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Introduction:

The giant pre-salt reservoirs account for the majority of oil production in Brazil (Schrank et al., 2024). The Barra Velha Formation (BVF),
located in the Santos Basin, is notable for its carbonate hydrocarbon reservoirs, which are of significant economic importance to the oil and gas
sector. These reservoirs, which are bounded by the Pre-Alagoas unconformity at the base and the Ariri Formation evaporites at the top, have
primary characteristics that are altered by diagenetic processes. Diagenesis is defined as the set of post-depositional physical, chemical, and
mineralogical transformations that, occurring over geological time, result in changes to the formation's porosity and permeability architecture.
This is directly linked to the reservoir's potential productivity.

The Santos Basin, located offshore of the southeastern Brazilian margin, covers an area of approximately 350,000 km?. It is bounded by the
Florianopolis High to the south and the Cabo Frio High to the north, extending along the coasts of the states of Santa Catarina, Parana, Sao
Paulo, and Rio de Janeiro (Moreira et al., 2007; Figure 1). Its tectonic evolution is associated with the breakup of the Gondwana paleocontinent
and the opening of the South Atlantic, and it is divided into three main stages: rift, post-rift, and drift (Moreira et al., 2007; Riccomini et al.,
2012). The Barra Velha Formation was deposited in an alkaline lacustrine environment and is composed of fascicular and spherulitic
limestones associated with magnesian clay matrices, such as stevensite and kerolite (Wright & Barnett, 2015; Schrank et al., 2024). The drift
phase, characterized by oceanic crust generation and halokinesis, is represented by shallow and deep marine sediments (Moreira et al., 2007).
The Barra Velha Formation constitutes a complex carbonate system, marked by lithological heterogeneities and intense diagenetic controls.
These include: (i) mechanical and chemical compaction, which is responsible for reducing primary porosity; (ii) silicification, which can both
preserve and obliterate depositional textures; and (iii) dolomitization (de Carvalho and Fernandes, 2022).

This study aims to identify and characterize the main diagenetic constituents and their phases in the Barra Velha Formation (Santos Basin),
with a focus on the Tupi Field (Figure 1), in order to establish a paragenetic history. The integration of this data allowed for a better
understanding of the diagenetic controls on lithological heterogeneity and reservoir quality, supporting models for porosity and permeability
distribution.



Methodology:

For this purpose, approximately 30 m of core from the Tupi field, representing the middle of the BVF in the Santos Basin, were used for both
macroscopic and microscopic analyses. A total of about 18-20 pre-selected petrographic thin sections were prepared from this core,
impregnated with blue epoxy and stained with Alizarin Red S for carbonate differentiation. These sections were described using a Zeiss Axio
Imager microscope under plane-polarized light (PPL) and crossed-polarized light (XPL), coupled with an AxioCam color camera.
Complementary techniques, including epifluorescence and cathodoluminescence, were applied to determine diagenetic stages.
Cathodoluminescence analyses were conducted on selected thin sections using a CITL MK5-2 electron beam, operating at 12 kV and 215 pA
in low vacuum conditions (<0.050 mbar), coupled with a Zeiss Axio Scope microscope and an Axiocam color camera.

Results:

Transitional forms of shrubs and spherulites represent an initial diagenetic component, which, under the influence of diagenesis, are
progressively dissolved and replaced by dolomite and silica. The spherulites exhibit good sphericity, with the characteristic maltese cross
extinction. Their core is often composed of peloidal material, which can also be observed occurring dispersed within the clay matrix. Although
shrubs are less abundant than spherulites in the thin sections, they display clear evidence of in situ and syndepositional formation and preserve
intrashrub porosity, within which early-stage dolomite crystallization can be recognized. The clay matrix is volumetrically significant in this set
of thin sections, exhibiting a laminated fabric, and also constitutes one of the main syngenetic components, as indicated by its displacement by
later diagenetic phases.

Two different types of dolomite were identified during descriptive analyses: blocky and mosaic dolomite (Figure 2A and B; Figure 3). Each
type is associated with a different degree of dolomitization, which directly impacts the diagenetic grade of the Barra Velha Formation (BVF).
Blocky dolomite exhibits a well-defined rhombohedral habit, with predominantly linear crystal contacts and variable preservation of crystal
edges, depending on the degree of crystal coalescence (Figure 2A and B). It occurs mainly dispersed within the clay matrix, replacing
magnesian clays, and locally as a cement filling intercrystalline porosity. In some cases, peloidal nuclei are preserved within the dolomite
crystals.

Mosaic dolomite shows variations in crystal habit, particularly evident in cathodoluminescence images (Figure 3C and E). The originally
rhombohedral crystals show rounded corners, and their edges are affected by linear contact, resulting in more agglutinated texture. Mosaic
dolomite (Figure 3E) predominantly occurs as pore-filling phase between calcitic components and represents a more advanced stage of
dolomitization compared to blocky dolomite, indicating a more intense and evolved diagenetic overprint.

In addition to dolomitization, five products of silicification were identified: (I) crypto- and (I11) microcrystalline silica, (111 and V) chalcedony
and (V) macrocrystalline quartz. (Figure 2C-F). Two types of chalcedony were identified (Figure 2C and D): spherulitic chalcedony,
composed of radially organized sets of fibrous or acicular crystals, and fibrous chalcedony, characterized by bundles of microscopic crystal
fibers with wavy extinction.



Cryptocrystalline quartz is associated with other silica types and occurs mostly as a replacive phase of magnesian clay matrix and calcitic
spherulites. Microcrystalline quartz occurs associated with chalcedony and normally corresponds to a replacive phase or filling intercrystalline
porosity between dolomite crystals in intensely altered diagenetic facies. Fibrous chalcedony commonly appears accompanied by other silica
phases, such as microcrystalline quartz, and occurs filling vugular pores or laminated intervals. Spherulitic chalcedony occurs as silica cement
laminations interbedded with dolomitized carbonate material, as well as in isolated occurrences in a significant portion of the analyzed thin
sections. Macrocrystalline quartz preferentially fills vugs and intercrystalline pores between mosaic dolomite crystals, and locally fills intra-
spherulitic dissolution pores.

Associated with these minerals, cement of barite and dawsonite were also identified, together with evidence of chemical and mechanical
compaction and the development of stylolites.

Conclusion:

In summary, the integrated analysis of the diagenetic constituents of the Barra Velha Formation allowed the definition of a clear paragenetic
sequence (Figure 4), outlining the fundamental diagenetic controls on the evolution of the carbonate system. The evolutionary history begins
with syngenesis, characterized by the formation of primary components, followed by eodiagenesis, marked by the replacement of Mg-clay
matrix by silica (cryptocrystalline and microcrystalline silica) and blocky dolomite, and culminates in mesodiagenesis, a phase identified by the
development of mosaic dolomite and macrocrystalline quartz.

The interaction among diagenetic processes exerted a fundamental control on the final configuration of reservoir porosity. The voluminous
laminated magnesian clay matrix, a product of syndiagenesis, acts as a negative component, reducing permeability and occupying potential
pore space. Conversely, dissolution events, particularly those affecting metastable components such as shrubs and spherulite nuclei, emerge as
the most critical diagenetic mechanism for improving reservoir quality. These processes generate intracrystalline porosity and vugular pores,
effectively counterbalancing pore reduction caused by the precipitation of cements during mesodiagenesis.

It is therefore concluded that the final petrophysical quality of the reservoir results from a dynamic balance between destructive processes,
such as pore filling by cements and the presence and preservation of the clay matrix, and constructive processes, with emphasis on dissolution,
which constitutes the main mechanism for the formation of effective porosity in the studied system.
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Figure 1. Location map of the Santos Basin and the pre-salt polygon. The studied well, located in the Tupi Field (highlighted in yellow), is
marked by a red dot.




Figure 2. (A) Mosaic dolomite occurring between spherulites. The dolomite crystals are agglutinated, the Mg-clay matrix can also be identified.
PPL (plane-polarized light); (B) Same field of view as (A), highlighting the crystal contacts. XPL (crossed-polarized light); (C) Fibrous
chalcedony filling vuggy porosity between shrubs. PPL. (D) Same field of view as (C), showing the fibrous habit and extinction patterns. XPL.
(E) PP/PX: Mosaic dolomite between the spherulitcs. The dolomite are aglutinated and the porous type is intergranular, its possible identify the
mg-clay matrix. (C) (D) PP/PX: Fibrous calcedony filling the vuggy between the shrubs. (E)(F) PP/PX: Dissolution of spherulite and crypto
quartz, micro quartz, macro quartz and fibrous calcedony associated. Observe the laminated mg glay matrix, with dispersed dolomites and the
stylolite cut the thin section.



Figure 3. (A) Blocky dolomite occurring between shrubs. Cathodoluminescence image (CL); (B)Epifluorescense image (EPI);Blocky dolomite
and in (C) Blocky dolomite showing more agglutinated crystal contacts. CL; (D) Blocky dolomite replacing partially the Mg-clay matrix. UV

epifluorescence image (EPI); (E) Mosaic dolomite. Note the highly agglutinated crystal contacts and the reduced porosity compared to blocky

dolomite. Mosaic dolomite represents a more advanced diagenetic stage. CL; and (F) Blocky dolomite dispersed within the Mg-clay matrix.

EPI.
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Figure 4. Paragenetic sequence suggested for the Barra Velha Formation in the studied well of the Tupi field.



