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Abstract

This article presents the petrophysical and depositional characterization of the
Morro Pelado Member of the Rio do Rasto Formation. Sandstones from eolian
and fluvial depositional system were analyzed to understand the variability of
the pore system. For this purpose, petrographic analyses, mercury intrusion
porosimetry (MIP), and X-ray computed microtomography (Micro-CT) were
integrated, enabling a multiscale assessment of the petrophysical characteris-
tics. The results revealed highly heterogeneous pore systems, with total poros-
ity ranging between 0.33% and 25.53% and permeability values oscillating from
less than 3 mD to over 2400 mD. The best reservoirs were identified in fluvial
sandstones, particularly in the facies of lateral accretion bars and aggradational
sandy bedforms, associated with high primary porosity, good pore connectiv-
ity, and low carbonate cement content. In contrast, the eolian sandstones be-
have as unconventional reservoirs, with systems dominated by micropores,
narrow pore throats, and low connectivity. In the overbank deposits, high-
productivity reservoirs were observed in terminal splays, contrasting with ma-
trix- and carbonate cement-rich units. Permeability anisotropy and the pres-
ence of dual porosity stood out as essential factors in controlling subsurface
flow. The integrated analyses reinforce the need for applying multiscale models
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in the petrophysical characterization of the unit, considering the contribution
of isolated microporosity and the role of sedimentary structures in orienting
preferential flow paths. The obtained results highlight the potential of the Morro
Pelado Member as a heterogeneous siliciclastic reservoir, with relevance for hy-
drogeological studies.
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1. Introduction

Access to water is a fundamental pillar of collective well-being, making its sustain-
able supply a global priority. In this context, aquifers stand out as a crucial source
of water. According to Hirata et al. (2019), groundwater constitutes the largest
reservoir of potable water on the planet, representing approximately 97% of all
fresh liquid water. This resource is vital for water security, being essential not only
for human supply and various economic activities but also for maintaining eco-
systems such as rivers, lakes, and forests in dry climate regions, which depend on
these underground sources to preserve their environmental functions.

In southern Brazil, siliciclastic formations demonstrate significant potential
for water resource exploitation. While the Botucatu Formation, part of the In-
tegrated Guarani/Serra Geral Aquifer System (SAIG/SG) is established as one of
the largest global aquifers (Filho et al., 2023), the Rio do Rasto Formation emerges
as a strategic geological unit in the region. Its composition is marked by high fac-
iological heterogeneity, an attribute that, while presenting challenges for hydro-
geological modeling, confers uniqueness to its pore system, as evidenced by stud-
ies reporting porosities between 4.2% (Fernandes, 2009) and 12.58% (Dal Col et
al., 2016), with critical variations in pore size and distribution (2.9 - 30 um). Such
discrepancies reinforce the need for integrated analyses, combining micro-CT
with conventional methods, for a reliable assessment of water potential.

Permeability and porosity are fundamental parameters in the characterization
of reservoir rocks, as they determine the storage capacity and fluid flow within the
reservoir rock (Tiab & Donaldson, 2024). Traditional methods, such as mercury
intrusion porosimetry and Darcy’s law-based tests, provide direct measurements
of these properties. However, advanced techniques, like X-ray computed microto-
mography (micro-CT), enable the acquisition of microtomographic sections and
the three-dimensional reconstruction of the internal structure of samples, provid-
ing qualitative and quantitative data on the morphology, size, distribution, volume,
surface area, and connectivity of pores at a micrometer scale (Neto et al., 2011).

The Rio do Rasto Formation outcrops significantly in the state of Santa Cata-
rina, where its aquifer potential holds great relevance for supplying urban centers,

such as the city of Lages. To ensure the effectiveness and preservation of this in-
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dispensable resource, adequate characterization of the rocks that compose these

reservoirs becomes imperative.

2. Geological Context

The Parana Basin, one of the main magmatic-sedimentary provinces in South
America, developed between the Neordovician and the Neocretaceous, spanning
a Paleozoic-Mesozoic interval (Milani et al., 2007). With an approximate area of
1,700,000 km?, this basin covers the southern portion of Brazil, eastern Paraguay,
northeastern Argentina, and northern Uruguay (Holz et al., 2010; Scherer et al.,
2023). The Parana Basin has an elongated north-south geometry and its strati-
graphic framework can reach thicknesses of up to 7.5 km at its depocentre (Milani
etal., 2007). The Parana Basin’s geographic boundaries are erosive and associated
with tectonic events affecting the South American Platform, particularly during
the Meso-Cenozoic era, when the South Atlantic Ocean opened up (Milani et al.,
2007). The main lineaments display NW-SE and NE-SW orientations, which are
associated with the reactivation of basement structures, as well as E-W lineaments,
which are related to lithospheric stresses resulting from the opening of the South
Atlantic (Zalan et al., 1990).

Rio do Rasto Formation

The Rio do Rasto Formation is a notable sedimentary record in the Parana Basin
associated with western Gondwana continentalization among the Middle to Up-
per Permian (Milani et al., 2007; Holz et al., 2010; Scherer et al., 2023). This unit
reaches thicknesses up to 600 meters and outcrops along the eastern margin of
the Parana Basin in South Brazil. The Rio do Rasto Formation is divided in two
lithostratigraphic units: the basal Serrinha Member, and the upper Morro Pelado
Member (Gordon Jr., 1947).

The Serrinha Member consists of greenish-gray and purple claystones and silt-
stones interbedded with fine-grained gray sandstone (Schneider et al., 1974; Holz
etal., 2010; Scherer et al., 2023). This unit may reach thicknesses between 150 and
250 meters, and the transition to the Morro Pelado Member is concordant and
gradual, primarily characterized by an increase in sandy deposits upward.

The Morro Pelado Member corresponds to the thickest interval and may reach
thicknesses of 250 to 300 meters (Schneider et al., 1974; Holz et al., 2010). This
unit is characterized by an increased occurrence of sandy bodies interbedded with
claystones and siltstones throughout the succession. These fine-grained rocks be-
come more reddish toward the top, indicating more oxidizing conditions than
those in the basal portion (Lavina, 1991; Scherer et al., 2023). Additionally, pale-
osols and pedogenetic features become more prevalent towards the top of the Morro
Pelado Member.

Due to the common intercalation of sandstone and fine-grained rocks with a
variety of sedimentary structures, the Rio do Rasto Formation is interpreted as

having been deposited by many paleoenvironments. These environments include
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transitional tidal flats (Schneider et al., 1974); a wide deltaic system (Gama Jr.,
1979); a transition from marine to lacustrine settings (Castro & Medeiros, 1980);
lacustrine to fluvial settings with associated aeolian deposits (Lavina, 1991; Rohn,
1994); a fluvio-deltaic system (Warren et al., 2008); and distributive fluvial sys-
tems (Schemiko et al., 2014; Manna, 2024).

Current paleoenvironmental and paleogeographic reconstructions of the Rio
do Rasto Formation, as proposed by Manna (2024), point to distributive fluvial
systems fed by distinctive drainage basins. These systems consisted of basal lacus-
trine deposits overlain by fluvial, overbank, and aeolian deposits. Toledo (2023)
also details the interaction between fluvial and aeolian processes at different fre-
quencies and magnitudes. Together, these studies demonstrate the architectural

complexity of the stratigraphic framework of continental sedimentary successions.

3. Materials and Methods

The samples used in this study were obtained from drill cores provided by SGB
(Geological Survey of Brazil), collected in the municipalities of Rio Pardo and
Taquara, in the state of Rio Grande do Sul (Figure 1). Fifteen representative sam-
ples of the different sedimentary facies present were selected (Figure 2 and Figure
3), aiming for a comprehensive characterization of the pore system. The samples

were subjected to three main analytical techniques:
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Figure 1. Geological and location map of the drill logs used. Eight samples were collected from core T21, located in the
municipality of Rio Pardo, and seven from core T101, located in the municipality of Taquara.
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Figure 2. Composite sections of drill log T21 based on the sedimentological and strati-
graphic data described by Manna (2024) and Toledo (2023), showing the collected samples.

1) Thin section analysis for petrographic characterization and identification of
diagenetic processes;

2) X-ray computed microtomography (micro-CT) to obtain images of the in-
ternal pore structure;

3) Mercury intrusion porosimetry (MIP) to determine porosity, pore size dis-
tribution, and permeability characteristics.

Analyses 1 and 2 were performed on all 15 samples (Table 1), while analysis 3
was conducted on a subset of 4 samples. The selection of samples for MIP was to
enhance the comprehension of possible microporosity, due to the limitations in

the resolution of the obtained images from micro-CT.
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Figure 3. Composite sections of drill log T101 based on the sedimentological and stratigraphic data described by Manna (2024) and

Toledo (2023), showing the collected samples.

Table 1. Characterization of sandstones according to subsystems based on Manna (2024) and Toledo (2023) of the samples used in

the study.
Sample Subsystem Facies Association Facies
T21AML7 Eolian deposits Eolian sandsheets Sl(e).—Eo.lian sandstones with low-angle cross-lamination/cross-
stratification
T21AM18 Overbank Deposits Terminal splays Sti—Sandstones with incipient tangential cross-stratification
Fluvial channel . . . . .
T21AM19 d it Lateral accretion bars St—Sandstones with tangential cross-stratification
eposits
Fluvial channel Aggradational sandy Sl—Sandstones with low-angle cross-lamination/cross-
T21AM20 . . .
deposits bedforms stratification
Fluvial ch 1 A ional sand
T21AM21 uv1a. channe geradational sandy Sm—Massive sandstones
deposits bedforms
T21AM22 Overbank Deposits Terminal splays Sh—Sandstones with horizontal laminations/stratifications
Fluvial channel Aggradational sand
T21AM23 e . : gsradationa sandy Sd—Sandstone with predominant planar cross-stratification
deposits bedforms
T21AM24 Overbank Deposits Terminal splays Sld—Sandstone with deformed low-angle cross-stratification
T101AM31  Eolian deposits Eolian dunes St(e)—Eolian sandstones with tangential cross-stratification
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Continued
Fluvial channel Aggradational sandy Sm/Sli—Massive sandstones/Sandstones with incipient low-
T101AM32 . L . .
deposits bedforms angle cross-lamination/stratification
Sl(e)—Eoli dst ith low-angl -
T101AM33  Eolian deposits Eolian dunes © . 0.1an sands onef Wi . ow-angie cross
stramination/cross-stratification
Fluvial channel Aggradational sandy Sl—Sandstones with low-angle cross-lamination/cross-
T101AM34 . . .
deposits bedforms stratification
T101AM35 Eolian deposits Eolian dunes St(e)—Eolian sandstones with tangential cross-stratification
Fluvial ch 1 Aggradational sand
T101AM36 uv1a. channe ggradational sandy Sm—Massive sandstones
deposits bedforms
Fluvial channel . . . . .
T101AM37 Lateral accretion bars St—Sandstones with tangential cross-stratification

deposits

3.1. Petrographic Analysis

Petrographic thin section preparation was outsourced to the specialized company
Petrografia BR, the samples were impregnated with blue epoxy for better visualiza-
tion of the pore system. Subsequent petrographic analysis was conducted using an
Olympus BX 41 optical microscope. This equipment enabled the description of the
main mineralogical constituents and textural aspects of the samples, including min-
eral identification, types and distribution of porosity, grain size, types of intergranu-
lar contacts, cement nature, matrix presence, and evidence of diagenetic processes.

The adopted analytical method was point counting, with 300 points registered per
thin section. The generated data was subsequently compiled and processed in Mi-
crosoft Excel spreadsheets. The samples were compositionally classified according to
Folk (1968).

3.2. X-Ray Computed Microtomography

X-ray computed microtomography (Micro-CT) was used for three-dimensional
characterization of the samples pore structure. This non-destructive technique is
based on the principle of X-ray beam attenuation as it interacts with matter. Var-
iations in material density and composition result in differences in attenuation
coefficients, generating contrast that enables distinction between the solid matrix
and pore spaces (Neto et al., 2011; Porto, 2015).

For the analysis, specimens were prepared as mini-plugs with approximate di-
mensions of 3 mm in diameter and 9 mm in height at the Porous Media and Ther-
mophysical Properties Laboratory (LMPT/UFSC). Data acquisition was per-
formed using a Zeiss Versa XRM-500 microtomograph.

Tomographic data post-processing involved three-dimensional reconstruction
and quantitative analysis of the pore structure. The Avizo 3D software was em-
ployed for generating three-dimensional models, and calculating the porosity and
permeability values while the C3DE software was used specifically for pore network
and throat extraction. A fundamental step in this process was image binarization,
where the application of a threshold (T) enabled digital segmentation of the image
into two phases: solid matrix and pore space (Sonka et al., 2013). To optimize this
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segmentation, Non-Local Means and unsharp masking filters were applied. This
procedure facilitated the quantification of microstructural parameters such as po-
rosity, connectivity, and pore size distribution.

3.3. Mercury Intrusion Porosimetry

Mercury intrusion porosimetry (MIP) was performed on four samples prepared
as cubes with approximately 1 cm edges. The method is based on the principle
that mercury, being a non-wetting fluid, requires the application of external pres-
sure to penetrate the sample’s pores (Kronbauer, 2014). The relationship between
the applied pressure and pore radius is governed by the Washburn equation.

The test enables determination of effective porosity (¢) through the ratio be-

tween the volume of mercury intruded into the connected pores ( /p) and the total
sample volume ( V¥, according to the equation:

¢=VplVt

In addition to porosity, the method provides pore throat size distribution de-
rived from the curve of intruded volume versus applied pressure.

4. Results
4.1. Petrographic Analyses

The petrographic analyses performed on samples from the Morro Pelado Member
revealed four types of sandstones (Table 2). Drill log 21 proved to be much richer

in quartz, whereas drill log 101 showed a much greater abundance of lithic grains
and feldspars (Figure 4).

Quartzarenite

Subarkose Sublitharenite

4,4038
Lithic Arkose
.
apuaseyi SwedspRd
e“ua;e\x\\ﬂ

F L

Figure 4. Framework composition of 15 samples from the Morro Pelado Member. Plotted

on the Folk (1968) ternary diagram. In blue, samples from drill log 21; in red, samples from
drill log 101.
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Table 2. Percentage of porosity, quartz, feldspar, lithics and depth per sample.

Sample Q%) F(%) L (%) Rock type Porosity (%) Depth
T21AM17 7554 24.46 0 Subarkose 18.3 198 m
T21AM18 91.67 8.33 0 Subarkose 28.3 225 m
T21AM19 81.74 17.39 0.87 Subarkose 31.7 213 m
T21AM20 86.09 11.3 2.61 Subarkose 333 221 m
T21AM21  81.48 7.41 11.11 Sublitharenite 26 240 m
T21AM22  86.84 13.16 0 Subarkose 0.33 192 m
T21AM23  90.48 7.94 1.58 Subarkose 32.7 218 m
T21AM24 8148 16.67 1.85 Subarkose 17.3 227 m

T101AM31 56 24 20 Lithic Arkose 13.6 173 m
T101AM32 55.86 24.32 19.82 Lithic Arkose 15.3 202 m
T101AM33 53.85 27.35 18.8 Lithic Arkose 16.7 180 m
T101AM34 54.33 22.05 23.62 Feldspathic Litharenite 24.7 195 m
T101AM35 3248 31.62 359 Feldspathic Litharenite 26 175 m
T101AM36 48.74 34.45 16.81 Lithic Arkose 26.3 168 m
T101AM37 46.81 37.59 15.6 Lithic Arkose 19.7 156 m

4.1.1. Eolian Deposits Subsystem

Sandsheets have a total porosity of 18.3%, as observed in thin section. This poros-
ity is predominantly primary intergranular, accounting for 70.9% of the total. The
grains are fine to medium-grained, with shapes ranging from subangular to sub-
rounded. Intergranular contacts are mostly long. Silica cement occurs locally, dis-
tributed sparsely within the rock framework without causing significant obstruc-
tion of the pore system. The mineral assemblage is dominated by quartz grains,
accompanied by feldspars and oxides (Figure 5(A)).

Eolian Dunes exhibit more variable porosity (13% - 26%) in thin section, with
notable development of secondary intragranular porosity (10% - 63%), evident in
moldic pores and dissolved grains (Figure 5(B)). The grains are typically more
rounded and establish elongated and point contacts. Mineralogically, quartz, feld-
spars, and oxides (24% - 44%) are observed, forming coatings around the grains
(Figure 5(C)). Carbonate cement (4% - 8%) partially fills the pore spaces (Figure
5(D)).

4.1.2. Fluvial Channel Deposits

Lateral Accretion Bars exhibit total porosity ranging from 20% to 32%, as ob-
served in thin section, with a predominance of primary intergranular porosity,
accounting for 50% to 79% of the total identified pore volume. The grains show
textural variation from subrounded to subangular, with intergranular contacts
ranging from long to point contacts. The mineral assemblage is primarily com-
posed of quartz, feldspars, and oxides (Figure 5(E)). Carbonate cement occurs
subordinately, representing approximately 1% of the total rock volume (Figure
5(F)). Aggradational Sandy Bedforms are characterized by high porosity, ranging
from 15% to 33%, as observed in thin section. The predominant porosity in these
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sandstones corresponds to primary intergranular pores, accounting for 13% to
85% of the total (Figure 5(G) and Figure 5(H)). In turn, secondary intragranular
pores (Figure 6(A)) are more developed in facies composed of massive sandstones
and sandstones with incipient laminations or low-angle cross-stratification, rep-
resenting 24% to 52% of the porosity in these lithofacies. Texturally, the sand-
stones exhibit good grain-size sorting, with the frequent occurrence of elongated
to concave-convex intergranular contacts (Figure 6(B)). Cement is observed sub-
ordinately and dispersed (Figure 6(C)), insufficient to significantly obstruct the
pores. Additionally, the presence of intraclasts dispersed within the sedimentary
framework is recorded (Figure 6(D)).

Figure 5. Qz: Quartz, F: Feldspar, Pl: Plagioclase, Ox: Oxides, Lt: Lithics, Carb: Carbonate
Cement, P1: Primary intergranular porosity, P2: Secondary intragranular porosity, P3:
Moldic porosity. (A) Sample showing granulometric (grain-size) variation. (B) Sample with
oxide cutans. (C) Sample with presence of lithic grains, plagioclase, oxides, and carbonate
cement (cross-polarized light). (D) Sample with oxide cutans and primary intergranular
porosity. (E) Sample exhibiting three types of porosity, along with aggregation of oxides
forming cement. (F) Sample with presence of carbonate cement and lithic grains (cross-
polarized light). (G) Sample with high primary intergranular porosity, presence of moldic
porosity, long and point contacts, and aggregation of oxides. (H) Sample with high primary
intergranular porosity and oxide globules.

DOI: 10.4236/gep.2026.141002

28 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2026.141002

A.N.S. Hidalgo et al.

4.1.3. Overbank Deposits

Terminal Splays composed of sandstones with incipient tangential cross-stratifi-
cation exhibit the highest primary intergranular porosity in the system (96%)
(Figure 6(E)). The predominantly subrounded grains have contacts ranging from
long to point contacts. Cement is scarce, and the mineralogical composition is
marked by extremely abundant quartz (78%), with small amounts of feldspars
(8%) and oxides (9%).

T101AM34

T21AM24

Figure 6. Qz: Quartz, F: Feldspar, Pl: Plagioclase, Ox: Oxides, Lt: Lithics, Carb: Carbonate
Cement, C. Silc: Silica Cement, P1: Primary intergranular porosity, P2: Secondary intra-
granular porosity, P3: Moldic intragranular porosity. (A) Secondary and moldic intragran-
ular porosity, with grains showing concave-convex contacts. (B) Sample with secondary
intragranular porosity and concave-convex contacts. (C) Sample with pinpoint silica ce-
ment and presence of intragranular dissolution porosity (cross-polarized light). (D) Sample
with predominance of primary intergranular porosity and an intraclast. (E) Sample with
oxide cutans and moldic intragranular porosity. (F) Sample with an abundance of clay ma-
trix, with grain-size variation up to sand-sized grains. (G) Sample with high content of
carbonate cement and oxides (cross-polarized light). (H) Sample with oxide cutans and
moldic intragranular porosity.

Horizontally Laminated Deposits are notable for the near absence of porosity
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due to an abundant clay matrix (70%) (Figure 6(F)). The grains, which range from
subrounded to subangular, are enveloped in a fine mass of clay minerals. The min-
eralogy includes quartz, micas, and oxides (15%).

In Sandstones with Deformed Stratification, the moderate porosity (17%)
shows a mixed distribution: 73% primary intergranular, 19% dissolution porosity,
and 8% moldic porosity. The subangular to angular grains establish mainly long
contacts with some point contacts. Carbonate cement and a significant presence
of oxides (41%) are notable (Figure 6(H)).

4.2. Petrophysical Parameters

The obtained petrophysical parameters revealed multi-scale porous systems (Ta-
ble 3 and Table 4), whose characterization required the integration of comple-
mentary techniques. Micro-CT analyses, while essential for evaluating macroporos-
ity (above ~4 pum), had limitations in detecting pores below their resolution, un-
derestimating the total porosity in samples with fine matrix or significant mi-
croporosity. Mercury intrusion porosimetry (MIP) demonstrated the presence of
a considerable fraction of micropores, increasing the total porosity values com-
pared to micro-CT data. However, even with fair to good porosity (13.84% -
18.07%), the permeability in these systems was low to moderate (0.34 - 23.87 mD),

reflecting the critical influence of pore connectivity at reduced scales.

Table 3. Petrophysical parameters obtained from the binarization of micro-CT images.

. L Resolution Porosity Permeability (mD)
Sample Facies Association
(um) (%) EixoX EixoY EixoZ
T21AM17 Eolian Sandsheets 433 5.471 8.89 4.85 0.00
T21AM18 Terminal Splays 396 25527 2.428.44 1.787.80 2.151.14
T21AM19 Lateral Accretion Bars 4.36 21.387 87435 563.50 502.51
Aggradational Sand
T21AM20 BBIACRUONAISANGY o 14390 2233 4840  79.10
Bedforms
A dational Sand
T21AM21 BBPACRUONAISANGY ) 6o 17250 25834 23243  143.93
Bedforms
T21AM22 Terminal Splays 4.47 0.330 0.00 0.00 0.00
A dational Sand
T21AM23 BEIACAUONASANAY 5 a0 21955 1.299.48 1.099.62 616.84
Bedforms
T21AM24 Terminal Splays 3.79 0.905 0.00 0.00 0.00
T101AM31 Eolian Dunes 4.57 3.222 0.00 0.00 0.00
Aggradational Sand
Ti01AM32 ‘ggradationalSandy o o 000 000 0.00
Bedforms
T101AM33 Eolian Dunes 4.05 5.441 0.00 0.00 0.00
Aggradational Sand
T101AM34 < seracationdisandy 4.57 3.962  0.00  0.00 0.00
Bedforms
T101AM35 Eolian Dunes 437 5760  3.71 0.00 0.00
Aggradational Sand
T101AM36 ~ SeraddUonASanay ) o 2934 000 000  0.00
Bedforms

T101AM37 Lateral Accretion Bars 4.47 3.449 0.00 0.00 0.00
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Table 4. Petrophysical parameters obtained from MIP.

Porosity  Permeability Pore Diameter

Samples Facies Association (%) (mD) (um)

T21AM17 Eolian Sandsheets 15.17 2.77 0.04

T21AM22 Terminal Splays 16.2 23.87 0.03

T21AM24 Terminal Splays 13.84 3.21 0.02

TiotAMzy ~ ‘egradationalSandy g o 0.34 0.06
Bedforms

4.2.1. Eolian Deposits
The sandstones associated with eolian sandsheets exhibited a total porosity around
15%, with permeability on the order of 2.7 mD and an average pore diameter of
approximately 0.04 pm, as determined by mercury intrusion porosimetry. Data
obtained by microtomography revealed a lower effective porosity, of approxi-
mately 5%, in addition to evidencing anisotropy in permeability, with values rang-
ing between 8.9 mD and 4.8 mD along two of the analyzed axes (Figure 7(A)).
In the sandstones from eolian dunes, the results indicated porosity below 6%,
associated with an absence of detectable permeability within the resolution scale
of microtomography (Figures 7(A)-(C)). It is noteworthy that the low-angle lam-
inations and cross-stratifications, typical of the eolian depositional process, could
be recognized in the three-dimensional models of pore networks and throats (Fig-
ure 7(C)), indicating the influence of the depositional structure on the organiza-

tion of the pore space.

4.2.2. Fluvial Channel Deposits

The sandstones associated with lateral accretion bars reveal discrepant porosities,
ranging from 21.38% to 3.45% (Figure 8(A) and Figure 9(D)). The permeability
in the more porous facies proved to be anisotropic, varying from 502.51 mD to
874.35 mD along different axes. In contrast, permeability in the less porous facies
was negligible (effectively zero) due to the resolution limit of the equipment used.

The aggradational sandy bedforms exhibit a marked variability in their petro-
physical properties, revealing two distinct behavioral patterns. The first group
shows favorable characteristics, with porosities ranging from 14.39% to 21.96%,
associated with significant permeabilities reaching up to 1299.48 mD (Figures
8(B)-(D)). These values correspond to deposits with low-angle cross-stratifica-
tion, planar stratification, and massive sandstones.

In contrast, the second group shows more restrictive properties, with porosities
between 2.93% and 3.96% and permeabilities below the resolution limit (Figures
9(A)-(C)). However, complementary analyses by Mercury Intrusion Porosimetry
(MIP) revealed a microporous structure not previously detected, particularly in
massive sandstones with incipient cross-laminations, which showed 18.07% po-
rosity. Despite this considerable value, permeability remained low (0.34 mD), sug-

gesting that the pores, although numerous, have limited connectivity.
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Figure 7. Pore network and throat models, 3D models and porosity distribution from the eolian deposits. (A) Eolian Sand-
sheet sample; (B) (C) (D) Eolian dunes samples.
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Figure 8. Pore network and throat models, 3D models and porosity distribution from the fluvial channel deposits of the core sample
21. (A) Lateral accretion bars sample; (B) (C) (D) Aggradational sandy bedforms samples.
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Figure 9. Pore network and throat models, 3D models and porosity distribution from the fluvial channel deposits of the core
sample 101. (A) (B) (C) Aggradational sandy bedforms; (D) Lateral accretion bars.

4.2.3. Overbank Deposits
The sandstones associated with terminal splays revealed three distinct porosity-
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permeability behaviors. Deposits with incipient tangential cross-stratification pre-
sent the most favorable properties, with a porosity of 25.53% and permeabilities
ranging between 1787.80 mD and 2428.44 mD along the different axes of analysis

(Figure 10(A)).
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Figure 10. Pore network and throat models, 3D models and porosity distribution from the overbank deposits. (A) (B) (C)

Terminal splays samples.

In contrast, deposits with horizontal laminations show radically different char-
acteristics (Figure 10(B)). Micro-CT scanning registered only 0.33% porosity,
while Mercury Intrusion Porosimetry (MIP) revealed higher values (16.2% poros-
ity and 23.87 mD permeability), with an average pore throat diameter of 0.03 pm.
This discrepancy indicates the presence of microporosity below the resolution
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threshold of the micro-CT scan.

Finally, deposits with deformed cross-stratification presented an intermediate
behavior. Micro-CT analysis showed 0.905% porosity, contrasting with the 13.84%
obtained by MIP, which also revealed a permeability of 3.21 mD and an average
pore throat diameter of 0.02 um (Figure 10(C)).

5. Discussion

The integrated analysis of petrographic, microtomographic, and porosimetry data
reveals a strong correlation between the depositional architecture of the Morro
Pelado Member, as proposed by Manna (2024), and its resulting petrophysical
properties. The heterogeneity observed in the pore systems is not random but fun-
damentally controlled by the distinct sedimentary processes and subsequent dia-
genetic history inherent to each depositional subsystem. This discussion will detail
these correlations, explaining the petrophysical behavior of each facies association

within its sedimentological context.

5.1. Eolian Deposits Subsystem: The Microporous,
Low-Connectivity Reservoirs

While eolian deposits commonly exhibit higher porosity and permeability, this
generalization requires careful application to systems significantly influenced by
water-related processes (Bofill et al. 2025). The eolian deposits, comprising eolian
sandsheets and eolian dunes, consistently behave as low-permeability reservoirs,
a characteristic directly linked to their depositional and post-depositional evolu-
tion.

Eolian Sandsheets as described by Manna (2024) form as thin, extensive sheets
in wet interdune areas. The sample T21AM17 reflects this environment, showing
good total porosity (~15% by MIP) dominated by primary intergranular pores
(70.9%). The good initial sorting typical of eolian transport created a well-defined
pore network. However, the permeability is strikingly low (2.77 mD). The ob-
served discrepancy between good porosity and low permeability is best explained
by a combination of early diagenetic processes. While primary intergranular
pores are preserved and grain dissolution created significant secondary porosity,
carbonate cementation occluded the connecting pore throats. The isolated pores,
initiated within feldspars, as proposed by Monsees et al. (2021) for Permian
Rotliegend sandstones, likely commenced prior to deposition and progressed
throughout early diagenesis, persisting until the diminishing influence of mete-
oric waters during burial diagenesis. Preserving porosity but severely reducing
connectivity and effective permeability. Furthermore, the permeability anisotropy
detected by micro-CT analysis (8.89 mD vs. 4.85 mD) can be attributed to subtle,
low-angle lamination (Figure 5(A)) within this facies, which imparts a preferred
orientation and heterogeneous flow pathways to the pore system, as observed in
Figure 7(A).

Eolian Dunes in contrast to the eolian sandsheets, show a more homogeneous
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pore system as observed in the porosity distribution graphs in Figures 7(B)-(D).
While primary intergranular porosity is present, there is a notable development
of secondary intragranular and moldic porosity (up to 63% of the total porosity in
some samples). This is a classic signature of dissolution processes, developed dur-
ing diagenesis through the dissolution of detrital and diagenetic constituents (De
Ros, 1990). Furthermore, the presence of carbonate cement (4% - 8%) partially
occludes pores. The model of Manna (2024) for wet eolian dunes suggests a high
water table, which would favor such early diagenetic like dissolution. The combi-
nation of isolated secondary pores and pore-filling cement results in a system with
low effective connectivity, explaining why micro-CT shows very low permeability
(often below detection limit). One of the 3D models captures the inherited eolian
cross-stratification, indicating that the depositional architecture dictates the fun-
damental skeleton of the pore network. This is consistent with the findings of
Maithel et al. (2021), who notes that high-resolution scans provide a detailed rep-

resentation of cross-beds.

5.2. Fluvial Channel Deposits Subsystem: High-Quality But
Anisotropic Reservoirs

This subsystem, represented by lateral accretion bars and aggradational sandy
bedforms, contains the most prolific reservoirs in the study, aligning with their
interpretation as high-energy channel deposits by Manna (2024).

Lateral Accretion Bars form by the lateral migration of meandering channels
(Manna, 2024). Samples like T21AM19 exhibit high porosity (21.39%) and, cru-
cially, very high and anisotropic permeability (e.g., 874 mD vs. 503 mD). One of
the factors for high porosity can be explain by the type of rock, several authors
have observed that subarkoses sometimes exhibit a greater potential for porosity
preservation than quartzarenites. According to Bjorlykke et al. (1989), the pres-
ence of feldspars inhibits the extensive development of quartz cement. This ob-
servation is supported by Parnell (1987), who, in a study of Paleozoic sandstones
from Wales, identified subarkoses as the composition with the most favorable po-
rosity preservation potential. The petrography confirms a clean sandstone with
well-developed primary intergranular porosity and minimal cement.

Aggradational Sandy Bedforms shows the highest variability, reflecting a range
of flow regimes within the channel system. Well-sorted sandstones with low-angle
or planar cross-stratification (e.g., T21AM20, T21AM23) exhibit excellent prop-
erties (porosity >17%, permeability >1000 mD). Their textural maturity, with
point and long contacts, and well-preserved intergranular porosity, leads to a well-
connected macroporous system.

In contrast, the massive to incipiently stratified sandstones (Sm/Sli), exempli-
fied by sample T101AM32, present a petrophysical divergence. While micro-CT
analysis reveals low porosity and negligible permeability, MIP detects a significant
microporous system, with a porosity of 18.07%. This microporosity (0.06 um av-

erage pore diameter) could be attribute to the dissolution of grains as suggested
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by Shanmugan (1985). However, it is poorly interconnected, resulting in the ob-
served very low permeability of 0.34 mD. The high total porosity is largely reflec-
tive of the 52% moldic porosity, which, being isolated, explains the low connec-

tivity and consequent low permeability.

5.3. Overbank Deposits Subsystem: The Division between Seal and
Reservoir

The overbank deposits exhibits the most significant contrasts in reservoir quality,
serving as a prime example of how subtle facies variations govern petrophysical
behavior. As interpreted by Manna (2024), the characteristics of these deposits are
governed by the interaction of flood event frequency and intensity, topographic
depressions, and drainage configuration.

Terminal Splays—High-Quality Facies: These deposits represent by sample
T21AM18 (Sti), present an exceptional porosity (25.53%) and permeability (>1700
mD). This characteristics can be explain by the near-absence of matrix and cement
that allowed for the preservation of an unspoiled, highly connected intergranular
pore network. This facies shows a more homogeneous porosity distribution (Fig-
ure 10(A)) and acts as high-permeability flow path. As noted by De Ros (1990),
the abnormal pore-fluid pressures generated during rapid sedimentation can in-
hibit compaction and cementation, thereby preserving primary porosity.

Terminal Splays—Low-Quality Facies: Other splay deposits tell a completely
different story. The horizontally Laminated Sandstones are dominated by a clay
matrix (up to 70%), which completely occludes the primary porosity. Micro-CT
rightly detects near-zero porosity and permeability. The significant porosity
(16.2%) and moderate permeability (23.87 mD) revealed by MIP are attributed to
a network of micropores within the clay matrix itself. This facies functions as a
baffle or seal.

Sandstones with Deformed Stratification shows an intermediate character. The
deformation processes may have disrupted the original fabric, reducing macroporos-
ity (0.9% in micro-CT). However, the presence of dissolution and moldic porosity
(27% of the total porosity in thin section) and a lower clay content than facies Sh
creates a system with fair MIP porosity (13.84%) and low but measurable perme-
ability (3.21 mD). The low permeability can be the result of the heterogeneous

system within this facies, as observed in Figure 10(C).

6. Conclusion

In conclusion, this integrated analysis demonstrates that the reservoir quality het-
erogeneity within the Morro Pelado Member is a direct consequence of its depo-
sitional architecture and the resultant diagenetic overprint. The distinct petro-
physical character of each facies association is not merely incidental but is funda-
mentally dictated by the interplay of primary sedimentary processes and subse-
quent diagenetic pathways.

The Eolian Subsystem, comprising sandsheets and dunes, functions as a mi-
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croporous system with low connectivity. Despite good initial porosity, its reser-
voir potential is severely compromised by diagenetic processes—primarily car-
bonate cementation occluding pore throats and the development of isolated sec-
ondary porosity—resulting in strikingly low permeability, even in the presence of
significant total porosity.

The Fluvial Channel Subsystem contains the most prolific reservoirs, charac-
terized by high porosity and permeability. Their quality is governed by textural
maturity, the preservation of a well-connected intergranular pore network, and in
some cases, a subarkosic composition that inhibits quartz cementation. However,
their performance is anisotropic, influenced by depositional structures like lateral
accretion surfaces.

The Overbank Subsystem presents the most dramatic petrophysical duality,
perfectly encapsulating the control exerted by subtle facies variations. Here, the
stark contrast between high-permeability conduits (clean terminal splays) and ef-
fective seals/clay-rich baffles is a direct function of depositional energy, sediment
sorting, and clay matrix content, illustrating a definitive continuum from reser-
voir to non-reservoir rock within a single genetic environment.

Collectively, these subsystems form a composite aquifer where the primary hy-
draulic function of each is determined by its depositional origin: Fluvial Channels
constitute the high-transmissivity core, Overbank deposits create a complex sys-
tem of seals and localized pathways, and Eolian deposits form hydraulically re-
strictive units.

Ultimately, this study confirms that a predictive model for reservoir behavior
in the Morro Pelado Member must be grounded in a detailed understanding of its
sedimentological framework. The petrophysical properties are an intrinsic signa-
ture of the depositional system, subsequently modified by a diagenetic history that
is itself often a function of the primary depositional fabric.

To better understanding of the specific diagenetic reactions that govern poros-
ity and permeability evolution, scanning electron microscopy (SEM) is recom-
mended. Unlike the current methods, SEM would provide critical high-resolution,
direct visualization of pore-throat-occluding cements, clay mineral morphology,
and dissolution textures. This essential micro-scale data would uniquely identify
the specific mineral phases and their spatial distribution, allowing for a more pre-

dictive model of reservoir quality evolution.
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