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Abstract

This paper presents the results of a new approach based on sandbox models to the understanding of the tectonic evolution of the Volta Re-
donda Basin, southeastern Brazil. Those models were designed to replicate the overlapping process of two of the four superimposed tectonic
events identified in the Volta Redonda Basin: the first one, a rifting event with NW-SE extension direction that created the basin, and the
subsequent E-W sinistral transcurrent tectonics. The boundary conditions for the models were set from the geological premises described in
previous works, which resulted in the current conceptual geological models of the study area. The sandbox models were composed of alternat-
ing layers of colored sand, deposited on two pieces of acetate or cardboard sheets, which acted as pre-existing basement structures. Once com-
pleted, the models were cut and photographed to allow observation and interpretation of the resulting internal structures. Moreover, the
interpretations maintain similarities with adopted conceptual models and permit conclusions about structures previously identified in other
works. Finally, the consequent structural framework exposes the effects of structural reactivation and Basin geometry changes due to the

superposition of deformational events and matches with the general structural aspects identified in field studies.
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INTRODUCTION

In the last forty years, the scientific understanding of the
geology of the Volta Redonda Basin has improved alot. Since the
work of Riccomini (1989), authors have studied various geo-
logic phenomena in the area. The most recent studies in the
basin, including structural and stratigraphic characterization
(Maciel 2016) to geologic numerical modelling of fault zones
genesis (Rodrigues 2016), reflect a new and important inter-
est on understanding the role of deformation on the quality of
poorly consolidated sandstones reservoirs. The focus on the
Volta Redonda Basin is due to the good exposition of rocks of
the Resende Formation, considered an analogous geomaterial
to some important Maastrichtian hydrocarbon reservoirs at the
neighbor Santos, Campos and Espirito Santo oftshore basins.
However, it is natural that diverse scientific gaps still need to
be filled. One example is the understanding of the boundary
conditions that resulted in the present configuration of the
Volta Redonda Basin, supposedly related to the reactivation
of basement structures (Riccomini 1989, Negrao 2014).

The geometry of the Volta Redonda Basin is related to
preexisting weakness zones in the basement, as well as to the
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orientation of deformational stress imposed by successive tec-
tonic phases. It’s has been determined by K-Ar absolute ages on
volcanic rocks that the basin was originated in the Paleogene
(Riccomini et al. 1983), when its main sedimentary infills
were deposited. Furthermore, successive deformational events
took place from the Neogene to the present days. Riccomini
(1989) argued that its origin and tectonic evolution might be
related to the Continental Rift of Southeastern Brazil (Rift
Continental do Sudeste do Brasil — RCSB). In this way, it is
possible to identify faults that inherit the attitude of its rifting
phase, as well as the interference caused by the posterior tec-
tonic phases identified in the Volta Redonda Basin, reactivat-
ing previous stablished structures.

This is an example of pre-existing structures controlling the
evolution of rift basins. McClay and White (1995) completed a
detailed study on the progressive evolution of rift systems due
to the angular variation between pre-existing structures and the
imposed stress. This question was the main theme of diverse
researches on structural geology (McClay ef al. 2002, Maurin
and Guiraud 1993, Corti et al. 2003, Corti 2012). Moreover, it
is necessary to investigate the circumstances that resulted in
the emergence and reactivation of structures through succes-
sive tectonic events identified in the study area. In this context,
Cobbold et al. (2001) documented evidence of structural reac-
tivation in the Santos and Campos basins (SE Brazil). In addi-
tion, Keep and Harrowfield (2005) investigated the struc-
tural reactivation of basement structures of passive margins.
Therefore, the object of this work is to describe the structural
evolution resulting from the superposition of a phase of strike-

slip movement over a phase of extension in the Volta Redonda
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Basin in order to compare the results to the conceptual models
presented in the literature. These are the earliest events identi-
fied in the Volta Redonda Basin (Riccomini 1989, Sanson et al.
2006, Negrio et al. 2015). Good results were reached through
analogue sandbox models of the deformational events, built
with carefully scaled boundary conditions in order to create
a credible replica of the natural prototype.

GEOLOGICAL CONTEXT

The Volta Redonda Basin is located around the middle
valley of the Paraiba do Sul river, in the State of Rio de Janeiro
(Fig. 1A), southeastern Brazil. It constitutes a part of the RCSB
(Riccomini 1989), established on Proterozoic/Eopaleozoic
basement rocks of the central segment of the Ribeira belt, one
of the largest Neoproterozoic Brasiliano orogenic systems of
Brazil (Almeida et al. 1981) (Fig. 1B).

According to Heilbron ef al. (2004), the Paraiba do Sul
Group is the outcropping basement unit most greatly expressed
in area of the Volta Redonda Basin. It is composed of litho-
logical assemblages associated with upper amphibolite facies
metamorphism. It mainly contains banded biotite gneisses at
the base, micaceous and schistose gneisses in the intermediate
portion, and intercalations of (garnet)-biotite gneisses with
schist and pelitic gneisses at the top.

The structure of the basement is formed by elongated bod-
ies of rock with a preferential NE-SW orientation (Heilbron
etal.2004). Negrio (2014) and Bréda et al. (2018) presented
a study of the lineaments present in this region. The analyses
were carried out with the SRTM/NASA Digital Elevation
Model (DEM). In the basement area around the Volta Redonda
Basin, lineaments equal to or greater than 10 km were iden-
tified and observed to follow the structural configuration of
the Ribeira belt (NE-SW). Furthermore, in the Cenozoic

Figure 1. (A) Location of the study area. (B) Simplified geologic map of the central segment of the Ribeira Band. This region contains the
Resende Basin and Volta Redonda Basin (black rectangle). (1) Volta Redonda Basin; (2) Parafba do Sul Shear Zone; (3) Valenga Shear Zone;
(4) Morro Redondo Massif; (S) Resende Basin; (6) Itatiaia Massif. Modified from Sanson (2006).
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Deposits Domain, lineaments shorter than 10 km with prin-
cipal orientations 45°N-90°W were identified. The continu-
ity of these NW-SE and E-W structures shows the influence
of recent tectonic events on Eopaleozoic/Proterozoic rocks.

The origin and evolution of the Volta Redonda Basin
are strictly related to the events that took place in the RCSB.
In this way, the origin of the basin is related to extensional
stresses oriented NW-SE, during the Paleogene (E1) (Fig.2)
(Riccomini 1989). According to the author, this tectonic event
led to the development of the center segment of RCSB, reacti-
vating previous structures with ENE-NE orientation dipping
towards the coast.

Other tectonic events identified in the RCSB posterior to
its opening modified the landscape and altered the then stab-
lished structural configuration (Riccomini 1989, Sanson et al.
2006, Negrio et al. 2015). These events include (Fig. 2): sinis-
tral E-W transcurrent movement during the Miocene (TS);
dextral E-W transcurrent movement during the Pleistocene
(TD); and NW-SE extension during the Holocene (E2).

The NE-SW normal faults and NW-SE reverse faults iden-
tified on RSCB are related to the sinistral transcurrent move-
ment that took place on the Neogene. There were also iden-
tified sinistral transcurrent faults that were associated with
local transpression zones that led to uplifts in the studied area
(Riccomini 1989, Negrio 2014).

The posterior dextral transcurrent movement is respon-
sible for the NW-SE normal faults and NE-SW reverse faults,
formed during the Pleistocene. Finally, it’s proposed that the

Source: modified from Riccomini (1989).

NW-SE extension during the Holocene is responsible for the
current segmentation of the depocenters and for the sedi-
ment distribution of the basins nowadays (Riccomini 1989,
Negrdo 2014).

Itis also proposed that the balance between far-field stress
related to the opening of the Atlantic Ocean (ridge-push) and
the subduction of the Nazca plate beneath the South American
continent (slab-pull) controlled the orientation oflocal stress
during tectonic events expressed in the RCSB, including the
Volta Redonda Basin (Riccomini 1989).

Sedimentary infilling of the Volta Redonda Basin includes
the Resende and Pinheiral Formations, both deposited during
the rift phase (E1). They are generally composed of conglom-
erates and poorly consolidated sandstones of a quartz-feld-
spathic composition, occasionally intercalated with pelitic
intervals (Riccomini 1989, Negrio et al. 2015). It is import-
ant to highlight the presence of lava spill deposits of ultra-
mafic alkaline rocks (the Casa de Pedra basanite), from
which it was possible to obtain absolute dating data using
the methods K-Ar (43.8 £ 6.2 e 41.7 £ 5.7 Ma) and Ar-Ar
(48.310.5e47.6+0.7 Ma). These volcanic rocks constrain
the age of the sediments. However. their stratigraphic posi-
tioning remain contentious (Melo et al. 1983, Riccomini
1989, Sanson et al. 2006). Finally, preserved sediments of
the Ribeirio dos Quatis Formation, that are older than the
opening event (Sanson et al. 2006, Riccomini et al. 2004,
Negrao 2014, Negrio et al. 2015), can be found on the top
of the hills along the limit of the basin.

Figure 2. Tectonic phases identified on the Rift Continental do Sudeste do Brasil (Riccomini 1989). The region where the Volta Redonda
Basin was located, highlighted by the green rectangle, presents a slight variation in the angle of the adjacent structures in relation to the general

structure of the Rift Continental do Sudeste do Brasil.
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The sedimentary packages of the Volta Redonda Basin
present a discontinuous distribution (Fig. 3A) (Sanson et al.
2006, Negrao 2014). The principal depocenter of the region,
the Casa de Pedra graben, is approximately 9 km long in the
NE-SW direction and 3 km long in the NW-SE direction.
The depth of the basement has not been stablished by the time
of publication of this study. However, magnetotelluric studies
estimated a maximum thickness of 200 m for sediments along
the northern border of the Casa de Pedra graben (Fig. 3B)
(Padilha and Vitorello 1992).

The most recent conceptual models for the configura-
tion of the Volta Redonda Basin by the end of its rifting phase
(Fig. 4A) and for its current configuration (Fig. 4B) are from
Negrio (2014) and Negrio et al. (2015). The models were
constructed based on field data collected by the author and
interpretation of topographic data from a composite sec-
tion across the regions of the Casa de Pedra graben, Jardim
Amidlia, the Usina graben, and the Belmonte area. The author
proposes an initial hemi-graben geometry whose master
fault is located in the SE, where the thickest sedimentary
packages would be located. In these models, it is possible
to point out the region that will become the Jardim Amadlia
area, which has been a high-standing structure in the basin
since its opening. The present configuration suggests a par-
tial polarity inversion in the Paleogenic depocenters of Usina
graben and Jardim Amadlia.

Finally, one must emphasize that the main objective of the
sandbox models built for this study is to test the viability of
the conceptual models described above.

Furthermore, the sandbox models seek to reproduce the
current configuration proposed for the Volta Redonda Basin
(Fig. 4B) through overlapping two deformational events iden-
tified in the basin.

MATERIALS AND METHODS

Analogue modelling is a practical and visual method of
representation, at laboratory scale, of geologic phenomena in
nature, paying respect to the frictional parameters of the uti-
lized materials and the necessary boundary conditions. Several
authors have already demonstrated the effectiveness of sand-
box models in representing geometries and structures identi-
fied in nature, particularly in extensional systems (McClay and
White 1995, McClay et al. 2002, Corti 2012, Carvalho 2017).

During this study, three models were adopted with the
intention of reproducing the two earliest tectonic phases in
the Volta Redonda Basin. The first two of them were designed
to test each phase separately: one model to simulate asym-
metric rifting with high obliquity (ot = 82°) and another one
to simulate sinistral extension of low obliquity (0. = 26°), in
order to produce an oblique sinistral-normal movement of the
previous stablished faults. The third one was selected as the
best representation of the idealized geometry of the concep-
tual models of Negrio et al. (2015). In other words, a model
that simulated the superposition of asymmetric rifting of high
obliquity (o= 82°) with sinistral strike-slip movement of low
obliquity (0= 8°). For simplicity, these models will be referred
as Model 1, Model 2, and Model 3, respectively. The adopted

Figure 3. Geologic map of cenozoic sediments overlying a Digital Elevation Model of the Volta Redonda Basin. Modified from Negrio et al.
(2015). The black segmented line A-B over the map represents the surface trace of the composite geologic section presented further in Figure 4.
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angles refer to the stress field orientation during the two ear-
liest phases of deformation in the Volta Redonda Basin, high-
lighted in Figure 2.

The usage of analogue materials in geological modelling is
only justified due to the physical dimension analysis support-
ing it (Davy and Cobbold 1991). In this context, the mate-
rial used to fill the models was colored dry quartz sand. This
material is commonly used to reproduce brittle, supracrustal
geologic processes and represents, in the presented models,
the basement rocks and the sedimentary infill of the basin,
distinguished by their colors. The dry quartz sand used in the
experiments is characterized by an average grain size fraction
of 0.35 mm. The frictional parameters of the sand (i.e., the
internal angle of friction and cohesion of quartz sand) are
presented and discussed by Carvalho (2017). The previously
mentioned author determined some of the frictional proper-
ties of the sand. The ring-shear test carried out by the author
corroborated that the different colors adopted for the sand
do not interfere in the structural modelling of the structures.
For the colorless sands, the same author established its fric-
tion angle of 38.77°, slightly greater than the same parameter
measured in the colorful sands.

During the conceptualization of Models 1 and 2, the ide-
alized workflow described by McClay and White (1995) was
followed (Fig. ). Consequently, the models were constructed
in acrylic boxes (35 x 37 x 15 cm) with three fixed walls and
one wall coupled to a motor, with a basement represented by

acetate sheets previously cut and oriented oblique to the motor

Source: modified from Negréo et al. (2015).

in order to simulate the pre-existing discontinuity of the natu-
ral basement (Figs. SA and SC). These sheets, when coupled
to the motor, exert the function of localizing the rift opening
and conditioning its opening according to the orientation
of the prototype stress field. Dry sand was used to represent
sedimentary infilling of the prototype, with a total thickness
of 7.2 cm alternating between thicker white layers (1.5 cm)
and thinner black layers (0.3 cm). Studies that used similar
techniques to represent the influence of basement on defor-
mation are abundant (Clemson et al. 1997, Cappelletti et al.
2013, Tong et al. 2014), corroborating its applicability in the
reproduction of the desired geometries. Deformation advanced
according to the movement of the motor along an arbitrary
path and varied according to the model. During the opening
process, alternating layers of red and blue sand were depos-
ited, with the intention of simulating the processes of syntec-
tonic sedimentation. This deposition occurred without stop-
ping the motors, along the entire surface of the model, using
afunnel and sieves with 300 and 425 [Lm openings, the same
that were used for the deposition of the layers that composed
the basement.

After deformation ended, a layer of white sand was depos-
ited with the objective of protecting the structures at the top
of the model during the humidification process, which was
realized with a water sprayer. After 24 hours, cuts were made
orthogonal to the previously established discontinuity in the
acetate sheet. Parallel cuts were made, with 2 cm of space

between them, and photographed for later interpretation.

Figure 4. (A) Composite geologic section representing the configuration of the Volta Redonda Basin during its opening (E1). (B) Composite
geologic section representing the present configuration of the Volta Redonda Basin. The segments that compose these sections are available,

in plan view, in Figure 3A.
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Model 3 hasa different layout compared with Models 1 and 2
(Fig. 6).Its dimensions were increased to prevent eventual col-
lapse, and it was constructed directly on the table instead of on
an acrylic base. The acetate sheet was replaced by cardboard.
The box was constructed with mobile walls (i.e., all walls could
be uncoupled during modelling) with increased dimensions of
50x 37 x 15 cm (Figs. 6A and 6B). For comparison, sand was
deposited with the same thicknesses described for Models 1
and 2 (Figs. 6C and 6D). During the first phase of deforma-
tion (i.e., the phase of asymmetric, oblique extension), lateral
walls were removed to prevent friction between the cardboard
sheet and the wall (Figs. 6E and 6F). The lateral collapse of the
model was predicted. To minimize damage to the interior of the
model, barriers of humid sand were deposited to prevent some
probable sand breakout during deformation. Due to the greater
amount of time necessary for the conclusion of this model, the
rate of deformation was increased from 20 mm/h in the pre-
vious models to 100 mm/h. This increase does not represent
a negative impact to the configuration previously established
for Models 1 and 2, considering that they were formed only
of dry sand (a material whose deformation is independent of
the parameter of time). Syntectonic layers of red and blue sand
were deposited during moments the motors were off, main-

taining an interval of deposition for every 1 cm of deformation.

In total, this phase of deformation encompassed an extension
of 5 cm, similar to that foreseen for Model 1.

The second phase of deformation involved a relative
sinistral transcurrent movement (i.e., only one sheet moved
while the other stayed immobile) at low obliquity (Figs. 6G
and 6H). During this phase, there was no deposition of sand.
The wall that was stuck to the cardboard during the first round
of deformation was removed, following the same protocol for
construction of protective dykes to prevent eventual collapse.
The other motor was coupled to the free lateral sheet, which
generated a nearly orthogonal displacement of the model rel-
ative to the acetate structure. Although the orientation of the
engine displacement relative to the acetate structure differed
from the stress field identified in the Volta Redonda Basin during
the Neogene (y = 18°), it is believed that this difference will
generate only a slightly different result from that presented in
this work. This decision, however, was not made arbitrarily.
The problem of applying an oblique displacement to the center
of mass and the long axis of the substrate sheet would generate
irreparable damages to the interior of the model (e.g., non-uni-
form torque of the sheet, wrinkling of the sheet). In total, this
phase of deformation occurred over a distance of 2.5 cm, sim-
ilar to that foreseen for Model 2. This modelling step ended
the superposition of the two deformational events, in which

Figure 5. Schematic representation of Models 1 and 2. (A) Initial architecture of Model 1, before sedimentation. Direction of deformation

indicated by black arrow (I) Motor (II) Lead support to maintain the integrity of the walls; (B) Cross-section representing an idealized cut

made orthogonal to the structure created on the acetate sheet (C) Initial architecture of Model 2. Direction of deformation indicated by the
black arrow (D) Cross-section representing an idealized cut made orthogonal to the structure created on the acetate sheet.
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transcurrent movement principally activated and reactivated
the edge faults established in the extensional phase.
Cuts were made in a similar manner to that previously pre-
sented, and the sections were photographed for interpretation.
The Table 1 synthesizes the geometric and kinematic
parameters used for all the models.

RESULTS

This section presents a selection of top-down photos taken
during and after the deformation of the models, and cross-sec-
tional photos taken after deformation of the models. Cuts were
selected based on their representativeness, whereas the top down
images were chosen to illustrate the undeformed basement, the

Figure 6. Schematic representation of Model 3. Respectively top and side views (A-B) of the initial architecture of Model 3 before
sedimentation. The brown structure (IIT) is a wood support used to maintain the integrity of the wall. Respectively top and side views (C-D)
of the final undeformed basement layer. Top and side views (E-F) after the end of the first phase of deformation by oblique asymmetric
extension (S cm of displacement). The purple borders represent the humid sand barriers previously mentioned. Top and side views (G-H)
after the end of the second deformation phase by superposition of a sinistral transcurrent movement (2.5 cm of displacement).
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moment before each syn-deformational sedimentation, and

the resulting surface at the end of the experiment.

Model 1

The first image illustrates the model’s undeformed sur-
face (Fig. 7A). During the first stage of deformation (1 cm)
(Fig. 7B), en-echelon fractures were observed conformable to
the structure imposed on the acetate sheet, characterized as
the rift’s edge fractures. The fault segments that will Iater com-
pose the rift’s main fault were located above the extremity of
the acetate sheet coupled to the motor. These structures were
more discontinuous than those identified on the opposite side
and were concave towards the interior of the basin. At 2 cm of
displacement enforced by the engine (Fig. 7C), the fault seg-
ments that localized the principal fault of the rift connected to
form larger and more continuous structures. Meanwhile, other
structures are generated, with different strikes than the faults
that limited the initial rift. These structures were identified
both inside and outside the rift system. When external to the
rift, these structures were limited to the portion of the model
upon the acetate sheet coupled to the motor. The cause of their
absence on the other portion of the model is probably because
it remained immobile during deformation. These structures
were continuous over 5 to 10 cm long, and orthogonal to the
engine displacement pathway.

With the progressive deformation (Figs. 7D, 7E, and 7F),
the faults migration towards the interior of the rift occurred
along both sandbox lateral limits. Discontinuous and slightly
stepped sections broke parallel to the principal fault. The dis-
tance between these structures and the principal fault varied
along strike, forming apparent terraces with a constant thick-

ness. On the “flexural” margin, the disappearance of some

Table 1. Main scaling parameters of each model.

Parameter Model 1 Model 2 Model 3
Initial dimensions (cm)
X 35 35 37
Y 37 37 NU
Z 7.2 7.2 7.2
Horizontal scale 1:100,000  1:100,000 1:100,000
Vertical scale 1:50,000 1:50,000 1:50,000
Asymmetric
. Asymmetric  Relative Obhql.le
Applied . g extension
. oblique sinistral .
deformation . . + sinistral
extension trantension
transcurrent
movement
Engine
displacement (cm) > 25 SH+23
Engine
displacement 20 20 100
rate (mm/h)
Final dimensions (cm)
X 40 37.5 42
Y - - 52.5

7 - _ -

structures indicate that the early faults that controlled this
portion of the rift stopped accommodating deformation and
were subsequently covered by syn-tectonic sediments. The con-
tinuity of the structures in the final stages of deformation
increased, due to the interconnection of early fault segments.
Orthogonal structures relative to the applied displacement
and external to the rift were no longer visible in plan view.

The opening of the rift reached 11 cm (11 km at scale)
along the surface. In cross-sections 7 and 14 (Figs. 7G and
7H) the migration of faults towards the interior of the
basin is visible, especially those along the “flexural” mar-
gin, resulting in a gently dipping geometry with progressive
deepening in the direction of the principal fault. The largest
faults maintained a similar geometry principally high angle
with a tendency towards lower angles at the top and base.
The geometry of the inferior portions of the faults must
not be considered in reason of the bias induced by friction
against the base of the box, which also limited their propaga-
tion. In general, these faults present a vertical displacement
between 1 and 2.5 cm (50 to 125 m at scale). The principal
fault reached vertical displacements greater than 4 cm in
some cuts (200 m at scale).

Some of the faults identified outside the rift were also
interpreted in the cross-sections adjacent to the principal fault.
They are characterized by their straight linearity (i.c., there are
no variations in their dip) and small vertical displacement.

Smaller, antithetic faults were identified as nucleating from
the major faults. They occasionally tilted the sediments adja-
cent towards the major faults. Other synthetic faults dissipated
stress from the faults where they were nucleated.

Hanging wall synforms were analyzed close to the fault
planes of the rift margin. Preservation of the original thickness
of sedimentary beds close to the fault’s plane is associated with
the most internal faults of the basin. Thus, the greatest thick-
nesses of the sedimentary register (200 m at scale — thickness
relative to the top of the basin) are not always associated with
the principal fault, but with portions of the most interior part
of the rift, mainly in the sections where there was dismember-
ing and branching from the principal fault to form terraces that

were persistent in the geometry of the basin.

Model 2

The first image illustrates the model’s undeformed sur-
face (Fig. 8A). In this model, the first register of en-echelon
faults occurred at 0.5 cm of displacement (Fig. 8B). After 1 cm
(Fig. 8C), the early depocenters were individualized and high-
lighted in plan view of the model. The stepping faults that
limited the rift were rectilinear and discontinuous. Oblique
structures intercepted these faults at angles of approximately
200. These structures compartmentalized the sedimentation
and exhibited convexity towards the acetate sheet that was
tensioned by the motor. In this phase, the coupling in some
regions of these structures sectioned the rift with those that
limited it. The model up to this stage resembled a complex
of rhombohedral basins. When the displacement reached
1.5 cm (Fig. 8D), the connection between the depocenters
was established. Some structures that limited the rift became
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Figure 7. (A-F) Images of the plan view of Model 1. Images represent the increasing opening in intervals of 1 cm between them. (F) Plan
view of model after a total of 5 cm of deformation, before the deposition of the final blue layer. The compass rose indicates the position of the
model according to the prototype. The faults that limit the rift are highlighted by colored traces in plan view according to the color palette
adopted for the section interpretations. The dark green dashed line illustrates a hypothetical surface extension of the principal fault on the
“flexural” margin, which was no longer active in the final stages of deformation and became covered by sand. In detail, the location of sections
G (Section 7) and H (Section 14). The right side of the section is couple to the moving wall.
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concave in the direction of the depocenter, principally in its
central portions. The structures that compartmentalized the
rift were poorly pronounced, but still indicated activity during
this phase of deformation. This configuration persisted until
2 cm of deformation (Fig. 8E).

At the end of deformation (Fig. 8F), there is a clear union
between the depocenters to form a unique and continuous
basin. Despite their unification, the discontinuity of the mar-
ginal faults of the rift and the attitude of some of these struc-
tures are similar to the previous phases, when the depocenters

Figure 8. (A-F) Plan view images of Model 2. Images represent increasing deformation, with intervals of 1 cm between them. (F) Plan view
of model after a total of 2.5 cm of deformation, before the deposition of the final blue layer. In detail, the location of sections G (Section 7)
and H (Section 10). The compass rose indicates the position of the model according to the prototype. The left side of the sections are located

closest to the mobile wall.

10
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were disconnected. In general terms, fewer structures were
identified in plan view after the deformation than in the pre-
vious model at the same phase.

Intense remobilization of sediments (i.e., sand transporta-
tion from outside the rift towards its interior) was not observed
along the marginal faults of the basin, nor was the migration
of structures toward the depocenters, as observed in Model 1.
The migration of structures, however, could have been pre-
vented by the short interval of syntectonic sedimentation.

The highlighted sections (Figs. 8G and 8H) show that the
shallowest portions of the depocenter reached little more than
1 cm depth (50 m at scale). This model showed less defor-
mation compared with the first model (50%), and reached
a depth approximately 75% smaller than Model 1. In terms
of opening, the resulting basin of this experiment was about
half as wide as that of the previous experiment (i.e.,, 5.5 cm or
5.5 km at scale) along the surface.

Analyzing each individual section of the model, the inter-
nal structures appears to be simpler comparing with Model
1. Nevertheless, as units of a basin that organized into one
uniform depocenter during the final stages of deformation, it
presents distinct characteristics in each cross-section. In some
sections, it could be analyzed the basin ranging from some-
what asymmetrical (Fig. 8G) to rather symmetrical (Fig. 8H).
In this context, the general geometry obtained from this model
was undoubtedly more symmetrical than the previous one.
Underneath the infilling sediments of the model, it was pos-
sible to distinguish features that resemble negative flower
structures (Fig. 8H).

Model 3

The previously presented experiments and interpreta-
tions were used as a foundation for a better understanding of
the structures generated in Model 3. Thus, the applied engine
displacements were adjusted to reflect those of Models 1 and
2 (i, S cm of initial extension superimposed by 2.5 cm of
sinistral transcurrent movement). The surface images of this
model were oriented according to the structures of the pro-
totype, which differs from the previous models (Fig. 9A-9F).

In general, the model responded predictably during the
initial oblique asymmetric opening. During the initial stages
of deformation (1 cm) (Fig. 9A), continuous coupled and
slightly stepping structures were observed in plan-view, which
evolved above the extremity of the cardboard sheet coupled to
the motor. These structures defined the most active edge faults
of therift. They varied between rectilinear to concave towards
the basins. Their orientations reflected the geometric impres-
sion of the cardboard sheet, with small local variation where
they obtained a smaller obliquity in relation to the imposed
engine displacement. On the adjacent margin, discontinuous
and modest structures delimited the “flexural” margin of the
basin. In this region, migration of structures towards the inte-
rior of the basin was observed beginning in the preliminary
stages of deformation (Fig. 9B).

With progressive deformation (Figs. 9C and 9D), the struc-
tures became gradually more discontinuous. The migration of

structures towards the interior of the basin was identified on
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both margins. However, this migration was more discontinu-
ous and with greater distances between structures along the
“flexural” margin of the rift. Structures convex towards the
interior of the basin were common along this margin.

The faults that limited the “flexural” margin of the rift
remained active until late stages of deformation. At S cm of
opening (Fig. 9E), however, only those faults that were located
closest to the interior of the basin remained active. At this stage
of deformation, the faults acquired greater continuity due to
the connection between previously disconnected segments.

Before the superposition of the extensional regime by a
strike-slip one, a final layer of blue sand was uniformly distrib-
uted across the static model. This was to facilitate the identifi-
cation of structures reactivated or generated during the second
phase of deformation.

The imposed deformation reactivated the structures along
the principal margin of the rift (Fig. 9F). These structures
became more discontinuous, coupled, slightly stepping, and
concave towards the basin interior. At their extremities, they
developed an intermediate orientation between the previously
established orientation and the newly applied displacement.

Smaller structures were identified above the previous “flex-
ural” margin. These structures were more discontinuous, but
maintained the geometry and attitude of the faults generated
in the extensional phase.

The most distinct structures observed at the end of this
phase were oblique to the rift. Four continuous and curved
faults were easily identified, but the attitudes of some of these
structures were masked by the cascade effect provoked by the
removal of the walls (i.e., the remobilization of sediments at
the extremities of the rift). Comparing to the prototype, these
faults matches with the NE-SW normal faults described by
Riccomini (1989) and Negrio (2014) generated during the
Neogene (TS).

The structures described in the previous paragraph have
other peculiarities that includes the continuous connection,
or high-angle truncation against the structures that limit the
rift. When connected, these structures are concave towards
the “flexural” margin, similar to the structures that delimited
the basin. When truncating, the concavity of these structure is
directed towards the principal margin or, in this case, towards
the cardboard sheet that was moved by the motor.

The structures generated in the second phase of defor-
mation of Model 3 had similar attitudes as structures that
compartmentalized the basins in Model 2. This characteristic
corroborates the assumption of this experiment that a small
variation in the angle of the engine displacement would not
invalidate the model.

Ahierarchy for the structures could be proposed when ana-
lyzing the cross-sections (Figs. 9G and 9H). The superior syn-
tectonic blue layer served as a guide to identify the structures
that were reactivated or generated during the second phase of
deformation. As expected, the structures along the principal
margin were those most reactivated during deformation, due
to the relative movement of the cardboard sheet.

Superficial manifestations were also identified above the

adjacent margin. These more recent structures had much smaller
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Figure 9. (A-E) Plan-view images of Model 3 during the first phase of deformation (i.e., asymmetric, oblique extension). Images are organized
in an increasing order of deformation with intervals of 1 cm between them. (F) Plan-view of Model 3 after the superposition of 2.5 cm of
oblique engine displacement. The faults that limit the rift are highlighted by colored traces in plan view according to the color palette adopted
for the section interpretations. The dark green dashed line illustrates a hypothetical surface extension of the principal fault on the “flexural”
margin, which was no longer active in the final stages of deformation and became covered by sand. In detail, the location of sections G
(Section S) and H (Section 7). The compass rose indicates the position of the model according to the prototype. The left side of the sections
in plan-view are located closest to the mobile wall (NNE). Meridional illumination.
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vertical displacements than those attributed to extension (e.g,
0.5 cm on average, approximately 13 m at scale). In one of the
cross-sections, it can be observed a normal fault that cut and
detach segments of an anterior structure (Fig. 9H). One must
emphasize that it wasn’t applied any methodology to verify
strike-slip component of movement of the faults described
as normal faults in this section, but the resulting geometric
pattern observed on it is pretty much compatible with the
expected for this type of geological environment

The final thickness of the basin, as well as its aperture,
were greater in Model 3 than in the previous models. In addi-
tion, it is possible to analyze in the cross sections that there
are potential local uplifts on the surface, especially on the left
side of the cross sections.

A greater structural complexity was provoked by the
smaller faults that nucleated on the structures formed during
the opening phase (Fig. 9H). In this section, one of these small
structures resulted in the uplift of a small horst on the surface.

DISCUSSION AND CONCLUSION

Considering the main objective of this study was to describe
the structural evolution resulting from the superposition of a
phase of low-angle extension (i.e, strike slip movement) over
a phase of high-angle extension, both identified in the Volta
Redonda Basin, analogue modelling has proved itself a con-
venient and reasonable methodology to characterize the pro-
posed tectonic evolution and its associated structures.

The resulting geometry of Model 1 partially reflected
the configuration proposed by Negrao (2014) and Negrio
et al. (2015) for Volta Redonda Basin during the Paleogene.
On the other hand, the resulting geometry of Model 2 is not
consistent with any of the configurations proposed by the
conceptual models. In this context, it’s been verified that one
single tectonic event is not capable of reproduce the current
structural configuration proposed for the basin. Despite both
models did not fully represent the configurations proposed
by Negrio (2014) and Negrio et al. (2015), they integrated
the theoretical base for the interpretation of the subsequent
Model 3 once the same boundary conditions were adopted
during its development.

On the subject of Model 3, the superposition of the strike-
slip regime over the extensional regime exposed the impor-
tance of structural reactivation, particularly along the princi-
pal margin of the basin. The consequent structural framework
along the principal margin, which was formerly continuous,
became stepped and discontinuous, as proposed by Negrao
et al. (2015) for the Cenozoic sedimentary accumulations of
the Volta Redonda Basin in its current configuration.

ARTICLE INFORMATION

The greater thickness and aperture produced in Model 3,
if compared with the previous models, might be related to the
superposition of the subsequent tectonic phase. Anotherhypoth-
esis is that the stablished architecture for this model could have
interfered in its genesis. A question of great concern is about
the local uplift observed on the surface of Model 3. Although
its resolution might not be adequate to interpret properly this
structure, it could be an indication of local inversion over an
area coincident to thatlocated northwestward from the Alto de
Jardim Amilia, predicted by conceptual models. Another less
likely hypothesis is that the sedimentation process that took
place on the models during the first phase of deformation was
heterogeneous on this spot.

Some minor yet distinct structures were observed on the
Model 3 top surface as a result of reactivation and generation
of structures after the superposition of the second phase of
deformation (Fig. 9H). These structures potentially match
with internal highs identified within the basin with a pref-
erential NE-SW orientation. Finally, it should be empha-
sized that it’s quite possible that the pattern of nucleation of
faults and fault reactivation could have been altered due to
the absence of ways to faithfully simulate isostasis, erosion
and concurrent sedimentation, representing a limitation of
analogue modelling and preventing it to expose even more
striking similarities.

The distribution and kinematics of the structures gen-
erated during the modelling of both deformation phases,
related to the introduced basement discontinuity and to the
displacements applied by the motors, match with the gen-
eral structural aspects (i.e., basin geometry, fault pattern, fault
orientation etc.) identified in field study by Negrio (2014)
and Negrio et al. (2015). Despite the lack of ways to prove
the strike-slip movement of the faults by the applied meth-
odology, the attitude of the oblique faults generated during
the second phase of deformation match with the NE-SW
normal faults described in the literature for Volta Redonda
Basin. Considering all this, the results allow us to state that
the originally proposed conceptual model proposed by these
authors is coherent and, therefore, possibly closely repre-

sent the reality.
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