secondary fluid inclusion assemblages (FIAs), fol-
lowing the genetic classifications of Roedder (1984),
Goldstein and Reynolds (1994), Goldstein (2001),
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and Fall and Bodnar (2018). Microthermometry fol-
lowed the procedures described in Goldstein and Rey-
nolds (1994). For microthermometry, we used both a
Fluid Inc.–adapted US Geological Survey–type gas-
flow heating/freezing stage on an Olympus B ·41
microscope, and a Linkam THMS600 heating/
freezing stage mounted on the Zeiss microscope. Both
stages were calibrated using synthetic fluid inclusions
(H2O-CO2 and pure H2O with critical density), and
data were obtained with precisions of –0.1�C for both
stages.

Bulk Crush-Leach

Bulk crush-leach analysis of fluid inclusions was carried
out at the University of Leeds following the methodol-
ogy described in detail by Banks et al. (2000) and
L€uders et al. (2002). Samples of barite and quartz
were crushed to 1- to 2-mm grain size, cleaned by boil-
ing several times in 18.2 MV water, and dried before
the analysis. Approximately 0.5–1 g purified sample
material was manually crushed with an agate mortar
and pestle. The resulting mineral powder was leached
with 18.2 MV water and filtered through a 0.2-mm
nylon filter before the analysis. Ion chromatography
was used for the analysis of the anions Cl� and Br� in
the leachate solutions. The cations Na+, K+, and Li+

were measured using flame emission spectroscopy.
The detection limits for the elements analyzed were
as follows: Na= 20 ppb, K= 25 ppb, Li= 1 ppb, Cl=
20 ppb, and Br=1 ppb. The average precision, as
determined from a series of replicate analyses, is better
than 10% relative standard deviation.

Noble Gas Analysis

Noble gas analysis was performed using samples of
0.18 to 1.02 g of hand-picked quartz and barite min-
eral separates. The samples were loaded into an ultra-
high vacuum spindle crusher, which was pumped at
room temperature for at least 24 hr to remove the
atmospheric gases adsorbed on grain surfaces. For gas
extraction, the samples were crushed under vacuum,
and the gases released were admitted to the prepara-
tion line. Water was frozen in a dry ice–cooled trap,
and other chemically active species were removed in
Ti sponge and ZrAl getters. The noble gases were
then separated from one another in a cryogenic adsor-
ber, and noble gas concentrations and isotopic

compositions were determined in a VG5400 noble
gas mass spectrometer according to the procedures
described by Niedermann et al. (1997) and L€uders
and Niedermann (2010).

C and O Stable Isotope Analysis

We obtained C and O stable isotopic compositions
from calcites at The University of Texas at Austin
Bureau of Economic Geology stable isotope labora-
tory using rock powders collected with a microdrill
from several locations in the cores. The powders
were stored individually in clean glass vials for analy-
sis. We cleaned the drill bit using water between
each sample acquisition to avoid contamination. Ali-
quots of ?0.3 mg were analyzed for d13C and d18O
using a Thermo Fisher Scientific GasBench II cou-
pled to a Thermo Fisher Scientific MAT 253 isotope
ratio mass spectrometer (R�ev�esz and Landwehr,
2002; Sp€otl and Vennemann, 2003). We reacted the
samples in helium-flushed vials with H3PO4 at 50�C
for 8 hr. Data were calibrated (values are reported in
per mille Vienna Peedee belemnite [VPDB]) using
calcite standards NBS-18 (d18OVPDB = �23.0‰,
d13CVPDB = �5.0‰) and NBS-19 (d18OVPDB =
�2.3‰, d13CVPDB = 1.95‰). Replicates of an inter-
nal carbonate standard were analyzed throughout the
analytical session to account for analytical drift and
precision, reaching an analytical precision of –0.06‰
for d13CVPDB and –0.10‰ for d18OVPDB routinely.

LA-ICP-MS U-Pb Geochronology

We analyzed calcite U-Pb geochronology at the
UTChron laboratory at The University of Texas at
Austin. The LA-ICP-MS system consists of a Photon-
Machines Analyte G2 ArF excimer 193-nm laser,
equipped with a two-volumeHelEx sample cell, cou-
pled to a Thermo Element 2 double-focusing mag-
netic sector ICP-MS. The helium carrier gas is mixed
with argon before entering the ICP-MS. The analyses
were conducted on polished thick sections (>120 mm
thick) and thin sections (30 mm thick) in static
spot mode. For the thick sections, we used a laser
beam diameter of 110 mm, operated with an energy
density of 3.82 J/cm2 measured with an energy meter
and a pulse rate of 10 Hz. For the thin sections,
we used a laser beam diameter of 110 mm, operated
with an energy density of 2.86 J/cm2 and a pulse rate
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of 8 Hz. The analysis followed the routine of 4 clean-
ing shots, 27 s of baseline data collection, 20 s of abla-
tion, and 27 s of washout. The number of ablation
shots varied depending on the section thickness and
can vary between 150 and 300 shots.

We corrected elemental and isotopic fractiona-
tions by interspersed analysis of primary calcite refer-
ence material WC-1 (206Pb/238U age 254.6–6.4 Ma;
Roberts et al., 2017). Analyses were made in repeat-
ing blocks of 2 standards, followed by 10 unknowns,
with NIST614 measured periodically to monitor Pb
isotopic fractionation. Age calculation was per-
formed using Iolite version 3.7 (Paton et al., 2011)
and VizualAge UcomPbine (Chew et al., 2014). A
207Pb common Pb correction was applied to correct
for common Pb in the primary reference material
(WC-1 207Pb/206Pb= 0.85).

In each region of interest within the studied sec-
tions, at least 17 spots were ablated. Time-integrated
data were exported as entire 20-s ablation windows
if isotopically homogenous or broken up into 2 to 4
shorter ablation windows if exhibiting isotopic varia-
tion. The U-Pb data were plotted in Tera-Wasserburg
diagrams and lower intercept ages calculated using Iso-
plotR (Vermeesch, 2018).We show errors for isotopic
ratios and ages as 2s absolute errors.

Chalcedony cement was ablated at several loca-
tions in one sample from well A to investigate ura-
nium content, which had previously been identified

as anomalously high in this interval by wire-line logs
(Melani, 2019).

RESULTS

Brittle Deformation

We list below the visible structures in the core and
organize them according to their relative age based
on crosscutting and abutting relationships (Table 1).
We show an individual scheme for the sequence of
brittle structures found in each well.

Well A
Core Description—Well A shows a predominance of
shrubstones and grainstones (?80%) with minor inter-
vals of spherulitestones and laminites as host rock
(Gomes et al., 2020). Silica beds intercalated with
sediments are commonly fractured locally, with strata-
bound fractures (Odling et al., 1999) spanning the
layer thickness (?2 cm) (Figure 3F). Fractures cut the
host rock with dip angles between 42� and 90�, with
an average dip angle of 78�; most are pure opening-
mode fractures or show a small shear displacement.
Some intervals of the core (?20 cm long) are incohe-
sive and may represent intervals of intense fracturing.
The predominant structural features are quartz-filled
opening-mode fractures with irregular, corroded walls.

Table 1. Summary of Structures Described in Wells A and B

Well Structure Mineral Fill Observation Dip, � Width, mm Age

A Vuggy fracture Chalcedony/quartz/
solid bitumen

Commonly vuggy 42–80 0.75–1.75, up
to 40 (if vuggy)

Youngest

A Opening-mode fracture Dolomite (micro) Apparent micritic
precursor

– – –

A Small displacement fault Cataclastic calcite Cataclastic texture 85–90 0.14 –

A Opening-mode fracture Quartz Fractured silica layer/
sometimes vuggy

Variable; 90
to bedding

– Oldest

B Vein Quartz/barite/solid
bitumen (micro)

Sometimes vuggy 20–90 1.4–12 Youngest

B Fault (several generations) Saddle dolomite
(with quartz
and barite)

Mineralized fault breccia 85 35 (fault core) –

B Wide vein Calcite and quartz Internally brecciated 65–72 100–120 –

B Collapse breccias Calcite and quartz Radiaxial-fibrous calcite
rims and microcrystalline
infill

– – Oldest

Structures are organized relatively by age, with the youngest structures at the top.
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These fractures are interpreted to represent dissolution
followed by quartz precipitation. Pitting causes oppo-
site fracture walls to not match, so that the original
fracture width cannot be observed any longer. Carbon-
ate dissolution on fracture walls differentially enlarged
opening displacement, hindering observation of the
original fracture wall position.

In some cases, the pitting and thus dissolution
along the fracture planes is so pervasive that the site

of former fractures forms geodes with continuous
vuggy cavities (i.e., vuggy fractures) that are com-
monly partially filled with euhedral quartz crystals
(Figure 3A–D, G). Locally, we observed an alter-
ation halo changing the color of the host rock around
the fractures (Figure 3A). Narrow fractures are com-
monly completely cemented with quartz, whereas
wider fractures of at least 1- to 2-cm width are
mostly open. Pervasively cemented fractures linked

Figure 3. Fracture and dissolution features observed in the core from well A. (A) Vuggy fracture (Vf) cutting the shrubstone host rock
with alteration halo. Most primary pores of the host rock are filled with grayish quartz. Host rock is commonly observed with vuggy aspect.
(B) The Vf crossing the core. Vugs are coated with up to 1-mm-sized euhedral quartz crystals. (C) The vuggy fractures filled with yellowish
quartz (Yqtz) and shrubstone host rock cemented with grayish quartz (Gqtz). Sparse vugs or geodes filled by quartz crystals are observed
in the host rock. (D) The vuggy fractures with centimeter-sized aperture coated by euhedral quartz. (E) Narrow small displacement fault
(Sf) swarm, with cataclastic fill. (F) Silica layer bearing bed-perpendicular opening-mode fractures. (G) Silicified spherulitestone host rock
and open Vf with euhedral quartz. This fracture is associated with centimeter-sized quartz geodes (Qtzg).
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to geodes that still preserve porosity often can be
observed (Figure 3C). Quartz fills the fracture width
completely, except where aperture is preserved and
so enlarged (approximately >1 cm) that vuggy pores
are present. In this case, the vug is contained along the
fracture plane (Figure 3D). Pore size in vugs is variable
and can reach up to 3 cm width. Some fractures show
yellowish quartz cement on the fracture walls and a
second generation of grayish quartz cement in the frac-
ture center. Host rock pores are commonly filled by
the grayish quartz cement or show a vuggy texture
(Figure 3A).We also observed swarms of older narrow
(<1 mm) subvertical small displacement faults with
cataclastic texture that are cut by younger vuggy frac-
tures filled with quartz (Figure 3E).

Petrography—In some sections of well A, there is
microscopic evidence of shear deformation, marked by
small displacement faults showing fault breccias with
cataclastic matrix (Figure 4E). These fault breccias
have clasts of the host rock, and the presence of cata-
clasis is evidenced by different sizes of grains formed
by chipping. They occur relatively early, because they
are crosscut by later fractures filled by quartz cementa-
tion that is widespread in the samples from well A.
Also early are opening-mode fractures filled with a
micritic infill, intensely substituted by rhombohedral
dolomite and that are crosscut by quartz veins (Figure
4F). The fractures with micritic infill differ from the
small displacement faults because they are dolomitized
and do not contain host rock clasts or breccias.

The vuggy fractures observed in well A also exist
at the microscale and contain two phases of quartz
cement. The first phase filling the quartz veins is a
banded chalcedony, which corresponds to the yel-
lowish quartz from the macroscopic observations.
Chalcedony covers the fracture wall following an
irregular contact with host rock (Figure 4A, B). In
the center of the quartz veins, megaquartz (i.e.,
blocky or macrocrystalline quartz) cement fills the
remaining fracture pore space. This fill can constitute
from 10% to 50% of the fracture volume. In sections
of the core where fracture aperture is wider than 1 to
2 mm, quartz cement has euhedral terminations, and
porosity is still preserved. However, smaller pore
sizes are usually completely cemented by quartz. A
black material lacking crystalline habit can be found
in some vuggy fractures and is interpreted as solid
bitumen (Figure 4C).

Quartz-filled fractures contain fragments of the
host rock. Both quartz cement phases overgrow bro-
ken pieces of host rock walls within the cemented
fracture. The chalcedony cement phase is the first
and thus coats broken pieces of host rock in larger
proportions, showing a characteristic banding around
host rock clast and tiny inclusions (Figure 4D).
Locally, fractures that are only filled withmegaquartz
cut fractures filled with chalcedony, suggesting that
megaquartz is a late mineralization phase contempo-
raneous with a later deformation event. In some
cases, where fractures are filled with both quartz
cement phases, broken pieces of chalcedony-coated
host rock are rebrecciated and cemented in the frac-
ture by megaquartz. A late phase of narrow (1 mm)
quartz-filled opening-mode fractures crosscut all of
the structures with regular sharp fracture walls.

The cathodoluminescence images from host
rock depositional shrubs and spherulites show a con-
sistent orange color through the crystals and small
(0.1–0.2 mm), dark luminescence areas that do not
seem to be relevant in volume (Figure 5A, B). At
one of the samples from well A we detected consis-
tent changes in cathodoluminescence (Figure 5C).

In one of the samples, we imaged two spherulites
(Figure 5B, spherulite 1 at right, spherulite 2 at left)
that show LA spots on the borders and in the center.
The cathodoluminescence color shows a brighter
color around the spots, suggesting that the LA may
have affected the resulting color obtained from cath-
odoluminescence around the laser pits.

Sequence of Events—The first event observed is frac-
tured silica layers bearing opening-mode fractures
spanning bed thickness (Figure 6A). The following
events are small displacement faults, with cataclastic
texture usually having a high dip angle (>85�). Subse-
quently, opening-mode fractures cut the older struc-
tures, and show microcrystalline infill that is largely
dolomitized (Figure 6B). The youngest observed
structures are the vuggy fractures that are evidence
of dissolution of fracture walls, followed by an ini-
tial chalcedony cementation that usually contain
cemented pieces of broken fracture walls (Figure 6C).
Megaquartz cementation follows, and some fractures
are filled only by megaquartz. Solid bitumen can be
found as the latest phase of fracture infill. In cases in
which the fracture aperture is large (>1 cm), open
pores are preserved within geodes.
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Figure 4. Photomicrographs of well A thin sections. (A) Quartz vein (QV) filled by chalcedony rims (CR) and megaquartz (MQ) in the
center cutting a shrubstone host rock. Note irregular walls and the association with rounded clasts of host rock (HRC). Open porosity is
secondary and associated with quartz cement and solid bitumen (SB). Younger QVs crosscut the older structures. Plane-parallel transmit-
ted light. (B) Shrubstone with QV filled by CR, MQ, and HRC. Cross-polarized transmitted light. (C) Vuggy fracture filled with MQ and SB.
Note irregular walls and truncated growth lines on shrubs, evidence of dissolution of fracture walls. Host-rock relicts (HRR) are seen in the
form of small circular inclusions and often follow the fracture wall. Plane-parallel transmitted light. (D) Backscattered electron microscopy/
energy-dispersive spectroscopy image of banded CR with a calcitic host rock clast (HRC) and banding around smaller inclusions. (E) Small
displacement fault with cataclastic texture (Caf) is crosscut by a vein filled by CR and MQ. Plane-parallel transmitted light. (F) A QV cross-
cutting a shrubstone host rock. The vein crosscuts an older cavity filled with a dolomitized micritic infill (DMI). Primary porosity (PP) is pre-
served between shrubs and secondary porosity by shrub dissolution (DS) is common. The detail shows dolomite (Dol) and quartz (Qtz)
filling the fracture. Plane-parallel transmitted light.
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Well B
Core Description—Well B shows a predominance of
spherulitestones and laminites (?60%) as host rock,
with smaller portions of shrubstone and grainstone.
In several places, identification of the host rock
type is hindered by brecciation, closely spaced frac-
tures, and silicification. Several fractures cut the host
rock with dip angles varying between 20� and 90�

(Table 1). Wall offsets show that most fractures have
pure opening-mode displacement and attitudes at a
high angle to bedding. Locally, some of the fractures
having a component of dilatational offset may dem-
onstrate millimetric shear displacement (possible
sheared opening-mode fractures). Depositional beds

are commonly tilted and may assume extreme steep
dip values of 70�. In some cases, bed dips are steep,
and fractures are at a high angle to bed dip.

The predominant structural features in this core
are collapse and fault breccias (Figure 7A, C). These
appear in several core intervals and range frommicro-
scale to centimeter-sized clasts accounting for ?30%
of the core. Brecciated intervals can comprise up to
2 m of continuous length of the core.

Collapse breccias have subrounded clasts that
may suggest that carbonate corrosion occurred on
borders and radiaxial-fibrous calcite rims around
clasts due to cementation in an open pore space
(Figure 7A). We observed clasts of host rock up

Figure 5. Cathodoluminescence images showing laser ablation spots (LS). (A) Calcite shrub in well A shows consistent bright orange
luminescence (BL) with minor nonluminescent spots. Larger dark nonluminescent areas (DL) can be seen on the right side, away from the
laser spots. (B) Calcite spherulite with consistent color around the rim and darker colors in the center. The LSs are at the rims of spherulite
1 (right/large) and in the center and at the rims of spherulite 2 (left/small). The Mg-rich clay matrix is seen substituted by quartz with blu-
ish luminescence and orange luminescent dolomite. (C) Calcite shrub with probable recrystallization or alteration showing areas with DL
and BL. Some LSs are in the dark areas. A fracture on the right side of the image is filled with dark orange dolomite.

Figure 6. Sequence of brittle deformation events in well A based on crosscutting relationships. (A) Fractured silica layers and small dis-
placement faults showing cataclastic texture and clasts of host rock within a dark matrix. (B) Opening-mode fracture filled with microcrys-
talline infill that is dolomitized. (C) Chalcedony and megaquartz veins showing irregular walls and quartz geodes, with preserved porosity.
Fragments of host rock wall are cemented within chalcedony cement. Megaquartz cement can be found filling some fractures without
the earlier chalcedony phase. Solid bitumen is commonly the final filling in fractures. Pore is commonly preserved where fracture widths
are large.
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to 10 cm wide rimmed by early calcite cement (Figure
7F, radiaxial-fibrous texture). In some cases, we
observed a fine infill material associated with brecci-
ated textures or veins that was deposited on the bot-
tom of the structure, and we interpreted the infill
material as geopetal feature and indicative of collapse
(Figure 7A, B). The infill occurred after brecciation
and formation of radiaxial-fibrous calcite cement, as
shown by pore-filling order. Collapse breccia pores are
mostly cemented by a last cement phase of gray quartz.

We also observed wide veins that are filled with
several phases of calcite cement and quartz (Figure 8).
These veins are distinct from other fractures described
in the cores because they have large widths up to
12 cm, dipping?65�–72� and have internal brecciated
fabric cemented with both calcite and quartz. They
appear to have textures compatible with repeated

opening and sealing such as crack seal (Ramsay, 1980).
These structures have several cement phases, dissolu-
tion textures, and crosscutting relations compatible
with recracking.We also observed quartz geodes filling
vuggy porosity within the wide veins, although perva-
sive cementation by calcite is common (Figure 8A,
bottom detail). In general, these veins have irregular
contact with the host rock and locally show geopetal
infill and vertically rotated fragments of host rock bed-
ding planes (Figure 8B).

A fault plane that crosscuts collapse breccias and
the wide veins (Figure 7C) dips 85� and shows
oblique-slip lineations with 73� of rake, suggesting
normal-oblique movement. The minimum throw is
at least 0.5 m based on core size, but the exact throw
value is potentially larger because offset correlative
beds are beyond the core limits. This fault is associated

Figure 7. Fracture, fault, and collapse breccia features from well B. (A) Brecciated laminite host rock (BrLam). The collapse breccia is cemented
with calcite (Brcem) and the laminite is silicified in some parts (SiLam). In the detail (inset), breccia clasts have radiaxial-fibrous calcite rims (Srim)
and are deposited on the bottom of an irregular cavity. Collapse breccia pore is filled with a stratified infill material (Inf) on the bottom as a geo-
petal indicator and is cemented with grayish quartz (Gqtz). (B) Calcite vein with radiaxial-fibrous calcite rims and filled with fine Inf locked on the
irregularities of the wall toward the bottom as a geopetal feature. (C) Fault plane cuts previously BrLam with radiaxial-fibrous calcite rims and
showing oblique downdip striations. (D) The Gqtz and barite (Bar) veins cut brecciated spherulitestone (BrSph). (E) Barite geode (Barg) in a
vuggy pore associated with quartz veins. Barite was deposited after Gqtz. (F) Early Srim deposited around a clast of BrSph. Strat. = stratigraphic.
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with swarms of narrow structures (<1 mmwide), with
cataclastic internal structure that, based on their cata-
clastic texture, are possibly small displacement faults
contemporaneous with the large fault and younger
than the collapse breccias. Fault breccias can be com-
posed of several different types of host rock clasts and
rebrecciated breccias (breccia clasts within texturally
younger breccia) that are cemented by calcite and
quartz. Textural evidence of breccia clasts within fault
breccia is compatible with recurrent brecciation. We
observed clasts of older breccias within younger brec-
cias, which is evidence of more than one brecciation
episode (Figure 8A, top detail). These breccias appear
to be organized in bands, and some of the clasts show a
subrounded shape.

Narrower younger veins crosscut the wide veins
and the host rock, dipping 20�–90�. These are often
cemented by quartz or quartz plus barite (Figure 7D).

It is common for these younger quartz veins to have
variable dip angles and cut across previous veins (Figure
8A, Qv). Some quartz veins run parallel to the bedding
in some locations. Barite mineralization occurred after
quartz mineralization and fills remaining porosity in
quartz veins or vugs, sometimes creating barite geodes
when pores are large (>1 cm), with geodes showing
preserved porosity even after cementation (Figure 7E).

Petrography—Asymmetric pore fillings occur as a
geopetal feature at the bottom of pores and are made
of microcrystalline calcite andmicrocrystalline quartz
(Figure 9A, B). Microcrystalline calcite infill is com-
monly dolomitized and is crosscut by younger frac-
tures filled with quartz. Calcite rims around breccia
clasts and fractures from well B show radiaxial-
fibrous texture (Figure 9A, D), and where present,
geopetal microcrystalline calcite overlaps it.

Figure 8. Wide brecciated crack-seal veins in well B. (A) Wide vein (Wv) with brecciated aspect and several phases of calcite cement.
Contact with silicified spherulitestone (SiSph) host rock is irregular. Late quartz veins (Qv) cut wide calcite veins and host rock. Lower
detail: Recracked fractures (Rf) formed by crack-seal and internal brecciation (IBr) appear to have been the predominant process. Upper
detail: A breccia texture (Br) is observed just above the wide vein on the top of the core, showing rebrecciation evidence in the form of
breccia clasts in younger breccias. (B) Wide brecciated vein with several clasts of host rock (Hrc) in the vertical position cemented with
grayish quartz (Gqtz). On the top, the clasts lack organization. A shrubstone (Shr) is cut by the vein and shows horizontal shrub growth
direction (GD). Yellowish quartz vein (Yqtz) cuts the shrubstone locally.
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Figure 9. Photomicrographs from well B thin sections. (A) Host rock clasts (HRC) with radiaxial-fibrous calcite rims (SR). Breccia pores
are filled by micritic infill (MI) forming a geopetal feature and megaquartz cement (BQ). (B) Vuggy pores and fractures cemented by
quartz. Several pores have MI deposited at the bottom of the pore, followed by BQ. Quartz veins (QV) link vug networks and are cemented
by the same quartz phase. Some vugs are rimmed by radiaxial-fibrous calcite (SR) and show clasts of radiaxial-fibrous calcite rim (SRC)
floating in the MI. (C) Spherulitestone with a vuggy fracture filled with SR and barite (B). Spherulites were originally formed in a
Mg-silicate clay matrix now substituted by quartz. The SR, dendritic calcite (DS), and spherulites show different growth directions (GD),
marked by arrows. (D) Fracture filled by SR and showing preserved open aperture. (E) The SR showing dissolution features (DSR). Pore is
filled by quartz (QTZ) and B. Radiaxial-fibrous calcite rim relicts (SRR) are preserved within QTZ cement. (F) The QTZ with solid bitumen
(SB). Microbrecciation (MB) visible on the left wall. (G) Energy-dispersive x-ray spectroscopy map showing the presence of a calcitic host
rock protolith (Cal), commonly substituted by dolomite (Dol) and cemented with QTZ and B.
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Some quartz veins show scattered irregular
pieces of fracture wall that we interpret to be dissolu-
tion features and relict of radiaxial-fibrous calcite
rims partially dissolved and cemented by quartz
(Figure 9E, SRR). Euhedral calcite is seen filling
vuggy pores in host rock. Solid bitumen is commonly
found filling remaining porosity in fractures (Figure
9F, SB). Dendritic calcite with variable growth direc-
tions fills vuggy fractures (Figure 9C). Barite precipi-
tates on dendritic calcite or fill pores in combination
with quartz cement and saddle dolomite in fault-
related breccias (Figures 9G, 10D). Microbrecciation
observed in some locations may be cataclastic, chem-
ical wear, or hydraulic (Figure 9F, MB).

The fault surface observed in well B is cemented
with minerals such as saddle dolomite, barite, and
quartz (Figure 10D), which are exotic to the original
calcitic host rock composition. The fault brecciated
the host rock, and a quartz cement was deposited dis-
continuously between the clasts (Figure 10C). Large
crystals of barite and saddle dolomite fill more than
50% of fault breccia pores. Shear dislocation is clearly
seen in thin section (Figure 10B) and in core (Figure
10A) with associated brecciation.

Sequence of Events—The sequence of brittle defor-
mation events in well B is shown in Figure 11. The
brittle deformation sequence initiates with breccia-
tion by collapse (Figure 11A). Collapse breccia clasts
are rimmed by radiaxial-fibrous calcite. Pore space
between clasts is infilled by a fine material deposited
at the bottom, with silica filling the rest of the pores.
Wide veins seem to be contemporaneous with col-
lapse breccias and show crack-seal and internal
brecciated texture. Younger fault-related breccias
crosscut previous structures and show rebrecciation
textures (Figure 11B). Microbrecciation is observed
locally. Younger veins filled with barite and quartz
crosscut all other older structures (Figure 11C).
Locally, barite geodes are found where fracture
widths are centimetric sized. Solid bitumen is found
as the last phase filling fracture pores.

Fluid Inclusions

Fluid inclusions are hosted in quartz and barite
cements (Figure 12; Table 2). The inclusions are two
phase (liquid + vapor) and liquid rich at room tem-
perature. A total of 68 inclusions were measured for

total homogenization temperatures (Th) reached by
bubble disappearance. Unfortunately, we could not
measure the eutectic temperature of any fluid inclu-
sion, and in many cases final ice-melting temperature
was not measured due to fluid inclusion small sizes.

Quartz-hosted fluid inclusions form both pri-
mary and secondary FIAs. Primary FIAs were found
along quartz crystal growth zones or in small clusters
within the nuclei of quartz crystals. The inclusions
are usually rounded, but some have preserved rectan-
gular shapes with sharp edges (Figure 12B). The
Th range from 73�C to 105�C, whereas ice-melting
temperatures range from �17�C to �15.5�C, corre-
sponding to fluid salinities ranging from 19 to
20 wt. % NaCl equivalent (Figure 12; Table 2).

Secondary FIAs comprise aqueous and oil inclu-
sions found along microfractures or are dispersed in
quartz crystals. The inclusions are rounded, with Th

ranging from 61�C to 107�C (Figure 12; Table 2).
Barite-hosted fluid inclusions also consist of both

primary and secondary FIAs. Primary FIAs trapped
aqueous and oil inclusions along barite crystal growth
zones. The inclusions weremostly oval, with elongated
shapes (Figure 12C, D), showing Th ranging from
53�C to 74�C. Secondary FIAs were observed in frac-
tures or isolated within the barite crystal. Usually, their
shapes are oval or rounded, and they homogenize at
temperatures ranging from 50�C to 58�C.

Overall, the Th of quartz-hosted primary aque-
ous inclusion for well A range from 73�C to 105�C
(n= 34), whereas in well B, the Th of primary aque-
ous inclusions in quartz range from 54�C to 127�C
(n= 15). In contrast, barite-hosted primary aqueous
inclusions in well B show Th ranging from 50�C
to 80�C (n= 8). In comparison, the present-day tem-
perature of the top interval of the Barra Velha For-
mation in the wells is?70�C.

The bulk crush-leach analysis of the inclusions
showed that noble gases have a heavy isotopic compo-
sition, with 3He/4He values of ?2.3 Ra—distinctly
heavier than the air ratio Ra= 1.39 · 10�6. Halogen
ratios (Na/Br and Cl/Br) show composition on the
evaporitic trend for seawater (Figure 12E, F; Table 3).

O and C Isotopes

The d18O and d13C values (normalized to VPDB) of
various carbonates range from 1.13‰ to 3.83‰, and
from �1.29‰ to 2.19‰, respectively (Figure 13;
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Table 4). The d18O composition is positive for studied
samples. Variations in d13C are dependent on the host
rock type and either show positive or negative values.
For example, shrubstones in well A show the highest
d13C values of up to 2.19‰, whereas spherulitestone
has lower d13C values between 0.77‰ and 1.10‰,
and laminite even shows negative d13C values in the
range between �0.88‰ and �0.33‰. Radiaxial-
fibrous calcite rims around collapse breccia clasts in
well B also show negative d13C as low as �1.29‰.
The microcrystalline calcite material infilling collapse
breccia pores in well B has d13C values between
0.09‰ and 0.27‰. Data from previously published
works are shown for comparison in the plot and sug-
gest that our data plots on the high-end spectrum of
d18O obtained for the Barra Velha Formation.

U-Pb Geochronology

We obtained 14 U-Pb ages for calcites and dolomite
in host rock, breccias cements, and fractures and fault
mineralizations from wells A and B (Table 5; Appen-
dix). The oldest age obtained for a host rock is
116.6– 2.1 Ma, in a calcite spherulite (spherulite 1)
from well A in an individual sample in the lower sec-
tion of the Barra Velha Formation. Similar ages were
obtained for host rock shrubs from the cored upper
part of the Barra Velha Formation at 116.2– 2.8 Ma.
These results are compatible with an Aptian age (i.e.,
113.0–121.4 Ma) for the host rock. We measured
U-Pb ages of spherulites at their centers and rims
to test the difference in ages, being 116.6– 2.1 Ma
(spherulite 1) and 113.9– 1.9 Ma at the rims

Figure 10. Photomicrographs of the normal-oblique fault zone in well B. (A) Core section where the fault was observed. It contains a brecciated
laminate (Brlam) cemented with calcite (Brcem) and oblique striations on fault plane (see Figure 7C). (B) Plane-parallel transmitted light image
showing quartz vein (QV) and Brcem sheared by the fault. The fault is mineralized with saddle dolomite (SD). (C) The Brcem filled with quartz
(Qtz) and SD. (D) Energy-dispersive x-ray spectroscopy map showing porous fault breccia filled by Qtz, SD, and barite (B). HRC = host rock clast.
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(spherulite 2), and 114.7– 2.6 Ma at the center
(spherulite 2). One sample in well A yields a younger
age for a calcite shrub in host rock of 71.5– 5.7Ma.

Dolomites that substitute infill geopetal material
found in fractures show a very early age of 116.8–
1.7 Ma. Radiaxial-fibrous calcite rims around breccia
clasts date to at least 108.7–2.1 Ma, suggesting a dif-
ference in age to the host rock of 8 Ma. Microcrystal-
line calcite infill within breccia pores has a slightly
younger age of 107.4– 2.3 Ma. Altered host rock
clasts in breccias have an age of at least 101.9–
2.7 Ma, an age younger than the Aptian deposition
that is interpreted to be due to alteration. Euhedral
calcite cement found in well B host rock vugs has an
age of 98.2–5.2 Ma. Dolomite associated with the
fault in well B was dated 95.1–5.3Ma.

At two locations in the chalcedony cement
within the fractures of well A, we detected high
amounts of uranium, reaching values of up to 2 ppm.
Despite these local observations, high uranium con-
tent in chalcedony is unusual because its chemical
composition does not include uranium either as a
major component or as a minor substitution element.

DISCUSSION

Barra Velha Formation Age

Depositional Age and Uncertainties
Our host rock U-Pb ages are relevant to recent discus-
sions about the age of the Barra Velha Formation. The

Barra Velha Formation has been historically dated as
Aptian by biostratigraphy (mostly ostracodes and pol-
len) or correlations with 40Ar-39Ar absolute ages from
volcanic intrusions (Moreira et al., 2007).

Moreira et al. (2007) dated basalts contempora-
neous to the Barra Velha Formation, obtaining an age
of 117 Ma by the 40Ar-39Ar method, which is very
close to the age we obtained for the host rock of the
Barra Velha Formation (ca. 116 Ma). Louback et al.
(2023) dated subaerial basalts in the Bacalhau oil
field and obtained ages ranging from 109.9–0.2 to
116.9– 0.2 Ma using the whole-rock 40Ar-39Ar dat-
ing method. Carbonate layers from the Barra Velha
Formation are overlying these basalts, suggesting that
the upper part of the Barra Velha Formation must
have a maximum age of 116.9 Ma in this location.
However, it is important to note that Moreira et al.
(2007) did not provide the analytical data, hindering
the assessment for the quality of the obtained age,
and Louback et al. (2023) stated that their data are
difficult to interpret because no age plateau exists.

However, recent studies based on planktonic
foraminifera and correlation of d13C profiles of oce-
anic anoxic events in the Santos Basin and Tethyan
sections constrained the overlying evaporite rock to
be Barremian or lower Aptian (Tedeschi et al., 2017;
Pietzsch et al., 2020; Sanjines et al., 2022), situating
the Barra Velha Formation at a substantially older
age than what studies based on U-Pb geochronology
(Rochelle-Bates et al., 2022; Lawson et al., 2023)
and current stratigraphic framework suggest (upper
Aptian) (e.g., Moreira et al., 2007).

Figure 11. Sequence of brittle deformation events in well B based on crosscutting relationships. (A) Collapse breccia cemented by
radiaxial-fibrous calcite rims around clasts. Breccia pores are filled by microcrystalline infill and silica. Wide veins also show internal brecci-
ation and crack-seal texture. (B) Faulting, several generations of breccias and microbrecciation. Breccias have clasts from host rock and are
commonly rebrecciated. (C) Quartz veins and barite geodes, which sometimes show solid bitumen fill.
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The U-Pb geochronology using LA-ICP-MS has
only recently been used to date calcites from the Barra
Velha Formation (Rochelle-Bates et al. 2022; Lawson
et al., 2023; Brito et al., 2024). Rochelle-Bates et al.
(2022) published the first U-Pb ages for the carbonates

of the Barra Velha Formation. In their samples, they
found ages to be consistently younger than the Aptian
and concluded that the original depositional age was
commonly erased by an Albian calcite recrystallization
event, probably triggered by enhanced heat flow.

Figure 12. Fluid inclusion microthermometry and geochemical analysis from the Barra Velha Formation. (A) Boxplot showing homoge-
nization temperatures (Th) of fluid inclusion assemblages (FIAs) hosted in barite and quartz cements. Yellow line shows temperature at
Top Barra Velha Formation measured in the wells. (B) Primary oil inclusions in quartz in well B. (C) Primary inclusions of oil and water in
barite cement filling vuggy porosity in well B. (D) Primary oil inclusions seen under ultraviolet light, showing yellowish fluorescence.
(E) Graph of 3He/4He versus 4He/20Ne. Air composition is shown by the red square. Mixing lines between air, crustal, and primordial He
composition (mantle) are shown by dashed curves (Torgersen and Jenkins, 1982). (F) Graph of Cl/Br versus Na/Br. Seawater composition
is shown by the red square. The dotted line shows seawater evaporation trend.
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Lawson et al. (2023) reported petrographic, geo-
chronologic, and isotopic results for two samples
from different locations in the Santos Basin. They
obtained ages for the Barra Velha Formation of
114.5– 4.7 and 109.7– 9.3 Ma based on the LA-
ICP-MS method and 115.8– 1.6 Ma based on the
isotope dissolution method. Reported 87Sr/86Sr ratios
of 0.7141 and 0.7134 and clumped isotope tempera-
tures lying between 60�C –6�C and 45�C – 5�C are
interpreted as not being representative of deposi-
tional conditions. However, the authors concluded
that the combination of petrography and isotopic
analysis suggested that these rocks have experienced
only minor levels of early burial diagenesis and
that the U-Pb ages obtained can be interpreted as
depositional, with the Barra Velha Formation being
deposited during the late Aptian.

Lastly, Brito et al. (2024) reported several ages
from the Barra Velha Formation, ranging from 125
to 82 Ma. They identified dolomite cements with
older ages (125–3 to 122–4Ma) than primary calcite
components in the host rock (116–2 to 110–2 Ma),
suggesting that the carbonate host rocks did not

Table 2. Fluid Inclusion Microthermometry Data for the
Barra Velha Formation, Santos Basin

Well FIA
Mineral
Host Type Fluid

Th
(�C)

Tm, ice
(�C)

A 1 Quartz Secondary Aqueous 60 NA
A 2 Quartz Primary Aqueous 73 NA
A 3 Quartz Secondary Aqueous 67 NA
A 3 Quartz Secondary Aqueous 65 NA
A 4 Quartz Secondary Aqueous 107 NA
A 5 Quartz Secondary Aqueous 72 NA
A 5 Quartz Secondary Aqueous 73 NA
A 6 Quartz Primary Aqueous 81 �15.6
A 6 Quartz Primary Aqueous 80 �16
A 6 Quartz Primary Aqueous 83 NA
A 6 Quartz Primary Aqueous 80 NA
A 6 Quartz Primary Aqueous 101 �17
A 6 Quartz Primary Aqueous 102 �16.5
A 6 Quartz Primary Aqueous 102 NA
A 6 Quartz Primary Aqueous 101 �15.5
A 7 Quartz Primary Aqueous 85 �16.2
A 7 Quartz Primary Aqueous 83 �15.8
A 7 Quartz Primary Aqueous 84 �16
A 7 Quartz Primary Aqueous 83 NA
A 7 Quartz Primary Aqueous 79 �16
A 8 Quartz Primary Aqueous 78 NA
A 8 Quartz Primary Aqueous 93 NA
A 8 Quartz Primary Aqueous 94 �16.5
A 8 Quartz Primary Aqueous 91 NA
A 8 Quartz Primary Aqueous 103 �16.5
A 9 Quartz Primary Aqueous 100 NA
A 9 Quartz Primary Aqueous 105 �16
A 9 Quartz Primary Aqueous 101 �16.8
A 9 Quartz Primary Aqueous 96 �16.3
A 9 Quartz Primary Aqueous 99 �16.9
A 9 Quartz Primary Aqueous 99 �15.8
A 9 Quartz Primary Aqueous 96 NA
A 10 Quartz Primary Aqueous 80 �15.5
A 10 Quartz Primary Aqueous 78 NA
A 10 Quartz Primary Aqueous 79 NA
A 10 Quartz Primary Aqueous 79 �15.5
A 10 Quartz Primary Aqueous 79 �15.8
A 10 Quartz Primary Aqueous 83 NA
A 10 Quartz Primary Aqueous 83 �16.2
A 10 Quartz Primary Aqueous 89 �15.8
B 11 Barite Primary Aqueous 80 NA
B 12 Barite Primary Aqueous 69 NA
B 12 Barite Primary Aqueous 72 NA
B 12 Barite Primary Aqueous 69 NA
B 12 Barite Primary Aqueous 74 NA
B 13 Barite Secondary Oil 58 NA
B 13 Barite Secondary Oil 55 NA
B 13 Barite Secondary Aqueous 56 NA

(continued)

Table 2. Continued

Well FIA
Mineral
Host Type Fluid

Th
(�C)

Tm, ice
(�C)

B 13 Barite Secondary Aqueous 53 NA
B 13 Barite Secondary Aqueous 50 NA
B 14 Barite Primary Aqueous 53 NA
B 15 Barite Primary Oil 63 NA
B 15 Barite Primary Oil 63 NA
B 16 Quartz Secondary Aqueous 65 NA
B 16 Quartz Secondary Aqueous 82 NA
B 16 Quartz Secondary Aqueous 62 NA
B 16 Quartz Secondary Oil 69 NA
B 17 Quartz Secondary Aqueous 68 NA
B 17 Quartz Secondary Aqueous 61 NA
B 18 Quartz Primary Aqueous 86 NA
B 19 Quartz Primary Oil 60 NA
B 19 Quartz Primary Oil 54 NA
B 19 Quartz Primary Aqueous 81 NA
B 19 Quartz Primary Aqueous 84 NA
B 19 Quartz Primary Aqueous 105* NA
B 19 Quartz Primary Aqueous 127* NA
B 19 Quartz Primary Aqueous 80 NA
B 19 Quartz Primary Aqueous 94 NA

Abbreviations: FIA = fluid inclusion assemblage (sensu Goldstein, 2001); NA = not
acquired; Th = homogenization temperature; Tm = melting temperature.

*May represent temperatures affected by posttrapping modifications, such as
stretching.
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preserve their pristine U-Pb geochemical signature.
The reset of U/Pb ratios may have been triggered by
the gain of U or the loss of Pb during diagenesis and
hydrothermal alteration.

Our U-Pb ages for host rock calcite shrubs and
spherulites from well A range from 113.9–1.9 to
116.6– 2.8 Ma, an age range similar to that reported
by Lawson et al. (2023) and Brito et al. (2024) and
compatible with a late Aptian age. The U-Pb calcite
geochronology results can be affected by calcite
recrystallization that can open the system and reset
the U/Pb ratios. Thus, caution must be exercised in
regions of the Barra Velha Formation that have been
affected by intense diagenesis. Lima et al. (2020)
showed negative d18O values between �5.70‰ and
�1.93‰ for fascicular calcites in host rock shrubs of

the Aptian Macabu Formation in Campos Basin,
which suggests recrystallization, because it shows a
lower isotopic ratio than positive primary evaporitic
signatures. A similar process may occur in the Barra
Velha Formation because they are analogous forma-
tions from neighboring basins. However, for our
dated depositional features, both the shrub and the
spherulite show only minor alterations and lack tex-
tural evidence for widespread recrystallization when
observed under transmitted light and cathodolumi-
nescence (Figure 5).

Because both 40Ar-39Ar and U-Pb ages are suit-
able for recording alteration ages, dedicated studies
to assess the quality of these geochronometers
within the conditions of the Barra Velha Formation
must be developed to achieve a consensus for its

Table 3. Noble Gas and Halogen Geochemistry Analysis of Fluid Inclusions from the Barra Velha Formation

Well Name Mineral 3He/4He (Ra) 4He/20Ne Na, ppb K, ppb Li, ppb Cl, ppb Br, ppb Na/Br, M Cl/Br, M

B Barite 2.28 – 0.04 19 1688 340 6 3466 22 266.5 355.1
B Quartz 2.32 – 0.11 1780 2154 190 8 4510 30 249.4 338.8
B Quartz 2.32 – 0.05 1538 1886 200 8 3654 15 436.8 549
B Quartz 2.33 – 0.05 306 1025 150 5 1862 12 296.7 349.7
B Quartz — — 1124 155 5 2246 12 325.4 421.9

Figure 13. Carbonate isotope compositions (‰VPDB [Vienna Peedee belemnite]). All samples have positive d18O, a common feature
in evaporitic settings. Most samples also have d13C+, except for laminate host rock and radiaxial-fibrous calcite rims from collapse breccias.
Data adapted from Farias et al. (2019), Lima et al. (2020), and Pietzsch et al. (2020) are shown for comparison.
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depositional age. Due to the lack of evidence for a
widespread recrystallization episode in our samples,
we infer that the ages we obtained are representative
of the depositional age of the Barra Velha Formation
host rock, although we recognize the risk of recrys-
tallization or U/Pb reset affecting our samples
because we did not have a d18O analysis on our host
rock calcite shrub samples to assess its geochemical
preservation.

Possibilities for Age Variation
It is important to note that the age obtained in the
Barra Velha Formation may vary depending on the
depth of the sample and distance from the evaporite
rocks. The age we obtained for spherulites (113.9 to
116.6 Ma) is close to the age of the calcite shrub
(116.2 Ma), although they are from different depths
(?250 m [?820.2 ft] apart) and from different sec-
tions in the upper and lower Barra Velha Formation.

Table 4. d18O And d13C Results Obtained from Well A and Well B for Target Mineral Features in the Barra Velha Formation

Well Name d13C (‰ VPDB) d18O (‰ VPDB) Type

A 2.00 1.13 Shrubstone host rock
A 2.19 2.61 Shrubstone host rock
A 1.84 2.55 Shrubstone host rock
B 1.06 3.30 Spherulitestone host rock
B 0.77 2.71 Spherulitestone host rock
B 1.10 2.93 Spherulitestone host rock
B �0.70 2.66 Laminite host rock
B �0.33 2.61 Laminite host rock
B �0.88 1.77 Laminite host rock
B �0.08 2.64 Radiaxial-fibrous calcite rim (collapse breccia in spherulitestone)
B 0.24 3.09 Radiaxial-fibrous calcite rim (collapse breccia in spherulitestone)
B 0.99 3.83 Radiaxial-fibrous calcite rim (collapse breccia in spherulitestone)
B �0.90 2.69 Radiaxial-fibrous calcite rim (collapse breccia in laminite)
B �1.29 2.86 Radiaxial-fibrous calcite rim (collapse breccia in laminite)
B �0.66 3.08 Radiaxial-fibrous calcite rim (collapse breccia in laminite)
B 0.27 3.15 Infill (collapse breccia in spherulitestone)
B 0.17 3.25 Infill (collapse breccia in spherulitestone)
B 0.09 2.78 Infill (collapse breccia in spherulitestone)

Abbreviation: VPDB = Vienna Peedee belemnite.

Table 5. U-Pb Calcite Geochronology Results for Target Mineral Features from the Barra Velha Formation

Well Name Feature Age, Ma 2s Error, m.y. MSWD Number of Spots

A Spherulite 1 rim (host rock) 116.6 2.1 1.4 26
A Spherulite 2 center (host rock) 114.7 2.6 1.4 17
A Spherulite 2 rim (host rock) 113.9 2 1.1 17
A Shrub (host rock) 116.2 1.4 5.7 25
A Shrub (recrystallized host rock) 71.5 5.7 4.2 25
A Dolomite (substitution) 116.8 1.7 6.1 35
B Radiaxial-fibrous calcite rim (collapse breccia) 108.7 2.1 1.4 28
B Radiaxial-fibrous calcite rim (collapse breccia) 108 4.5 0.7 26
B Radiaxial-fibrous calcite rim (collapse breccia) 105.8 4.2 1.2 32
B Infill (collapse breccia) 107.4 2.3 1.8 20
B Altered host rock 101.9 2.7 1.3 27
B Altered host rock 97.7 4.2 10 26
B Euhedral calcite (vug) 98.2 5.2 2.1 23
B Saddle dolomite (fault breccia) 95.1 5.3 1.8 33

Abbreviation: MSWD = mean squared weighted deviation.
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There are at least three explanations for this age simi-
larity in different depths.

1. Widespread recrystallization of the Barra Velha
host rock would reset U-Pb ratios and erase age
differences to the same recrystallization age.
This would make samples from different depths
and with different depositional ages be of the
same age after recrystallization, when analyzed
using U-Pb geochronology.

2. Spherulites are typically depicted as diagenetic
concretions (e.g., Lima and De Ros, 2019), grown
in an early eodiagenetic environment. The fact
that the spherulites grow during diagenesis may
explain why the age is like that of the shrubs in
the upper section, because they grow late in rela-
tion to actual host rock deposition. The spherulites
in the lower sample could have been growing as
an eodiagenetic concretion contemporaneously
with the shrubs in the upper sample.

3. A rapid deposition rate would decrease the age
variation between these two samples. The fact
that the samples were obtained from a mounded
carbonate in well A may suggest a faster deposi-
tion rate than the common Barra Velha Forma-
tion (not mounded). The deposition rate in
carbonate mounds could be influenced by
enriched fluids sourced by the underlying faults
and hydrothermal vents, which could increase
the deposition rate locally.

The difference in age between spherulite rim
(spherulite 2) (113.9–2.0 Ma) and center (114.7–
2.6 Ma) is small, suggesting that the process of nucle-
ation and growth of spherulites is fast, considering that
our obtained ages are depositional (or early diagenetic
for spherulites). Two spatially separated spherulite
rims (spherulites A and B) (Figure 11B; Table 5) differ
by?2.7m.y., although the discrepancy comes close to
the (2s) age uncertainty (2.1 and 2.0 m.y., respec-
tively). Further systematic high-resolution dating
would be needed to test the hypothesis of diachronous
episodic diagenetic/chemical reactions forming spher-
ulites (e.g., Wright and Barnett, 2015).

We also found a younger age in host rock shrub
from well A at 71.5–5.7 Ma during the Maastrich-
tian (Late Cretaceous), probably related to recrystalli-
zation, and in altered host rock breccia clasts from

well B at 97.7–4.2 and 101.9–2.7 Ma during the
Cenomanian/Albian. In this case, the younger
recrystallized shrub shows large areas with dark
luminescence, suggesting that here a widespread
recrystallization or alteration episode occurred, near a
fracture (Figure 5C). Although the recrystallization
episodes we found may be related to modifications
related to burial, hydrothermal alteration, or volca-
nism, the reason can only be determined with addi-
tional geochemical and petrographic evidence.

Two of our recrystallization ages are close to
those found by Rochelle-Bates et al. (2022) during
the Albian. These results reinforce evidence for
recrystallization in the Albian. However, this does
not exclude younger recrystallization events that may
have happened during the Maastrichtian, as shown
by our sample dated at ca. 71 Ma. As we discuss, if
recrystallization is related to discrete flow events and
enhanced heat flow (possibly through faults triggered
by hydrothermal alteration or magmatic events),
thenmultiple spatially and temporally distinct recrys-
tallizations may have occurred.

Another possible interpretation for this younger
shrub age is formation by diagenetic fluids percolating
the host rock. In well B, it is possible to identify den-
dritic calcite growing inside vugs with variable growth
direction, indicating a younger diagenetic formation
(Figure 9C, DS). In other parts of the Barra Velha
Formation, different types of calcite textures can be
associated with different processes of formation
(Rodr�ıguez-Berriguete et al., 2022), whichmay include
diagenesis. In the core, we observed shrubstones with
horizontal growth direction (Figure 8B), a position not
usually described for depositional shrubs in the Barra
Velha Formation. These different mechanisms of shrub
formation would also create age discrepancies.

Brittle Structure and Hydrothermal Alteration

Structural Characterization
We observed in both wells the presence of brittle
structures and bed tilting that showed that the Barra
Velha Formation experienced substantial deforma-
tion during burial. We discuss below, based on the
structural data observed in the core, that the genesis
of the fractures could be associated with both burial
and fault deformation.

Burial-related fractures usually have a regular
geometric relationship perpendicular to bed interfaces
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that act as a mechanical boundary. It is a common
feature of burial fractures to be influenced by beds,
usually resulting in bedding perpendicular opening-
mode fractures that may show some degree of regular
spacing (e.g., Narr and Suppe, 1991). Core fractures
have a range of dip angles (20� to 90�), and most of
them are opening-mode fractures. In some cases, it is
possible to observe bed-perpendicular configurations
(Figure 3F). Where the perpendicular orientation rela-
tive to bedding remains, varying fracture dips may be
related to the bedding tilt that also may have tilted
early fractures.We infer that part of the fracture popu-
lation formed as bed-perpendicular opening-mode
fractures in a burial setting. During subsequent defor-
mation, some of these fractures were later rotated
along with enclosed beds.

Deformation caused by fault zones is another
possible reason for the formation of fractures in the
Barra Velha Formation (Fern�andez-Ib�a~nez et al.,
2022b, Wennberg et al., 2023, Mendes et al., 2024).
The presence of faults in core (and on seismic profile)
and high bedding dip angles (up to 70�) are compati-
ble with fault deformation. The wide range of bed
tilt values within cores could reflect fault displace-
ment. A striated fault plane is present in the cored
interval in well B. This fault shows a steep dip angle
(85�) and a normal-oblique striation (73� of rake),
suggesting a transcurrent component of motion that
is compatible with the high angle of faults observed
in seismic lines (Figure 2). These faults caused part of
the brittle deformation observed in the reservoir and
affected the evaporite section as well, as evidenced
by the faulted Barra Velha Formation top (Figure 2).
Fault zone architecture comprising a damage zone
that envelops a fault core where slip is usually con-
centrated and creates cataclastic texture (e.g., Caine
et al., 1996) may account for the presence of fault
breccias in the cores. Many oblique fractures and
small faults may be parts of damage zones surround-
ing faults or being part of a fault core, where cataclas-
tic textures prevail.

In this interpretation, subsidiary small displacement
faults with cataclastic fill such as those observed in
core and petrography (Figure 3E, Sf) could be cre-
ated by slip of a network of larger faults, like the
faults imaged in seismic section (Figure 2). The nar-
row fractures observed in the core in micropetrogra-
phy have cataclastic fill. These cataclastic zones are
cut by later quartz veins (Figure 4E). This suggests

the presence of shear deformation, probably linked
to faults, during an early stage.

Brecciation Environment
The difference in age between radiaxial-fibrous cal-
cite rims (Figure 7A) on the collapse breccia clasts
(ca. 108 Ma) and spherulite and shrub in the host
rocks (ca. 116 Ma) shows that the formation of these
collapse breccias happened no more than approxi-
mately 8 m.y. after the deposition of the host rock.
The process of brecciation is probably related to col-
lapse of an open cavity that occurred in a shallow
burial setting, as burial was slowly increasing during
the sag phase of the basin in which the Barra Velha
Formation was depositing (e.g., Moreira et al., 2007;
Wright, 2022). Recent estimates for the deposition
rate of the Barra Velha Formation range between 54
and 80 m/m.y. (Pietzsch et al., 2018; Farias et al.,
2019). Considering the 8 m.y. of difference between
radiaxial-fibrous calcite rims around breccia clasts
and host rock age, the breccias would have been
formed at a maximum burial depth range of 432 to
640 m, but possibly much shallower and younger
because the age of the radiaxial-fibrous calcite rim is
a maximum limit for the age of brecciation, which
must have occurred before. The common presence
of geopetal features formed by the infill of microcrys-
talline calcite and quartz in breccia pores and veins is
evidence of the percolation of sediment through the
fracture/breccia network or decantation of small bro-
ken fragments of the brecciation process in the pores,
which also points toward a shallow burial environ-
ment and reinforces the interpretation of a collapse
breccia (e.g., Shukla and Sharma, 2018).

Radiaxial-fibrous calcite forms, such as the ones
coating the collapse breccia clasts, are usually inter-
preted as being related to supersaturation in calcite
(e.g., Richter et al., 2011; Pietzsch et al., 2022), and
geochemically, the radiaxial-fibrous calcite rims in
the collapse breccias are like the host rock shrubs.
The isotope data of radiaxial-fibrous calcite rims
around collapse breccia clasts (Figure 13; Table 4)
show positive d18O (2.64‰ to 3.83‰), suggesting
deposition from evaporitic waters with composition
similar to that of the host rock shrub (1.13‰ to
2.61‰). However, the d13C is lower than the shrub-
stone values and closer to the laminate host rock
values, which may indicate some residence time of
fluids in the subsurface in contact with laminites,
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because these show a lower d13C ratio due to micro-
bial influence (Souza et al., 2018). Thus, the pres-
ence of radiaxial-fibrous calcite rims in collapse
breccias may be evidence of cementation by fluids
with composition close to the evaporitic surficial
lake waters that deposited the host rock and for a
shallow brecciation during early burial (?400–600 m
[?1312–1968.5 ft] of maximum depth).

The d18O fractionation from water to calcite
depends on temperature, and thus the estimation
d18Owater composition may be different from the
obtained d18Ocalcite composition. We estimated
d18OSMOW-water (standard mean ocean water
[SMOW]) for the range of d18OVPDB-calcite obtained
in our study, using conversion equations in O’Neil
et al. (1969) and 40�C of temperature. We obtained
a range of d18OSMOW-water between 7.5‰ and
10.3‰, which reinforces the interpretation of evap-
oritic origin for the parental fluids.

In well B, the textural evidence of collapse brec-
cias rimmed by radiaxial-fibrous calcites includes
filled cavities with cracks that propagated through
the host rock and fallen clasts that deposited at the
bottom of the cavities created by the brecciation
(Figure 7A). These textures suggest that these col-
lapse breccias probably initially formed by ascending
fluids associated with chemical corrosion dissolving
surrounding host rock or shallow karstification that
opened a cavity, which was later collapsed and
cemented during early burial.

Vent and Fault Conduits
Vents are commonly found along faults in lakes of
rift basins and are usually associated with carbonate
mounds (e.g., Renaut et al., 2013; Dekov et al.,
2014; DeMott and Scholz, 2020; DeMott et al.,
2021). Mercedes-Mart�ın et al. (2019) proposed,
based on chemical modeling, that vents actively con-
trolled lake water composition with silica input dur-
ing the deposition of the Barra Velha Formation, but
the existence of vent conduits was never proved with
rock data. Vital et al. (2023) suggested that carbonate
towers within the Barra Velha Formation represent
outbreak of geothermal fluids enriched in Ca2+ and
HCO3

� along deep-seated faults. Strugale et al.
(2024) suggested that in the Campos Basin, deep-
seated faults reactivated during the postrift sequence
(i.e., contemporaneous with the Barra Velha Forma-
tion) may be controlling the ascension of hot fluids

that triggered the formation of mounds and a synde-
positional hydrothermal event (Barremian-Aptian
diagenetic event), constrained by U-Pb ages, petrog-
raphy, and fluid inclusion temperatures.

For the well B core, we described ?12-cm-wide
veins showing a crack-seal texture that represents
repeated fracture opening (Figure 8). The width of
these veins is much larger than that of any other frac-
ture found elsewhere in the reservoir, setting these
structures apart from the other fractures. Large
crack-seal veins are commonly found in fault zones
(e.g., Bastesen and Braathen, 2010; Balsamo et al.,
2019) and may be formed by cyclical variations in
fluid pressure (Petit et al., 1999). The large width,
internal brecciated fabrics, presence of vertically
rotated fragments of host rock bedding, and crack-
seal texture are also compatible with these veins
being fluid escape structures enlarged by reactivation,
usually caused by energetic fluid ascent and high
pressure, the diagnostic features of fluid conduits.
We interpret these structures to be hydrothermal
vent conduits that were reactivated many times,
allowing fluids to ascend to the surface in a hot springs
setting. Such vents are commonly associated with
spring mounds and hydrothermal overpressured fluid
injection (e.g., Della Porta, 2015; Brogi et al., 2017),
such as the ones observed in seismic line (Figure 2,
mound). These vents may have been initiated by faults
and may be part of a fracture network along a damage
zone, later used by fluids as a recurrent path. The wide
veins are cemented with calcite or quartz, suggesting
that the composition of the vent fluids was variable.
The pattern contrasts with the generally simpler
mineral deposit sequences in some regional tectonic
fractures in which ambient fluids and local diffusion
may dominate precipitation (e.g., Laubach et al.,
2019; Denny et al., 2020).

The presence of carbonate mounds in the Barra
Velha Formation has previously been described (e.g.,
Buckley et al., 2015; Corrêa et al., 2019; Simo et al.,
2019; Mendes et al., 2022; Zeller et al., 2022), but our
observation is the first interpretation of vent conduits
in cores, which we infer to have actively conducted
ascending fluids, possibly using fault zones, to modify
shallow portions of the Barra Velha Formation or to
reach the surface, where it formed carbonate mounds.
Although the upper part of the Barra Velha Formation
historically has been depicted as a postrift or sag phase
deposit (Moreira et al. 2007), some authors have
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shown evidence of active tectonism synchronous to the
upper Barra Velha Formation deposition (Karner and
Gambôa, 2007; Adriano et al., 2022). Evidence from
cored rock data showing soft sediment deformation
structures triggered by early/syndepositional fault
movements reinforce the interpretation of active faults
during the deposition of the upper section of the Barra
Velha Formation in some parts of the Santos Basin
(Terra et al., 2024).

Farias et al. (2019) estimated calcite crystalliza-
tion temperatures in the Barra Velha Formation
using clumped isotope thermometry. The range of
temperatures obtained varies from 46�C to 73�C,
suggesting that calcite precipitated from hot springs.
Although clumped isotope thermometry currently
may suffer from calibration uncertainties, we believe
that these temperatures support our interpretation
of vents with hot fluids having occurred locally in
the Barra Velha Formation. These vents probably
formed part of the carbonate reservoir, through the
deposition of spring mound carbonates (e.g., Della
Porta, 2015), and could have contributed to early or
postburial diagenetic and hydrothermal modifica-
tions. These vent-related features would be localized
where fault zones allowed fluids to rise up toward
shallow portions but would not exist where deep-
reaching faults were not present, a situation in which
the deposition of common alkaline-lake Barra Velha
Formation facies would prevail without significant
hydrothermal modifications and spring mound
deposits. Even though the Barra Velha facies is usu-
ally described as alkaline-lake deposits (Wright and
Barnett, 2015), recent analogues in the East African
Rift and the Basin and Range (United States) show
that these types of deposits coexist with localized
spring mounds and travertine deposits rooted by fault
zones that actively conduct uprising fluids (e.g.,
Renaut et al., 2013; Dekov et al., 2014; Guo and
Chafetz, 2014; Della Porta, 2015).

We observed dendritic calcite growing in vuggy
fractures in well B, followed by barite mineralization
(Figure 9C). In this context, the dendritic shape is dif-
ferent from the host rock shrubs and radiaxial-fibrous
calcite rims in collapse breccias, displaying more elon-
gated shapes and varied growth direction. The den-
dritic calcite appear to be a phase of cement filling
vugs. The occurrence of dendritic shape in calcites
within the Barra Velha Formation has been described as
associated with deposition in hydrothermal, travertine,

or spring mound settings (Della Porta et al., 2017;
Rodr�ıguez-Berriguete et al., 2022). The dendritic
shape may suggest proximity to vents or hot springs
that would allow deposition of this distinct shape
inside the vuggy pores.

Another interesting aspect is the horizontal shrub
growth direction observed in the core of well B
(Figure 8B). There are at least four interpretations for
this feature.

1. This growth direction is primary, which would
suggest growth in a mounded surface with incli-
nation, other than the lake bottom.

2. The horizontal shrub is a rotated clast in a rud-
stone or collapse/sedimentary breccia. The clast
could have been rotated during deposition and
be cut by the wide vein later during burial.

3. The original shrubstone suffered hydraulic brec-
ciation, which would imply an energetic fluid
uprise, causing breakage and rotation.

4. The shrubstone was rotated during fault breccia-
tion. However, we do not see evidence of cata-
clasis or intense fault deformation in this
specific location.

The depositional ages obtained for the host rock
within the carbonate mound in well A (116.2–2.8
Ma) and for the evaporitic radiaxial-fibrous calcite rim
cement within collapse breccias in well B (108.7–
105.8 Ma) are close to or contemporaneous with the
estimated age for the start of evaporite deposition and
marine incursions in the Santos Basin at 113Ma (Mor-
eira et al., 2005). This implies that the hydrothermal
vents may have been active, connected to the lake
waters, and possibly feeding springmounds contempo-
raneously with the deposition of the Ariri Formation.

Although there are controversial interpretations
about the real topographic expression of the Barra
Velha Formation mounds during deposition, obser-
vations in seismic lines indicate that the well A
mounded feature is more than 400 m high. The pin-
nacle shape usually indicates a subaqueous environ-
ment that would allow the preservation of such
geometry (Pentecost, 2005). Modern analogous sub-
aqueous mounds can be seen in dry lakes such as the
three United States lakes, Searles, Pyramid, and
Mono, and Abb�e Lac (Djibouti), with reliefs reach-
ing more than 40 m high (e.g., Della Porta, 2015).
However, there is no information about how much
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of these modern mounds is under the surface, having
been buried by younger lake sediments. Shallower
regions on top of the pinnacles would allow preferen-
tial anhydrite accumulation, whereas deeper portions
would be suitable for accumulating more soluble eva-
porites such as halite (e.g., Tucker, 1991).

Exotic Mineralogy and Fillings
The mineralogy including barite, saddle dolomite,
and quartz found in the fractures and in fault breccias
is evidence of the participation of external fluids
because they are chemically exotic to the geochemis-
try of the lake, host rock, or burial waters (e.g., Grif-
fith and Paytan, 2012). The barite mineralization
found in faults and fractures is not an original part of
the calcitic host rock chemical composition. The
presence of the exotic barite phase implies that min-
eralization must have had a deep fluid source that
interacted with magmatic or basement rocks to yield
the necessary barium source, and that it most likely
subsequently rose through faults where mixing with
sulfate infiltrated by seawater precipitated the barite.
This is also supported by the low Na/Br and Cl/Br
ratios observed in fluid inclusions. Dissolution of the
overlying evaporites (anhydrite) is another possible
mechanism to obtain a sulfate source. Although not
confirmed in our study, evaporite dissolution is a
mechanism that has been described as occurring in
other areas of the Brazilian pre-Salt (e.g., Lima et al.,
2020). This mechanism is commonly found in Mis-
sissippi Valley–type barite mineral deposits (e.g.,
Hanor, 2000) and is described to have yielded barite
mineralizations in related Cretaceous African basins
by hydrothermal alteration (e.g., Oden et al., 2015).

The barite found in the fault zone in well B core
was precipitated along with saddle dolomite (Figure
10D), a mineral described as a key indicator of hydro-
thermal mineralizations, due to its distinct shape
formed by rapid precipitation rate at temperatures
above 50�C (Davies and Smith, 2006). Considering
the U-Pb age of 95 Ma obtained from the saddle
dolomite, it can be assumed that the process of
hydrothermal mineralization of the fault zone at
well B must have occurred during the Cenomanian
(93.9–100.5 Ma), close to this age or before, seawater
infiltrated through the fracture network into the car-
bonate mounds within the Barra Velha Formation,
providing a sulfate source for barite mineralization.
Before the seawater incursions in the Santos Basin,

barite had not precipitated due to the lack of necessary
sulfur. This may explain why barite is a late cement
phase in fractures and is not present in early cementa-
tion phases. The high salinity and ion composition
plotting on seawater evaporitic trend obtained from
fluid inclusions (Figure 12F) supports the hypothesis
of deep hydrothermal fluids mixing with evaporated
seawater to deposit quartz and barite cements.

The carbonate mounds observed in the Barra
Velha Formation are hundreds of meters high, as
observed by seismic evidence (Buckley et al., 2015;
Barnett et al., 2021; Zeller et al., 2022). Due to their
high topographic expression, these mounds may have
been directly in contact with seawater incursions for a
long time during the deposition of the Ariri Formation,
allowing seawater to infiltrate down through the frac-
ture network and participate in the diagenesis. They
are also likely to have been exposed when the lake
water level was low, causing erosion, dissolution, and
fracturing by collapse (Wright, 2022).

Where evaporites formed an early effective seal
on top of carbonates, most likely where mounds are
not present, uprising fluids passing through faults
were impeded to flow to upper formations and
flowed mostly under the evaporites, predominantly
affecting the pre-Salt sequence. Preferential hydro-
thermal alteration just below the evaporite deposits
has been described in the Brazilian pre-Salt carbo-
nates and is evidence of the evaporites acting as a seal
for uprising hydrothermal fluids where carbonate
mounds are not present (e.g., Lima et al., 2020).

The late megaquartz found in fractures is com-
monly associated with barite and has been described
in other pre-Salt areas as being extraformational,
hydrothermal, and hosting high-temperature fluid
inclusions (Lapponi et al., 2019; Lima et al., 2020).
Late quartz cementation has been described as being
associated with finger-like silicification bodies that
migrate laterally from fault zones (Basso et al.,
2023). In addition to quartz, barite, and saddle dolo-
mite, we found a late-stage solid bitumen filling
fracture porosity and vugs. Solid bitumen is com-
monly found in hydrothermally altered carbonates
(e.g., Lima and De Ros, 2019; Lima et al., 2020;
Ukar et al., 2020). Although we do not have an
absolute age for the bitumen found in our samples,
similar bitumen-rich fractures are commonly found
in the related African Namibe Basin in Angola, where
they have been dated as 86.2– 2.4 Ma based on the
U-Pb geochronology of associated calcite cement
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(Rochelle-Bates et al., 2021). This age is in accor-
dance with our description of the solid bitumen
being a late phase with respect to barite, quartz, and
saddle dolomite mineralization found in the fault
zone. These considerations suggest that the exotic
mineralogy found in fractures and fault breccias is
most readily explained by the presence of widespread
hydrothermal alteration directly interacting with
infiltrating evaporated seawater affecting the brittle
structures within carbonate mounds at the sites of
wells A and B.

The Influence of Magmatism
Hydrothermal activity is compatible with what is
known of the timing and pattern of magmatism in
the Santos Basin. The deposition of sediments in the
pre-Salt succession in the Santos Basin is intercalated
with igneous rocks from several episodes of magma-
tism. Themain magmatic activity at the South Atlan-
tic started with an early peak at ca. 135Ma and lasted
until ca. 114 Ma in the Aptian (Szatmari and Milani,
2016; Gordon et al., 2023). Evidence suggesting con-
temporaneous volcanism with the Barra Velha For-
mation is commonly found in the pre-Salt reservoirs
(e.g., Moreira et al., 2005; Thomaz Filho et al., 2008;
Fornero et al., 2019; Louback et al., 2023). Fornero
et al. (2019) described an interval of 400 m of volca-
nic rocks and basaltic subaerial flows covered by
evaporites in a well in the Santos Basin. In some loca-
tions, these mafic rocks were deposited, showing
pahoehoe textures (Fornero et al., 2019) typically
associated with subaerial volcanic eruptions, which is
evidence of the surface being actively fed by dykes or
volcanoes at the time of the Barra Velha Formation
deposition. Subaqueous volcanism in the Santos
Basin is also evidenced by the presence of volcanic
rocks rich in volcanic glass, which are formed by
rapid quenching of the lava in the lake water (Zuc-
chetti et al., 2015). The active volcanism can alter
the lake water composition (e.g., Mercedes-Mart�ın
et al., 2019) and allow hot magmatic fluids to affect
the host rock and deposit minerals. Our results show
fluid inclusion in barite and quartz veins within the
Barra Velha Formation that have coeval presence of
hydrocarbons and high-salinity brines, with Th higher
than present-day temperature, which is evidence of
hydrothermal origin.

The helium isotopic composition in fluid inclu-
sions in barite and quartz is ?2 Ra, showing a

substantial input of volatiles from mantle origin.
Crustal 3He/4He ratios are typically ?0.01 Ra due to
the predominance of radioactive elements such as ura-
nium and thorium in the crust that decay to 4He,
whereas mantle sources preserve a high 3He/4He ratio
of ?8 Ra (and even higher in plume settings), due to
the presence of primordial 3He and limited radioactive
decay to 4He (Torgersen and Jenkins, 1982). The high
3He/4He ratio of ?2 Ra found in our samples is thus
evidence of a direct contribution from mantle fluids
into the hydrothermal system that interacted with the
Barra Velha Formation, depositing the quartz and bar-
ite cements in the fracture network.

As our chemical analysis showed, besides the
presence of exotic cations such as barium, we do not
see evidence of a major magmatic ionic contribution,
because fluid inclusion ionic composition is very close
to the seawater evaporitic trend, suggesting that most
of the direct magmatic input was in the form of vola-
tiles (i.e., gases, probably with CO2) and interacted
with seawater. The 3He/4He ratio of our samples is
lower than the expected ratio for a “pure” mantle
source, which may suggest some mixing with radio-
active helium by interaction with fluids from crustal
sources. A similar conclusion was reached by Szat-
mari and Milani (2016), Lima et al. (2020), and Pes-
tilho et al. (2022), who also interpret influence from
magmatic events or direct magmatic input by man-
tellic sources on the diagenesis observed in the Barra
Velha Formation.

The magmatic events affecting the Santos Basin
during the Cretaceous and Paleogene must have had
a direct influence on the depositional style and the
diagenesis by input of magmatic volatiles, exotic ele-
ments and heat during deposition, and burial of the
Barra Velha Formation. Magmatism in conjunction
with brittle deformation, which served as pathways for
fluids, probably allowed the creation of geothermal
anomalies, hydrothermal vents, and lacustrine spring
mounds and the input of exotic elements, including
large amounts of early silica cements in the host rock.
While the Aptian magmatism must have influenced
the depositional system, younger magmatic events
during the drift phase of the Santos Basin (e.g., Gor-
don et al., 2023) probably controlled hydrothermal
diagenesis identified by this study, such as the 95-Ma
saddle dolomite and barite mineralization.

The high amounts of CO2 mixed with hydrocar-
bons in this oil field could also have been sourced by
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the mantle in the form of volatiles. A high CO2 con-
tent in aqueous fluids can increase fluid acidity,
which favors dissolution of the calcitic host rock.
Such a mechanism could explain the common occur-
rence of vuggy fractures, large pores, and caves in the
Barra Velha Formation. Further CO

2
input at a later

stage probably mixed with the hydrocarbon charge,
explaining the high CO2 content dissolved in the res-
ervoir oil and in the gas cap of nearby reservoirs (e.g.,
Gamboa et al., 2019).

Implications of High Uranium Concentrations
The uranium concentrations in chalcedony cement
found in well A (up to 2 ppm) are unusual because
quartz is not a uranium-bearing mineral. High uranium
concentration intervals have been reported in the Barra
Velha Formation, where fractures and mounded carbo-
nates are present (Melani, 2019). A common source for
high uranium peaks in gamma-ray logs can be organic
matter; however, there are occurrences in the Barra
Velha Formation in which thorium and potassium con-
tents do not follow uranium increments as expected in
organic matter–rich shales, meaning that the source of
uranium may be something else (e.g., Melani, 2019).
These unusual uranium variations within the Barra
Velha Formation are not well understood, but we can
hypothesize how the uranium is incorporated in chalce-
dony cement by at least twomechanisms.

1. The uranium was sourced by the host rock.
Highly reactive dissolving fluids partially dissolved
the rock that has a significant uranium content
for carbonates (up to 9 ppm). Small inclusions of
host rock still preserved inside the chalcedony may
source the uranium measured in LA-ICP-MS
(e.g., Figure 4C, HRR).

2. The uranium was sourced by hydrothermal
fluids. In this case, the uranium may be in micro-
scopic mineral inclusions that can hold uranium
and are associated with the chalcedony.

Hydrothermal paragenesis with aluminum
phosphate-sulfate minerals, such as svanbergite, was
found as 1- to 100-mm sized inclusions in cements
within the Brazilian pre-Salt carbonates (Lima et al.,
2020; Strugale et al., 2024). Theseminerals are known
to be commonly associated with uranium deposits
(e.g., Gaboreau et al., 2005) and thus reinforce the
hypothesis of hydrothermal uranium origin.

Conceptual Fracture Model

Here, we discuss the sequence of diagenetic events
affecting the fracture network, the fracture distribution,
and themechanisms to preserve open fracture porosity.

Timeline of Diagenetic Events
Our investigation allowed us to determine the
sequence of diagenetic events affecting the fracture
network (Figures 14, 15). The diagenetic components
within the Barra Velha Formation can be composed
of several types of dolomites (microcrystalline, rhom-
bohedral, anhedral, lamellar, saddle, blocky), calcite
(cryptocrystalline, rim cement, coarse crystalline),
and silica (chalcedony, microcrystalline, and macro-
crystalline) (De Carvalho and Fernandes, 2021; Carra-
mal et al., 2022; Carvalho et al., 2022; Brito et al.,
2024; Gomes et al., 2025). Only some of the known
diagenetic phases could be observed filling brittle
structures in our samples, namely rhombohedral and
saddle dolomites, chalcedony, and macrocrystalline/
megaquartz. However, we were able to observe extra
cement/filling phases usually not present in the host
rock, namely radiaxial-fibrous and euhedral calcite
cements, barite cements, and solid bitumen.

The timeline of events (Figure 14) is constrained
by U-Pb ages or by petrography where geochronolog-
ical data are missing. Our event chart considers the
uncertainties of the U-Pb geochronology method by
the width of the bar in the chart. Although the
sequence observed here is well constrained locally, it
may vary in other areas. Because a substantial part of
the diagenesis here is linked to hydrothermal alter-
ation, it can be susceptible to changes in the underly-
ing rocks and variation in magmatism occurrence.

The overall sequence of structural diagenesis
affecting the Barra Velha Formation in the studied
area is the following.

1. Host rock composed mostly of shrubstones and
spherulitestones was deposited at least ca. 116–
113 Ma within mounded carbonates rooted by
faults. Fractures were formed very early, and
dolomitization affected the calcite that infil-
trated inside the fractures. Faults acted since the
beginning, evidenced by cataclastic textures
within small displacement faults.

2. Early brecciation and hydrothermal vents were
active at least ca. 108 Ma at a maximum burial
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depth of ?400 to 600 m. Large cavities in host
rock collapsed. Radiaxial-fibrous calcite rims
formed around collapse breccia clasts. Infiltra-
tion of microcrystalline material followed the
brecciation. These collapsed cavities were prob-
ably formed by overpressurized and corrosive
fluids, although meteoric dissolution is also
possible. Fluids with evaporitic signature and
supersaturated in calcite precipitated radiaxial-
fibrous calcite rims. Evaporitic lake waters and
seawater incursions infiltrated downward into
the mounds through fractures. Wide veins
formed with fluid escape structures.

3. Dissolution of host rock took place, probably
aided by mantle-derived volatiles, including He
and CO2, creating vuggy pores and caves around
faults and within the fracture network. Early

vuggy pores were covered by euhedral calcite at
ca. 98 Ma.

4. Oblique-normal faults and associated fault brec-
cia were mineralized at least 95 Ma. Ascending
hydrothermal fluids mineralized the fault zone,
mostly with saddle dolomite.

5. With continuing dissolution, fractures were
enlarged and formed a network of vuggy fractures.
Large cavities formed quartz or barite geodes
when mineralized. Chalcedony, quartz, and
barite-filling fractures were deposited by hydro-
thermal fluids that interacted with basement,
magmatic sources, and mixture with previously
infiltrated seawater.

6. Solid bitumen filled open pores still connected
to the overall fault and fracture network, repre-
senting the last phase of filling.

Figure 14. Chronology of diagenetic events in brittle structures. Event ages are constrained by U-Pb geochronology. We used petrography
to infer relative age where geochronology was not available. Red circles: U-Pb estimated age. Black bars: U-Pb age uncertainty. Avg.Th: average
homogenization temperature from fluid inclusions; Cenoman. = Cenomanian; col. = collapse; Fibr. = fibrous; Maastrich. = Maastrichtian.
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Preservation of Open Fractures
Fracture porosity is mostly seen preserved in fractures
mineralized with quartz or barite. These fractures
typically have irregular pitted fracture walls, suggest-
ing that the fluids passing through caused dissolution
of the calcitic host rock (Figures 3; 9C, G). The fluids
that caused cementation in fractures are likely of
hydrothermal origin, as indicated by elevated Th

values of fluid inclusions hosted in quartz and barite.
The latter could be sourced from fluids that origi-
nated from outside of the Barra Velha Formation.
Thus, fractures formed (either during regional burial
or associated with faults) and were differentially wid-
ened by corrosive fluids, but they subsequently were
partly filled with hydrothermal minerals. Preserva-
tion of porosity depends on how wide the fractures

Figure 15. Stages of mound development, diagenetic and hydrothermal alterations, and brittle deformation. (A) Circa 116 Ma: forma-
tion of carbonate mounds, early fractures, microcrystalline infill and dolomitization. (B) Circa 105–108 Ma: collapse brecciation cemented
by radiaxial-fibrous calcite with evaporitic geochemical signature. (C) Circa 98–95 Ma: oblique faulting, dissolution, and hydrothermal
cementation mostly by quartz and barite. Solid bitumen migration and calcite recrystallization are younger events. Horizontal and vertical
scales of features are purposely exaggerated for clarity. Fm. = Formation.
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are during dissolution and on the extent of later min-
eral infill.

The correlation of fault zone proximity and sec-
ondary porosity preservation has been identified in
some pre-Salt areas. There is evidence of the impor-
tance of fault damage zones creating fracture porosity
that may be further increased by dissolution, causing
the formation of vuggy fractures (e.g., Figure 3B, D)
and caves (De Jesus et al., 2016; Baqu�es et al., 2020;
Fern�andez-Ib�a~nez et al., 2022a). Wennberg et al.
(2021) described intervals of damage zones next
to faults with high average fracture intensity of
14 fractures per meter based on image logs. These
regions can have high porosity (>20%) and high

permeability (>1 d) and are thought to be among
the causes of excess permeability identified by well
tests (e.g., Fern�andez-Ib�a~nez et al., 2022b). How-
ever, fractures with regular walls are usually perva-
sively cemented, most commonly with quartz
(Figure 10B, QV). This suggests the importance of
faults creating secondary porosity in the reservoir,
and in areas where widespread dissolution occurred,
porosity remained partially preserved in some
proportion.

A curious feature commonly observed in vugs
and fractures mineralized with quartz and barite is
size-dependent mineralization. When fractures can
be seen connected with vugs forming a network of

Figure 16. Mechanism to form and preserve mineralized vuggy fractures and vuggy pores. (A) Deformed host rock with opening-mode
fractures showing straight walls. (B) Vuggy fracture enlarged by dissolving fluids rich in silica and mantle volatiles (CO2 included) that pro-
moted host rock dissolution. (C) Quartz covers vugs and fracture walls; narrow fractures are filled first, and large fractures are still open,
leaving fluid pathways to Ba-rich fluids. (D) Barite covers the geode and vuggy fracture; remaining porosity is only preserved in large cavi-
ties forming geodes and the large vuggy fractures coated by euhedral cements, whereas narrow fractures are pervasively cemented, pre-
venting new incoming fluid flow. Vuggy pores that became isolated from the pore network during quartz cementation do not show barite
cementation.
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fractures, narrow width fractures are pervasively
cemented, but vuggy fractures or large cavities are still
preserved, usually partially filled by euhedral quartz
or barite in the form of a geode (e.g., Figure 7E).

A possible mechanism that can explain this pref-
erential preservation of vuggy fracture porosity rela-
tive to quartz is the tendency for quartz to seal
narrow fractures rapidly (Laubach, 2003; Lander
and Laubach, 2015). This process has been proposed
to explain porous, vuggy fault cores in sandstone
(Laubach et al., 2014). However, where fluid trans-
port governs quartz accumulation, wide conductive
fractures may preferentially fill with quartz (Williams
et al., 2015;Williams and Fagereng, 2022).

During the process of cementation, fractures and
vugs were linked with one another and in contact
with the same cementing fluid. However, as cemen-
tation took place, smaller parts of the network were
closed first, with the crystal growth leaving only the
larger pores preserved with partial fill. Notably large
geodes (1–2 cm) with pristine quartz and barite crys-
tals inside could only be preserved if these pores were
isolated from the rest of the network because no
other cement phase covered these euhedral crystals
after they formed (Figure 16). Although geodes may
have been linked to fractures and high-permeability
pathways, the size-dependent fill that mainly closes
small width fractures tends to isolate geode cavities.
Once geodes are isolated from the rest of the fracture
network, their contribution to permeability is likely
zero, although their storage potential is mostly pre-
served. Later oil migration may have helped in the
preservation of pristine crystals within geodes
because the oil would prevent the deposition of
minerals from aqueous solutions.

Based on these observations and inferences, we
interpret that most of the preserved secondary
porosity in fractures must have been intercon-
nected with vuggy pores and was created by dissol-
ving fluids sourced by the underlying faults. These
fluids used the established damage zone around
faults to flow through and dissolve fractures, creat-
ing in some parts vugs or even caves (e.g., De Jesus
et al., 2016). When cementation took place, small
fracture widths and pores filled first and clogged
pathways to large cavities, creating pristine geodes
and trapped porosity. Where large cavities are still
connected, pathways are likely large enough to
resist cementation (?1 cm or more).

CONCLUSIONS

In the Barra Velha Formation, our study of cores
from two wells constrains the Aptian depositional
age of the formation and documents the deformation
of host rock by several phases of brecciation, faulting,
and fracturing, which still preserve porosity.

Using U-Pb dating, we show that the Barra Velha
Formation is at least approximately 116 m.y. old and
that recrystallization affected some of the host rock
components, yielding younger recrystallization ages
(Albian andMaastrichtian) in some parts.

A shallow (400–600 m depth or less) collapse
brecciation event affected the Barra Velha Formation
at ca. 108 Ma. Isotopic geochemistry shows that the
composition of radiaxial-fibrous calcite rims cement-
ing breccias is evaporitic, suggesting that they were
cemented by fluids with composition close to the
evaporitic lake waters.

We provide the first description of wide veins
mineralized with calcite and quartz and bearing
crack-seal texture, internal brecciation, and fluid
escape structures, which are indicative of hydro-
thermal vents or hot springs. Spring mounds or pin-
nacles observed in seismic and dendritic calcite
growing in vuggy pores are additional evidence of
vent-fed springs affecting depositional system and
diagenesis.

Hydrothermal mineralization, including bar-
ite, saddle dolomite, quartz-filled breccias, veins,
and vugs, are evidence of uprising hydrothermal
fluids, rich in mantle volatiles, fed by the faults
that interacted with infiltrated seawater and
possibly basement. Fault mineralization occurred
ca. 95 Ma, with saddle dolomite associated with
fault breccias.

We describe a timeline of diagenetic events
affecting the fracture network that is anchored by
U-Pb dates. The fracture network experienced sev-
eral episodes of cementation, probably linked to
fluids ascending along a fault zone. Open porosity in
fractures is preserved where neighboring narrow
pathways to vuggy pores are clogged by cement or
where dissolution was intense enough to create vuggy
pores >1 cm or caverns that were not pervasively
filled by barite or quartz cement. Solid bitumen is
observed filling remaining open vuggy pores and
fractures.
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APPENDIX

Figure 17. Tera-Wasserburg plots of the features dated with U-Pb. (A) Dolomite (substitution). (B) Spherulite 1 rim (host rock).
(C) Shrub (host rock). (D) Spherulite 2 center (host rock). (E) Spherulite 2 rim (host rock). (F) Radiaxial-fibrous calcite rim (collapse brec-
cia). (G) Radiaxial-fibrous calcite rim (collapse breccia). (H) Infill (collapse breccia). (I) Radiaxial-fibrous calcite rim (collapse breccia).
(J) Altered host rock. (K) Euhedral calcite. (L) Altered host rock. (M) Saddle dolomite (fault breccia). (N) Shrub (recrystallized host rock).
MSWD = mean squared weighted deviation.
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Figure 17. Continued
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Figure 17. Continued
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