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Abstract—The 40 km wide Araguainha structurein central Brazil is ashallowly eroded impact crater
that presents unique insights into the final stages of complex crater formation. The dominant
structural features preserved at Araguainha relate directly to the centripetal movement of the target
rocks during the collapse of the transient cavity. Slumping of the transient cavity walls resulted in
inward-verging inclined folds and a km-scale anticline in the outer ring of the structure. The folding
stage was followed by radial and concentric faulting, with downward displacement of kilometer-scale
blocks around the crater rim. The central uplift records evidence for km-scale upward movement of
crystalline basement rocks from the transient cavity floor, and lateral moment of sedimentary target
rocks detached from the cavity walls. Much of the structural grain in the central uplift relates to
structural stacking of km-scale thrust sheets of sedimentary strata onto the core of crystalline
basement rocks. Outward-plunging radial folds indicate tangential oblate shortening of the strata
during theimbrication of the thrust sheets. Each individual sheet records an early stage of folding and
thickening due to non-coaxial strains, shortly before sheet imbrication. We attribute this folding
and thickening phase to the kilometer-scal e inward movement of the target stratafrom the transient
cavity walls to the central uplift. The outer parts of the central uplift record additional outward
movement of the target rocks, possibly related to the collapse of the central uplift. An inner ring
structure at 10-12 km from the crater center marks the extent of the deformation related to the

outward movement of the target rocks.

INTRODUCTION

Early studiesby Dence et al. (1968), Hartmann (1972),
and Pike (1974, 1977, 1983) have long indicated that the
morphological and morphometric characteristics of meteorite
impact craters vary as a function of size. Terrestrial impact
structures, for example, have been shown to change from a
simple bowl-shaped crater to a more complex structure
(a central-peak crater) at diameters between 2 and 4 km
(Dence et al. 1968; Grieve et al. 1981; Grieve 1987). With
continued increase in crater diameter, complex structures may
change internally, whereby their central peak is replaced by a
concentric peak ring. However, the internal geometry of large
(>25 km) impact structures remains a matter of contentious
debate, as an increasing number of field-based mapping and
geophysical experiments indicate that terrestrial craters of
similar sizes may have distinct internal structures and

morphologies (Jansa et al. 1989; Tsikalas et al. 1998a, 1998b;
Morgan et al. 2000; Dypvik and Jansa 2003; Grieve and
Therriault 2000, 2004; Vermeesch and Morgan 2004,
Wunnemann et a. 2005). The structural variation between
terrestrial craters seemsto be aresult of the distinct response
of different target rocks (under distinct strain regimes and
geothermal gradients) to the extreme pressure and temperatures
released upon impact (Ivanov and Deutsch 1999; Lana et al.
20033, 2003b, 20063, 2006b; Spray et al. 2004; Dence 2004,
Callins et a. 2004; Gibson and Reimold 2005; Riller 2005).
In an effort to shed some light onto the internal structure
of large terrestrial craters we cal attention to an
underappreciated and poorly studied impact structure in
central Brazil. The 40 km wide Araguainha impact structure
is arare example of a shallowly eroded impact structure that
provides an unparalleled opportunity to study the kinematics
of complex crater formation (Fig. 1) (Crosta et al. 1981,
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Fig. 1. Geologica map of the Araguainha impact structure, showing the main lithological units and bedding orientations. The image in the
background is a triangular irregular network (TIN) surface converted from ASTER digital elevation. Note that the TIN surface depicts well
the outer and inner topographic concentric rings described by Lana et al. (2007) (see text for more details). The bars labeled aa to f-f’
represent structural profiles analyzed for the inner ring feature: the structural data are presented in stereoplots of Fig. 5b.

Theilen-Willige 1981; Engelhardt et al. 1992; Lana et al.
2006a, 2007). Remote sensing analysis and stratigraphic
correlations indicate that Araguainha preserves a fully
exposed central peak, an annular basin and two main concentric
ring features (Fig. 2a) (Lanaet al. 2007). Thecrater rimisalso
well exposed, providing important insights into the
mechanics of crater rim collapse (Fig. 2a). Lana et a. (2007)
have demonstrated that the present morphology of the crater
is largely controlled by the concentric arrangement of the
structures and layered sedimentary units. However, while
some structural data have been reported for some parts of
the impact structure (Lana et al. 2006a, 2007), no
comprehensive structural analyses have been directed at
understanding the geometry of the central uplift and the
crater rim. In addition, the structural implications of the
concentric ring features for the evolution of the impact
crater have not been fully discussed. In this contribution,
we expand the structural data set available for Araguainha
and present a detailed structural analysis of the entire
impact structure (Fig. 1). Thematic Mapper (TM) (Fig. 2a)

and Advance Spaceborne Therma Emission and Reflection
Radiometer (ASTER) data are combined with the structural
inventory to provide a direct correlation between the
morphological and structural features. The objective is to
establish the nature of strain that led to formation of the
central uplift, concentric rings, and the crater rim.

GEOLOGY OF ARAGUAINHA

The Araguainha impact structure is the eroded remnant
of the largest impact crater in South America (Crosta et al.
1981; Theilen-Willige 1981; Engelhardt et al. 1992; Lana
et a. 20063, 2007). It islocated in the northeastern part of the
Parana Basin (Fig. 1), straddling the border between Mato
Grosso and Goias statesin central Brazil. Previous studiesin
and around the impact structure have indicated that the
target rocks comprise relatively well exposed Devonian to
Permo-Triassic sediments of the Parand Basin and underlying
crystalline basement rocks of the Braziliano Shield
(Silveira Filho and Ribeiro 1973; Pena 1974; CroOsta et al.
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Fig. 2. @) Main structural lineaments (short-dashed lines) and lithological contacts (solid lines) overlapped with false color composite image
of Landsat TM displayed in RGB. Contours of theinner and outer ring features (long-dashed lines) are also shown. b) Simplified stratigraphic
column of the Araguainha target rocks (after Lana et al. 2007). c) Profile showing lithologies and an interpretation of a 2D geometry of the
inner and outer ring features. Extent and orientation of the profileislabeled in Fig. 2a.

1981; Theilen-Willige 1981; Engelhardt et al. 1992; Bischoff
and Prinz 1994; Hammerschmidt and Engelhardt 1995). The
target rocks inside the structure belong to the Passa Dois,
Tubardo and Parana Groups (Fig. 2b). The Passa Dois Group
comprises 2040 m thick Permian siltstone, chert and
carbonate (Irati Formation) and 80-100 m thick Permian-
Triassic siltstones and subsidiary sandstones and chert

(Corumbatai Formation). The Tubar&o Group is represented
by a 700-800 m thick section of Carboniferous sandstones
and conglomerates, overlain by stratified siltstones and
sandstones (Aquidauana Formation). The Parana Group
encompasses 800 m thick Devonian fluvial white
sandstones and conglomerates (Furnas Formation) and marine
siltstones and minor sandstones (Ponta Grossa Formation)
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(Fig. 2b). The underlying crystaline basement consists of
porphyritic granitic rocks with xenoliths of metamorphosed
sandstones and siltstones. Although these target rocks have
been variably deformed during the impact event, the same
sedimentary strata outside the impact crater retain their
origina horizontal sedimentary layering and do not record
evidence of pre- or post-impact deformation (Silveira Filho
and Ribeiro 1973; Pena 1974; Lanaet al. 2007).

Many of the macroscopic features diagnostic of impacts
such as shatter cones, impact melt rocks, and polymict and
monomict breccia deposits are preserved in the central parts of
the structure (Crosta et a. 1981; Theilen-Willige 1981;
Engelhardt et al. 1992). Theimpact melt and brecciasarefound
as relatively thin blankets covering the core and collar of the
central peak. Previous petrographic observations by Engelhardt
et a. (1992) have provided important evidence that the
polymict breccias contain partly molten, slightly contorted
clasts of the Parana sedimentary sequence. Other clasts have
been described as shocked, partly molten granites and hornfels
that derived from excavation of the crystalline basement below
the Parand strata (Engelhardt et al. 1992). Petrographic studies
by Engelhardt et a. (1992) led to the conclusion that energy
released upon the impact was sufficient to excavate a2—2.5 km
vertical section through the undeformed sediments of the
Paranéd Basin and part of the underlying crystalline basement
rocks (Fig. 2b) (see also, Lana et al. 2006a, 2007). The
excavation of the Parand sediments affected an area with a
radius of several kilometers and resulted in a 2025 km wide
cavity with aminimum depth of 2-2.5 km (Lanaet al. 2006a).
Gravitational collapse of the excavated crater led to structural
uplift of the Ordovician to Permo-Triassic sedimentsaround a
5 km wide core of crystalline basement rocks in the center of
the structure (Figs. 1 and 2c) (Crésta et al. 1981; Theilen-
Willige 1981, Bischoff and Prinz 1994).

Detailed stratigraphic analysis has demonstrated that the
structure experienced two main periods of erosion since the
impact event. However, while erosion was sufficient to
remove most of the impact-related deposits (impact breccias
and impact melt layer), the floor of the structure remained
relatively well preserved, with the typical concentric
geometry of alarge impact crater (Romano et a. 2006; Lana
et a. 2007). The most noticeable morphological features
shown by ASTER digital elevation model include a 67 km
wide central peak, surrounded by a5 km wide annular basin
and two main concentric ring featuresat 10-12 km and 14-18 km
from the center of the structure (Figs. 1laand 2a) (Lana et al.
2007). The inner ring comprises a major topographic feature
that stands some 200 meters higher than the floor of the
annular basin (see elevation datain Fig. 1). The outer ring is
bordered by severa radial and ring faults that define the rim
of the structure (Figs. 1laand 2a).

Concentric features have a so been suggested to occur in
the crystalline rocks below the sedimentary target sequence
(Masero et a. 1994; Schnegg and Fontes 2002). One-dimensional
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modeling of magnetotelluric (MT) data indicated to Massero
et a. (1994) that target rocks at 3—7 km below surface were
affected by concentric and radial faults/fractures over a
16 km-diameter area. According to their study, the basement
rocks may form a 12-16 km diameter ring feature that
surrounds a 6 km wide central peak. Further refinements to
this model led Schnegg and Fontes (2002) to suggest that the
central peak is surrounded by an annular basin and two main
concentric rings. In addition, Schnegg and Fontes (2002)
study also indicatesthat the annular basin becomes progressively
deeper outwards, reaching a maximum depth of ~3 km at
~11 km from the center. Although the MT data modeling was
hampered by poor MT coverage, the results obtained by
Masero et a. (1994) and Schnegg and Fontes (2002) seem to
indicate that the concentric morphological and structural
features observed at surface (Lana et a. 2007) have been
deeply carved into the basement rocks, at 2 km below surface.

CRATER RIM AREA

The crater rim a Araguainha is characterized by
kilometer-scale blocks of variably deformed Passa Dois and
Aquidauana sediments (Figs. 1a and 1b). Our Landsat TM
and ASTER imagery data show clearly the geometry of the
several blocks of the Passa Dois Group (Figs. 2a, 3a, and 3b).
This is because the Passa Dois Group is characterized by a
coarser texture and more uniform tonal variation relative to
the Aquidauana Formation, making it easier to define the
lithological contacts. Our field based mapping and remote
sensing analysis indicate that severa of the km-scale blocks
have an arcuate geometry (Figs. 2a, 3a, and 3b), consistent
with their concentric arrangement around the crater rim. This
geometry is largely controlled by the geometry of the faults,
in addition to km-scale folding and localized brecciation of
the strata.

Folding

The present structural data set for the crater rim indicates
that the overall bedding orientation of the Passa Dois Group
is subhorizontal, shallowly dipping toward the crater rim
(Fig. 1). While this seems consistent with the geometry of
terraced walls in generic models for terrestria craters (e.g.,
Grieve et al. 1981; Grieve 1987), we observed that the
bedding orientation in the largest blocks of the Passa Dois
(in the southwest, northwest, and southeast) may show
localized variations due to shalow (gentle) folding of the
strata on a hundred-meter scale (Fig. 3c). The hinge lines of
these open folds are invariably subhorizontal, with an
orientation that is preferentialy radial or tangential to the
main circular geometry of the crater rim (Fig. 3c). The same
seemsto apply for the bedding in the Aquidauana Formation,
which is dightly buckled, dipping shalowly (5°-10°)
inwards and outwards (e.g., Lana et a. 2006a). The geometry
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of the folds is consistent with large-scale, layer parallel
shortening of the Passa Dois and Aquidauana sediments
during the downfaulting of the individua fault-bounded
blocks.

The large-scale folding of the target sediments was
accompanied by localized development of outcrop-scale
folds in the Passa Dois Group. Many of these small-scale
folds have been identified in the southern and western parts
of the crater, where the Passa Dois Group bedding is folded
into open to tight recumbent folds with shallowly plunging
hinges (Fig. 3d). The fold hinges range from oblique to
tangential with respect to the circular geometry of the
crater rim. Small-scale intrafolial folds are also present
(Fig. 3€). The geometry of these folds is consistent with a
strong component of hon-coaxia deformation, associated with
the inward movement of the Passa Dois sediments towards
the center of the crater (see also Lana et al. 2006a). Local
variation of bedding and fold hinges is observed near the
radial faults, whereby bedding orientation changes from
concentric (dipping shallowly inwards and outwards) to
radial (parallel to the fault planes). In this case,
refolding of the pre-existing structures occurred
contemporaneously with motion aong the radia faults
(discussed below).

Faulting

Fault zones are very prominent structural features along
the crater rim (Figs. 1a and 2a). They vary from a few
centimeters to several meters in width, and are often
associated with conjugate sets of fractures, which are
oriented orthogonally to the main fault plane. In most cases,
the master plane of the fault zones is generally defined by a
curved or planar, cm-wide surface: however, the planes
themselves are seldom exposed and cannot always be traced
a an outcrop scale. Anadysis of the orientation and
distribution of these fault zones has only been possible with
combined structural observations and remote sensing imagery
(Figs. 2a, 3a, and 3b).

Our remote sensing analysisallows aclear definition of the
trace of the faults in all sectors of the Araguainha structure
(e.g., Fig. 2a). The analysis was applied to the fault planes
located in steep and straight gullies that cut across the
Aquidauanaand Passa Dois sediments. The dominant fault set
comprises concentrically arranged, brittle zones that juxtapose
the Passa Dois with the Aquidauana sediments. The outermost
fault zones (defining the crater rim: Figs. 1c, 2a, and 2b) have
been observed near steep escarpments of the Aquidauana
sandstones, which locdly stand from 10 to 30 m above the crater
floor (Fig. 4a). The fault planes are vertical to steeply dipping
towards the center of the structure. Their curvature cannot be
constrained with the present data set, although it is clear from
the Landsat TM and ASTER imagery that the contact
between the sedimentsis concentric with respect to the center of
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the structure (Figs. 3a, 3b, and 4b). The vertical displacements
along the concentric fault zones range from 200 to 300 m (Lana
et a. 20063). In the southwestern sector, where sediments are
well exposed along road cuts, the vertical displacement
between the Irati sediments (Ponta Grossa Group) has been
measured at approximately 250 m (e.g., Fig. 1c) (Lana et d.
2007).

A second set of fault zones includes those that are radial
to obligue to the main circumference of the crater rim. The
oblique trending faults are the most easily depicted (Fig. 4c).
They form conjugate pairs that separate triangular- or
diamond-shaped wedges of the Aquidauana sandstones
(Figs. 4b and 4c). Some of the faults extend from the crater
rim to the annular trough and displace several large-scale
structures, including the concentric ring features (e.g.,
Figs. 2a and 5a; described below). In this case, the
concentric ring features have been separated into several
km-scale arc segments that have been displaced inwards or
outwards (Fig. 2a). The largest displacement is observed in
the northern and northwestern sectors where the outer
anticline and the crater rim have been displaced by 1-2 km
(Fig. 5a). Here, the arrangement of the blocks suggests that
the radia faults also accommodated hundreds of meters to
several kilometers of lateral movement (Figs. 2a and 5a).
Rare shallowly plunging slickensides and grooves in the
fault planes indicate oblique movement, with a strong strike-
dlip component between the various blocks of the
Aquidauana Group.

Severd of theradial faults extend up to 2-10 km outside
the crater rim, where relatively undeformed sediments of the
Passa Dois Group (exposed to the west, south and southwest
of the crater rim) have been juxtaposed with the Aquidauana
sediments. For example, a NE-trending reverse fault has a
measured vertical throw of 4 meters and juxtaposes the Ponta
Grossa with the Aquidauana (Figs. 4d and 4e). The main
reverse fault plane is associated with small normal faults
(Fig. 4€). These faults record, however, small displacements
and cannot be related to collapse of the crater rim: they rather
reflect block adjustments or reactivation of pre-existing faults
in the crystalline basement.

The trace of the mgjor lineaments observed on the
Landsat TM and ASTER images from the northern and
northwestern sectors (Figs. 3a and 3b) suggest that the
concentric faults are intersected by radial or oblique faults.
However, there are several sets of small radia faults that do
not offset the concentric faults at the contact between the
Passa Dois Group and Aquidauana Formation (Figs. 3a, 3b,
and 4b). This is evident in the southwestern sector where a
number of NE-trending faults are truncated by a concentric
fault a the Aquidauana Formation—Passa Dois Group
contact (Fig. 4b). It is not clear whether the radial and
concentric faults formed at distinct stages of the cratering
process, even though the faults themselves have distinct
geometries.
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Southeast

Fig. 3. ab) Landsat TM images of the crater rim showing km-scale
blocks in the southwestern (a) and northwestern (b) sectors. Dashed
white lines mark the lithological boundaries between Aquidauana
sandstones and Passa Dois siltstones. Dashed black lines mark the
concentric faults of the crater rim. Solid black linesindicate the main
trend of the radia faults. ¢) Low hemisphere equal area stereonet
projections of the folded bedding (full circles) at the crater rim.
Dotted lines mark the inferred hinges of the gentle folds (see text for
details). d—€) examples of outcrop-scale asymmetric folds in the
Passa Dois Group in the southwestern (d) and southeastern (€)
sectors.

L ocal-Scale Brecciation of the Crater Rim Sediments

Brecciation of thetarget rocksinside the crater rim areais
expressed in the form of mm-wide veins to meter-wide dykes
of cataclastic breccias. The dykes are characterized by poorly
sorted angular to rounded clasts, surrounded by afine-grained
to cryptocrystalline groundmass (Figs. 4f and 4g). The clasts
comprise either rock or mineral fragments of the host rock,
ranging in size from a few mm to several cm. The mm-scale
breccia veins are often observed near the dykes and occur in
close association with anetwork of mm-scalefractures. Theveins
consist dominantly of mineral fragments in a cryptocrystdline

C.Lanaet al.

c)

southeast northeast northwest southwest

Fig. 4. @) Overview of the Aquidauana sandstones forming a major
escarpment at the crater rim (southwestern sector). Location of the
photograph is marked by white box in Fig. 3a. b) Conjugate sets of
oblique faults in the southwestern sector. The faults separate blocks
of the Aquidauana sediments on a hundred-meter scale. c) Lower
hemisphere equal area stereonet projections of faults at the crater
rim. d) Large-scale radial reverse fault juxtaposing the Passa Dois
and Aquidauana sediments. The contact between the sedimentsis
marked by solid line. €) Secondary normal faults associated with the
reverse fault shown in (d). The faults displace the sediments on a
centimeter scale. €) Dike of breccia cross-cutting the Passa Dois
sediments. f) Millimeter-scale breccia vein in the Passa Dois
sediments. The main vein (horizontal) is parallel to the bedding of
the Passa Dois siltstone and is interconnected with a number of
oblique veins.

black matrix (Fig. 4g). The minera fragments (e.g., quartz
and feldspar) have been largely fractured during brecciation.
The breccia dykes vary in attitude from horizontal to
vertical and have no preferred orientation with respect to the
impact-related faults. Even though they occur inside the
crater rim (very often near the contact with the Aquidauana
sediments), their temporal relationship with the radia or
concentric faults has not been observed. On the other hand,
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Fig. 5. @) Structural data for the northern and northwestern sectors of the crater. Solid lines represent the main fault zones displacing the crater
rim and the ring features. The contours of the inner and outer rings are marked with thick dashed lines. Thin dashed lines highlight the
lithological boundaries at the crater rim. b) Lower hemisphere equal area stereonet projections of the rotated strata (full circles) in the inner
ring feature: the structural data were collected along several profiles asindicated in Fig. 1.

both dykes and veins cross-cut dominantly local-scalefoldsin
the Passa Dois and Aquidauana rocks. Much of the
millimeter-wide veins and fracture networks are
predominantly subparallel to the folded bedding planes and
displace the bedding on a millimeter scale. Opposite sense
of displacements are commonly observed in the same
outcrop, as if the strata oscillated during the development
of the millimeter-wide crush zones.

CONCENTRIC RING FEATURES

Structural and remote sensing observations suggest
that the annular ring area comprises two main ring features at
10-12 km and 14-18 km from the center of the structure
(Lana et a. 2007). The rings are expressed in the form of
ridges or aligned hills that surround the annular basin
(Fig. 2a). Bedding orientations collected throughout the
northern sector (Fig. 5a) and aong 6 main profiles (a-a to f-f’;
Fig. 1) indicate a concentric geometry for both ring features
(Fig. 5b). The outer ring has been segmented by several of the
radial faults (Figs. 1a and 2a). The segments (as well as the

blocks of the Passa Dois Group in the crater rim area) have
been laterally dislocated by 500 m to 2 km. Theinner ring has
also been affected by radial (or oblique) faults, but it does not
record large-scale lateral displacements. It is possible that the
lateral displacements decrease in magnitude towards the center
of the crater; a feature consistent with the severe space
problems expected to occur in the central parts of the crater
(Melosh 1989; Melosh and Ivanov 1998; Shoemaker and
Shoemaker 1996; Milton et a. 1996; lvanov and Deutsch
1999; Kenkmann and Dalwigk 2000).

The geometry of the outer ring has been well constrained
in the northern and northwestern sectors (Figs. 5a and 5b),
where the majority of outcrops are of the bedded siltstones of
the upper Aquidauana Formation. Our present structural
data set for this sector indicates an inward-verging antiformal
geometry for the outer ring, with a relatively shallow outer
limb (dipping at 10°-20° outward) and arelatively steep inner
limb (dipping at 40°-60° inward). The core of the antiform is
characterized by subhorizontal to shallowly folded bedding
orientations, indicating a horizontal to shallowly plunging
hinge. The geometry of the inner ring feature is complex. In
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the northern part of the inner ring, the Aquidauana bedding
dips steeply (50°-80°) inwards or outwards, suggesting
an upright antiformal geometry (Figs. 5aand 5b). For the rest
of the inner ring, however, the sandstones are largely faulted,
and generaly poorly exposed. The variation in bedding
orientation may be related to tilting of meter- to hundreds-of-
meters-scale blocks, as revealed by seismic profiles across
impact craters of similar size (Jansaet al. 1989; Tisicalaset a.
1998). The bulk of the structural measurements suggests that
the inner ring is either an upright tight anticline or a
steeply dipping monocline. Several upright to recumbent
parasitic folds, with horizontal to shallow, doubly plunging
hinge lines are observed. The folds range in scale from
meters to tens of meterswide, but are only partially preserved
or poorly exposed (e.g., Lana et a. 2006a). The hinges are
paralel to the main concentric arrangement of the anticline
axis.

The main structure separating the two ring features cannot
be characterized at present because of difficult access to the
main outcrops in the northern and western sector, and the
overall lack of exposure in the southern half of the crater.
Bedding orientations between the anticlines suggest arelatively
tight syncline with both parasitic folding and local-scale
faulting, most clearly evident near the contact with remnants
of the Passa Dois Group, 10-15 km from the central uplift.
The Passa Dois Group was juxtaposed with the sandstones
of the Aquidauana Formation along radial and concentric
faults. The presence of densely spaced fracture-network and
breccias veins and dykes in the Passa Dois sediments suggest
that faulting was associated with local-scale brecciation.

THE CRATER CENTER

The central pat of the Araguainha structure is
characterized by two distinct morphological features that
have been described by Lana et al. (2007) as a 6—7 km wide
central peak and a 5 km wide annular basin (Fig. 2a). The
central peak is a mgjor structural high that consists of a 4—
5 km wide core of porphyritic granite and a 1-2 km wide
collar of upright to overturned sediments of the Furnas
Formation (Figs. laand 2a). The surrounding annular basin is
aflat circular depression between the concentric rings and the
central peak. The basin exposes sediments of the uplifted
Ponta Grossa Formation and the highly fractured sandstones
of the Aquidauana Formation. As noted previously (Lanaet al.
2007), the central peak isamorphological feature and does not
entirely correspond to the central uplift of the structure. The
minimum extent of uplifted rocks in the central part of the
crater is indicated by the Ponta Grossa-Aquidauana contact,
located at 10-12 km from the center of the crater (Figs. 1a
and 2a). According to borehole core and stratigraphic
information the Ponta Grossa-Aquidauana contact was
>900 m below the surface prior to the impact event. The
maximum uplift of this contact and the overlying sediments
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cannot yet be constrained, because the basal Aquidauana
sandstones do not contain well defined stratigraphic markers.
Nevertheless, it is clear from our stratigraphic data that the
Aquidauana basal sediments were uplifted by at least
hundreds of meters during the formation of the central uplift.
This implies that the diameter of the central uplift is
substantially larger than previoudly proposed (e.g., 10 km; Lana
et a. 2006a), encompassing much of the central peak and
annular basin.

The Central Peak

Although several Landsat images show a symmetric,
circular geometry for the central peak at Araguainha, our
field-based observationsindicate arather asymmetric distribution
of the collar sediments around the granite core (Fig. 6a). The
central peak displays an off-centered polygonal geometry,
with the Furnas Formation being substantially thinner in the
northeastern and southeastern sectorsreletive to the northwestern
and southwestern sectors (Fig. 6a). This asymmetric distribution
of the sediments relates directly to differential thickening of
the strata in each sector of the central uplift. Given the
subvertical orientation of the collar strata and the original
thickness of the Furnas sediments (300 m outside the
structure), it is possible that the formation has been
thickened by a factor of 2 in the southeastern sector and a
factor of 7 in the northern and northwestern sectors. The
thickening of the Furnas sequence is the result of severa
processes (thrusting, imbrication of strata, and folding) that
contributed to the formation of the central uplift (described
below).

The inner part of the collar comprises a 500 m wide
complex zone of meter- to hundreds of meter-scale blocks of
basal sediments of the Furnas Formation. The blocks were
tilted at various degrees during the structural arrangement of
the sediments around the granitic core. Well exposed sections
across the collar-core contact indicate that the basal sequence
of the Furnas Formation has been duplicated along steep to
shallowly dipping reverse fault zones. In a SW-NE section
(Fig. 6b), we observed that meter-scale slices of fine
grained sandstones of upper Furnas Formation were
juxtaposed with basal Furnas conglomerate along NE-dipping
reverse faults. The orientation of the fault zones is consistent
with the inward movement of the sediments during central
uplift formation. A detailed kinematic analysis of the block
movement is difficult because much of the core-collar contact
is covered by impact related breccias (Fig. 6b).

Beyond the 500 m wide megablock zone, the sediments
of the Furnas Formation show consistent (albeit complex)
bedding orientations as aresult of cohesive deformation. This
is particularly true for the upper part of the formation, which
iswell exposed on several 2—6 km long ridges around the core
of the central uplift (Fig. 6a). Two ridges in the northern,
northeastern and northwestern sectors of the collar show a
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Fig. 6. a) Structural map of the collar of the Araguainha central peak. Lower hemisphere equal area projections indicate pole to the bedding
(circles) for individual structural domains of the core. Black squaresin stereonet projectionsindicate fold hinges. b) Structural profile showing
the structural arrangement of the lithologies at the contact between the crystalline core and the collar sediments. The orientation of the profile

islabeled in Fig. 6a

prominent sigmoidal (Z-shape) geometry. The longest ridge
spans 6 km from the northern to northeastern sector of the
central peak, but has been segmented by a number of radial to
oblique fault zones. The overall orientation of the Furnas
bedding is roughly parallel to the NW-SE trend of the ridge
(Fig. 7a). The strata dip steeply NE or are overturned (dipping
40-70 SW) aong some segments of the ridge. The bedding
has been deformed into hundred-meter scale gentle folds that

plunge gently to the NW (Fig. 7b). These folds are similar in
many aspects to radial gentle folds observed in the collar of
the Vredefort Dome (Wieland et al. 2005), and are probably
associated with buckling and thickening of the Furnas
Formation. In addition, several outcrop-scale folds (ranging
from vertically plunging recumbent to shallowly NW plunging
isoclina folds; Figs. 7c and 7d) indicate that dip movement
between the strata contributed to further thickening of the
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Fig. 7. a) Detail of bedding orientationsin the sandstone ridge of the northeastern sector. The bridge has been separated into several segments

by radial faults. White line marks core-collar contact. b) Example of outward plunging radial fold in the Furnas sandstones. The fold plunges
60 NE. c—d) Example of steeply NW plunging intrafolial folds in the Furnas sandstones. The folds range from recumbent (c) to isoclinal (d).

strata. The ridge in the northwestern sector is 2 km long and
exposes upright to steeply outward dipping Furnas sandstones.
Bedding in the sandstone changes from an east-west trend
(tangential to the core-collar contact) to a NNE trend near
the contact with the Ponta Grossa Formation. Much of the
local variation in bedding orientation relates to fault-related
block tilting between fault segments. No visible outcrop-
scale folds or extreme variation of bedding have been
observed, indicating a less complex deformation pattern in
the northwestern sector relative to that of the northern and
northeastern sector.

The arrangement of the strata in the southwestern sector
follows a similar sigmoidal pattern to that described above.
Although there is no prominent ridge in this sector, the
sigmoidal (Z-shaped) pattern can be traced along a large
number of scattered outcrops from the south to the west
along the core-collar contact (Fig. 6a). The strata change
from a NW-SE trend (parallel to the core-collar contact) to a
WNW-ESE trend to the south and to the west. Small-scale

folding could not be identified, but there is substantial
evidence of overturned bedding (Fig. 5a) due to localized
block tilting.

Abundant outcrops are found along an east-west trending
ridge in the southern sector, which exposes the upper section
of the Furnas Formation (Fig. 8a). The Furnas strata are
steeply dipping, with much of the bedding dipping south,
southeast or southwest (Figs. 8a and 8b). Along the southern
face of the ridge, the strata dip 60-80 SW or SE. The dlight
variation in the overall bedding orientations (from south to
southeast or southwest) relates to two main oblique faults that
seem to represent conjugate sets of strike dip faults (Fig. 8a).
Large-scale variation in the bedding orientation is also
observed, with the beds tilted from subhorizontal to vertical
due to large-scale folding of the strata. Local-scale variation
also occurs due to outcrop-scale folding. The Furnas
Formation has been largely folded into open to tight folds,
with most of the fold axes plunging to variable degrees to the
south (Fig. 8c). In addition, we have observed west-verging
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Fig. 8. a) Detail of bedding orientationsin the sandstone ridge of the southern sector. b) Oblique view of the southern limb of the ridge shown
in (a); note that the Furnas strata dip steeply to the south. c) View of the eastern side of the ridge where the Furnas strataare folded into alarge-
scale SW plunging fold (arrow points of the SW plunge; solid line shows bedding contour). d) Isoclinal NE plunging fold in the sediments of
the Ponta Grossa Formation. e—f) Outward verging folds in the Ponta Grossa sediments. The fold geometry is consistent with movement of

the Ponta Grossa towards the crater rim.

imbrication features, which together with the fold geometry
and the conjugate nature of the faults, suggest an element of
E-W compression, consistent with the tangential shortening
of the strata during the central uplift formation.

While the ridges from all sectors expose the same upper
section of the Furnas sandstones, they display different
structural elements and seem to represent independent thrust
sheets of the Furnas Formation. Evidence for repetition of the

bedding and steep bedding orientations (e.g., between the
ridges in the north and northwest) (Fig. 6) are a clear
indication of large-scale imbrication of the km-scale sheets
during the central uplift formation. In addition, the change in
the strike of the bedding from concentric to oblique/tangential
occursin al individual ridges of the central uplift and may
represent zones of convergence between the individual
thrust sheets.
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The Annular Basin

Much of the annular basin is covered by Quaternary
deposits and the relatively poor nature of the outcrops makes
structural analysis difficult. The basin exposes dominantly
iron-rich siltstones intercalated with fine-grained sandstone
and occasiona lenses of conglomerate of the Ponta Grossa
Formation. Bedding orientation of the sediments varies from
concentric to oblique with the concentrically disposed beds
generaly dipping outward at moderate angles. These beds
may also have been folded into concentric open folds with
upright geometries. Radial folds have also been observed,;
most of which have recumbent to isoclinal geometries
(Fig. 8d) and fold hinges with seemingly random orientations.
Locally, some of the concentrically arranged beds show
cm-scale intrafolia folds with an asymmetric geometry that
suggests outward movement of the upper sediments (Figs. 8e
and 8f).

The Aquidauana Formation is well exposed in the
northern sector of the annular basin, but is partly covered by
Quaternary deposits in the south. The sediments are massive,
with poorly developed bedding structures and layering. For
most parts of the annular basin, the layering is defined by
0.5-2.0 m thick, massive sandstone alternating with 0.2—
1.0m thick conglomerate beds. Bedding becomes more
prominent near the annular ring zone, and is arrayed
concentrically around the basin, dipping shallowly to
steeply inwards. It seems to describe small-scale shallow
to tight folds, but transposition by faulting, intense fracturing
and brecciation on a centimeter-scale do not allow acomplete
analysis of the fold geometries. Intense fracturing and
localized brecciation of the Aquidauana Formation are
common features e sewhere around the contact with the Ponta
Grossa Formation.

DISCUSSION

Impact craters ranging in size from a few kilometers to
several tens or hundreds of kilometers have provided
important information on the final stages of the impact
cratering process (Wilshire et al. 1976; Roddy 1979;
Shoemaker and Shoemaker 1996; Milton et al. 1996; Lana
et al. 2003a, 2003b, 2006b; Wieland et al. 2005; Osinski
and Spray 2005; Kenkmann et al. 2005). Structural
analyses of small- to medium-sized complex structures
(diameter between 2 and 25 km) have revealed a complex
deformation history with lateral and vertical constriction of
the target rocks during crater collapse (e.g., Wilshire et a.
1972; Roddy 1979; Shoemaker and Shoemaker 1996; Milton
et al. 1996; Osinski and Spray 2005; Kenkmann et al. 2005;
Scherler et a. 2006). Field-based structural studiesin impact
craters larger than 25 km are, however, limited and often
directed at the evolution of their central uplift (e.g., Visnevsky
and Montanari 1999; Lanaet al. 2003a, 2003b, 2004; Wieland
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et a. 2005). The results of this study, which comprise the
most complete structural data set for a 40 km wide impact
structure, alow a direct evaluation of the process of
transient cavity collapse and formation of the crater rim and
the central uplift.

Collapse of the Transient Cavity Walls

Observations at extraterrestrial craters indicate that
formation of the crater rim is directly related to concomitant
inward movement and downfaulting of the target rocks
due to gravitational collapse of the transient cavity walls
(e.g., Melosh 1989; Melosh and Ivanov 1998). Many
extraterrestrial craters are characterized by scalloped
rims, with slump terraces that stand above an otherwise flat
interior floor. In contrast, terrestria craters have been eroded
and do not preserve their terraced walls. Their rims are often
defined by fault-bounded blocks that did down aong radia
and concentric faults during the transient cavity collapse
(e.g., Wilshire et a. 1976; Milton et al. 1996; Reimold et al.
1998; Osinski and Spray 2005). The crater rim at Araguainha
is to some extent comparable to the crater rim at the 23 km
wide Haughton impact structure (Osinski and Spray 2005),
where km-size blocks are bounded by radial and concentric
faults, and the target rocks within individual blocks are
variably folded.

For most parts of the Araguainha crater rim, the layered
target strata are gently folded or may form shallowly dipping
monoclines. The geometry of the gentle folds seems to be
directly related to lateral compression and bulk shortening of
sediments during collapse of the crater rim. We suggest that
the gentle folding began during crater expangion or in crater
collapse stage. Thiswasthen followed by the downfaulting of
the target rocks and formation of km-scale blocks, which in
all likelihood occurred while the inward lateral movement
was in progress, during collapse of the transient cavity.

Estimates of the transent cavity dimensions a Araguainha
(2025 km wide and 2.0-2.5 km deep) (Engelhardt et al.
1992; Lana et a. 2006a, 2007) indicate that the crystalline
basement rocks were exposed in a radius of severa
kilometers at the floor of the transient cavity and that much of
the layered sedimentary rocks exposed in the collar of the
central uplift have been detached from the walls of the
transient cavity (e.g., Lanaet a. 2006a). Thisimpliesthat the
target rocks of the cavity walls moved inward by severa
kilometers before they reached their present orientation in the
crater floor and central uplift. A similar scenario has been
shown by numerical modeling of the 12-16 km wide Sierra
Madera impact structure (Goldin et al. 2006), where the
sedimentary strata (overlying the Hess Formation; Wilshire
et al. 1976) were thinned to almost nothing at the floor of the
transient cavity. The final result of this numerical modeling
appears to indicate substantial lateral movement of the
sedimentary target from the transient cavity walls to the
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central uplift (Goldin et a. 2006). An important question that
remains is the nature of strain that accommodate the inward
movement of target rocks during transient cavity collapse.

Compilation of structural data led Kenkmann (2002) to
suggest that the inward movement of the target rocksin small-
to medium-size impact craters may be accommodated by
severa listric faults that merge into low-angle (horizontal)
detachments in the crater floor. However, our observation at
Araguainha and recent structural observations and seismic data
from the Haughton structure (Osinski and Spray 2005) do not
indicate the large-scale inward movement along low-angle
detachment zones. In addition, warping of normal listric faults
and formation of low-angle detachments require specific
geothermal gradient changes and/or variations of the stressfield
(eg., Davis and Lister 1988; Melosh 1990; Parsons and
Thompson 1993; Coleman and Walker 1994), which may not be
entirdly consgstent with the extremely fast strain rates of the
impact process.

The large number of asymmetric folds and the network of
bedding parallel cataclastic brecciaveins along the Araguainha
rim (Figs. 3d and 4f), aswell asthe kilometer-scale anticlinein
the outer ring (Fig. 53), suggest that the nature of strain related
to the transient cavity collapse was more evenly distributed
during inward movement of the target rocks, rather than
focussed in a detachment fault. The large-scale inward motion
of the sedimentsis accounted for by the asymmetric foldsin the
Passa Dois sequence and the inward-verging geometry of the
outer anticline (Fig. 5a). These folds structures suggest that
a least part of the deformation was non-coaxial within
individual layers of the Aquidauana sequence, and that the
topmost sediments moved inwards, towards the central parts of
the structure. We suggest that inward movement recorded at
the present level of erosion was mainly accommodated by
differential dip between the strata, which in turn led to folding
in the Passa Dois and Aquidaunha sediments. The fact that the
Aquidauana Formation was folded into km-scale anticlines and
that similar concentric features are present in the basement
rocks (e.g., Schnegg and Fontes 2002) may aso indicate that
the bulk of the deformation was distributed not only through
the sedimentary sequence but also into the underlying
basement rocks, thus precluding the need for large-magnitude
detachment faults.

Distribution of strain and non-coaxial deformation in
mixed target rocks have also been predicted by numerical
modeling of several impact structures (e.g., Collins and
Wiinnemann 2005; Wiunnemann et a. 2005; Goldin et a.
2006). Numerical modeling of the Chesapeake Bay
impact structure (Collins and Winnemann 2005) is
particularly relevant to our observations because it
demonstrates the heterogeneous nature of strain in the
outer part of the structure, and also shows how some
individual layers could have been folded by non-coaxia
deformation during the inward movement of the target rocks
(see tracer linesin Figs. 2 and 3 in Collins and Wiinnemann
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2005). More importantly, the tracer lines depicted in the
Callins and Winnemann's (2005) model describe folds
with similar geometry and magnitude (hundreds of
meters) to the outer anticline at Araguainha and may
indicate that the strain related to inward collapse of transient
cavities can be quite evenly distributed through the target
Strata.

The close association of dykes and veins of cataclastic
brecciawith the folds in the Araguainha crater rim is directly
related to the inward movement of the target rocks. Previous
observations have suggested that networks of breccia can
accommodate the instantaneous folding during collapse of
complex craters (Kenkmann 2002; Lana et a. 2003a, 2006b;
Wieland et al. 2006). According to these studies, the presence
of a pervasive network of fractures and breccias may have
provided the necessary temporary strength degradation for
folding of the strata during the inward movement of the target
rocks. Although there is no evidence of large slip magnitudes
along major dykes of breccia, the consistent mm- to cm-scale
displacements of the bedding along the veins suggest that the
high-strain deformation could have been distributed as
discrete shear in the breccia-fracture network.

Formation and Collapse of the Central Uplift

Previous studies at the Araguainha central uplift made a
case that the kilometer-scale vertical exhumation of the
granitic rocks in the core was accompanied by thickening of
the Furnas and Ponta Grossa Formations in the collar (e.g.,
Lana et a. 2006a; 2007). The observations presented here
indicate that thickening of the Furnas Formation was
heterogeneous and partitioned between the individual
ridges of the Furnas Formation. This in turn led to an
asymmetric geometry of the central uplift, with the collar
being substantially thicker in the western sector relative to
the eastern sector (e.g., Lana et al. 2007). The cause of the
asymmetric distribution of the individual ridges around the
core of central peak is not well understood, and whether this
fact might reflect strain partitioning related to an oblique
impact (as suggested for other asymmetric central peaks,
Scherler et al. 2006) or to pre-existing heterogeneitiesin the
target sequence must remain speculative.

Less speculative is the assertion that thickening of the
collar strata was due to progressive deformation, during the
lateral movement of the target rocks—from the transient
cavity wallsto the central part of the crater. We observed that
the target rocks followed four main stages of deformation
before they finally reached their present upright to overturned
orientation in the collar:

« Qutcrop-scale folding as a result of differential slip
movement between strata. Isoclina folds (Figs. 7¢ and
7d) have contributed to target thickening in each of the
individual ridges (or sheets) of the Furnas Formation.
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This process might have began early in the collapse
stage, with theinward movement of the target rocks from
the transient cavity wallsto the central uplift.
 Imbrication of km-scale sheets of Furnas strata. The
structural stacking of distinct sheets resulted in the
duplication of the stratigraphy in several sectors of the
collar of the central uplift. The stacking was also
responsible for the present sigmoidal pattern of bedding
orientations (Fig. 6). Similar arrangement of sheets of
target rocks has been observed in severa other impact
structures, and seems to be a common structural process
during central uplift formation (e.g., Wilshire et al.
1976; Kenkmann et al. 2005; Scherler et al. 2006).

* Lateral congtriction of the sediments. The constriction of
the sediments led to formation of radially outward
plunging gentle folds. Radially plunging folds have been
observed in central uplifts of different sizes (Wilshire
et a. 1976; Milton et a. 1996; Kenkmann et a. 2005;
Osinski and Spray 2005; Wieland et al. 2005) and seem
to accommodate much of the constrictional strain created
by the inward movement of the target rocks during
transient cavity collapse. At Araguainha, these folds
might have contributed to further thickening of the strata
during or shortly after thrust-related imbrication of the
large-scale sheets (Fig. 7b).

« Additional rotation of the bedding due to continuous uplift
of the crystalline basement rocks. Although the structural
stacking resulted in the reorientation of the structural
features, the mechanics of thrusting alone would not count
for the subvertical, vertical, and locally overturned
orientations of the Furnas strata. We believe that additional
rotation of the bedding to vertical orientations might
have been associated with progressed uplift of the
crystalline core to its maximum height.

The surrounding Ponta Grossa sediments have been
thickened by factorsof 2to 4 (Lanaet a. 2007) and have been
uplifted by more than 1 km during the central uplift formation.
It is possible that these sediments record a similar structural
evolution to that described above, but the poor exposure does
not allow a complete reconstruction of the target rock
movement. The steep orientation of the sediments and the
orientation of isoclinal folds (e.g., Fig. 8d) in the Ponta Grossa
sediments suggest that at least part of the strain field was
compressional. Further complications in the structure of the
Ponta Grossa Formation (e.g., fold hinges with random
orientations) should be attributed to the fact that central
uplifts of medium- to large-size complex structures are
expected to collapse outward (e.g., Collins et al. 2002; Lana
et al. 20033, 2006b; Osinski and Spray 2005; Wieland et al.
2005; Winnemann et al. 2005). Kinematic featuresindicating
how the central uplift has collapsed are rare, possibly because
the deformation would not be substantially coherent to form
ductile asymmetric structures (e.g., Wieland et a. 2005).
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Direct evidence of the central uplift collapse with outward
movement of the Ponta Grossa sedimentsis only indicated by
the presence of small-scale outward-verging intrafolial folds
(Figs. 8e and 8f). The geometry of these folds suggests that
outer parts of the Ponta Grossa slipped toward the crater rim.

According to numerical models by Collins et a. (2002),
the outward collapse of central uplift creates a centrifugal
flow field that overridesthe centripetal flow that departs from
the collapsing cavity walls. Theinteraction between the two flow
fields generates the circular topographic ring surrounding a
central basin. We suggest that the inner ring feature at
Araguainhais an expression of these oppositeflow fields. The
Araguainhainner ring exposes strongly faulted and fractured
basal sandstones of the Aquidauana Formation, and it islikely
that these sediments have been rotated from their original
horizontal orientation and uplifted by hundreds of meters
(Figs. 2b and 2c). The degree of rotation (up to subvertical
attitudes) and uplift of the sediments can only be reconciled
with compressional strains caused by the concomitant
collapse of the central uplift and transient cavity walls. This
implies that at aradial distance of 14 km from the centre of
the structure and at the present level of exposure the target
rocks may have been affected by far-field stresses related to
the collapse of the central uplift.

CONCLUSIONS

Detailed structural analysis at the Araguainha impact
structure has provided important constraints on the collapse
of itstransient cavity. Collapse of the Araguainha cavity was
accompanied by formation of large-scale fault-bounded
blocks, which are now concentrically arranged around therim
of the impact structure. The blocks have been formed by
semi-contemporaneous radial and concentric faulting that
shaped much of the geometry, morphology, and structure of
the crater rim. Sediments in the individua blocks record an
early history of folding that predates much of the radial and
concentric faulting. Theinward-verging geometry of the folds
is consistent with differential slip movement between the
strata that might have been initiated during the early stages of
transient cavity collapse. The bulk of the strain related to the
collapse of the transient cavity wall was, thus, partitioned
between differential dlip (bedding parallel) movement and
radial and concentric faulting. No evidence for low-angle
detachment faults has been observed at the present level of
erosion.

The formation of the central uplift was associated with
large-scal e upward movement of the crystalline basement and
inward moment of the sedimentary target rocks. The
sediments comprising the collar of the central uplift were most
likely displaced from the transient cavity walls. The inward
movement from the cavity walls to the collar of the uplift
resulted in extreme thickening of the target rocks. The
thickening involved: 1) isoclinal folding as a result of
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differential slip movement between strata, 2) imbrication of
km-scale thrust sheets of the Furnas strata, and 3) formation
of radial folds during lateral constriction of the sediments.
Much of the bedding orientation presently observed in the
collar of the central uplift relates to the imbrications of the
km-scale thrust sheets. Additional rotation of the bedding to
their vertical orientations was caused by progressed uplift of
the crystalline basement rocks.

The deformation in the annular trough of the crater
(including formation of the ring features) wasinitiated during
the collapse of the central uplift and transient cavity walls.
The collapse of the central uplift was probably accompanied
by formation of inclined foldsin the Ponta Grossa Formation
(in the collar of the central uplift) and excessive rotation and
stratigraphic uplift of the sediments in the inner ring feature.
The inner ring, which possibly represents a concentric
anticline, marks the extent of deformation related to the
outward movement of the target rocks. In contrast, formation
of the outer anticline is associated with the differential
movement of the target rocks during the collapse of the
transient cavity walls. The last stage of deformation is marked
by radial faults that displaced the outer ring feature and the
crater rim by afew kilometers.
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