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3D GRAVITY MODELING OF IMPACT STRUCTURES IN BASALTIC FORMATIONS IN BRAZIL:
PART Il - VISTA ALEGRE, PARANA
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Marcos Alberto Rodrigues Vasconcelos® and Alvaro Penteado Crosta?

ABSTRACT. This study characterized the subsurface framework of the Vista Alegre impact structure in terms of a 3D mass density model obtained from forward gravity
modeling, constrained by petrophysical and geological data from a previously published work. Like the nearby Vargedo impact structure, Vista Alegre is a complex impact
structure formed in basaltic lava flows of the Serra Geral Formation with a central uplift exposing sandstones of Piramboia/Botucatu Formations and impact breccias.
A 3D mass density model is proposed, consisting of five subsurface layers: polymictic breccias, shocked/fractured basalts, basalts (Serra Geral), shocked sandstones
(Piramboia/Botucatu) and a lower layer of pre-Triassic sedimentary rocks. The central region containing the fractured polymictic breccias and shocked target rocks (basalt
and sandstone) is ~100 m thick. The target rocks are deformed at depths of up to ~1 km, which represents the basal contact of the sandstones of the Piramboia/Botucatu
Formations with pre-Triassic strata. Values of structural uplift (~650 m), central uplift diameter (~3.5 km) and depth of excavation (~400 m) inferred from our model
are fairly consistent with theoretical values, thus supporting a meteoritic impact nature. The Vista Alegre model is in agreement with the density model for the nearby
Vargedo impact crater and provides new insights into the formation of impact structures in basaltic targets, with potential implications for the study of other planetary
surfaces.

Keywords: density modeling, impact crater, central uplift, Serra Geral Formation.

RESUMO. Este estudo apresenta uma caracterizagdo em subsuperficie da estrutura de impacto Vista Alegre em termos de um modelo 3D de densidade de massa
obtido a partir de uma modelagem direta de dados gravimétricos, vinculada a dados petrofisicos e dados de mapeamento geoldgico previamente publicados. Assim como
a cratera de Vargedo, Vista Alegre é uma estrutura de impacto complexa, formada em fluxos de lava da Formagéo Serra Geral, com elevagdo central expondo arenitos
das FormagOes Piramboia/Botucatu e brechas de impacto. Foi proposto um modelo constituido por cinco camadas em subsuperficie: brechas polimiticas, basaltos
fraturados, basaltos (Serra Geral), arenitos (Piramboia/Botucatu) e uma camada inferior de rochas pré-Tridssicas. A regido central contendo as brechas polimiticas e as
rochas-alvo fraturadas (basaltos e arenitos) tem ~100 m de espessura. As rochas da regido do impacto estao modificadas até profundidades de ~1 km, onde ocorre
0 contato entre as camadas pré-Tridssicas e 0s arenitos das Formagdes Piramboia/Botucatu. Valores de soerguimento estrutural (~650 m), didmetro do ndcleo central
soerguido (~3,5 km) e profundidade de escavagdo (~400 m) sdo consistentes com valores tedricos que podem ser inferidos do nosso modelo, reforcando a origem por
impacto meteoritico. Em geral, o modelo de Vista Alegre estéd de acordo com 0 modelo de densidades da cratera de impacto de Vargedo e fornece novos conhecimentos
sobre a formagdo de estruturas de impacto em alvos basalticos e para estudos de geologia planetéria.

Palavras-chave: modelo de densidades, cratera de impacto, nicleo soerguido, Formagdo Serra Geral.
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INTRODUCTION

As mentioned in Part | (Ferreira et al., 2015), our work consisted
in a detailed ground gravimetric survey of Vargedo and Vista
Alegre impact structures, distant around 100 km apart in a similar
geological context (Fig. 1). Therefore, we divided this work into
two parts: Part | presents the results obtained from gravity data
acquired at Vargedo impact structure (Ferreira et al., 2015); Part
[ brings the results obtained for the Vista Alegre impact structure.
A general introduction about impact craters, basaltic targets and
the application of gravity data for studying them is presented by
Ferreira et al. (2015).

Similar to the slightly larger Vargedo impact structure,
the Vista Alegre structure is a relatively eroded impact crater,
which hampers the direct investigation of its morpho-structural
features. In such cases, the application of geophysical methods
becomes important to map the distribution of physical properties
that can be associated with geological features and structures in
subsurface (Pilkington & Grieve, 1992).

The Vista Alegre structure was the subject of a ground
gravimetric survey aiming to generate a subsurface model that
delimits the different geological layers and identifies post-impact
stratigraphic changes.

In particular, we present a 3D subsurface mass density
model of the Vista Alegre impact structure obtained from
modeling gravity data. This model was geologically interpreted,
depicting basement depth, layers thicknesses and geometrical
characteristics of the central uplift.

The Vista Alegre gravity model is compared to that obtained
for Vargedo to respond to the specific questions formulated in
Part | (Ferreira et al., 2015): “(i) Even though the two structures
are relatively close to each other, are they similar in terms of
subsurface geology? (ii) Have one of the two impacts affected the
subsurface more than the other? (iii) Are the volume and shape
of possible uplifted sandstone similar?”. It is rather important to
notice that the elevation of the center of the Vista Alegre structure
is relatively inconspicuous; therefore subsurface models such as
the one presented here can disclose the framework of the central
uplift.

The Vista Alegre impact structure

Centered at 25°57'S and 52°41'W, the Vista Alegre structure
is located in the county of Coronel Vivida-PR (Fig. 2). The
structure was named after the Vista Alegre village, located in the
northwestern portion of the structure, in between the center and
the rim. It was first described in 2004, with the aid of satellite

images, as a circular depression with morphology, structures and
deformation that could be the result of a meteorite impact, similar
to that of Vargedo impact structure (Crésta et al., 2004). Later
studies have found and described the impact evidence necessary
to prove the structure as being of impact origin and provided
details of its morphology (Crésta et al., 2010).
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Figure 1 — Geological map of the Parana Basin (adapted from Milani et al.,
1998). Vargedo and Vista Alegre impact structures are located in the states of
Santa Catarina and Parand, respectively. A summary of the regional geology is
presented in Part | (Ferreira et al., 2015).

With a diameter of ~9.5 km, it has also been described as
a complex impact structure. The presence of subtle topographic
glevations (Crosta et al., 2010) and the anomalous presence
of sandstones in the central portion of the Piramboia/Botucatu
Formations, within a circle of 3 km diameter, indicate the presence
of a central uplift (Crdsta, 2012).

Having a circular rim in the form of a ring of escarpments
and an internal depression, the structure’s boundaries are well
delimited with the exception of its south and southwestern edges,
which were removed by the erosive action of the Chopin River.

Brazilian Journal of Geophysics, 37(1), 2019
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Figure 2 — Generalized geological map of the Vista Alegre impact structure (Furuie, 2006).

An unconstrained maximum age of 125 Ma for the Vista
Alegre impact structure can be drawn from the age of the Serra
Geral volcanism (Crésta et al., 2013), as the structure was
formed on basaltic flows with a Cretaceous age range between
139 and 125 Ma (Turner et al., 1994). Crosta et al. (2010)
provided a geological characterization and complete description
of Vista Alegre as an impact structure. That study was based
on geomorphological analyses conducted on the SRTM digital
elevation model and on field geological observations that led to
the identification of impact evidence, such as the occurrence of
shatter cones and planar deformation features in quartz grains
from polymict breccias.

Local Geology

Crosta et al. (2010) describe the area of the impact crates
with basalts and shocked/fractured basalts of the Serra Geral
Formation, polymictic impact breccias and sedimentary layers
underlying the Serra Geral Formation (Fig. 2). The Serra Geral
Formation corresponds to tholeiitic basalts. Fractured basalts
are found in an annular area between the rim and the center of
the structure. This fracturing is relatively strong and attributed
to effects of the impact and later deformation processes of
the modification stage of the crater formation (Crdsta et al.,
2013). The polymictic lithic breccias formed directly by the
impact process as a mixture of the target rocks. They occur in
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a circular area of approximately 20 km? in the central portion
of the structure, forming a continuous layer underlying the
soil, with thicknesses ranging from 8 to 12 m, according to
inferences based on observations of breccia outcrops presented
in Furuie (2006) and Crosta et al. (2013). The sedimentary
layers underlying the Serra Geral Formation were not represented
because in-situ sandstone outcrops are rarely found. Those
rocks are normally located between 700 to 900 m deep in the
region outside the Vista Alegre structure (Furuie, 2006). However,
there are small sandstone occurrences around the center of
the structure, as lose blocks found mixed with red soils which
are a typical product of weathering of the rocks of the Serra
Geral Formation. These quartzose rocks were interpreted as being
brought to the near surface as a result of uplift of the sedimentary
rocks of the Piramboia or Botucatu Formations (Crésta et al.,
2013)

METHODOLOGY

Vista Alegre ground gravimetric data were acquired during a field
campaign in 2013 using a CG-5 Scintrex gravimeter along with a
Trimble ProXT DGPS for geometrical height measurements. The
reader is referred to Part | for details about the resolution and
accuracies of those instruments (Ferreira etal., 2015). The survey
was carried out mainly along roads covering the entire area of the
structure (Fig. 3). Gravity data were collected at 343 locations,
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Figure 3 — Spatial distribution of the ground gravimetric stations within and around the Vista Alegre impact structure.

most of them spaced from 200 to 500 m apart. All data were
georeferenced to the WGS 84 Datum and UTM projection in zone
225 was applied. A minimum curvature algorithm was used to
interpolate the observed data into a regular grid with cells of 50
m x 50 m (Ferreira et al., 2015). Data were not collected in the
southwestern limit of the structure, due the presence of the Rio
Chopim (Fig. 3) that prevented access to this region.

Data processing

We performed a regional-residual separation by fitting a
second-degree polynomial surface to the total Bouguer anomaly
and subtracting this surface from the total Bouguer anomaly,
resulting in the residual Bouguer anomaly. The subsequent
modeling was then performed using the residual Bouguer
anomaly as observed data. The relevant equations are found in
Ferreira et al. (2015).

3D gravity forward modeling

Forward modeling was carried out using GMSYS-3D software,
available in Geosoft Oasis Montaj® (Popowski et al., 2006), in
the same way as that described in Ferreira et al. (2015). Based
on the available geological map, we used the following set of
rock layers in our model, from the deepest to the shallowest: (1)
Pre-Triassic units; (2) Sandstones of the Piramboia and Botucatu
Formations; (3) Basalt; (4) Shocked/fractured basalt; (5) Impact
breccias. We used absolute density values measured from rock

samples representing each layers to constrain our model. The
modeling algorithm discretizes the entire interpretative volume
into a mesh with a constant density assigned to each cell. Our
model has 217 x 193 x 56 cells along the EW, NS and vertical
directions, respectively, each measuring 50 x 50 x 20 m.

RESULTS AND DISCUSSIONS

Total, regional and residual Bouguer anomalies of the Vista
Alegre impact structure are depicted in Figure 4. A nearly circular
negative anomaly is associated with the center of the structure.
That gravity signature can be related to the higher degree of
deformation expected to occur at the center of an impact structure
(Grieve, 1987). For Vista Alegre, the residual Bouguer anomaly
has a minimum value of -2.5 mGal in its central region (Fig.
4C). Surrounding the center of the crater, the data depict a
ring of highly variable amplitudes (from 0.5 to 1.1 mGal). The
Vargedo structure exhibits a similar ring, but completely closed
and showing lower values (Ferreira et al., 2015), although not
so well defined as in Vista Alegre. Additionally, the Vista Alegre
anomaly decreases outwards, so that the crater rim does not show
any typical signature.

3D density model

The 3D model (Fig. 5) includes, from bottom to top: a base layer
of pre-Triassic rocks, followed by a sandstone layer and a basalt
layer. Layers of shocked/fractured basalts and impact breccias

Brazilian Journal of Geophysics, 37(1), 2019
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Figure 4 — Bouguer anomalies of the Vista Alegre impact structure. (A) Total gravity anomaly; (B) Regional
anomaly; (C) Residual anomaly comprised by the difference between grids of total gravity anomaly and regional

anomaly.

A)

Legend

Il Top of Pre-Triassic units

= Top of

B)

Vertical Exagg. = 5x

I Top of Breccia

I Top of Fractured Basalt (Fractured target)
I Top of Basalt (Serra Geral formation)

(Pi

Figure 5 — 3D gravity model of the Vista Alegre impact structure. Density values are shown in Table 1. (A)
Subsurface layers without vertical exaggeration of 5x. (B) Subsurface layers with a vertical exaggeration of 5x.
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Table 1 — Densities of rock samples extracted from Vista Alegre.

) Densities (g/cm®)
Lithology
min max average SD
Sandstones Piramboia / Botucatu | 2.41 2.44 243 0.01
Alto Uruguai Basalt 2.84 2.95 2.88 0.04
Fractured Basalt 2.66 2.82 2.74 0.06
Impact Breccia 2.21 2.48 2.39 0.05
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are also represented in the upper part of the model, both of
them filling the annular cavity of the impact structure. Similarly
to the procedure used for Vargedo (Ferreira et al., 2015), the
density values shown in Table 1 were defined based on densities
measured from real samples by Yokoyama (2013), except for the
layer of more acidic volcanic rocks (the Acidic Chapecé unit).
These densities were measured using a precision balance and
applying the methodology described in Ferreira (2017). The crater
rim and the layer thicknesses were defined based on Furuie
(2006) and Milani et al., (1998), respectively.

Figure 6 shows the fitting between calculated (forward
modeling) and observed anomalies, as well as their histograms.
Comparison of the Bouguer residual anomaly map (Fig. 6A) with
the modeled field (Fig. 6B) displays consistent spatial distribution
and values, which is also reinforced by the information shown
in the histograms. As observed in Figure 6C, the mean error is
-0.07 mGal and the standard deviation is 0.42 mGal. However,
because of interpolation artefacts, higher amplitude errors occur
particularly at the edges of the map and in some areas where there
are no observation points.

To better interpret the subsurface of the impact structure
and the distribution of rock densities, four vertical sections were
extracted from the 3D model. The profiles A-A"and B-B’ (Fig. 7),
and C-C" and D-D’ (Fig. 8) were extracted along the N-S, W-E,
NW-SE and NE-SW directions. A layer of varying from 500 to

800 m thick of Serra Geral basalt is observed superposing rocks
of the 300 to 400 m thick Piramboia/Botucatu Formations. The
model depicts a classic shape of a complex impact structure with
a ~300m uplift of the less dense Piramboia/Botucatu Formation.
This upliftis surrounded by two types of rock that are related to the
impact: shocked/fractured basalts and polymictic breccias. The
top of the pre-Triassic units, at ~700 m depth, is a good inference
of the maximum depth that the impact-related deformation have
reached, as the residual field was reduced to satisfying amplitudes
without deforming such horizons. Both B-B’ and C-C’ profiles in
(Figs. 7 and 8) were used to estimate the crater rim and then to
suggest a structure with a diameter of ~9.5 km, agreeing with the
crater size defined by Crosta etal. (2004) and Crosta etal. (2010).

Each layer of the model (Fig. 5) was isolated in
order to better interpret its 3D shape. The uppermost layers,
corresponding to shocked/fractured basalts and impact breccias,
have been estimated to be ~100 m thick (Fig. 9). We observe
that breccias have a wide occurrence surrounding the center and
inthe eastern portion, reaching a maximum thickness of 30 m and
an average of 8.5 m. The works of Furuie (2006) and Crésta et al.
(2013) also inferred that the polymorphic breccias have thickness
between 8 and 12 m around the center, which is in accordance
with our model. Undermeath the shocked/fractured basalt, there
is a ~500 m thick layer of unfractured basalt of the Serra Geral
Formation corresponding to the floor of the transient cavity. These

25°56'S

25°58'S

Figure 6 — Comparison among residual Bouguer anomalies. (A) Observed; (B) Calculated from the 3D mass density model; (C) Difference between grids
in Aand B. Data in the corresponding histograms are in mGal. White lines represent positions along which vertical sections were extracted from the model.

Solid black lines represent the crater rim.
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Figure 9 — Polymictic breccias (orange) and fractured basalts (green) isolated
from the 3D model. Vertical exaggeration is 3x.

unfractured basalts reach depths of ~400 m (Fig. 10). Based
on data acquired from 13 complex impact structures in igneous
and sedimentary targets, Grieve et al. (1981) propose a model to
estimate the depth of excavation (d,) in complex structures. That
value is calculated as d, = 0.09 — 0.12D,, where D, is related
to the final crater diameter D by D, = 0.5 —0.65D.This quantity
defines a range between a minimum value (igneous targets) and a
maximum value (sedimentary targets). After applying these values
to Vista Alegre, we found that d, could vary between 420 and 750

Brazilian Journal of Geophysics, 37(1), 2019

Figure 10 — Serra Geral basalts isolated from the 3D model. Vertical
exaggeration is 3x.

m. Because the impact has occurred on an igneous target, the
minimum value of 420 m is consistent with the interpretation of
our model.

The central uplift of Vista Alegre

Although there is no topographic relief that can be directly
related to the presence of a central uplift, Furuie (2006) and
Crosta et al. (2010) inferred it from the occurrence of sandstone
clasts in the breccias and blocks of sandstones found at the
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Figure 12 — Residual Bouguer anomaly profiles extracted from Figure 6A. The zero distance
corresponds to the center of the central uplift.
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center of the crater. As there are no stratigraphic units with
sandstones over the Serra Geral Formation in this part of the
Parana Basin, it is realistic to interpret those blocks as related
to the underlying Piramboia/Botucatu sandstones. Our model
depicts a stratigraphic uplift defined by the sandstone layer.
Average elevations of 10 radial profiles from North to South
crossing the center of the structure shows that such uplift is
almost symmetric with respect to the central zero, having an
elevation of ~50 m and a diameter of ~3 km (Fig. 11). Gravity
profiles extracted from Figure 6A are quite similar and a central
negative anomaly of ~2.5 mGal stands out (Fig. 12). That central
negative anomaly reflects a negative density contrast between
sandstones and basalts. The red dashed ling is symmetric with
respect to the central point and represents the boundary of this
~3 km diameter anomaly.

The uplifted block presents a nearly elliptical shape with
an E-W major axis (~3.5 km length) and a N-S minor axis
(~2 km length) (Figs. 13 and 14). Therriault et al. (1997)
have established a linear fit between crater diameter (D) and
central uplift diameter (D¢ ), which reads as D¢y = 0.31D'%2,
Applying this equation to the Vista Alegre structure leads to a
central uplift diameter of ~3 km, which is roughly in agreement
with a mean diameter inferred from the residual Bouguer anomaly
and from the elevation profile.

As shown in Figure 14, the central uplift contains both the
sandstone layer and the basalt layer. The basalt layer has its lower
and upper limits at approximately -200 and 450 m, respectively,

Brazilian Journal of Geophysics, 37(1), 2019

leading to atotal structural uplift (SU) of ~650 m. This amount of
upliftis somewhat in agreement with that estimated from a classic
empirical linear model, SU = 0.06D'-!' (Grieve et al., 1981),
where D is the crater diameter, which would result in an uplift
of ~714 m.
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Figure 14 —Gravity model extracted at the central uplift along (a) E-E' profile and
(b) F-F profile shown in Figure 13. Vertical exaggeration is 2x. The zero in the

vertical scale corresponds to the EGM96 vertical datum that was used to calculate
the SRTM model.
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The uplifted basalt layer with an average thickness of 100 m
above the uplifted sandstone layer (Fig. 10) explains why large
outcrops of sandstones are not found in the central region of
the Vista Alegre impact structure. However, a few sandstone lose
blocks of the Piramboia/Botucatu Formations are exposed at the
center of the crater, indicating erosion of the basaltic rocks.

Variations in elevation of the Serra Geral layer are in
agreement with those expected for complex structures (Fig. 18).
The only difference is that the central portion of the Vargedo
model is open due the more prominent uplift of the underlying
Botucatu/Piramboia sandstones.

Similarities and differences between Vargeao and Vista
Alegre impact structures

Vargedo and Vista Alegre structures share some general
characteristics, such as their morphology and types of rocks
involved in the impact event. In both cases, sandstones of the
Botucatu/Piramboia Formations were uplifted and exposed at the
center, although the exposure has larger extents in Vargedo in
comparison with Vista Alegre. Their central uplift diameters are
different, with Vargedo structure ~2 km larger than Vista Alegre.
Both density models obtained from gravity inversion were similar,
except for the layer of acid volcanics that occurs in Vargedo
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Figure 17 — Structural uplift (SU) vs. crater diameter of 49 impact structures extracted from Pilkington & Grieve (1992) and their
fitted linear trend. Red dots indicate SU theoretical values for Vargedo and Vista Alegre impact structures. Black crosses represent SU

values estimated from the 3D models for the same structures.

and not in Vista Alegre. This layer, known as Acidic Chapecd,
comprises rhyodacite and rhyolite flows found at on top of the
rim of Vargedo (Kazzuo-Vieira et al., 2009; Ferreira et al., 2015).
The gravity signatures in both Vargedo and Vista Alegre structures
show a negative anomaly in the innermost area surrounded by a
ring-shaped positive anomaly. The amplitudes of the two positive
anomalies are distinct and they can be directly associated with
the respective diameters of the structures (Pilkington & Grieve,
1992). In Figure 15 we compare their E-W profiles with respect
to the amplitude of their anomalies and their respective limits.
The central uplift diameter of Vargedo is ~5 km whereas that of
Vista Alegre is ~3.0 km, and the Vargedo anomaly is ~0.5 mGal
higher than that of Vista Alegre.

The central uplift regions of Vargedo and Vista Alegre
were estimated from an extracted portion of the density
model (Fig. 16). By comparing the two models, we noticed
that the Botucatu/Piramboia Formations present two important
differences, as follows: (1) The deformation caused by the
impact in Vargedo astroblem reaches the pre-Triassic layers
(Fig. 16A), whereas in Vista Alegre, it is limited by the
Triassic (Botucatu/Piramboia) sandstone layer (Fig. 16B); (2)
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Large sandstone outcrops occur from the Botucatu/Piramboia
Formations on the surface of the central uplift of Vargedo. In
Vista Alegre, the uplifting has exposed only the top of Triassic
Sandstones of the Botucatu/Piramboia Formations, resulting in
the exposure of small blocks of sandstones as floats immersed in
basalt-derived red soils.

Figure 17 presents the structural uplift (SU) vs. crater
diameter for the same 49 structures previously selected from the
(Pilkington & Grieve, 1992) database, plus values for Vargedo and
Vista Alegre. The estimated SU from our models are in agreement
with the known empirical relation established in Grieve et al.
(1981).

CONCLUSION

This work contributes to a better understanding of subsurface
deformation undergone by target rocks due to meteoritic impacts
that formed Vargedo and Vista Alegre structures. In this Part II,
we propose a 3D density model for the Vista Alegre structure
obtained from the inversion of Bouguer anomaligs, which
is consistent with the available geological and petrophysical
information. The model depicts 3D geological structures and
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A) Vargeao Impact Structure

Vertical Exagg. = 3x

B) Vista Alegre Impact Structure

Figure 18 — 3D models of the Serra Geral Formation layer. (A) Vargedo; (B) Vista Alegre. Vertical exaggeration is 3x.

morphologies that would be expected for a complex impact
structure. From 2D sections extracted from the model, a diameter
of ~9.5 km was inferred, which is consistent with a value
calculated using a classical empirical model and to previous
morpho-structural interpretations based on remote sensing data
(Furuie, 2006). The model also indicates the presence of an
uplifted sedimentary layer underneath the basalts, at the center
of the structure, which we interpret as the sandstone strata of
the Piramboia/Botucatu Formations. This uplift has the shape of
an elliptic cone with axis lengths of 3.5 km and 2.5 km. The
stratigraphic uplift was estimated to ~650 m, a value that is
near to the one calculated by the empirical model from Grieve
et al. (1981). The similarity between Vargedo and Vista Alegre
models can be explained by the occurrence of these two impact
gvents on the same geological target along with the similar bolide
diameters (~1.25 km and ~1 km for Vargedo and Vista Alegre,
respectively). The fact that the Piramboia/Botucatu sandstones
are better exposed in Vargedo when compared to Vista Alegre,
despite the fact that the thickness of the Serra Geral volcanics is
similar in both sites, can be explained by the larger diameter of
Vargedo. The latter is seemingly the result of a larger impactor
than the one that formed Vista Alegre.
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