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Abstract

The Barra Velha Formation is a carbonate unit in Brazil's Santos Basin Pre-salt, notable for its extensive fracturing and karstification. Core
sample analyses reveal structures indicative of hydrothermal alteration, often manifested as breccias or veins. These alterations and diagenesis
imprints significantly affect well productivity, with dissolution features commonly observed in both image logs and rock samples. However,
the understanding of the timing, temperature, age, and geochemical characteristics of the fluids affecting the structural framework remains
limited, mainly due to the complex interplay between deformation and fluid migration. This uncertainty presents challenges in developing a
comprehensive model that explains the relationship between natural fractures and diagenesis, as well as the preservation of large pores.

This study investigates the textures of brittle structures and how diagenesis and hydrothermal alteration have reshaped the structural framework
over time in the Barra Velha Formation, aiming to reconstruct the timeline of diagenetic events and link brittle deformation to hydrothermal
processes that impact reservoir quality. To achieve our objectives, we employed an integrated approach to gather data on the cements present in
the rocks. We described 110 meters of core samples, focusing on structural features and related diagenesis. We analyzed 31 thin sections
through transmitted light petrography, cathodoluminescence, and scanning electron microscopy. Fluid inclusion microthermometry was used to
determine precipitation temperatures for quartz and barite cements. The bulk crush leach method assessed halogen compositions in fluid
inclusions. Noble gas compositions were analyzed for magmatic influences, while carbon and oxygen isotopes were measured in carbonate
cements to evaluate parent fluid composition. U-Pb geochronology provided absolute ages for the carbonate cements.

Our findings elucidate deformation mechanisms affecting the Barra VVelha Formation, characterized by multiple brecciation, dissolution,
faulting, and fracturing events. Evidence of hydrothermal mineralization includes barite veins, saddle dolomite, breccias, and quartz-filled
veins, highlighting the influence of hydrothermal fluids on diagenesis. High salinity fluid inclusions rich in mantle volatiles suggest mixing
between deep hydrothermal fluids and evaporitic brines. Mineralized fault zones were dated using U-Pb geochronology to approximately 95
million years ago. We constructed a timeline of diagenetic events and natural fractures, constrained by U-Pb ages. The fracture network
underwent several cementation events, especially where fluids ascended through fault damage zones. Open porosity within fractures was



preserved, and intense dissolution created large pores only partially filled by cementation, leaving connected open pores that positively impacts
well productivity.
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RO TR Sl Coreros Bt Ranking of 30 most productive oil wells in Brazilian Pre-salt

Ranking position Well name Oil field Location Oil Production (bbl/d) ° B ra Zil d a i |y p rOd uctio n is a bout 4 M M bopd .

1 7-BUZ-74D-RIS Buzios Santos Offshore 50,542

2 7-BUZ-70D-RJS Buzios Santos Offshore 47,621

3. OBRSALBHRS s Sanos  Offshore 47347 * 6600 oil producers (169 pre-salt wells yield 79% of production — 3.2 MMbopd)
4 7-BUZ-23-RJS Buzios Santos Offshore 46,060

5 7-BUZ-12-RJS Buzios Santos Offshore 45,551

6 3-BRSA-1322-RJS Mero Santos Offshore 43,822

7 7-MRO-18D-RJS Mero Santos Offshore 43,334

8 9-ATP-1-RIS Atapu Santos Offshore 43,217

9 7-MRO-16D-RJS Mero Santos Offshore 42,739

10 7-ATP-6-RJS Atapu Santos Offshore 42,315

11 7-BUZ-18-RJS Buzios Santos Offshore 42,116

12 7-BUZ-25-RJS Buzios Santos Offshore 40,925

13 7-ITP-5D-RJS Itapu Santos Offshore 40,838

14 9-ITP-1-RJS Itapu Santos Offshore 40,836

15 7-MRO-7A-RJS Mero Santos Offshore 39,996

16 7-MRO-17A-RJS Mero Santos Offshore 39,908

17 7-BUZ-30-RJS Buzios Santos Offshore 39,578

18 3-BRSA-1255-RJS Mero Santos Offshore 38,623

19 9-BUZ-3-RJS Buzios Santos Offshore 37,456

20 9-BUZ-4-RIS Buzios Santos Offshore 35,868

21 7-MRO-27D-RJS Mero Santos Offshore 35,589

22 3-BRSA-1201-RJS Sépia Santos Offshore 33,095

23 7-BUZ-14DA-RIS Buzios Santos Offshore 33,040

24 7-BUZ-45DA-RJS Buzios Santos Offshore 32,495

25 7-BUZ-33-RJS Buzios Santos Offshore 32,329

26 7-MRO-24D-RJS Mero Santos Offshore 31,721

27 7-TUP-121DA-RJS Tupi Santos Offshore 31,189

28 7-SEP-6-RJS Sépia Santos Offshore 30,645

29 7-BUZ-29D-RIS  Blzios  Santos  Offshore 29,825 Brazilian national petroleum agency report (June/July 2025)

30 7-ITP-4-RJS Itapu Santos Offshore 29,715
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Ranking of 30 most productive oil wells in Brazilian Pre-=salt

e Brazil daily production is about 4 MMbopd.

* 6600 oil producers (169 pre-salt wells yield 79% of production — 3.2 MMbopd)

HIGH PRODUCTIVITY WELLS Equivalent to:

~25% of Brazil production (“4MMbopd*)
Reaches 1.000.000 bbl/day A et o 1202,
with first 25 Santos Basin Pre-salt wells

How can we find more “high production” wells?

What is the geological recipe for such high productivity?

1 7-BUZ-74D-RIS Buzios Santos Offshore 50,542
2 7-BUZ-70D-RJS Buzios Santos Offshore 47,621
3 9-BRSA-1254-RJS Sépia Santos Offshore 47,347
4 7-BUZ-23-RJS Buzios Santos Offshore 46,060
5 7-BUZ-12-RJS Buzios Santos Offshore 45,551
6 3-BRSA-1322-RJS Mero Santos Offshore 43,822
7 7-MRO-18D-RJS Mero Santos Offshore 43,334
8 9-ATP-1-RIS Atapu Santos Offshore 43,217
9 7-MRO-16D-RJS Mero Santos Offshore 42,739
10 7-ATP-6-RJS Atapu Santos Offshore 42,315
11 7-BUZ-18-RJS Buzios Santos Offshore 42,116
12 7-BUZ-25-RJS Buzios Santos Offshore 40,925
13 7-ITP-5D-RJS Itapu Santos Offshore 40,838
14 9-ITP-1-RJS Itapu Santos Offshore 40,836
15 7-MRO-7A-RJS Mero Santos Offshore 39,996
16 7-MRO-17A-RJS Mero Santos Offshore 39,908
17 7-BUZ-30-RJS Buzios Santos Offshore 39,578
18 3-BRSA-1255-RJS Mero Santos Offshore 38,623
19 9-BUZ-3-RJS Buzios Santos Offshore 37,456
20 9-BUZ-4-RIS Buzios Santos Offshore 35,868
21 7-MRO-27D-RJS Mero Santos Offshore 35,589
22 3-BRSA-1201-RJS Sépia Santos Offshore 33,095
23 7-BUZ-14DA-RIS Buzios Santos Offshore 33,040
24 7-BUZ-45DA-RJS Buzios Santos Offshore 32,495
25 7-BUZ-33-RJS Buzios Santos Offshore 32,329
26 7-MRO-24D-RJS Mero Santos Offshore 31,721
27 7-TUP-121DA-RJS Tupi Santos Offshore 31,189
28 7-SEP-6-RJS Sépia Santos Offshore 30,645
29 7-BUZ-29D-RJS Buzios Santos Offshore 29,825
30 7-ITP-4-RJS Itapu Santos Offshore 29,715

Brazilian national petroleum agency report (June/2025)



Location

Brazilian Pre-salt Area
- Southeast Atlantic coast

= - Santos and Campos Basins
- Carbonate reservoirs
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Structural characterization

Fluid-inclusion microthermometry

Structural
Diagenesis

Petrography

Seismic characterization

U-Pb Dating
Noble gas composition (Fl)



Reservoir Characteristics
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Reservoir Top Structural Map
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e Ingredient Nr.1 - Brittle deformation
S |le&EthIU Structural characterization

SEM-EDS element mag

Oblique-normal fault associated with barite, quartz and saddle dolomite
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ce Ingredient Nr.1 - Brittle deformation
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Ingredient Nr. 2 — Hydrothermal alteration
Vuggy Fractures

Natural fractures

-+

Intense karstification

Very high “extra-matrix”
permeability

b
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Ingredient Nr. 2 — Hydrothermal alteration
Petrography

_ . ‘ . Thin section
Fractures mineralized with barite vuggy fracture partially filled by quartz and bitumen

Vuggy fractures lined with quartz, barite and bitumen.
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ol = Ingredient Nr. 2 — Hydrothermal alteration
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Tel~ Ingredient Nr.3 - Diagenesis

o, RO Preservation-Mineralization of large pores

Size and inter-connection between cavities plays a major role in preservation.
*  Proximity to fault zone opens pathways for fluids.

Vugular fracture
Opening-mode fractures

Possible outcomes:

1)  Fully cemented vuggy fracture - Not connected

Dissolving
Si-rich fluids

Vugular pore
3) Partially cemented vuggy fracture — Connected — Oil filled _

2em | b Preserved barite geode Preserved quartz geode

2)  Partially cemented vuggy fracture (geode) — Not connected — Water filled

\/

Shrubstone e a Shrubstone

—_

Open fracture

Closed
fracture

Isolated pore

Shrubstone
Shrubstone 3 om d
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o, 22 = RI0 Conceptual Model — The recipe

Conceptual model chart

c.a. 95 Mya Evaporites

\Vuggy fractures * At c.a. 95Mya faults were reactivated

Hydrothermal and * |nteraction with mantle-derived volatiles

infiltrated seawater mixing (Possibly rich in CO2)

* Enhanced dissolution along fault zones

* Dissolution in fractured carbonate mounds

* Mineralization by hydrothermal fluids and later
by other basinal fluids

Oblique Fault

Spring mound (Barra Velha Fm.) Evaporites Fault damage zone
. Barra velha Fm. - Anhydrite °8 | Mantle-derived volatiles
Itapema and Picarras Fm. Collapse breccia * Water mixture
500m B Basement . Vuggy fractures / Hydrothermal mineralization
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