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ABSTRACT: The Rio do Rasto and Botucatu Formations represent the main aquifer reservoirs in the state of
Santa Catarina Brazil. The vertical facies succession of these formations comprises reservoirs formed by a
complex fluvial-eolian interaction. The analysis of the depositional architecture, the use of geophysical data and of
high-resolution virtual outcrop models from these reservoirs improved the understanding and of high-resolution
heterogeneities at different scales and allowed the development of lithological and aquifer models that demonstrate
this interaction. At megascopic scale, the reservoirs are composed of fine-grained sediments interbedded with with
sandy bodies deposited in a fluvio-eolian context of the Rio do Rasto Formation, and large-scale eolian dunes
deposited in a dry eolian system of the Botucatu Formation. At macroscopic scale, the fluvial-interpreted reservoir
presented more vertical and lateral heterogeneities relative to the eolian reservoir. Unconformity surfaces and clay
layers act as its main flow barriers. At mesoscopic heterogeneity reflects lithofacies and sedimentary structures
within eolian and fluvial facies associations. In this scale the major parameters that impact the flow migration are

textural and structural differences associated with eolian and fluvial depositional processes.

Keywords: fluvial-eolian reservoirs; Rio do Rasto Formation; Botucatu Formation; multi-scale
heterogeneities

INTRODUCTION

Deposits originating from fluvial-eolian systems constitute important water/oil/gas reservoirs due to
their high permeability and porosity characteristics (Riccomini et al., 2012). However, these reservoirs
present diverse depositional (textural intercalations, types of stratification and layer architecture) and/or
post-depositional (compaction, cementation and tectonic deformations) heterogeneities (Galloway and
Hobday, 1996), which can compartmentalize and make them unproductive.

To understand these heterogeneities at their different scales (micro, meso and macro) and their
relationships with petrophysical parameters (porosity and permeability), various data are needed, such

as stratigraphic profiles, wells, geophysical surveys, as well as digital aerial photogrammetry to generate
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2 Multiscale Heterogeneities in Fluvial-Eolian Aquifer Reservoirs

digital models of outcrops (DOM).

Among the equipment that allows acquiring such data, GPR and the use of Remotely Piloted
Aircraft (RPA's) stand out, which have the capacity to provide images of features in high-resolution (cm
scale), in shallow subsurface (up to 100 meters in depth) and surface, mainly in outcrops that are
difficult to access.

Research involving the application of the GPR method is found in several authors such as: Davis
and Annan (1989), Pringle et al. (2004), Neal (2004), Forte et al. (2012), De Oliveira et al. (2020). In
the context of siliciclastic rocks of river and wind environments, we highlight the work of Bristow et al.
(1996); Van Overmeeren (1998); Bristow et al. (2000; 2005), Neal and Roberts (2001), Lee et al.
(2007), Botha et al. (2003), Bongiolo and Scherer (2010); Souza (2013), Ballico et al. (2017),
Magalhdes et al. (2017). The works that address the characterization of reservoir heterogeneities based
on MVA can be found in Eltom et al. (2017), Massaro et al. (2018); Kroth (2018); Howell et al. (2014),
Roisenberg (2020) and Thomas et al. (2021).

The State of Santa Catarina is made up of successions of hydrostratigraphic units that represent
geological domains from the Precambrian to the Cenozoic (Machado, 2013). Among them, the Rio do
Rasto and Botucatu formations stand out. The Rio do Rasto Hydrostratigraphic Unit occurs along the
band of outcrops of Gondwana sedimentary rocks, in lower contact with the Teresina Unit, and in its
upper portion in contact with the Botucatu Hydrostratigraphic Unit. That unit is characterized by
presenting different lithological sets, which are subdivided into the Serrinha and Morro Pelado Members
(Machado, 2013).

In general terms, the Serrinha Member is made up of fine, well-sorted sandstones, interspersed with
gray-green, brownish, burgundy and reddish siltstones and mudstones, and may locally contain lenses or
horizons of marly limestone; Morro Pelado, they are made up of lenses of fine, reddish sandstones,
interspersed with purplish siltstones and mudstones (Machado, 2013).

The Botucatu Hydrostratigraphic Unit makes up the Guarani Aquifer System (GAS), which is
composed of the Piramboia and Botucatu Formation (Reboucas, 1976). Because of its high porosity,
permeability, homogeneity, continuity and dimensions, the (GAS) is considered one of the largest
aquifer systems in the world (Machado, 2013). However, the contrast between the fluvial/lacustrine
lithologies of the Piramboia Formation and the eolian lithologies of Botucatu may confer a certain
anisotropy and heterogeneity to the (GAS). Given this, and because the (GAS) behaves like a multi-
layer aquifer, based on the conception of a large aquifer system, it has an unknown architecture on a
macro scale, as well as the influence it can exert on its reserves and water quality (Machado, 2013). This
author also highlights that the existence of tectonic compartmentalization into blocks generated by
structural discontinuities makes it difficult to characterize it as a typical transboundary aquifer with
continuous flow.

Among these lithologies, the sandstones of Botucatu Fm. are considered one of the best reservoirs

in the (GAS), presenting an average porosity of 17% and hydraulic conductivity of 0.2 to 4.6 m/day
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(Araujo et al., 1995). Deposited in an aridization context, this formation presents records of eolian
deposits associated with extensive ergs (dune fields) of Jurassic-Cretaceous age (Milani et al., 2007,
Warren et al., 2008; Soares; Soares; Holz, 2008). From a compositional point of view, Botucatu Fm. is
mainly made up of fine-to medium-grained quartz sandstones, whitish, yellowish and pink in color, well
selected, regularly classified, silt-clay, quartz, with subrounded grains (Milani et al., 2007, Machado,
2013). In this context, the present work aims to differentiate, using GPR and aerial photogrammetry,
internally and externally the depositional architecture of the fluvial-eolian systems of the Rio do Rasto
and Botucatu formations, individualizing the connections, compartmentalizations and the main

associated heterogeneities

STUDY AREA LOCATION

The geological interval under study is located near the municipalities of Lages and Painel, located in the
Santa Catarina Plateau region, Figure 1. Three specific arecas were selected for the development of the
research: Area I, located adjacent to SC-114 highway, towards the city of Painel, where the Rio do
Rasto and Botucatu formations are mapped; Areas II, located near Devil's Throat River.
Geomorphologically, the areas are located on the SE margin of the Lages Dome. This structure has
a concentric geometry, slightly elongated in the NW-SE axis, whose uplift and erosion, due to the
intrusion of alkaline magmatism into the structure, exposed stratigraphic units of Permian and Early

Cretaceous age, such as Rio do Rasto and Botucatu formations (Scheibe, 1986).

GEOLOGICAL SETTING

The Parana Basin is an intracratonic basin that covers an area of approximately 1,400,000 km?, of which
1,100,000 km? are on Brazilian territory, with the remainder distributed between Paraguay, Argentina
and Uruguay (Bergamaschi, 1999, Milani et al., 2007). The geometric shape of the basin resembles an
ellipse with a major axis N-S, whose evolution took place during the Paleozoic and Mesozoic, starting
from a gulf open to the Panthalassa Ocean and later becoming an intracratonic depression due to the
convergent movement between Gondwana and the oceanic crust (Milani et al., 2007).

The basin is filled by a sedimentary-magmatic package, approximately seven thousand meters long,
deposited between the Late Ordovician and the Late Cretaceous (Milani et al., 2007). Six second-order
allostratigraphic units or supersequences are recognized in it, individualized by interregional
unconformity surfaces (Milani, 1997), these units are: 1) Rio Ivai (Ordovician-Silurian); 2) Parana
(Devonian); 3) Gondwana I (Carboniferous-Eotriassic); 4) Gondwana II (Meso to Neo-Triassic); 5)
Gondwana III (Neo-Jurassic-Eocretaceous); and 6) Bauru (Neo-Cretaceous). The first three
supersequences (Rio Ivai, Parana and Gondwana I) record cycles of transgression of sea level regression
in the Paleozoic, while the last three Gondwana II, Gondwana III and Bauru) are formed by continental

sedimentary sequences (Mesozoic) and association of igneous rocks. Which, the Gondwana I and 111
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supersequence include the Rio do Rasto and Botucatu Formation respectively.

The Rio do Rasto Formation has a maximum thickness of 600 m (Scherer et al., 2023) and can be
further subdivided into the Serrinha and Morro Pelado Member. The Serrinha Member, with a thickness
ranging from 150 to 250 meters, primarily consists of siltstones and fine sandstones. In contrast, the
Morro Pelado Member, with a thickness of 250 to 300 meters, is composed of fine to medium
sandstones, siltstones, and secondary reddish mudstones (Holz et al., 2010).

Deposited in an arid environmental context, the Morro Pelado Member is predominantly
characterized by creamy yellowish, purplish and reddish siltstones and sandstones with lenticular and
sigmoidal geometry, its thickness can vary from decimetric to metric (Rohn, 1994, Meglhioratti, 2006,
,Warren et al., 2008, Holz et al., 2010, Schemiko et al., 2014, Alessandretti et al., 2015). Due to this
association, several depositional paleoenvironments have been proposed, however, there is a consensus
that the deposition of the Morro Pelado Member occurred in more arid circumstances associated with
continental systems (Lavina, 1991; Rohn, 1994; Warren et al., 2008; Holz et al., 2010; Schemiko et al.,
2014; Alessandretti et al., 2015; Azevedo, 2018; Toledo et al., 2023).

Botucatu Fm. is composed of fine to medium, and occasionally coarse, well-sorted light
sandstones, with rounded, highly spherical grains with large to small channeled or planar cross-
stratifications (Scherer, 2000; Da Silva and Scherer 2000; Soares; Soares; Holz, 2008). A facies study
carried out by Scherer (2000) indicates that the main dune morphologies related to Botucatu Fm. are
simple crescents, compounds and complex linear draas. According to Soares; Soares and Holz (2008),
the origin of this formation dates back to extensive ergs associated with desert subenvironments,
indicated by wadis deposits, with basal rudaceous facies and lacustrine deposits indicated by laminated
pelitic facies. Previous studies indicate that the direction of sand transport and dune migration occurred
to the northeast, suggesting that the source area was to the west/southwest (Bigarella and Salamuni,
1961; Scherer, 1998).

The Botucatu Fm. is limited at the base by a regional unconformity developed on the fluvio-
lacustrine deposits of the Rio do Rasto Fm. while the upper contact is concordant with Serra Geral Fm.
(Da Silva and Scherer, 2000). According to Gordon Jr. (1947), this basal unconformity highlights the
limit between the Paleozoic and Mesozoic eras. However, the contact relationship with the underlying
units is still a topic of discussion and there are different interpretations for each location, as discussed by
Soares; Soares and Holz (2008).

In the study area, the Morro Pelado Member is composed of 15 lithofacies, Table 1 and Figure 2,
that were grouped into five architectural elements, characterizing this unit as distributive fluvial systems
in a terminal context, while the Botucatu Formation is dominated by two lithofacies, Table 1and Figure

3, being interpreted as dry eolian systems (Scherer, 1998 and 2000).

Braz. J. Geophys., 43, 1, 2025



Lemosetal. 5

A)

6924000

o
o
o
oA
N
[o2]
©

6916000

6912000

GEOLOGICAL MAP

568000 572000 576000 580000 584000 588000

568000 572000 576000 580000 584000 588000

LEGEND:

Q2a_Quaternary
g & Alkaline complex
88l Serra Geral Gr.

5 K88 Botucatu Fm.

[Pl Rio do Rasto Fm.
£ IBfli Teresina Fm.
£ IBEl Serra Alta Fm.

o BBl Irati Fm.

[P1pl Palermo Fm.
—— Fault or Fracture
— — Inferred Fault
sc-114 Highway

[] Study areas
(©) SIAGAS Borehole
@ Colunar Profile

(») Pseudowells
N

e

0 S 5,

6924000

6916000 6920000

6912000

Kkm
Datum:Sirgas 2000 - Zone 22s

B)

Areall C)

6919824

6919624

576034 576234

6919824

<
N
©
(<)
-
[0}
©

Legend:

576034 576234 576434 GPR Profile
200 MHz

80 MHz

Arealll

Figure 1. A) Geological Map; B and C) aerial images of the areas surveyed and with the overlap

of the GPR sections

Table 1. Lithofacies of the Rio do Rasto and Botucatu formations recognized in the study area and

characterized in terms of lithology, texture, sedimentary structure, and other depositional and post-

depositional features (Adapted from Miall, 1996). The lithofacies codes with (e) indicate eolian

processes.

Litofacies
Code

Description

Interpretation

Gem

Granule- to pebble-supported massive,
intraformational conglomerates. Poorly sorted, fine
to very coarse-grained sandy matrix with
subangular to subrounded mudclasts. Presents
erosive basal surface.

High-energy flows, hyperconcentrated in
sediments and eroded floodplain mudclasts
(Miall, 1996).
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6 Multiscale Heterogeneities in Fluvial-Eolian Aquifer Reservoirs

Poorly to moderately sorted, massive, very fine- to

High-energy flows, hyperconcentrated in

Sm fine-grained sandstones. sediments (Miall, 1996).
Deposition under in-phase, non-breaking
Moderately sorted, very fine-grained sandstones waves in upper flow regime conditions and
Slu with slightly undulated horizontal lamination. highly aggradational settings (Cartigny et
al., 2014).
Moderately sorted, very fine- to fine-grained Transitional flow gondltlons bgtween upper
Sl sandstones with low-angle cross-stratification plane-bed and antidunes stability fields
& : (Fielding, 2006).
St Moderately sorted, fine-grained sandstones with Unidirectional, subaqueous migration of
trough cross-stratification. sinuous-crested dunes (Miall, 1996).
Moderately sorted, very fine-grained sandstones Smalljscale, smuous—cr'ested bedforms' .
. . L . deposited by lower regime flow, combining
with small-scale, ripple cross-lamination with . . .
Sr . Y. N . traction and suspension processes (Miall,
critical to supercritical climbing angle. Laminae . .
may be deformed 199§). Lam}nae defqrma‘uon may occur due
’ to bioturbation or fluid scape.
Moderately to well- sorted, very fine-grained Small-scale bedforms deposited and
Sw sandstone with wavy, low-angle truncated cross- reworked by wind-induced oscillatory
lamination. currents (Plint et al., 2010).
Poorly to moderately sorted, very fine- to fine- Completely indistinguishable strata or
Sd/S? grained sandstones with no distinguished laminae deformation due to pedogenesis,
sedimentary structure. intense bioturbation, or fluid scape.
Heterolithic bedding characterized by milimeter- to . . .
. . . Intercalation of traction and suspension
centimeter-scale intercalation of moderately sorted, . .
. . . processes (Reineck and Singh, 2012).
very fine-grained, massive, undulated or rippled . . .
Ht : . Laminae deformation may be associated
cross-laminated sandstones and massive to - . .
. . . with bioturbation, pedogenesis, or mud
laminated siltstones to mudstones. Laminae may be . ; .
shrinkage under subaerial conditions.
deformed.
Purple to red siltstones and claystones with Gray1tat10na1 setigi ﬁne-graln.e(.i
Fl . . . sediments under low energy conditions.
horizontal laminae. Laminae may be deformed. . p .
Laminae deformation may be associated
with bioturbation, pedogenesis, or mud
Purple to red, massive sandy siltstones, siltstones shrinkage under subaerial conditions (Miall,
Fm
and claystones. 1996.).
Purple to red very fine-grained sandstones, sandy Non-depositional intervals and early
P siltstones, and siltstones with poorly-developed pedogenetic processes under subaerial
pedogenetic features. exposure (Retallack, 1976).
Moderately to well- sorted, very fine- to fine-
grained sandstones with subangular to rounded Migration of eolian dunes dominated by
St(e) grains. Trough cross-strata consist of bimodal, translatent wind ripples alternating with
millimetrically-spaced, inversely graded pin-stripe | grain fall settling, located at the base of the
lamination eventually intercalated with millimetric | dune (Hunter, 1977; Kocurek, 1991).
to centimetric structureless laminae.
Moderately to well-sorted, very fine- to fine-
Sl(e) grained sandstones with subangular to rounded Migration of translatent wind ripples
grains with low-angle, millimetrically-spaced, (Hunter, 1977).
bimodal, inversely graded pinstripe laminae.
Sandy siltstones to moderately to well-sorted, very- .
Sa(e) fine grained sandstones with crenulated horizontal Adhesion of dry sand to a wet or damp

laminae.
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Figure 2. Field photographs representing each sedimentary facies of the study area. See
description and interpretation in the Table 1. (A) Lenticular beds of intraformational
conglomerates with granule and pebble-sized muddy and sandy intraclasts; (B) Moderately
sorted, low-angle cross-stratified fine-grained sandstone, with elongate silty intraclasts; (C)
Moderately sorted, trough cross-stratified fine-grained sandstone; (D) Ripple cross-lamination
with climbing angle within silty very fine-grained sandstone; (E) Moderately sorted, fine-grained
sandstone with indistinct syn-depositional structures; (F) Well-sorted, massive, very-fine grained
sandstone in contact with purple, massive, blocky mudstone; This contact is typically marked by
a greenish bend; (G) Stacked trough cross-stratified sets of well-sorted, very fine-grained
sandstones composed of translatent wind ripple strata; (H) Well-sorted, fine-grained sandstone
composed of low-angle cross-stratification of translatent wind ripple strata; (I) Heterolithic beds
with variable proportions of sand and mud, consisting of millimeter- to centimeter-scale
intercalated massive to wavy ripple cross-laminated very fine to fine-grained sandstones and
laminated to massive mudstones; These beds typically show pronounced degrees of bioturbation;
(J) Purple to pinkish purple wavy to horizontally laminated mudstones with occasional
bioturbation; (K) Purple massive mudstone with occasional bioturbation; (L) Purple mudstone

with blocky texture, greenish mottling and thin, grayish haloed rootmarks.
Braz. J. Geophys., 43, 1, 2025
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rain flow
strata

Figure 3. The main sedimentary structures on eolian dunes facies association. A and B)

Intercalation relationship between grain flow and translatent laminations

METHODS

GPR Acquisitions in the Study Area
In addition to detailed stratigraphic loggings, surveying and mapping using Digital Outcrop Models

(DOMs), 3D digital modelling of the outcrops and geophysical investigations using with Ground
Penetrating Radar (GPR) have been used. The main focus of this methodology is on the description of
sedimentary structures and architectural elements that form fluvio-eolian reservoirs.

The geophysical survey was carried out with GPR equipment from GSSI (Geophysical Survey
Systems Inc.), using an antenna at a frequency of 200 MHz and an unshielded low-frequency antenna
(80 MHz). Fourteen GPR profiles were acquired. Twelve in the Area 2 (ten at 200 MHz and two at 80
MHz, and two profiles in Area 1 (200 MHz), Figure 1. Data was acquired following the common-offset
acquisition method. Data is post-processed by RADAN 7.0® and ReflexW 3® softwares in order to
increase the signal to noise ratio by applying of high-pass and low-pass filters; time-variant scale gain;
Kirchoff migration, and topographic correction, following basic standard post-processing routines
(Neal, 2004). GPR data are presented as GPR profiles, or radargrams. Ground truth data were obtained
for GPR profiles above rock outcrops, enabling for calculation of dielectric constants by converting
two-way travel-times primary data into average velocities of radio pulses propagation. The radargrams
may then be interpreted in terms of actual depths. The calculated dielectric constants (K), for this study
range from 6 to 10. These constants also known as the relative permittivity (er), is a dimensionless
quantity that represents how much a material can store electrical energy compared to a vacuum.
Mathematically it is defined as: er = €/gg, were € = dielectric permittivity of the material (farads/meter -
F/m) and g = dielectric permittivity in vacuum (8.854 x 107> F/m).

The average propagation velocities in the surveyed subsoil range from 0.12-0.09 meters per
nanoseconds, respectively. General principles of GPR stratigraphy, derived from seismic stratigraphy,
are applied to the description of subsurface structures (sediments and rocks), as revealed by GPR

reflectors (Neal, 2004).
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Acquisition and Processing of Aerial Images
A DJI Phantom 4 RPA with integrated camera and Global Navigation Satellite System were used

in this study. This model has a camera coupled with Complementary Metal-Oxide Semiconductor
(CMOS) sensors, measuring approximately 11 mm, which allows photos to be taken with a resolution of
12 megapixels (4000 x 3000) and a pixel size of 1.55 x 1.55 um. It has a 20 mm lens, equivalent to the
35 mm format, with a focal length of 3.61mm and a 94° field of view.

The aerial images acquisition was carried out in two stages. In the first, the flight plan was
programmed to take photos at an altitude of 70 m above ground. This acquisition was planned using the
UgCS software based on topographic information from the Shuttle Radar Topographic Mission
(SRTM). The objective of this first flight plan was to obtain a higher resolution Digital Elevation Model
(DEM) for planning a second flight at a lower altitude. The second phase of acquisition was based on
the DEM from the previous field trip, with a programmed plan to acquire images at 15.6 and 20 m
altitude for Digital Outcrops Models (DOM’s) 1 and 2.

The aerial photographs were processed using Metashape Photoscan 1.4.2 software. This software
allows the application of the SIM-MVS workflow. Therefore, the processing of the aerial images
follows, as a reference, the workflow presented by Viana et al. (2018) and Pasetto et al. (2020). The
processing flow consists of five main steps: 1st) selection and alignment of photos; 2nd) generation of
point cloud (sparse and/or dense); 3rd) creation of Digital Surface Models (DSM) and Digital Terrain
Models (DTM); 4th) application of texture to improve the visual aspect of the model); 5th) creation of
Digital Outcrop Model (DOM).

The alignment of the photographs and the generation of the sparse point cloud were carried out in a
high quality using all of the photographs. The dense point cloud was then constructed points, at this
stage the software increases the number of reconstructed points by two or three orders of magnitude, in
relation to the sparse point cloud; then it is possible to build the triangulated surface (mesh) and finally
generate the texturing of the model. All these steps were carried out with high quality, allowing the

generation of models with resolutions of 8§ mm and 2.54 cm per pixel for DOM’s I and 11 respectively.

Generation of Lithological and Aquifer Modeling
This approach involved developing 3D facies models and relating these models to

hydrostratigraphic units and aquifer types. The method used in this work employs lithological modelling
techniques based on the concept of “solid modelling” concept of RockWorks 15 software, using a
kriging algorithm. This method allows the prediction of measurements and observations in places where
the value of the variable is unknown based on previously collected data.

The models were developed based on data from 10 boreholes, available on the website of the
Secretariat for Economic Development of the State of Santa Catarina (SDE/SC). These boreholes were
selected on the basis of proximity and because they are more geologically representative of the study

area. The well database contains information on the location, depth, groundwater level and flow rate,
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10 Multiscale Heterogeneities in Fluvial-Eolian Aquifer Reservoirs

lithology, sediment texture, and elevation. In addition, eight simulated boreholes (pseudowells) were
created to adjust the model; five were obtained from columnar profiles surveyed in the area by Manna

et., al in prep., and three were created from DOM’s and GPR surveyed in this work,

RESULTS AND DISCUSSION
Radar Facies and Surfaces

To standardize the identification of surfaces, stratigraphic packages, and sedimentary facies, we
apply the principles of seismostratigraphy as outlined by Mitchum Jr. (1977) and Mitchum Jr. et al.
(1977).These principles are based on the recognition of reflection patterns (including configuration,
continuity, amplitude, and frequency) and reflection terminations or boundaries. In addition, we adopt
the terminology proposed by Neal (2004). Radar surfaces are similar to boundary surfaces and represent
depositional breaks or unconformities in the sedimentary sequence; radar packages are depositional
units that consist of genetically related strata that are bounded at the base and top by radar surfaces or
boundary surfaces; radar facies consist of sets of reflectors with distinct shape, dip and continuity that
represent the bedding and internal structure of a given sedimentary facies.

In view of this and after processing the radargrams obtained with the 200 and 80 MHz antennas, it
was possible to individualize a total of five radar facies and four boundaries surfaces as follows (Table
2): radar facies Rf-1, Rf-2 and Rf-3 were associated with the Morro Pelado Member (Rio do Rasto
Fm.); radar facies Rf-4a, Rf-4b and Rf-5 were related to Botucatu Formation. The S-U corresponds to
the unconformity surface that divides the units, the S-3 are the internal surfaces of the radar facies Rf-3
and Rf-4a, The Interdune Surface (I-S) corresponds to the basal surfaces bounding the radar facies Rf-
4a, Rf-4b and Rf-5; S-4 occurs between R-f-1, Rf-2 and Rf-3, and divides distinct depositional units.
The results and discussions of this work are presented according to the hierarchical orders, from a

stratigraphic point of view, and the radar facies identified in each study area.

Braz. J. Geophys., 43, 1, 2025
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Table 2. Description and interpretation of the radar facies and boundary surfaces.

Radar Facies and Surfaces |

Description

| Interpretation

Botucatu Fm.

Iy —— e e,
_\E_\ ‘:"- ""f::
", g~ ..':
o .;"“\ -
e =
—— s T -
- — e

Characterized by
subhorizontal reflectors
(maximum dip of 5°) with
moderated continuity and
amplitude signal, laterally
extensive (more than 75
meters). These radar facies are
truncated by high-amplitude
subhorizontal (I-S) reflectors.

Subhorizontal reflectors suggest
sets with low-angle cross-
stratification. From the surface
outcrop, this radar facies
corresponds to low-angle inclined
wind-ripple strata. The
predominance of climbing
translatent strata suggests
deposition by wind ripples in an
interdune context, sandsheets or
dune plinth deposits.

Sigmoidal to tangential
reflectors with dip angles
varying between 25° and 28°
in the NW direction.
Internally, reflectors can be
subdivided into sub-sets,
which are them selves
bounded by inclined surfaces
(S-3) that dip up to 25°. In the
transverse profile. The Rf-4a
present concave-upward
reflections (Rf-4b) with strong
amplitudes and good
continuity.

The trough-tangential pattern of
cross-stratification indicates
deposition of 3D-crescentic bed
forms. The inclined bounding
surfaces (S-3) that occur internally
within cross-bedded sets and which
dip in a similar direction to the
cross-strata are most readily
interpreted as reactivation surfaces.

‘W’-

Rf-3 comprises a low to
medium amplitude, gently
dipping reflections to 19°.
Reflectors are organized in a
thin wedge shaped, with
dimensions of about 1.5
meters thick and 60 meters
lateral extent, passing laterally
to the radar facies Rf-1.The
reflectors at the top are cut off
by surface S-U.

The radar facies Rf-3 is interpreted
as a set of cross-stratification. From
the surface columnar profile these
radar facies suggest deposition by
migrating eolian dunes (Hunter,
1977).

Rf-2 is characterized by sub-
parallel, moderately inclined
reflectors with good to
moderated continuity and
moderated amplitude signal.
Rf-2 is structured in a tabular
geometry, 1-meter thick and
30 m lateral extent. The
reflectors at the base are cut
off by surface S-4.

The presence of sub-parallel,
moderately inclined reflectors with
good to moderated continuity
suggests horizontally stratified
deposits. In correlation with the
outcrop profile, this radar facies
represents very fine-to fine-grained
sandstones with low-angle cross-
stratification interlayered with very
fine-grained sandstones with
adhesion structures.

Rf-1 presents discontinuous
and disorganized reflectors,
sub-parallel to undulating,
moderately inclined, with low-
amplitude signal. The
reflectors are truncated by the
S-U and they end in toplap
against the S-4.

The presence of discontinuous,
disorganized reflectors indicates
low resistivity deposits. In
conjunction with the outcrop
profile, it is possible to correlate
this radar facies with laminated
(facies F1) and massive mudstones
(facies Fm) and heterolithic
deposits (facies Ht).
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Rf - 1 Radar facies - Profile P - 0

Description: Rf-1 radar facies was identified only in Area I and is restricted to the basal part of the
radargram (GPR Profile P-0), below 7.5 meters and over 126 m of surveyed profile, Figure 4. The radar
facies present discontinuous and disorganized reflectors, sub-parallel to undulating, moderately inclined,
with low-amplitude signal. The reflectors are truncated by the S-U and they end in toplap against the S-
4. The low-amplitude of reflectors indicates a strong attenuation of GPR signal at the base of the profile.
In general, the reflectors present a general preferential direction towards SE, dipping between 4° and 8°
to Southeast/South.

Interpretation: The presence of discontinuous, disorganized reflectors indicates low resistivity
deposits. In conjunction with the outcrop profile, it is possible to correlate this radar facies with
laminated (FI facies) and massive mudstones (Fm facies) and heterolithic deposits (Ht facies). The
occurrence of the low-amplitude and signal attenuation at the base of the radargram indicates laterally
extended beds. The sub-parallel to undulating southeast-dipping reflectors indicates the regional

direction of the depositional surface.

Rf - 2 and Rf-3 Radar facies - Profile P - 0
Description: The radar facies Rf-2 was described in the Area I (GPR Profile P-0). This radar

facies are characterized by sub-parallel, moderately inclined reflectors with good to moderated
continuity and moderated amplitude signal. These radar facies are structured in a tabular geometry, 1
meter thick and 30 m lateral extent. The reflectors at the base are cut off by surface S-4 and are parallel
to the surface above.
Interpretation: The presence of sub-parallel, moderately inclined reflectors with good to moderated
continuity suggests horizontally stratified deposits. In correlation with the outcrop profile, this radar
facies represents very fine-to fine-grained sandstones with low-angle cross-stratification interlayered
with very fine-grained sandstones with adhesion structures, both facies resulting from eolian processes.
This facies intercalation is associated with moderate amplitude reflectors Rf-3 radar facies

Description: The Rf-3 radar facies is restricted at Area I. Rf-3 comprises a low to medium
amplitude, gently dipping reflections to 19°. Internally, this radar facies can be subdivided into sub-sets,
which are themselves bounded by inclined surfaces that dip up to 15°. These surfaces truncate the
reflector below but overlying reflector above is concordant. These reflectors are organized in a thin
wedge shaped, with dimensions of about 1.5 m thick and 60 m lateral extent, passing laterally to the
radar facies Rf-1, Figure 4.

Interpretation: Based on the signal characteristics, the radar facies Rf-3 is interpreted as a set of
cross-stratification. From the surface columnar profile these radar facies suggest deposition by
migrating eolian dunes (Hunter, 1977). The tangential pattern of cross-stratification indicates deposition

of 3D-crescentic eolian dunes. According to outcrop profile, the foresets within trough cross-bedded
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sets, inclined up to 19° are dominated by translatent wind-ripple laminae, indicating that many dunes
either lacked a significant active lee-side slipface (Mountney, 2006). The laterally discontinuous extent
of the cross-bedded set that passing laterally into laminated mudstones (radar facies Rf-1) suggests that
these small bedforms migrated and accumulated episodically and randomly as local accommodation
became available. The inclined bounding surfaces that occur internally within cross-bedded sets and
which dip in a similar direction to the cross-strata are most readily interpreted as reactivation surfaces

(Surface S-3; Kocurek and Hunter, 1986).

Rf - 4a and Rf - 4b Radar facies — Profiles P-0 and P - 7
Description: The radar facies Rf-4 occurs in the Area I (Rf-4a) and II (Rf-4a and Rf-4b), Figure 4 and

Figure 5. These radar facies present high-angle dipping reflections in the longitudinal profile (Rf-4a)
and concave-upward reflections in the transverse profile (Rf-4b), with strong amplitudes and good
continuity, Figure 6. The reflectors are large scale with 5-10 m thick and up to 70 m extent. In the
longitudinal profiles, Profile P-0 - Figure 4 and Profile P-7 - Figure 5. The Rf-4a reflectors show high-
angle reflectors, dipping about 24° towards the Northeast. At the profile P-0 (Area I) the reflections
downlap onto a low-angle reflection of the radar surface S-U, while in the Area II, the middle and
uppermost of the profile P-7, Figure 5, the high-amplitude reflectors merge with lower-angle inclined
reflectors, with low-amplitude, commonly in an intertonguing relationship, which they are bounded by
slightly subhorizontal reflector. Internally, the reflectors are regularly punctuated by inclined bounding
surfaces that dip at angles of 27°. In the transverse profile the radar facies Rf-4b contains concave-
upward reflectors with moderate to good continuity, more than 60 meters long.

Interpretation: The presence of high-angle dipping reflections in the longitudinal profile (Rf-4a)
and concave-upward reflections in the transverse profile (Rf-4b), Figure 6, correspond to sets of cross-
stratification. These radar facies are consistent with the St(e) lithofacies of the Botucatu Formation,
described in the DOM-I, Figure 9. The large, simple cross-bedded sets are interpreted to represent
residual deposits of crescentic eolian dunes (Scherer, 2000). The high-angle and high-amplitude
reflectors represent grainflow strata which indicate bedforms with well-developed slipfaces. The lower-
angle inclined reflectors, with low-amplitude correspond to climbing translatent wind ripples
accumulated at the base of the dune. The frequent intertonguing of ripple strata with grainflow-grainfall
strata suggest intervals during which sand was transported down the dune slopes as wind ripples,
probably under the influence of winds oriented along the slope (Sweet and Kocurek, 1990; Sweet,
1992), before avalanche sedimentation resumed. The slightly subhorizontal reflector that bounded the
high- and lower-angle reflectors, traced for several meters are interdune migration surface (I-S surface).
The down-dipping boundary surfaces within these sets are examples of a type of reactivation surface
formed as a result of episodic partial erosion of the lee slope of the bedforms (Brookfield, 1977

Fryberger et al., 1983).
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nw lArea 1 - GPR Profile P-0 -200 MHz | SE
10 20

o Rio do Rasto Fm

...... N e - pones

Figure 4. Post-processed radargram (Profile P - 0 - upper part) and interpretation of part of
section A (indicated by the rectangle). This profile was obtained parallel to the structures and
presents well-defined sigmoidal reflectors and limiting surfaces. Note the strong contrast
between the radar facies. The S-4 and S-U correspond to the 4th order surface and unconformity

surface, respectively.

SE [Arealll - GPR Profile P-7 - 80 MHz] NW

Figure 5. Post-processed radargram (Profile P - 7 - upper part) and interpretation. Note the
change in the configuration of the Rf-5 and Rf-4a reflectors: I-S: Interdune surface (1st order)

and S-3: 3rd order surface.
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Rf - 5 Radar facies — Profiles P-7 and P - §

Description: The Rf-5 radar facies was identified in Area II, in profiles longitudinal to the direction of
the dipping structures, using low frequency antennas (80 MHz). This radar facies are characterized by
subhorizontal reflectors (maximum dip of 5°) with moderated continuity and amplitude signal, laterally
extensive (more than 75 m), Figure 6. These radar facies are truncated by subhorizontal high-amplitude
reflectors.

Interpretation: The presence of subhorizontal reflectors suggest sets with low-angle cross-
stratification. From the surface outcrop, this radar facies corresponds to low-angle inclined wind-ripple
strata. The predominance of climbing translatent strata suggests deposition by wind ripples in an
interdune context, sandsheets or dune plinth deposits (Kocurek and Hunter, 1986; Clemmensen, 1989).
The large lateral extent of the reflectors and the relation between this radar facies to the Rf-4 radar
facies suggest dune plinth deposits. The subhorizontal high-amplitude reflectors truncating the Rf-5

radar facies is the interdune surface (I-S surface).

NE [Area Il - GPR Profile P-5 - 200 MHz

Figure 6. The processed GPR Profile P - 5 (upper part) and interpretation. This profile was
obtained transversally to the structures and displayed the well-defined concave reflectors of the

Rf-4b radar facies and the surfaces: IS: Interdune surface (1st order) and S-3: 3rd order surface.

ARCHITECTURAL ELEMENTS
The architectural elements were based on the outcrop description combined with the radar facies. Based
on the different internal organization of reflectors of each radar facies and boundary surface, three

architectural elements were distinguished, two for Morro Pelado Member and one for Botucatu Fm.
Morro Pelado Member (Rio do Rasto Formation): Floodplain Deposits

Description: These deposits are characterized by tens of meters of laterally extensive, sharp-

bedded, tabular to wedge-shaped siltstones, mudstones, claystones, and paleosols 0.1 to 3 m thick. The
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lithofacies of the floodplain deposits include dominantly red to purple massive and blocky to
horizontally laminated fine-grained rocks (Fm and FI, respectively). Paleosols (P) are characterized by
poorly to moderately developed weathering profiles with slickensides, peds, redoximorphic features,
root traces/marks, and few carbonate concretions. Heterolithic (Ht) beds are common. These heterolithic
beds show millimeter- to centimeter-scale laminations of massive to wavy cross-laminated very fine-
grained sandstones and fissile mudstones, mudcracks are also common.

Interpretation: Laterally extensive tabular beds of fine-grained rocks are found in floodplains
characterized by low-lying alluvial areas prone to river inundation where subsequent water stagnation
causes sediment deposition by gravitational settling (Miall, 1996; Marriott and Alexander, 1999). In
addition, topographic depression, subaerial exposure, and the frequency and intensity of flood events
contribute to the highly variable aspects of floodplain fines. Fine-grained rocks and poorly developed
paleosols (< 0.5 m) are dominated by redoximorphic features, attesting to intervals of water
accumulation (Gulliford et al., 2017). Heterolithic beds and horizontally laminated mudstones may be

associated with floodplain lakes that developed during paleotopographic lowstands.

Morro Pelado Member (Rio do Rasto Formation): Sandsheets and Eolian Dunes

Description: This deposit consists of bimodal, moderately to well-sorted, very fine-to medium-
grained sandstones arranged in tabular bodies up to 2m-thick and tens of meters wide, Figure 7 and
Figure 8. Internally, these sandbodies are composed of 1 to 2 m thick sets of low-angle (<5°) cross-
stratification (facies Sl(e)) and isolated sets or co-sets of trough cross-bedding (facies St(e)). Internally,
the foresets of St(e) and Sl(e) are composed of millimetrically spaced laminations characterized by
bimodal, inversely graded pinstripe. In some cases, crenulated horizontal laminae (Sa(e)) are described
within low-angle cross-stratification facies. From a view parallel to palacoflow, tangential cross-strata
contain bounding surfaces that truncate underlying cross-strata, they are inclined at 7° and have a lateral
spacing of 1,5 m. The overlying cross-stratification planes are either concordant with the bounding
surfaces or exhibit downlap.

Interpretation: The very fine-to medium-grained sandstones with horizontal or low-angle cross-
stratification, composed exclusively of wind-ripple lamination, are interpreted as eolian sandsheets
deposits (Hunter, 1977; Kocurek and Nielson, 1986; Scherer, 2000). These sandsheets are dominated by
translatent wind ripples associated with eolian bedform migration under wind transport in drier contexts,
and adhesion structures related to wetter climatic conditions. The occurrence of well-sorted sandstones
organized into isolated sets or co-sets of trough cross-bedding, composed of wind-ripple laminae
suggest deposition as eolian dunes. The occurrence of translatent wind-ripple laminae indicates that
many dunes either lacked a significant active lee-side slipface. The bounding surfaces that overlying
cross-stratification planes, either concordant with the bounding surfaces or into downlap are reactivation
surfaces. These erosional surfaces resulting from fluctuating airflow on the lee slope of an active

bedform (Brookfield, 1977).
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Figure 7. Stratigraphic cross-section (NW-SE) based on panel from the central section

(PRR020). This sequence is composed by eolian sand sheets and eolian dune field interbedded

ephemeral lacustrine deposits. The numbers 1, 2 and 3 indicate the individual architectural

elements.
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@ Floodplain Deposits
Description: Laterally extensive for tens of meters and 0.05 to 3 m thick tabular deposits composed of red to purple, massive to laminated siltstones, mudstones and
claystones (Fm and FI, respectively). Ocasionally, fine-grained rocks show pedogenetic features, such as slickensides, blocky textures and redoxmorphic depletion (Fm/P). P 9
Interpretation: Tabular, laterally extensive fine-grained rocks are with in low-lying areas prone to river flooding. Stagnant water later| e)
allows sediments to settle by gravity. Poorly-developed paleosols indicate intervals of subaerial exposure under oxidizing conditions.
@ Eolian Sandsheets
Description: Wedge-shaped, lenticular beds of well-sorted, very fine-grained sandstones, 1 to 2 m thick and 30 to 50 m wide. These sandstones consist of low-angle, CREEY
millimetrically-spaced laminae characterized by bimodal, inversely graded pinstripe laminae (Sl(e)) and crenulated horizontal laminae (Sa(e)). Ocasionally 5-10 cm thick RS g:(e’
r 4 e)
trough cross-stratified sets (St(e)) are interbedded in Si(e) beds.
Interpretation: These deposits are P as eolian dominated by latent wind ripples with drier intervals. On the other hand, adhesion St(e) e
structures are related to wetter climatic conditions. where the water table was near or at the depositional surface. The punctuated occurrence of centimeter-scale eolian
'dunes with no slipface indicates a low supply and availability of dry sand. Site)
€ Eolian Dunes
Description: Tabular to wedge-shaped beds of well-sorted, fine-grained sandstones, 0,15 to 1 m thick and 30 to 100 m wide. These deposits are dominated by trough By o
cross-stratified sandstones (St(e)) composed of low-angle, bimodal, inversely graded pinstripe laminae. Individual cross-stratified sets are 0.10 to 0.55 m thick, which may
be isolated or vertically superimposed.
Interpretation: These deposits characterize eolian dunes dominated by the migration of translatent wind ripples.

Figure 8. Stratigraphic cross-section (NW-SE) based on panel from the central section (PRR022).
This sequence is composed by eolian sand sheets, and large eolian dunes. The S-U represents the
unconformity surface between the Rio do Rasto and Botucatu Fm. The numbers 1, 2 and 3 indicate

the individual architectural element described in the Figure 7.

Botucatu Formation: Large Eolian Dunes

Description: These deposits consist of fine-to coarse-grained sandstones that are well-sorted, with
subrounded to rounded grains, arranged in cross-stratified sets. Individual sets are up to 10 m, Figure 9.
In orientations transverse to paleoflow, simple sets of cross-bedding and their basal bounding surfaces
reveal trough-shaped element geometries, Figure 5, troughs are 56 m wide. By contrast, in orientations
parallel to the direction of dip of the cross-strata, inclined cross-bedding is tangential to basal set
bounding surface, Figure 5. Internally, foresets within sets have uppermost parts that are composed of
massive sandstone or inversely-graded grainflow lenses that dip at 22°. Toeset deposits are characterized
by inversely graded wind-ripple laminae. Internally, the cross-bedded sets can be subdivided into sub-
sets bounded by surfaces that truncate the strata below, whereas the strata above are concordant with the
dipping bounding surfaces. The dipping bounding surfaces are themselves inclined up to 19°. Foreset

dip azimuths are variable in the range to 22° to 25°.
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Interpretation: the medium-to large scale cross-strata sandstones compounded by grain flow and
wind-ripple strata are interpreted as formed by the migration of large eolian dunes. The presence of
grainflow strata indicates high-angle, well-developed slipfaces (Hunter, 1977). The unimodal trend of
the cross-bed dip azimuths, and their occurrence in trough-shaped sets indicates crescentic dunes with
sinuous crestlines (Rubin and Hunter, 1982). The concave-up surfaces that truncate the foresets are

interpreted as reactivation surfaces, which reflect frequent changes in the wind flow.

Digital Outcrop Models - DOM - I

Figure 9. Stratigraphic cross-section (NNE-SSW) based on panel from the central section (BT-15).
This sequence is composed by set of cross-strata formed by facies (ST(e)). Note that first-order
surfaces (I-S) separate sets of sandstones with large cross-bedding and third-order surfaces (S-3)
occur internally within the sets, truncating the adjacent strata. The number 3 indicates the

architectural element.

AQUIFERS HETEROGENEITIES

The reservoirs that make up the studied interval are predominantly composed of fine-to coarse-
grained sandstones that are moderately to well-sorted, and which were deposited by dry eolian and
fluvial-eolian systems. These deposits juxtapose vertically and laterally, generating a highly complex
depositional architecture, within which multiple scales of heterogeneity are present. In this sense,
heterogeneities of eolion reservoirs have been analyzed at seismic scale, considering the decametric and
kilometric compartmentalization of eolian reservoirs (e.g Taggart et al., 2010); II) at decametric scale
including the diagenetic heterogeneities due to the growing of giant calcite concretions which geometry
is controlled by eolian bounding surfaces (Arribas et al., 2012); and III at lamina scale where grain flow
laminae typically exhibit permeability of an order of magnitude greater than the grain-fall and wind-
rippled strata which encase them (Howell and Mountney, 2001). Rodriguez-Lopez and Wu, 2020) also
add that synsedimentary mass-wasting deformations in the eolian dune sands as well constitute relevant

heterogeneities in eolian reservoir. Based on the classification of Galloway and Hobday (1996), the
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studied stratigraphic interval can be subdivided on three heterogeneity scales: megascopic, macroscopic

and mesoscopic heterogeneity.

Megascopic Heterogeneity
Megascopic Heterogeneity describes the geometry, lateral continuity and vertical communication

of the reservoir layers. Bongiolo and Scherer (2010) also highlight that at this scale the main parameters
controlling reservoir compartmentation are the key stratigraphic surfaces;

The lower and middle intervals of the Rio do Rasto Formation are composed of more
compartmentalized reservoirs of thinner eolian packages that are laterally discontinuous, reflecting
fluvial dynamics. These reservoirs generate a very complex stratigraphy due to the vertical and lateral
juxtaposition of fluvial and eolian sand bodies. The main flow barriers in this interval are represented by
the silt clay layers and the unconformity surface (S-U) identified in the radargrams and in DOM II,
Figure 8. In contrast, the upper interval is composed of thick packages of eolian sandstone (Botucatu
Fm.) with relatively simple lateral continuity due to the tabular geometry of the sand bodies, Figure 10.
From the perspective of the characterization of eolian reservoirs, these bounding surfaces identified in
both radargrams and DOM can act as barriers to fluid migration, exhibiting prominent contrasts in grain
size (e.g., Shebi, 1995; Ciftci et al., 2004). Bounding surfaces can also transmit percolating meteoric
waters, resulting in the upgrading of carbonate and silicate cements (e.g., Chandler et al., 1989; North
and Prosser, 1993), and the alteration of other diagenetic processes, such as mechanical compaction,
infiltration of clays and chlorite cementation (e.g. Bongiolo and Scherer, 2010; De Ros and Scherer,

2013).

Megascopic and Macroscopic heterogeneity

20 30

Riodo Rasto Fm.| = .

[fo
Botucatu Hydrostratigraphic Unit| Rio do Rasto Hydrostratigraphic Unit Facies code
" _ ) } St(e) - Low angle eolian cross-bedded sandstone
" Large eolian dunes T EO"E:’" ﬁun{es .. Floodplains deposits Si(e)Trougheolian cross-bedded sandstone
St(e)-Si(e) sg{zef_seifef Fl-Em - P Frm - Massive siltistone to mudstone
- Fl - Horizontally laminated siltstone to mudstone
RS Reservoir Potential flow barrier

Figure 10. Simplified scheme of megascopic heterogeneity, highlighting the main elements that
can act as potential flow barriers (clay layers and the unconformity surface (S-U)) and

reservoirs (sandy deposits).

Macroscopic Heterogeneity
Macroscopic heterogeneity reflects vertical and lateral relationships between the facies association

within the reservoir, Figure 10. To infer the average permeability values of facies associated with eolian
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and fluvial environments, literature data was used summarized in the Table 3. The high permeability of
the eolian dune facies (Botucatu Fm.) can be explained by Grain-flow strata display significantly higher
porosity values than wind-ripple deposits, due to granulometric sorting and looser packing of grain-flow
deposits in comparison to wind-ripple deposits (Chandler et al., 1989).

The eolian dune and eolian sand sheet facies associations have higher permeability (K) and porosity
() values than fluvial facies association. Based on this data, it is assumed that the Morro Pelado Member
(Rio do Rasto Fm.) presents lower permeability values, which can be explained by their finer grain size
and presence of carbonate cements and cutan of illite/illite-smectite, chlorite and, possibly, ferrous
smectite (nontronite) around the sandstone grains of the unit as described by Schemiko et al (2014). In this
case, when cemented (especially by carbonates or evaporites), these deposits can form flow barriers or
isolate productive strata (Ahlbrant and Frybergger; 1981; Galloway and Hobday, 1996). The high
permeability of the eolian dune facies (Botucatu Fm.) can be explained by grain-flow strata display
significantly higher porosity values than wind-ripple deposits, due to granulometric sorting and looser

packing of grain-flow deposits in comparison to wind-ripple deposits (Chandler et al., 1989).

Table 3. Average porosity and permeability values in eolian and fluvial facies.

Facies Facies Porosity and References
Association Permeability
®: 16,3%
Eolian Eolian dune kh: 137 - 154 mD
kv: 200 mD Lindquist (1998)
D: 2,3% Nugget Fm.
Eolian Interdune kh: 0,01 - 0,02 mD
kv: 0,01 mD
Eolian Eolian dune @: 15,3%
k averege: 64,79 mD
Eolian Eolian sand sheets ©: 12,7% Bongiolo gnd S;herer (2010)
k averege: 44,1 mD ergt m.
. ®: 9,1%
Fluvial Fluvial channel ’
k averege: 3 mD
Eolian dune — O: 11%
Eolian deposition kh: 0,033 - 0,45 mD
under conditions of kv/kh: 1 mD
high water table
: : . _ 150
Massive eolian ‘db. 13 -15% Taggart et al. (2010)
Tl sandstone — kh: 0,062 — 3,2 mD Rotliceend G
Fluvial channel-fill |  kv/kh: 0,18 mD Sl
deposits
D: 11%
Fluvial Overbank deposits | kh: 0,33 — 0,45 mD
kv/kh: 1 mD
Eolian Eolian dune ©: 31% Wojahn (2011)
k averege: 151 mD Botucatu Fm.
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Mesoscopic Heterogeneity
Individual eolian and fluvial packages possess internal textural and structural differences that

account for changes in petrophysical features of the reservoirs (mesoscopic heterogeneity). Fluvial
facies association show variable permoporosity values, adopted for this study, Table 3, Lithofacies
St(e), Sl(e) (upper portions predominantly) have higher permeabilities than lithofacies Fm and Fl
(bottom portions respectively). Lower permeability values of lithofacies Fm/FI can be explained by its
finer grain-size, whereas those of lithofacies St(e), Sl(e) and presence of carbonate cements from
lithofacies Fm/F1 can generate effective flow barriers that yield the compartmentalization of fluvial-
eolian reservoirs.

The eolian dune facies association comprises dominantly superposing sets of the eolian cross-strata
lithofacies St(e). At the base of the foreset, strata are tangential to the underlying bounding surface and
are characterized by wind-ripple lamination. The upward steepening of foreset inclination within sets
and their association with the occurrence of inversely graded grain-flow strata is usually accompanied
by permeability changes, which tend to condition the flow according to this change, Figure 11.

This change in the eolian stratification type along the foresets is usually accompanied by
permeability changes (e.g. Lindquist, 1988; Chandler et al., 1989; Howell and Mountney, 2001). Grain-
flow strata display significantly higher porosity values than wind-ripple deposits, due to granulometric
sorting and looser packing of grain-flow deposits in comparison to wind-ripple deposits (Chandler et al.,
1989). These differences in permeability at the base and top of cross-strata influence the preferred
direction of fluid flow and should be considered when developing reservoir models, as argued by

Chandler et al. (1989) and Howell and Mountney (2001).

Lithologic and Aquifer Model
From a hydrostratigraphic point of view, one of the first steps to implement the classification of

aquifer systems was to identify the lithological units in the in the data collected and presented
previously. Based on this and considering that stratigraphic units consist of one or more lithological
units interrelated in vertical succession, which have similar textural characteristics and are associated
with the same type of depositional environment, it was possible to identify two hydrostratigraphic units
in the area, Botucatu and Rio do Rasto Formation, which are associated in this work with aquifer 1 -
unconfined and aquifer 2 - Confined, respectively, Figure 11 A, B and C.

The analysis of the data presented suggests that the Rio do Rasto hydrostratigraphic Unit behaves
as an irregular or multi-layered aquifer reservoir that exhibits jigsaw puzzle-type geometry, according to
the classification of Weber and Van Geuns (1990), in which the intercalations of sandy layers and silt-
clay beds affect hydraulic continuity, Figure 10. On the other hand, the Botucatu hydrostratigraphic unit
presents a Layer Cake reservoir. This style is characterized by presenting lateral continuity and
relatively simple correlation, Figure 11 E. This definition is in line with the 3D models presented, in

which the Botucatu hydrostratigraphic unit is of the tabular and continuous type.
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Macroscopic Heterogenei
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Figure 11. A) lithologic model showing the three-dimensional representation of the sedimentary system;
B) Fence diagram exhibiting internal lateral and vertical variations of lithofacies; C) Aquifer model
showing the 3D representation of aquifers unconfined (upper portion) and confined (lower portion); D)
Simplified scheme of megascopic heterogeneity; E) Simplified scheme of mesoscopic heterogeneity
showing the preferential direction of flow in eolian facies. E) Expected scenario of a conceptual wind

reservoir presenting different sedimentary heterogeneities and preferential flow directions.
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CONCLUSIONS
The reservoirs that make up the studied interval are originated by two distinct depositional systems:

the first Morro Pelado Member (Rio do Rasto Fm.) is predominantly composed of dominated by
lithofacies of the floodplain deposits include dominantly red to purple massive and blocky to
horizontally laminated fine-grained rocks (Fm and F1, respectively). Interbedded by moderately to well-
sorted, very fine-to medium-grained sandstones (St(e) and Sl(e)), deposited by fluvial - eolian systems.
The second (Botucatu Fm.) is composed by eolian sandstone varies from fine to coarse-grained (St(e)
and (Sl(e)) and often exhibit pin-stripe lamination and grain flow lenses, deposited by dry eolian
systems.

Based on the facies architecture and high-resolution geophysical data, in cm scale, from the
deposits of the Morro Pelado Member (Rio do Rasto Fm.) and the Botucatu Fm. and it was possible to
determine the main parameters responsible for influencing the properties of reservoirs associated with
the fluvial-eolian and dry eolian systems and recognize a variety of barriers to flow at different scales.
At megascopic scale, the main parameters controlling reservoir compartmentalization and represent
potential flow barriers, in this context, are the key-stratigraphic surfaces, unconformity surface (S-U)
and the layers of clay and silt present in the Rio do Rasto Fm., which have low porosity and
permeability.

Based on geometric relationships, reservoirs linked to fluvial-eolian interaction form two types in
macroscopic heterogeneity: (i) highly compartmentalized eolian packages, which are truncated by
fluvial deposits, and complex stratigraphic correlation and (ii) good lateral continuity of eolian packages
and correlation relatively simple stratigraphy. The facies architecture in the eolian-fluvial deposits
identified in the Morro Pelado Member (Rio do Rasto Fm.) is more complex, because it contains
alternating intervals of eolian sandstone and fluvial heterolithic strata, both of which can be laterally
discontinuous on the length scales studied. In this case, the eolian sandstone bodies surrounded by
fluvial heterolithic strata can form small isolated flow units.

Furthermore, the cm scale individualization of the radarfacies corroborates the hypothesis that the
Rio do Rasto hydrostratigraphic unit behaves as an irregular or multi-layered aquifer reservoir that
exhibits jigsaw puzzle-type geometry, and the Botucatu hydrostratigraphic unit presents a Layer Cake

reservoir, according to the classification of Weber and Van Geuns (1990).
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