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Abstract

Reservoir quality in the Barra Velha Formation is controlled by the interaction between depositional facies, diagenetic processes, and
mineralogical composition, resulting in marked vertical and lateral petrophysical heterogeneity. This study evaluates these controls in
the production intervals of Barra Velha Formation on the Tupi Field, Santos Basin, Brazil. Flow units (FUs) were defined from effective
porosity and horizontal permeability using the Flow Zone Indicator (FZI) and cumulative S-curve approach, and subsequently integrated
with sedimentological, mineralogical, well-log, and seismic data. Four FUs were identified, ranging from low-quality FU1 (log(FZI) <
—0.1) to highly connected FU4 (log(FZI) > 0.7). FU4 is predominantly associated with reworked, calcite-rich shrubstone facies and
contains >80% calcite, whereas FU1 shows greater mineralogical variability, including dolomite, quartz, and stevensite-bearing
intervals. Stevensite-rich intervals are characterized by restricted permeability and an anomalous elastic response, with relatively low
acoustic impedance despite poor reservoir quality. The distribution of FUs also varies markedly among reservoir intervals: BVE100 is
dominated by FU2 (57%), BVE200 by FU1 (73%), whereas BVE300 contains mainly FU2 (48%) and FU1 (40%). These relationships
were propagated away from well control through probabilistic pre-stack geostatistical seismic inversion. One hundred stochastic
realizations were generated for each reservoir interval, and validation at wells excluded from the inversion showed differences of less
than 10% between observed and simulated FU proportions. Effective porosity was co-simulated from elastic properties and FU
distributions, whereas horizontal permeability was modeled from FU-dependent porosity—permeability relationships because of its weak
correlation with seismic elastic properties. The results show that reservoir quality in the Barra Velha carbonates is primarily controlled
by depositional and diagenetic heterogeneity and that mineralogical effects, particularly stevensite occurrence, can decouple elastic
response from hydraulic quality. Accounting for these controls is therefore required to predict the three-dimensional distribution of

reservoir quality beyond well control.
Keywords: Reservoir characterization; mineralogy; structural compartmentalization; carbonate reservoirs; Brazilian Pre-salt
Introduction

Brazilian pre-salt carbonate reservoirs are characterized by marked petrophysical heterogeneity resulting from the interaction of
depositional processes and wide diagenetic modification (Lima et al., 2019; Azevedo et al., 2021; Cataldo et al., 2022). Cementation by
calcite, dolomite and silica, dolomitization, selective dissolution, recrystallization, micritization and precipitation of Mg-rich clay
minerals such as stevensite can substantially modify primary pore systems and connectivity (Carvalho et al., 2022; Schrank et al., 2024).
Consequently, porosity alone may not adequately describe reservoir quality or fluid-flow behaviour in these rocks (Corbett, 2015;

Matonti et al., 2021).

The Barra Velha Formation is a representative example of this complexity. Its lacustrine depositional system comprises carbonate facies
affected by multiple diagenetic processes and later structural compartmentalization, producing strong vertical and lateral variations in
reservoir properties (Wright and Barnett, 2015; Gomes et al., 2020; Barbosa et al., 2025). In the Tupi Field, it is subdivided into the
three production intervals (BVE100, BVE200 and BVE300; Buckley et al., 2015; Minzoni et al., 2019; Rebelo et al., 2022; Rojas et al.,

2023). These intervals show contrasting petrophysical characteristics related to differences in sedimentary facies and diagenetic
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alteration (Mattos et al., 2022; Rebelo et al., 2022; Yang et al., 2025). Understanding how these geological controls explain into changes

in reservoir quality is therefore important for representing the internal heterogeneity of the Barra Velha Formation.

Lithofacies and porosity are commonly used to describe reservoir heterogeneity, but their relationship with hydraulic behaviour is not
necessarily straightforward in diagenetically modified carbonates. Diagenetic process (dolomitization, silicification, dissolution,
stevensite precipitation, etc.) can modify pore connectivity and elastic properties without preserving a simple relationship with
depositional facies or bulk porosity (Herlinger et al., 2017; Carvalho et al., 2022; Hazaveie et al., 2024; Li et al., 2020). This is
particularly relevant in lacustrine carbonates, where similar depositional products may develop contrasting petrophysical responses after
different diagenetic histories. Reservoir-quality assessment therefore requires the hydraulic response of the rock to be considered

together with its depositional and mineralogical attributes.

Flow-unit (FU) classification provides a means of grouping rocks according to their hydraulic behaviour. Among the available
approaches, the Flow Zone Indicator (FZI) relates effective porosity and permeability through the Reservoir Quality Index and has been
applied to distinguish flow domains in heterogeneous carbonate reservoirs (Rebelo et al., 2022). Combined with cumulative S-curve
analysis, FZI can identify changes in hydraulic behaviour that are not readily represented by lithofacies or porosity alone (Penna, 2022;
Penna and Lupinacci, 2024). However, hydraulic classification does not by itself establish the depositional and diagenetic processes
responsible for these contrasts. Linking FUs to facies and mineralogical composition is therefore necessary to determine whether changes

in reservoir quality reflect depositional organization, diagenetic overprint, or the combined effect of both.

A further challenge is the propagation of these relationships away from well control. Core, plug and well-log data resolve reservoir
heterogeneity at centimetre-to-metre scales, whereas conventional seismic data have a vertical resolution of approximately 20-30 m in
the study interval. As a result, thin barriers, baffles and high-permeability zones may remain unresolved by deterministic seismic
interpretation (Faleide et al., 2021; Rebelo et al., 2022; Vital et al., 2022; Penna and Lupinacci, 2024). Geostatistical seismic inversion
provides a means of integrating well-scale geological and petrophysical information with seismic data while retaining multiple
realizations of the spatial distribution of reservoir properties (Soares, 2001; Fernandes et al., 2024; Penna and Lupinacci, 2024). This
approach is particularly relevant where reservoir quality is controlled by geological features occurring below conventional seismic

resolution.

This study investigates the depositional and diagenetic controls on reservoir quality in the production intervals of the Barra Velha
Formation in the Tupi Field. FUs are defined from effective porosity and horizontal permeability using FZI and cumulative S-curve
analysis and are integrated with sedimentological facies and mineralogical data to evaluate the geological controls on hydraulic
behaviour. The elastic response of the resulting FUs is then used in probabilistic pre-stack geostatistical seismic inversion to assess their
three-dimensional distribution beyond well control. Effective porosity and horizontal permeability models are subsequently constrained
by the flow-unit framework. The study therefore addresses two related questions: (1) how depositional and diagenetic processes control
reservoir-quality contrasts in the Barra Velha carbonates, and (2) to what extent these contrasts can be propagated from well to reservoir

scale using their elastic response.
Study area

The Santos Basin is Brazil’s largest offshore sedimentary basin and its main hydrocarbon province. Located in southeastern Brazil
(Figure 1A), it extends between latitudes 23° and 28° S and covers approximately 350,000 km?. It is bounded by the Campos and Pelotas
basins and flanked by the Sdo Paulo Plateau to the east and the Serra do Mar range to the west (Macedo, 1989; Moreira et al., 2007,
Gamboa et al., 2008). The basin developed following the fragmentation of Gondwana (~140 Ma) and the subsequent opening of the

South Atlantic Ocean during the Neocomian (Szatmari, 2000). Its tectonostratigraphic evolution records the main stages of passive-
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margin development, including lithospheric extension, basement reactivation, crustal breakup, and thermal subsidence (Chang et al.,

1992; Cainelli and Mohriak, 1999; Zalan et al., 2009; Petersohn, 2013; Mohriak et al., 2021).
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Fig. 1 — Location of the study area: A. study area and the pre-salt polygons; B. wells used in the study (14 selected wells out of
28 wells in the area) (modified from Rojas (2022) and Rojas et al. (2023)); and C. tectonostratigraphic chart of the Cretaceous
period of the Santos Basin (modified from Moreira et al., 2007; Rojas et al., 2023).

The sedimentary succession comprises three major supersequences associated with distinct tectonostratigraphic stages (Figure 1C): Rift
(Camboriu, Pigarras, and Itapema formations), Post-Rift/Sag (Barra Velha Formation), and Drift (Ariri and post-salt formations) (Pereira
and Feijo, 1994; Mohriak, 2003, 2012, 2021; Moreira et al., 2007). The Ariri Formation represents the main evaporitic unit and forms
the regional seal above the pre-salt succession (Mohriak, 2001). The Barra Velha Formation represents the Post-Rift/Sag succession at
the top of the pre-salt section. Deposited mainly during the Aptian, it comprises microbial carbonates, stromatolites, and mudstones in
proximal settings, whereas shale-rich successions predominate distally. Upper Aptian deposits overlie the Lower Aptian succession
across an unconformity and include proximal alluvial-fan sandstones and conglomerates and distal microbial carbonates interbedded
with shales (Chang et al., 1992; Moreira et al., 2007; Carminatti et al., 2009; Terra et al., 2010; Mann and Rigg, 2012). The Barra Velha

carbonates are predominantly abiotic and developed in highly alkaline lacustrine environments (Wright and Barnett, 2015).
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The study area corresponds to the OBN Pilot Area of the Tupi Field, in the central Santos Basin (Figure 1A and 1B). The petroleum
system comprises lacustrine source rocks of the Picarras Formation and carbonate reservoirs of the Barra Velha and Itapema formations,
regionally sealed by the Ariri evaporites (Chang et al., 2008). The area was selected for intensive reservoir development and geophysical
monitoring using Ocean Bottom Nodes (OBN). Production began in 2009 with well 3-BRSA-496-RJS. The study area includes 14 wells,
comprising seven producers and seven injectors, including five water injectors, two WAG wells, and one gas injector (Rosa et al., 2018;

Cruz et al., 2021).

Material and methods

This study integrates well, core, petrophysical, sedimentological, and seismic data from the BVE100, BVE200, and BVE300 reservoir
intervals of the Barra Velha Formation. The well dataset comprises 14 wells distributed across the study area (Figure 1B). Available
data include: (a) well trajectories and stratigraphic tops; (b) conventional well logs; (c) nuclear magnetic resonance (NMR) logs and
derived petrophysical properties (NMRT, NMREff, NMRff, and NMRK); (d) core-derived porosity and permeability measurements;
(e) thin-section data and sedimentological interpretations from Rebelo et al. (2022); and (f) check-shot and vertical seismic profile (VSP)
data for well-to-seismic calibration. Where Vs measurements were unavailable, Vs was estimated using multivariate regression

following Rojas (2023). After log conditioning, compressional (Zp) and shear (Zs) impedances were calculated.

The seismic dataset was acquired using Ocean Bottom Nodes (OBN) in 2015 and covers approximately 344 km? (Supplementary Figure
S1). The acquisition comprised 956 nodes distributed along 36 receiver lines with 50 x 50 m spacing (Cypriano et al., 2019; Cruz et al.,
2021). Seismic processing included water-layer deconvolution, ghost-wavefield attenuation, zero-phasing, Kirchhoff Pre-Stack Depth
Migration (PSDM), and velocity-model building. The pre-stack data were separated into five partial-angle stacks: Near (0°-13°), Near-
Mid (10°-20°), Mid (18°-28°), Far (25°-35°), and Ultra-Far (33°—40°). The seismic data have a dominant frequency of approximately
12 Hz, with the amplitude spectrum shown in Figure 3. Post-stack seismic volumes were used for horizon interpretation and fault
mapping and provided the structural framework adopted in this study (Rojas et al., 2023), following the processing workflows described
by Cabrera and Rojas (2019) and Illidge et al. (2021). The five pre-stack angle volumes were subsequently used for geostatistical seismic

inversion to generate stochastic realizations of Zp, Zs, and density (p).

The methodological workflow was organized into four main stages (Figure 2): (1) definition of hydraulic flow units from porosity and
permeability data; (2) evaluation of depositional and mineralogical controls on the identified flow units; (3) assessment of their elastic
response and probabilistic propagation through geostatistical seismic inversion; and (4) modeling of effective porosity and permeability-

related properties conditioned by the flow-unit framework.

[1] Flow-unit definition

Flow units (FUs) were defined from effective porosity (¢e) and horizontal permeability (Ki) measured in core samples and supplemented
by NMR-derived petrophysical properties. The classification followed the Flow Zone Indicator (FZI) approach and cumulative S-curve

analysis proposed by Penna and Lupinacci (2020, 2021, 2024). Reservoir Quality Index (RQI) and FZI were calculated as:

RQI = 0.0314 \/g (Eq.
3)
FZI = % (Eq. 4)

Z

where k is horizontal permeability (mD), ¢e is effective porosity expressed as a fraction, and ¢z is the normalized porosity term:
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log(RQI) = log(FZI) + log(®,) (Eq. 6)
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Fig. 2 — Workflow for 3D modelling of FUs and petrophysical properties correlated with sedimentological facies in Brazilian

Pre-Salt Carbonates.

The FU boundaries were determined from the cumulative S-curve following Penna and Lupinacci (2024). Effective porosity and
permeability data were first ranked and converted to percentiles, from which RQI and FZI were calculated. The data were then ordered
by log(FZI), and cumulative normalized permeability was plotted against log(FZI). Changes in the slope of this relationship were used
to identify transitions between hydraulic domains. Steep segments indicate intervals with a greater contribution to flow capacity and
higher connectivity, whereas low-gradient segments represent lower-connectivity or low-transmissivity domains. The main inflection

points were used as thresholds for FU discretisation.

The resulting FU classification was propagated to the well-log scale using NMR-derived effective porosity and permeability, providing
continuous FU profiles across the BVE100, BVE200, and BVE300 intervals. These profiles were subsequently compared with

sedimentological and mineralogical data to investigate the geological controls on the observed hydraulic behaviour.

[2] Depositional and mineralogical controls on flow units

The sedimentological framework adopted in this study follows Rebelo et al. (2022) and integrates well logs, more than 4,000 routine
core analysis (RCA) measurements of porosity and permeability, and petrographic descriptions of more than 400 thin sections under
plane- and cross-polarized light. Lithofacies were classified according to Gomes et al. (2020), who defined 12 carbonate facies

subsequently grouped according to their sedimentological characteristics and degree of reworking.
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The FU profiles defined from FZI and cumulative S-curve analysis were compared with this sedimentological framework to evaluate
the depositional controls on hydraulic behaviour. For each reservoir interval (BVE100, BVE200, and BVE300), FU occurrence was
analysed in relation to lithofacies, sedimentological associations, depositional setting, and degree of sediment reworking. This
comparison was used to determine whether differences in hydraulic behaviour were systematically associated with depositional

architecture or represented petrophysical variability within individual facies.

Mineralogical data were subsequently integrated with the FU classification to evaluate the diagenetic overprint on reservoir quality.
Mineral composition derived from X-ray diffraction (XRD) and available spectroscopic logs was compared among FUs, with particular
attention to variations in calcite, dolomite, quartz, and stevensite occurrence. These data were used to assess whether mineralogical

changes could explain variations in porosity, permeability, and elastic response that were not accounted for by depositional facies alone.

[3] Elastic response and geostatistical seismic inversion

The elastic response of the flow units was evaluated prior to geostatistical seismic inversion to determine whether differences in
hydraulic behaviour were associated with distinguishable elastic properties. Crossplots were generated independently for the BVE100,
BVE200, and BVE300 intervals using well-derived elastic properties. Lam¢é parameters were calculated from compressional velocity

(Vp), shear velocity (Vs), and bulk density (p) as:
A=p(VZ—2V2) (Eq.7)

u=pV2 (Eq. 8)

where A and p are the first and second Lamé parameters, respectively, p is bulk density, and Vp and Vs are compressional- and shear-
wave velocities. The distribution and overlap of FUs in the elastic domain were examined to assess their seismic separability before

inversion.

Probabilistic pre-stack geostatistical seismic inversion was subsequently applied to propagate the FU framework and elastic properties
beyond well control. The inversion followed a Bayesian formulation based on the Metropolis—Hastings Markov chain Monte Carlo
(MCMC) algorithm, integrating the five partial-angle seismic stacks with well-derived elastic properties and prior FU distributions
(Soares, 2001; Soares et al., 2007, 2011; Saussus and Sams, 2012; Kneller et al., 2019; Penna and Lupinacci, 2024). Spatial continuity
was represented by variogram models, whereas probability density functions (PDFs) described the statistical distributions of Zp, Zs,

density (p), and their relationships with the FUs.

The inversion was performed independently for BVE100, BVE200, and BVE300 to preserve the specific FU proportions and elastic-
property distributions of each reservoir interval. Starting from prior geological and statistical distributions, the Metropolis—Hastings
algorithm iteratively perturbed the model properties. For each proposed realization, elastic properties were converted to synthetic seismic
responses by convolution with the corresponding wavelets and compared with the observed partial-angle seismic data. Model
perturbations were accepted or rejected according to their posterior probability, allowing the Markov chain to sample models consistent

with both the seismic response and the prior geological information.

One hundred stochastic realizations were generated for each reservoir interval. The ensemble of realizations was used to derive three-
dimensional probability distributions of FU occurrence and corresponding Zp, Zs, and p volumes. The resulting models therefore
represent both the most persistent spatial patterns and the variability among equiprobable reservoir scenarios. Wells excluded from the
inversion were used as control data, and observed and simulated FU proportions were compared to evaluate the consistency of the

inversion results.
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[4] Petrophysical property modelling

Effective porosity (¢e) was co-simulated using the 3D FU distributions and the elastic properties (Zp, Zs, and p) obtained from the
geostatistical seismic inversion, following the geostatistical approaches of Deutsch and Journel (1997) and Soares et al. (2007). The
relationships between ¢e and the elastic properties were defined separately for each FU and reservoir interval (BVE100, BVE200, and
BVE300), allowing the porosity models to preserve the petrophysical variability associated with the hydraulic framework.

Horizontal permeability (Ki) was modelled separately because its direct statistical relationship with Zp, Zs, and p was weak. Rather than
conditioning Ki directly to the elastic properties, FU-dependent relationships between effective porosity and horizontal permeability
were established for each reservoir interval. Permeability was then simulated using ¢e and the corresponding FU as conditioning
variables. This procedure preserves the distinct porosity—permeability relationships associated with different hydraulic domains without

imposing poorly supported correlations between permeability and seismic elastic properties.

One hundred realizations of the petrophysical properties were generated consistently with the stochastic FU and elastic-property models.
The ensemble of realizations was used to represent spatial variability in effective porosity and horizontal permeability and to assess the

uncertainty associated with their three-dimensional distribution.

Results

[1] Hydraulic behaviour and flow-unit distribution

The FZI and cumulative S-curve analysis distinguished four hydraulic domains (FU1-FU4) within the BVE100, BVE200, and BVE300
intervals (Figure 3). The main inflection points in the relationship between log(FZI) and cumulative normalized permeability define the
boundaries between units with contrasting contributions to flow capacity. FU1 represents the lowest-quality hydraulic domain, with
log(FZI) < —0.1, whereas FU4 represents the highest-connectivity domain, with log(FZI) > 0.7 (Table 1). FU2 and FU3 occupy
intermediate hydraulic domains between these end members. Low-gradient segments of the cumulative curve are predominantly

associated with FU1 and FU2, whereas FU3 and FU4 occur along higher-gradient segments associated with increasing flow capacity.
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Fig. 3 — Left: Flow capacity curves vs. storage capacity by FU (slope: high connectivity zone; plane: sealing or low transmissivity

zone). Right: FUs delimited by Log (FZI) vs. K normalised cumulative percentile (%).
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Table 1 — FUs cut-offs from Log (FZI) vs. K normalised cumulative percentile (%) chart
FUs | Log (FZI) values

FU1 Below -0.1
FU2 -0.1 t0 0.49
FU3 0.49 t0 0.7

FU3 Above to 0.7

The vertical distribution of the four FUs is illustrated in well 9RIS687D (Figure 4). FU3 and FU4 coincide with intervals of higher
effective porosity and horizontal permeability, whereas FU1 occurs predominantly in intervals with lower petrophysical quality. The
relative occurrence of these units varies among BVE100, BVE200, and BVE300, indicating that the three reservoir intervals contain

different proportions and vertical arrangements of hydraulic domains.

Integration of the FU profiles with XRD and spectroscopic data reveals systematic mineralogical differences among the hydraulic
domains (Figure 5 and Supplementary Figure S2). FU4 is compositionally more homogeneous and contains >80% calcite, with
comparatively low proportions of dolomite and quartz. In contrast, FUl and FU2 show greater mineralogical variability, including
calcite, dolomite, quartz, and stevensite-bearing intervals. FU1 is particularly associated with mineralogically heterogeneous intervals

and lower flow quality.

[2] Mineralogical controls on reservoir quality

These compositional differences are accompanied by changes in the relationship between effective porosity and compressional
impedance (Zp) (Supplementary Figure S3). The BVE100, BVE200, and BVE300 intervals contain populations that plot within different
mineralogical domains defined by the elastic bounds of Hashin and Shtrikman (1963) and Mello and Lupinacci (2022). BVE100 contains
a distinct high-Zp population associated with dolomitic compositions, whereas BVE300 shows a broader dispersion of both elastic and
petrophysical properties. BVE200 is dominated by the low-quality FUI domain and contains a greater contribution from clay-rich
intervals. Stevensite-bearing carbonates show a distinct response in the effective-porosity—Zp domain. These samples occur
predominantly toward lower Zp values but do not exhibit a corresponding increase in effective porosity. Consequently, low
compressional impedance does not consistently indicate improved reservoir quality in stevensite-bearing intervals. This effect is

observed across the three reservoir intervals and is most evident within the lower-quality FUs.

[3] Depositional controls on reservoir quality

The distribution of FUs varies systematically among the BVE100, BVE200, and BVE300 intervals and their corresponding depositional
associations (Figures 6 and 7). The paleoenvironmental model of Rebelo et al. (2022) defines a transition from deeper lacustrine settings
to shoreface, foreshore, and backshore environments based on petrographic descriptions, well logs, and sedimentological associations.
This framework was used to compare FU occurrence with depositional setting and the relative proportions of in-situ and reworked

facies.

BVE100 is dominated by FU2 (57%), followed by FU1 (23%), FU3 (15%), and FU4 (5%). Upper and lower foreshore deposits account
for 50.8% and 23.2% of the interval, respectively. In-situ (52.8%) and reworked facies (46.5%) occur in similar proportions, consistent
with the predominance of intermediate hydraulic quality and the local occurrence of higher-connectivity domains. BVE200 shows a
contrasting relationship between depositional setting and hydraulic behaviour. FU1 accounts for 73% of the interval despite the
predominance of upper (47.7%) and lower (39.4%) foreshore deposits. In-situ facies represent 72.8% of the sedimentological

association, whereas reworked deposits are subordinate.
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Fig. 4 — Flow units (FUs) models for the production intervals (BVE100, BVE200 ¢ BVE300) of Barra Velha Formation in the
well 9RJIS687D: (1) Barra Velha Formation and production intervals; (2) bit-size (BS), caliper (CALI) and gamma-ray (GR);
(3) lithology; (4) effective porosity (NMREFF and core data); (5) horizontal permeability (NMRK and core data); parameter
for the definition of FUs models: (6) ®z, Reservoir Quality Index (RQI) and Flow Zone Indicator (FZI) and (7) log (FZI); and
(8) FUs model.
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Fig. 6 — Model of the distribution of sedimentological facies of the Barra Formation, distributed in four zones: Deep Lake,
Shoreface (lower and upper), Foreshore (lower and upper), and Backshore (modified from Tucker and Wright, 1990 and Rebelo
et al., 2022). Sedimentological classification (thin sections of in situ facies: Shrubstone, Spherulitestone, Spherulitic shrubstone,
Shrubby spherulitestone, Spherulitic shrubstone with mud, Shrubby spherulitestone with mud, Muddy spherulitestone and
Spherulitic mudstone; reworked: Grainstone, Wackestone and Mudstone; and weathering profile - Gomes et al., 2020) of the
Barra Velha Formation, proposed by Rebelo et al. (2022). Light base (LB), FWWB (fair weather wave base (FWWB)), SWB
(storm wave base (SWB)).

Thus, the predominance of a relatively high-energy depositional setting does not correspond to improved hydraulic quality in BVE200.
BVE300 contains 48% FU2 and 40% FU1, with FU3 and FU4 occurring locally. Upper foreshore deposits represent 58.8% of the
interval, while reworked facies account for 66% of the sedimentological association. Compared with BVE200, the greater contribution
of reworked deposits is associated with a more heterogeneous FU distribution and a larger contribution from higher-connectivity

hydraulic domains.

[4]  Elastic expression of reservoir-quality domains

The hydraulic domains show partially distinct elastic responses in the Ap—pp space (Figure 8). FU1 is preferentially distributed toward
higher Ap and pp values, whereas FU4 occupies predominantly lower values. FU2 and FU3 show intermediate distributions and
substantial overlap with the two end-member hydraulic domains. The degree of separation varies among BVE100, BVE200, and
BVE300, indicating that the elastic expression of reservoir quality is interval dependent. The probability distributions of Zp, Zs, and
density (p) further illustrate the elastic variability associated with the four FUs (Supplementary Figure S4). Although considerable
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overlap occurs between adjacent hydraulic domains, particularly FU1-FU2 and FU2-FU3, the end-member FUs show contrasting
elastic-property distributions. These differences provide statistical information for conditioning the probabilistic inversion, while the

observed overlap indicates that FU occurrence cannot be uniquely inferred from individual elastic properties.
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Fig. 7 — Distribution of depositional environments, sedimentological associations, and FUs and their relationship with the
structural compartmentalisation of the production intervals (BVE100, BVE200, and BVE300) of the Barra Velha Formation in

the study area.

[5] Probabilistic 3D distribution of reservoir-quality domains

The prior FU proportions differ substantially among the three reservoir intervals (Supplementary Figure S5), reflecting the hydraulic
contrasts identified from the well data. These interval-specific proportions, together with the FU-dependent elastic-property
distributions, were incorporated into independent geostatistical inversions for BVE100, BVE200, and BVE300. Validation against wells

excluded from the inversion shows that the simulated FU proportions reproduce the observed distributions with differences below 10%



294 (Supplementary Figure S6). The agreement is observed across the three reservoir intervals, indicating that the main FU proportions are

295 preserved away from the conditioning wells.
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298 Fig. 8 — Relation to elastic properties (Ap % pp) for assessing the feasibility of seismic inversion limited by FUs for the production
299 intervals (BVE100, BVE200, and BVE300) of the Barra Velha Formation.

300
301 The 100 stochastic realizations generated for each interval were used to calculate the probability of occurrence of each FU (Figure 9).

302 BVE100 is characterized by a high probability of FU2 over much of the interval, particularly in the structurally higher areas. In BVE200,
303 FUT1 has the highest probability and shows broad lateral continuity, whereas FU2 occurs locally. BVE300 exhibits a more heterogeneous
304 probability distribution, with FUI and FU2 occurring in comparable proportions and FU3 becoming locally significant. FU4 has a

305 consistently low probability of occurrence.
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this figure should be checked against the original panels.
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The ensemble-derived model summarizes the spatial distribution of FUs across the 100 realizations (Figure 10). It highlights first-order
differences among reservoir intervals, with FU2 prevailing in BVE100, FU1 in BVE200, and a mixed FU1-FU2 distribution in BVE300.

Individual stochastic realizations may retain additional local variability, but are not shown here.
[6] Petrophysical architecture and spatial variability

Effective porosity (¢pe) was modelled using the stochastic FU distributions and elastic properties obtained from the geostatistical seismic
inversion. The ensemble-mean effective-porosity model shows marked differences among the three reservoir intervals (Figure 12).
BVEL1O00 is characterized by intermediate to high ¢e, with laterally continuous higher-porosity zones occurring predominantly within
FU2. BVE200 shows the lowest de values and the most spatially homogeneous distribution, consistent with the predominance of FU1.
In contrast, BVE300 exhibits greater lateral and vertical variability, with localized higher-porosity zones associated mainly with FU3

and FU4.

The NMR-derived permeability index (Ki) shows a different relationship with the conditioning variables. Direct relationships between
Ki and the elastic properties Zp, Zs, and p were weak; therefore, permeability was not directly conditioned to the seismic-derived elastic
properties. Instead, class-dependent relationships between effective porosity and the NMR-derived permeability index were established
separately for each reservoir interval (Figure 11). These relationships show that similar effective-porosity values can correspond to

different permeability ranges depending on the associated hydraulic domain.

The resulting Ki models indicate contrasting permeability architectures among the three reservoir intervals (Fig. 12). BVE100 is
characterized predominantly by moderate permeability associated with FU2, with relatively continuous lateral patterns interrupted by
lower-permeability FU1 domains. BVE200 has the lowest and most spatially homogeneous permeability distribution, consistent with
the predominance of FU1 and its lower effective porosity. BVE300 exhibits the greatest lateral and vertical permeability variability,

with higher-Ki zones associated locally with FU3 and FU4 and lower-permeability regions corresponding predominantly to FU1.

Comparison of the ¢e and Ki models indicates that porosity alone does not fully reproduce the spatial variability in hydraulic quality.
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This is particularly evident where comparable porosity values occur within different FUs but correspond to different permeability ranges.
The FU-conditioned petrophysical models therefore preserve the distinct porosity—permeability relationships identified among the

hydraulic domains.
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Discussion

[1] Depositional and diagenetic controls on reservoir quality

The relationship between depositional facies and FUs indicates that depositional processes establish an important first-order control on
reservoir quality in the Barra Velha Formation, but do not uniquely determine hydraulic behaviour. Higher-quality hydraulic domains
(FU3 and FU4) occur preferentially in reworked and higher-energy depositional settings, whereas FU1 is more commonly associated
with in-situ and mud-rich deposits. This relationship is consistent with the expected effect of sediment reworking on texture and pore
connectivity: removal of fine material and redistribution of carbonate grains can favour more open pore systems, whereas preservation
of fine-grained matrices tends to restrict connectivity. However, the substantial overlap between sedimentological associations and FUs

demonstrates that depositional facies alone cannot predict reservoir quality.
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The contrast among BVE100, BVE200, and BVE300 illustrates this relationship particularly well. BVE100 contains similar proportions
of in-situ and reworked facies and is dominated by the intermediate-quality FU2, corresponding to effective porosities of approximately
0.12-0.16 and permeability locally exceeding 200 mD. BVE300 contains a larger proportion of reworked facies and exhibits the greatest
petrophysical heterogeneity, including local FU3—FU4 domains where effective porosity exceeds 0.18 and horizontal permeability can
exceed 800 mD. BVE200, however, provides an important counterexample to a simple depositional-energy control. Despite the
predominance of upper and lower foreshore deposits, the interval contains 72.8% in-situ facies and 73% FU1, with effective porosity
commonly below 0.08 and horizontal permeability below 50 mD. Thus, depositional setting alone does not account for the observed

differences in hydraulic behaviour among the three intervals.

Mineralogical variability provides an additional control on these relationships. FU4 is predominantly calcitic (>80% calcite), whereas
the lower-quality FUs show greater compositional variability involving calcite, dolomite, quartz, and stevensite. This association
indicates that the hydraulic response preserved within individual depositional domains was subsequently modified by mineralogical and
diagenetic processes. Similar sedimentological facies can therefore exhibit different porosity—permeability relationships, while different
facies may converge toward similar hydraulic behaviour after diagenetic modification. Comparable decoupling between depositional
facies and petrophysical quality has been reported in heterogeneous carbonate reservoirs, where dissolution, cementation,
recrystallisation, dolomitization, and clay-mineral occurrence can substantially modify primary pore systems (Lima et al., 2020;

Carvalho et al., 2022; Marghani et al., 2022).

The stevensite-bearing intervals provide a particularly relevant example of this diagenetic/mineralogical overprint. These intervals
exhibit comparatively low Zp without a corresponding increase in effective porosity or hydraulic quality. Consequently, low impedance
cannot be interpreted systematically as evidence of improved reservoir quality in the Barra Velha carbonates. The elastic response
depends not only on pore volume but also on mineralogical composition and pore-system characteristics. This behaviour helps explain
why FU1 can retain poor hydraulic properties while locally displaying an elastic response that would otherwise be associated with more

porous rocks.

The FU framework captures this combined depositional and diagenetic control because the classification is based on the relationship
between effective porosity and permeability rather than lithological identity alone. The resulting hydraulic domains therefore do not
replace sedimentological facies; instead, they provide a complementary description of how depositional textures and subsequent
mineralogical modification are expressed in pore connectivity. This distinction is important in the Barra Velha Formation, where
lithologically similar intervals may have different permeability at comparable porosity and where individual FUs can occur across more

than one sedimentological association (Abdulelah et al., 2018; Oliveira et al., 2020; Rebelo et al., 2022).

The three-dimensional petrophysical models preserve these differences. The relatively continuous intermediate-quality domains in
BVEI100 contrast with the predominantly low-porosity and low-permeability architecture of BVE200 and the more heterogeneous
distribution observed in BVE300. Importantly, the FU-conditioned porosity—permeability relationships show that similar effective
porosities can correspond to different permeability ranges depending on the hydraulic domain. This behaviour reinforces the limitation
of predicting permeability from porosity or depositional facies alone and supports the use of FUs as an intermediate hydraulic description

between geological observations and three-dimensional petrophysical modelling.

[2] Mineralogical control and the role of stevensite

Stevensite represents an important mineralogical control on the relationship between hydraulic quality and elastic response in the Barra

Velha carbonates. This Mg-rich smectite, commonly associated with alkaline lacustrine carbonate systems (Furquim et al., 2008;
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Buchheim et al., 2014), occurs preferentially within the lower-quality FU1 and FU2 domains and is scarce in FU3 and FU4. Its
occurrence is therefore associated with intervals characterized by lower permeability and reduced pore connectivity, consistent with
previous observations of Mg-rich clay minerals in pre-salt carbonate pore systems (Herlinger et al., 2017; Lima and Ros, 2019; Carvalho

et al., 2022; Silva et al., 2025).

The mineralogical contrasts among FUs extend beyond stevensite occurrence. FU4 contains >80% calcite and comparatively low
proportions of dolomite and quartz, whereas FU1 exhibits substantially greater compositional variability, including dolomite-, quartz-,
and stevensite-bearing intervals (Supplementary Figure S2). This compositional variability accompanies the broader range of
petrophysical and elastic responses observed within FU1. In contrast, the more calcite-dominated composition of FU4 coincides with
higher FZI values and the highest-quality hydraulic response. These relationships indicate that hydraulic quality reflects not only
depositional texture but also the mineralogical modification of the original pore system (Penna and Lupinacci, 2021; Cataldo et al.,

2022; Rebelo et al., 2022).

The influence of mineralogical composition is particularly evident in the relationship between effective porosity and compressional
impedance (Supplementary Figure S3). Stevensite-bearing intervals occupy comparatively low-Zp regions without a corresponding
increase in effective porosity. FU1 consequently includes intervals characterized by relatively low impedance but poor hydraulic quality,
demonstrating that low Zp cannot be interpreted systematically as an indicator of high porosity or improved reservoir quality. This

response contrasts with FU4, where lower impedance and density occur together with higher effective porosity and permeability.

The inverted elastic-property models reproduce this non-unique relationship. FU1 locally combines comparatively low Zp and Zs with
relatively high density, whereas FU4 generally exhibits lower density and a hydraulic response characterized by higher effective porosity
and permeability. The contrasting behaviour indicates that variations in elastic properties cannot be attributed to pore volume alone and
must be interpreted together with mineralogical composition, carbonate texture, and diagenetic modification (Dias et al., 2019, 2021;

Penna and Lupinacci, 2021; Mello and Lupinacci, 2021; Meireles et al., 2022; Bashir et al., 2024).

Well-log and NMR responses provide independent support for this interpretation. FU1 shows more variable mineralogical signatures
and generally lower NMREFF, whereas FU4 is characterized by a more carbonate-dominated composition and higher, more continuous
NMREFF values. The agreement among mineralogical data, NMR-derived properties, and FU classification indicates that the anomalous
elastic behaviour of the lower-quality domains is associated with differences in both pore-system characteristics and mineralogical

composition rather than with effective porosity alone (Al-Dousari et al., 2020; Soares et al., 2023).

These results have an important implication for seismic-scale reservoir-quality prediction. In the Barra Velha Formation, low acoustic
impedance may represent either a porous, hydraulically favourable carbonate or a mineralogically distinct interval with poorer hydraulic
properties. Stevensite-bearing rocks are particularly relevant to this ambiguity because their elastic response can partially decouple
impedance from effective porosity and permeability (Azbel et al., 2016; Oliveira et al., 2016; Dias et al., 2019; Alabbad et al., 2021;
Mello and Lupinacci, 2022). Mineralogical and diagenetic information is therefore required to interpret elastic-property variations in

terms of reservoir quality, particularly where Mg-rich clay minerals occur.
[3] Structural influence on reservoir-quality distribution

The spatial distribution of reservoir-quality domains also shows a relationship with the structural compartmentalisation of the Barra
Velha Formation. Three main compartments bounded by medium- to high-angle normal faults are recognized in the study area, and
differences in FU proportions, sedimentological associations, and mineralogical composition occur across these structural domains.

Compared with the depositional and diagenetic relationships discussed above, however, the structural framework is interpreted as a
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secondary control that modifies the spatial organization and preservation of reservoir heterogeneity rather than directly defining

hydraulic quality.

Variations among the structural compartments coincide with changes in the relative abundance of in-situ and reworked deposits and in
the distribution of lower- and higher-quality FUs. Domains containing a greater proportion of in-situ and mud-rich deposits are
preferentially associated with FUl and FU2, whereas areas with a greater contribution from reworked deposits contain a larger
proportion of FU3 and FU4. Mineralogical variations, including the occurrence of stevensite-bearing intervals, also show spatial
differences across the structural framework. These associations suggest that accommodation, depositional reworking, and subsequent

diagenetic modification may have interacted with the evolving structural configuration of the reservoir.

Such an interpretation is consistent with studies showing that syn-depositional faulting can influence accommodation, carbonate
thickness, and depositional architecture in pre-salt successions (Toledo et al., 2022; Silva et al., 2024). Fault systems may also influence
post-depositional fluid circulation and therefore contribute to spatial variations in diagenetic alteration (Netto et al., 2022; Corréa et al.,
2025). In this context, the association observed between structural compartments, mineralogical variability, and FU distribution may
reflect both depositional organization and later fluid—rock interaction rather than a direct relationship between fault occurrence and

reservoir quality.

The structural framework therefore provides an additional level of organization for the depositional and diagenetic heterogeneity
identified in the study area. Its influence is most evident in the spatial arrangement of reservoir-quality domains rather than in a unique
FU—fault relationship. This distinction is important because the occurrence of a particular FU cannot be predicted from structural position
alone; reservoir quality results from the combined effects of depositional texture, mineralogical and diagenetic modification, and their

spatial organization within the faulted reservoir architecture.
[4] Implications for static modelling, simulation, and reservoir development

The integrated methodology proposed, combining hydraulic characterisation via FUs, sedimentological and mineralogical analysis (with
emphasis on stevensite), and geostatistical seismic inversion, proved effective in improving the geological fidelity of static models in

heterogeneous carbonate systems like the Barra Velha Formation.

Traditionally, pre-salt petrophysical models have limitations: (1) poor correlation between sedimentological and petrophysical facies,
limiting lithology- or porosity-based models (Cataldo et al.; 2022; Rodriguez-Berriguete et al.; 2022; Zeitoum et al.; 2024; Matheus et
al.; 2025); (2) conventional seismic vertical resolution (20—-30 m) fails to capture flow-relevant heterogeneities like baffles or excess-K
zones (Teillet et al.; 2020; Cataldo et al.; 2022; Penna and Lupinacci, 2024; Tomassi et al.; 2024); and (3) diagenetic minerals (e.g.;
stevensite) are often neglected despite their effect on pore connectivity and elastic response (Carvalho and Fernandes, 2021; Oliveira et

al.; 2023; Queiroz et al.; 2024).

Applying FUs as discrete hydraulic units, constrained by well data and propagated through Metropolis-Hastings inversion, helped
overcome these limitations. The approach demonstrated that: (1) FU spatial distribution matched well the data, even in unconstrained
zones; (2) the elastic separation between FU1 and FU4 was key to capturing real petrophysical contrasts; and (3) the final 3D models

preserved geological coherence, depositional continuity, and structural compartmentalisation.

This advance supports models that better represent reservoir connectivity, enabling: (1) optimised well placement; (2) geological
interpretation of anomalous production responses; and (3) reduced uncertainty in dynamic simulation by incorporating petrophysical
and mineralogical variability. By capturing effects of sedimentary reworking, mud accumulation, and stevensite precipitation, the

models are more sensitive to zones with unconventional behaviour—such as low-impedance areas with low productivity.
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This work provides a replicable, geologically grounded framework for petrophysical characterization in complex carbonate systems,

applicable to the Brazilian pre-salt and to other contexts with lacustrine lithofacies or similar diagenetic evolution.

Conclusion

This study investigated the depositional and diagenetic controls on reservoir quality in the BVE100, BVE200, and BVE300 intervals of
the Barra Velha Formation by integrating hydraulic flow units with sedimentological, mineralogical, petrophysical, and seismic data.
Four hydraulic domains were identified, ranging from low-quality FU1 (log(FZI) < —0.1) to highly connected FU4 (log(FZI) > 0.7).
Their distribution demonstrates that depositional setting provides an important first-order control on reservoir architecture but does not

uniquely determine hydraulic quality.

The three reservoir intervals show contrasting relationships between depositional character and hydraulic behaviour. BVEIL0O is
dominated by the intermediate-quality FU2 (57%), whereas BVE200 contains 73% FU1 despite the predominance of upper and lower
foreshore deposits. BVE300 is more heterogeneous, with FU2 (48%) and FU1 (40%) dominating and higher-quality FU3-FU4 occurring
locally. These contrasts indicate that depositional energy alone cannot explain reservoir quality and that the degree of reworking and

subsequent diagenetic modification are important controls on pore connectivity.

Mineralogical composition further modifies these depositional relationships. FU4 is predominantly calcitic (>80% calcite), whereas
FUI is compositionally more heterogeneous and includes dolomite-, quartz-, and stevensite-bearing intervals. Stevensite is particularly
important because its occurrence in lower-quality hydraulic domains is associated with comparatively low acoustic impedance without
a corresponding increase in effective porosity or permeability. Consequently, low impedance does not uniquely indicate favourable
reservoir quality in the Barra Velha Formation, demonstrating that elastic properties must be interpreted together with mineralogical

and pore-system characteristics.

The hydraulic domains have partially distinct, but overlapping, elastic signatures. Probabilistic geostatistical inversion therefore provides
a more appropriate representation than a deterministic seismic-to-FU relationship. One hundred stochastic realizations for each reservoir
interval reproduced the first-order FU architecture, and validation at wells excluded from the inversion showed differences of less than
10% between observed and simulated FU proportions. The resulting models show that effective porosity can be related to the elastic-
property and FU distributions, whereas horizontal permeability requires FU-dependent porosity—permeability relationships because of

its weak direct correlation with Zp, Zs, and density.

Overall, reservoir quality in the Barra Velha Formation results from the interaction between depositional architecture and subsequent
mineralogical and diagenetic modification, with structural compartmentalisation providing an additional spatial control on their
distribution. These interactions produce non-unique relationships among facies, porosity, permeability, and elastic properties.
Representing this non-uniqueness explicitly is therefore essential when reservoir-quality relationships identified at core and well scale

are propagated into three-dimensional models of heterogeneous pre-salt carbonates.
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812 Fig. S3 — Relationship between Zp and NMREFF derived from well profiles for the producing intervals (BVE100, BVE200, and
813 BVE300) of the Barra Velha Formation, highlighting the theoretical elastic limits of Hashin-Shtrikman (1963), the polynomial
814 adjustment proposed by Mello and Lupinacci (2022), and the identification of dolomitic carbonates, rich in clay and with the
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817 Fig. S4 — Bivariate joint distributions linking elastic properties (Zp, Zs, and density p) to effective porosity (¢pe) for the Barra
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