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but a mechanism that explains how rocks accommodate the strain during the cratering flow remains
unclear. Here, we investigate target rocks from the Araguainha impact crater (central Brazil) that
typify what happens to a consolidated, fluid-saturated sedimentary rock at ~2 km below the surface
prior to the impact event. Sandstone units record a pattern of chaotic large-scale folds and pervasive

Keywords: microscopic (grain-to-grain) brecciation that result from rock strength degradation triggered by the
impacts impact. Field mapping and extensive textural observations indicate that these sandstones experienced
liquefaction initial microstructural damage from the shock wave and that this process may have weakened grain-
meteorite to-grain bonds and started the process of pervasive microbrecciation. Accompanying heating and
’:;;5;‘?;22& decompression lead to vaporization and expansion of fluids in the sandstone pores, magnifying the

process of brecciation by effectively liquefying the rock mass and allowing for chaotic folding (at a
range of scales up to blocks 100 m in length) in the central uplift. This is a vaporization-assisted
microbrecciation, and it may have inhibited the formation of pseudotachylites, because energy was
dissipated by pervasive microcracking, vaporization of pore fluids, and large scale chaotic folding, rather
than localized displacement on brittle faults and frictional heating. We suggest that impact liquefaction
of sedimentary rocks depends on whether the presence of pore-fluids and related micro-brecciation are
sufficient to dissipate most of the impact energy.

microbrecciation

© 2014 Elsevier B.V. All rights reserved.

1. Introduction violent acoustic vibrations could temporarily reduce the internal
frictional strength of the rocks, allowing them to behave like fluids

The formation of large impact craters involves highly ener- (Melosh, 1979; Melosh and Ivanov, 1999). This model is convenient
getic/destructive processes that include rock vaporization, melt-  because liquefied debris has an effective viscosity sufficiently low
ing and pseudotachylitic brecciation (Melosh, 1989; French, 1998;  to permit collapse within the required time-scale. Other physical
Ivanov et al., 2010). Shock waves emanating from the collision may models propose that rocks lose internal cohesion through ther-
reach speeds up to 10 km/s and set rocks into a flow motion to mal softening due to extreme temperatures released upon impact
form a bowl-shaped transient cavity within seconds of the colli-  (eefe and Ahrens, 1993), but direct evidence for these theoreti-

sion. For complex craters, the rock flow is highly effective in that
the rim of the initial cavity expands kilometers away from the im-
pact point and seconds later it collapses back to form the final
crater structure (e.g., Lana et al., 2006). The nature of this process
is unknown to any tectonic environment operative on Earth and,
consequently, the mechanism that best explains the sudden re-
duction in rock strength remains obscure. One explanation is that

cal models have not been fully documented in nature. While there
are many studies of the characteristic effects of shock deforma-
tion on target rocks, the phenomenon that causes loss of cohesion
in target rocks around large impact structures has not been fully
documented. Here we show that the structural integrity of fluid-
saturated sedimentary rocks is destroyed at grain scale by shock
damage and pore-fluid expansion during the impact.

Large-scale “ductile” fold structures are observed in and around
* Corresponding author. Tel.: +55 31 98483538; fax: +55 31 35591606. central uplifts of a number of craters including the Spider and

E-mail address: cristianodeclana@gmail.com (C. Lana). Lawn Hill craters in Australia, the Vredefort Dome in South Africa
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Fig. 1. A: Satellite image of the uplift with the distributions of the different formations marked (the granite core and surrounding Furnas and Ponta Grossa Formations).
B: Enlarged image of the northeastern ridge of the central uplift in A. C: Aerial photograph of the southeastern ridge. White dashed line highlights the contorted nature of
the bedding at the granite/sandstone contact. D: Enlarged image of southern ridge, depicting km-scale fold geometries in the Furnas Formation. White dashed lines mark the

trend of bedding. The numbers are sample localities.

and the Araguainha structure in central Brazil (Lana et al., 2003a,
2004, 2006, 2008; Abels, 2005; Wieland et al., 2005; Salisbury
et al., 2008; Tohver et al, 2013). These folds are the best ex-
pression of extreme compressional strain recorded in central up-
lifts of a number of complex craters in sedimentary and mixed
(sedimentary+crystalline) target rocks (e.g., Lana et al, 2003a,
2006; Wieland et al., 2005). Their contorted nature seems to re-
quire a prodigious change in bulk-rock strength that suggests ei-
ther ductile or fluid-like behavior. In addition, folded sedimen-
tary strata in and around central uplifts seem to be devoid of
pseudotachylite. Pseudotachylites are more commonly described
in crystalline rocks of large impact structures (e.g., the Vrede-
fort Dome) whereby the deformation is thought to occur through
intense fracturing/faulting and frictional shearing (Melosh, 2005;
Spray, 1995, 2010; Lana et al., 2003b, 2004).

In this paper, we focus on the highly contorted sedimentary
strata from the 10-12 km-wide central uplift of the 254.7 £2.5 Ma
Araguainha impact structure (Tohver et al.,, 2012) in central Brazil
(Fig. 1A). The Araguainha central uplift comprises a 5 km-wide
granitic core surrounded by a collar of upturned to overturned
strata of the Furnas and Passa Dois Formations (e.g., Lana et al.,
2007, 2008). The highest intensity of impact-related folding is in
the older stratigraphic units (inner collar strata) that have been
thickened by a factor of 3 to 5 (Lana et al., 2006, 2008). Thick-
ening is particularly evident for the Devonian sandstone unit of
the central uplift (Furnas Formation), which is exceptionally thick
to the north, west, and southwest sectors of the core-collar con-
tact (Figs. 1A-D). On the scale of the crater, rocks of the Furnas

Formation comprise 400 m to 800 m wide, fault-bounded blocks
of highly folded strata (e.g., Fig. 1B). The blocks themselves are
marked by highly contorted fold structures (Figs. 1B-D) and repre-
sent an excellent natural laboratory to investigate large-scale flow
of target rocks during impact events.

2. Background

The Araguainha structure is located in the northern margin of
the Parana Basin (Lana et al., 2006, 2007, 2008). It is morpholog-
ically marked by a 10-12 km diameter central uplift surrounded
by a 15-20 km wide annular trough, with two concentric rings
and the crater rim (Lana et al, 2007). The central uplift is di-
vided into a 2 km-thick collar of Devonian to Carboniferous clastic
sedimentary rocks of the Parand Basin (Furnas and Ponta Grossa
Formations) and a 4 km-wide core of late Cambrian granitic base-
ment (Figs. 1A-D) (Engelhardt et al., 1992; Tohver et al., 2012,
2013). The annular trough exposes Devonian pelites/sandstones of
the Ponta Grossa Formation and Carboniferous red sandstones/con-
glomerates of the Aquidauana Formation.

Elsewhere in the Parand basin, the Furnas sandstones are
known as flat-lying, predominantly undeformed, medium- to
coarse-grained, quartzarenite to subarkose sandstones, with 80-
90% quartz, 2-10% feldspars and minor accessory minerals. Oil-
and gas-related studies show that the sandstone porosity ranges
from 2 to 15% across the Furnas Formation. Pore connectivity may
be limited due to replacement of feldspars and diagenetic precipi-
tation of kaolinite or illite (De Ros, 1998; Melo and Giannini, 2007).
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Fig. 2. A: Network of orthogonal fracture systems in the Furnas sandstones. Note the network is bounded by a cm-wide breccia (locality 2A in Fig. 1B). B: Sets of parallel
faults that cross-cut sandstone bedding. Spacing between faults is ~10 cm (locality 7A in Fig. 1D). C: Irregular fractures filled with matrix (locality 6-2A in Fig. 1D). The
groundmass in this case is developed locally and seems to be more resistant to weathering than the sandstone. D: Shocked and sheared sandstone from one of the most
intensely tectonized Furnas sandstone blocks, at the eastern flank of the central uplift (1 km north of locality 2A in Fig. 2B).

Micas (1-10%) are common in its fine-grained sandstone and silt-
stone layers. Previous XRD and SEM analyses indicate that authi-
genic clays include kaolinite and its polymorph dickite (De Ros,
1998). Pore-filled kaolinite is a characteristic feature (0-44 vol.%;
av. 13%) of this formation throughout the basin.

Within the Araguainha impact structure, the Furnas Formation
is the most prominent rock unit of the central uplift. The best ex-
posures are found along km-scale ridges, in the northeastern and
southeastern sectors of the central uplift (Figs. 1A-C). These ridges
comprise a 400 m to 800 m-thick pile of clastic quartzose layers
segmented into fault-bounded blocks that are rotated indepen-
dently, forming a megabreccia zone around the granite core (Lana
et al., 2006, 2008).

The basal units within the Furnas Formation at Araguainha con-
sist dominantly of milky-white arkoses and sandstone beds, in-
tercalated with ¢cm- to m-thick, pink to reddish siltstones (e.g.,
Fig. 2B). The individual mature sandstones layers are medium-
to coarse-grained, locally grading into conglomeratic levels (Lana
et al., 2007). Some of the intraformational/depositional cycles are
capped by micaceous mudstones. Bedding structures are defined
by the alternation of 5 to 30 cm-thick quartz-feldspar-rich layers
and thin 2 to 5 mm-wide iron-rich lenses (Fig. 2B). The reddish
siltstone layers are marked by the alternation between mm-wide,
iron oxide-rich and feldspar-rich bands. Most of the feldspar-rich
levels are altered and significantly more friable than the other
sandstone layers. The contact between the strata of the Furnas For-
mation and the granite core is obscured by the presence of the
overlying crater infill material. Stratigraphic and structural recon-
structions of the pre-impact target stratigraphy indicate that this
core-collar contact was approximately 2 km below surface, consis-
tent with bore-hole core logging some 100 km north of the im-
pact crater (Engelhardt et al.,, 1992; Lana et al., 2006, 2007). More
recently, Machado et al. (2009) showed field and petrographic ob-
servations that this contact was within or substantially close to the
zone of impact melting during the cratering event, which explains

the presence of sandstone-derived melt around the central uplift
(Engelhardt et al., 1992; this study).

3. Methodology

Field-based structural observations of the Furnas Formation
were carried out around the collar of the central uplift. Some 27
block samples (Figs. 1B, C) were made into thin sections for optical
and scanning electron microscopy (SEM). Fabric analysis included
quantification of grain-shape, modal analysis of clast and matrix
via point counting and Arc-GIS based image processing. The Image]
software (Collins, 2007) was used to refine the textural quantifica-
tion of grains and matrix in 22 selected samples. Major element
analyses of the main phases were carried out using Energy Dis-
persive Spectroscopy at the Centro de Microscopia - Universidade
Federal de Minas Gerais, Brazil.

4. Impact-induced folding

The refolded and disharmonic fold geometries of the Furnas
strata in the central uplift describe a complex fabric pattern
(Figs. 1A-C; Lana et al., 2008). The most prominent structures are
km-scale, radially plunging, open to tight folds in the southeastern
and northeastern ridges of the central uplift. Generally, the smooth,
gently-curved, bedding orientations are sharply truncated by radial
strike-slip fault zones (Lana et al., 2008) that separate km-scale
blocks of folded sandstones at different scales (Figs. 1A, B). The
presence of classic box folds, ranging from meters to hundreds of
meters in scale (Figs. 1B-D), and the radially plunging open to tight
folds, are consistent with the radial constriction of the sediments
around the core of the central uplift. However, the highly contorted
fold geometries make strain analysis around the collar unworkable.
The complexity of the fold geometries encompasses highly variable
bedding orientations, which dip sub-vertically to vertically in the
near vicinity of the crystalline core (see Lana et al., 2006, 2008).
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Fig. 3. A: Pervasive brecciation of the Furnas sandstones where most of the original round grains were converted to angular fragments, which are floating in a microcrystalline
groundmass. B-C: Portions of the sandstones that partly preserve a few round, pre-impact grains. Note that a few round grains preserve impact related planar features (PF,
arrows). D: Contrast between a round grain with decorated PF and surrounding highly angular grains. All grains are supported by groundmass. E: Detail of quartz grain with
annealed planar features and corroded boundaries.

At the outcrop scale, all folds are associated with meter-wide,
pervasively distributed networks of fractures and less common
breccia veins (Fig. 2A). Most outcrops record fractures that are
often arranged into various sets (Figs. 2A-C). Individual fractures
show curved or planar geometries and are localized around meter-
wide fault zones, which disrupt bedding planes in the central
uplift. The offset observed across individual fractures is gener-
ally small, ranging from 5 to 30 cm (Fig. 2C). Some highly frac-
tured domains feature the localized development of meter-wide
shear zones, which can be classified into two different types:
1) bedding-parallel, strike-slip shear zones occurring along pelitic
layers; and 2) cataclastic shear zones developed on the coarse-
grained beds of the Furnas strata (Lana et al., 2006).

Individual shear zones or fracture planes are filled with a
fine-grained reddish groundmass. This material is common along
branching fractures planes, locally forming brecciated fracture net-
works (Figs. 2A-C). Although these clast-bearing fractures are
rather rare features, they can reach several meters in length, and
are typified by the presence of angular, milimetric quartz frag-
ments embedded in a reddish fine-grained matrix.

5. Microbrecciation

All 27 samples selected from the Furnas sandstones and silt-
stones (Figs. 1B, D) show pervasive grain-scale fracturing that
has complexly obliterated the original sedimentary texture (e.g.,
Fig. 3A). Such a degree of grain scale fragmentation contrasts
with coherent sedimentary features seen at outcrop scale. For in-
stance, while satellite images depict systematic bedding orienta-
tions within the individual ridges of the Furnas sandstones (e.g.,
Fig. 1) (see also Lana et al., 2008), optical microscopy shows a
chaotic arrangement of poorly-sorted, angular, shocked and non-
shocked quartz grains (Figs. 3A-C). Extensive mapping of the Fur-
nas Formation (e.g., Lana et al., 2006, 2007, 2008; this work) shows

that pervasive brecciation is only observed at the grain scale and
is marked by whole-grain and/or grain-boundary fragmentation.

Grains that preserve their pre-impact, round (detrital) shapes
are rare (e.g., Figs. 3B, E). Most quartz grains are highly angu-
lar (in the form of shards) produced by extreme fragmentation of
pre-impact quartz. These angular grains are suspended in a mi-
crocrystalline/isotropic groundmass (Figs. 3D, E). In the least brec-
ciated samples, the grains were only comminuted along their edges
and rarely preserve grain-to-grain contacts (Fig. 4A). In such cases,
the pre-impact textures with intergrain pores are partly preserved.
Most of the samples, however, do not record the pre-impact fabric
and grain-to-grain bonds have been lost and replaced by a brec-
ciated microstructure (Figs. 4B, C). The grains are either partly or
completely fragmented (Figs. 4C, D) in jig-saw fit textures (previ-
ously documented by Kieffer, 1971 and Osinski, 2007). For most
parts, however, the grain fragments are dislocated and/or rotated
from the site of brecciation.

Even the mechanically more resistant minerals are brecciated.
For example, Fig. 5 shows shocked and brecciated grains of zircon
and monazite (see also Tohver et al., 2012). Monazite may appear
partly to completely recrystallized, leaving behind a trail of mon-
azite subgrains in some thin sections (Figs. 5A-C). In fact, dissolu-
tion/precipitation of monazite and Fe oxides are common features
of the ground mass, and their trails (Figs. 5B, C) suggest substan-
tial fluid flow during or immediately after the impact. In contrast,
zircons appear mainly fractured (Fig. 5D). Fragments of zircon ap-
pear as trails of angular grains in the groundmass (Fig. 5E). Some
of the zircon grains show one and two sets of planar fractures and
their grain boundary fragments are offset from the main grain core
(Fig. 5F).

It is worth noting that there are some key textural differ-
ences between shock metamorphic features and brecciation. For
example, brecciated grain fragments commonly lack impact fea-
tures, whereas one or more sets of planar fractures, as well as
annealed and decorated features, may be preserved in pre-impact
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Fig. 4. Scanning electron microscopy images of sandstone samples showing: A: Partly preserved pre-impact textures with intact grain contacts and intergrain pores slightly
modified due to grain-to-grain wear. The initial stages of grain boundary abrasion can be inferred by the speckled pattern within darker matrix. Arrow points to preserved
grain boundary. B-C: Clast-supported breccia with local development of groundmass. Note some grain shards floating in a structureless groundmass. C: Contrast between
round, “preserved” quartz grains and surrounding angular grains (C is a detail of B). D: Individual original grain still in situ but strongly cracked, broken up into small
fragments mostly with jigsaw fit. (A: secondary electron image; B-D: backscattered electron images.)

round grains (black arrows in Figs. 3D, E). The planar features are
similar to decorated Planar Deformation Features (PDFs) observed
in other large complex structures such as the Vredefort Dome
(e.g., Reimold and Gibson, 1996). Unlike grains in the original
Furnas sandstones, many grains display corroded boundaries, sug-
gestive of disequilibrium reactions between grain fragments and
the surrounding matrix or the overheated fluids that might have
flowed through the pores immediately after impact. The reaction
affected not only the grain boundaries but also the planar fea-
tures (e.g., Fig. 3E), indicating that the reaction occurred after the
shock. In fact, both the microbrecciation and grain-boundary corro-
sion post-date the shock induced planar features in quartz, zircon
and monazite (Figs. 5A-F).

The breccia textures are not evenly distributed but vary sig-
nificantly across the central uplift. Detailed scanning electron mi-
croscopy shows domains of distinctive microstructures generated
by the brecciation of similar rock types. For instance, Figs. 4C, D
and 5E, F show examples of clast-supported and matrix-supported
breccias, respectively. These microstructures are observed in both
medium- to fine-grained sandstones and rarely in coarse-grained
samples. The main difference between the microstructures is

the volume percentage of groundmass. Fine-grained sandstones
and silt layers display mainly matrix-supported breccias and are
marked by as much as 65-70% of fragmented quartz, embedded
in a microcrystalline Si-Al-rich amorphous groundmass (Fig. 4C).
In many medium- to fine-grained samples, quartz grains are liter-
ally floating in the groundmass, which encompasses the remaining
30-35% of the bulk composition of the fine-grained sandstones.
In domains with lower abundances of fine, fragmented quartz
(0.01-0.1 mm), the groundmass can reach up to 35-40% in vol-
ume. Medium- and coarse-grained sandstone samples commonly
develop into clast-supported breccias (e.g., Figs. 5B, D, E), marked
by the highest abundance of small, angular grains (0.01-0.1 mm
wide) produced by extreme crushing of larger (rounded) quartz
grains.

Figure 6 shows the results of point counting and image analyses
of 22 samples from the northern and southern ridges of the collar
(see Fig. 1 for sample localities). The samples were arranged, from
left to right, according to the intensity of microbrecciation. For in-
stance, samples with the lowest degree of brecciation (left side of
the diagram) are the ones with the highest proportion of ground-
mass (described below). Fine-grained sandstones and siltstones
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Fig. 5. A-C: Monazite (Mz) partly to completely recrystallized and fragmented. Note that crystals show planar features and that these predate fragmentation. Larger grains
in the matrix B-C are partly dissolved and reprecipitated. D-F: Zircon (Zr) grain showing partial fragmentation and planar features. Notice in D how zircon fragments have
flowed away from the source grain. E: Intensely broken-up zircon grain in a clast-supported breccia. F: Planar feature in zircon, partly affected by brecciation. White bar is

20 pm.

(samples 3-8A, 5A and 5B) tend to have the highest content of ma-
trix and, consequently, the largest number of preserved pre-impact
grains and the lowest number of grains with jigsaw fit textures.
In contrast, samples with the lowest matrix content (samples 2A,
7C, 3-5A) show a sharp variation in texture, with the highest per-
centage of grains showing jigsaw fit and the lowest number of
preserved pre-impact clasts. The average grain size is similar across
all samples, however, the matrix-rich samples were initially finer-
grained (as most preserved pre-impact grains were fine-grained)

whereas the average grain size in the matrix-poor samples is dic-
tated by the amount of impact-related grain fragmentation (micro-
brecciation).

6. Shear zone networks
Micro-shear zones are observed in both coarse- and fine-

grained sandstone samples but are absent in pelitic samples. The
27 samples collected throughout the Furnas sandstones (Fig. 1)
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Fig. 6. Results of point counting and image analyses of several samples around the
central uplift. Plot shows the area percentage of grains with jigsaw fit, and of pre-
served grains, determined by their large and rounded shape. X-axis shows sample
numbers and sample location is shown in Figs. 1B-D. Preserved percentage refers
to percentage of preserved quartz grains in relation to total clast grains whereas
matrix percentage is in relation to the total area of the thin section.

show shear zones with well-defined boundaries, and are internally
characterized by comminuted grains embedded in an isotropic
groundmass (Fig. 7). Micro-shear zones are classified into two main
categories, primary and secondary shear zones, according to their
relative size.

The primary shear zones are m-long features with widths rang-
ing from 0.1 mm to 5 cm (Figs. 1B; 7A-C). These shear zones occur
generally in oblique conjugate sets, with spacing varying between
2 and 10 mm (Figs. 7A, B), but bifurcations are common in highly
sheared samples (Fig. 7C). The offset observed for each individual
shear zone is small, with a maximum displacement in the order
of centimeters. The most prominent feature in these shear zones
is the high content of small fragments (0.001-0.05 mm wide), re-
sulting from the intense grain size reduction through cataclasis or
wear abrasion (Figs. 7D, E). Fine grains are angular with irregular
rims, with the smallest grains being wedge-shaped. The proportion
of groundmass is highly variable, generally ranging from 10 to 50%
(Figs. 7E, G, H), but in places the shear zone is 90% filled by the
groundmass (Fig. 7F).

Secondary shear zones form complex networks of bifurcations,
shooting off from primary shear zones (Figs. 7A, C). They complete
the pervasive network of shear/fracture surfaces, generally in the
domains between adjacent, parallel to subparallel primary shear
zones. Such secondary shear zones are mme-sized and are irregular,
marked by intense grain-size reduction (e.g., pulverized quartz).
Some samples of the Furnas sandstone collected at the eastern
flank of the central uplift collar, where a block of the reddened
sandstone is in contact with siltstones and also juxtaposed by im-
pact melt rock, show an intricate 3D network of dark shear bands
on the cm-scale (Fig. 2D). In such domains, the sandstone appears
to have been transformed into a tectonic breccia, with a number of
intersecting dark shear bands apparently oriented at random; lo-
cally, reddish pelitic units are preserved as angular slivers between
and within the shear bands. Like for the aforementioned larger-
scale primary and secondary shear zones in the Furnas sandstone
collar, the network of shear bands is composed of a particulate ma-
trix and mineral grains floating therein, indicating cataclastic flow
mechanisms but no incipient melting of the host sandstone along
mm- to cm-scaled slip planes.

7. Groundmass

Fine-grained groundmass forms the matrix of the brecciated
sandstone. This ground mass is observed in micro-shear zones,

fractures and forms mm-scale patches around shattered quartz
(Figs. 8A, B). This groundmass is found in all brecciated samples
of the Furnas Formation and consists of an isotropic yellow mate-
rial, in which angular quartz fragments are suspended (Figs. 3E and
8C). Flow texture within the groundmass is highlighted by trails of
Fe-oxides (Figs. 8A, B). Both optical and scanning electron images
indicate that the groundmass in the matrix and in the shear zones
share identical textural homogeneity, similar in many ways to an
impact glass phase (e.g., cooled from an impact melt). However
typical impact-melt quench textures suggestive of fast cooling (e.g.,
Machado et al., 2009) have not been observed. Detailed SEM im-
ages show instead that it consist of submicroscopic clay minerals
(predominantly kaolinite and allophane) with a dominant Si-Al-
rich composition and minor amounts (<1%) of K, Fe. The presence
of kaolinite seems to be a common feature of Furnas sandstones in
most parts of the Parand Basin (De Ros, 1998).

Well-developed microcrystals of kaolinite are observed in all
thin sections (Figs. 8D, E), particularly in more micaceous layers
of the Furnas sequence, where the groundmass represents more
than 40% of the sample. Reactive textures represented by cor-
rosion/resorption, observed in quartz and feldspar crystals in di-
rect contact with the groundmass (Fig. 3E), suggest disequilibrium
textures generated by fluid activity within the pervasive fracture
network of the brecciated samples. Particularly large (pre-impact)
quartz grains are marked by corroded boundaries (Figs. 8C, D)
that provide evidence of chemical disequilibrium between the flu-
idized matrix and the brecciated fragments. Corrosion along frac-
tures in quartz is generally accompanied by arrays of both fluid
and solid inclusions (Fig. 8F). Large muscovite grains also show re-
action textures along grain boundaries. Large feldspar grains may
show corrosion textures as well, with pervasive embayments and
symplectitic intergrowths absent from similar grains from unde-
formed Furnas sandstones (Fig. 8G). Feldspar grains are generally
surrounded by larger volumes of groundmass than elsewhere. In
contrast, fine-grained sericite aggregates do not show any reaction
textures and are interpreted to have formed as secondary alter-
ation minerals of the groundmass.

8. Sandstone-derived melt rock

Rare patches of black to varicolored, fluidal, and strongly silicic
(>85% SiO;) impact melt rocks occur overlying the Furnas sand-
stones, near the impact breccia exposures in the northern sector
of the dome (see also Engelhardt et al., 1992; Lana et al., 2007).
Optical and SEM images show that these impact melt rocks consist
of a fine-grained polycrystalline, schlieren-rich, fluidal groundmass
of intergrown silica and feldspar, as well as micrometer-sized id-
iomorphic flakes of melt-crystallized Fe-Ti oxides. Inherited elon-
gated sandstone clasts and larger mineral grains are intensely flow-
banded, aligned along the main direction of melt flow, locally
arranged in an ‘imbrication’ pattern, and mainly composed of re-
crystallized quartz (Figs. 9A-C). The melt rock contains abundant
granular zircon (Wittmann et al., 2006; Timms et al., 2012) mostly
with preserved rounded, detrital mineral grain outlines and relict
shock metamorphic features (Fig. 9D).

9. Discussion
9.1. Liquefaction of sandstones

Impact cratering is a highly energetic process involving inten-
sive, rapid flow of enormous rock volumes. Within the Araguainha
impact structure, this flow pattern generated chaotic folds in sand-
stone. The issue is that for most impact craters, large segments
of sedimentary strata, such as in the Araguainha central uplift
and other large impact craters (e.g., Spider and Lawn Hill in
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Fig. 7. Sets of shear zones observed in thin sections. A-C: Scanned thin sections showing shear zones displacing bedding. Note that primary shear zones are generally straight
(main shear zone in A, whereas secondary shear zones are irregular and less prominent (as in B), see text for details). C: Conjugate sets of orthogonal shear zones (black
arrows) crosscutting highly brecciated bedding planes (arrow heads). Note that the shear bands post-date brecciation. D: Photomicrograph mosaic of shear zone across a thin
section. Shear zone is irregular on a micro-scale and overall they are marked by irregular clasts floating in a groundmass. E-H: Scanning electron microscopy, backscattered
electron images detailing shear zone in D. Shear zone walls vary from irregular to sharp and record intense grain size reduction through cataclasis or wear abrasion.

Australia; Abels, 2005; Salisbury et al., 2008; Vredefort in South
Africa; Wieland et al., 2005; Lana et al., 2003a, 2003b, 2008) de-
scribe rather smooth and continuous fold geometries, which are
consistent with a viscous rock deformation. Outcrop, petrogra-
phy and modeling all suggest that at least part of the large-scale

folding in sedimentary strata is accompanied by intense brittle
fracturing (Nicolaysen and Reimold, 1999; Collins et al., 2004;
Grieve et al., 2008), faulting and block rotation (Wieland et al.,
2005; Grieve et al, 2008; Lana et al, 2008). Likewise, previ-
ous microstructural studies of a cm-wide impact fold from the
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Gmass
=~ (Kaolinite)

Fig. 8. The groundmass (Gmass) and groundmass-reaction features in the Furnas sandstones. A: Photomicrograph (plane polarized light) showing yellowish groundmass patch
surrounded by quartz (Qtz) grains. B: Photomicrograph (plane polarized light) of groundmass surrounding muscovite (Ms). Note that groundmass in both A and B record flow
textures highlighted by trails of Fe-oxides. C, D: Scanning electron microscopy image of groundmass patch surrounded by fragments of highly corroded quartz (Qtz). Note that
the groundmass is formed my submicroscopic crystals of kaolinite. E: Scanning electron microscopy image of well-developed kaolinite in groundmass. F: Photomicrograph
showing corrosion along fractures in quartz generally accompanied by arrays of both fluid and solid inclusions. G: Partly corroded grain of K-feldspar (Kfs) and corroded
grains of quartz (Qtz) embedded in groundmass. K-feldspar is typically characterized by symplectitic textures shown by the small wormy quartz grains.

7 km-wide Crooked Creek impact crater in Missouri (USA), sug-
gest that the viscous rock behavior is achieved by localized brit-
tle deformation along millimeter- to centimeter-spaced fault zones
(Kenkmann, 2002). Kenkmann (2002) attributed localized brittle
deformation during folding to a reduction of internal cohesion due
to shock damage. At Araguainha, complex folding takes place at a
scale of hundreds of meters to kilometers and affected the entire
sandstone sequence of the Furnas Formation around the central
uplift. Thus, the question is how did the rocks loose internal cohe-
sion on that scale to allow complex folding without major faulting
or widespread macroscopic brecciation.

Similarly to the small-scale folds in the Crooked Creek crater,
the Araguainha folds lack evidence for folding in the ductile regime
where rocks are folded as the result of intracrystalline deformation.
Figs. 5 to 8 show instead that these impact folds resulted from
a loss of cohesion due to pervasive microbrecciation. The pres-
ence of decorated PDFs and intense fluid inclusions in the shocked
grains suggests that this grain-scale brecciation was triggered by
the shock wave (causing initial shock damage) and by heating and
expansion of pore fluids into vapor.

The base of the Furnas sandstones was at an estimated 2 km
depth prior to the impact (Lana et al., 2007). Assuming an average
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Fig. 9. Sandstone-derived impact melt breccia from the central Araguainha impact structure. A: Overall fabric of the rock with partially melted fluidal sandstone clasts
and larger quartz grains floating within a fluidal melt matrix. B: Close-up of fluidal melt domain with patches of recrystallized silica (A and B plane-polarized light).
C: Backscattered electron image showing melt matrix composed of an intergrowth of feldspar, silica, and Fe-Ti oxides, and elongated clast of melted quartz at the top.
D: Granular detrital zircon with rounded grain outline in the melt rock (backscattered electron image).

crustal density of 2800 kg/m>, we can infer a pre-impact (litho-
static) pressure in the range of 0.50-0.55 kbar across the Furnas
Formation. Thus, the slightest increase in pressure and tempera-
ture driven by the impact would change fluid pressure conditions
in pores of the Furnas sandstones, lowering yield strength of the
rock. In addition, the highly folded sandstone units were close to
the impact melt zone where temperatures were sufficiently high
(>1000°C) to cause melting of the sandstones (Fig. 9), boiling
of pore-fluids and induce intense fluid circulation in sediments
(Fig. 8). We suggest that brecciation may have been caused by
three mechanisms working simultaneously: (1) initial shock dam-
age, (2) fluid expansion caused by vaporization due to heating and
decompression, leading to pressurization of the pores, breaking
grain-to-grain contacts, and (3) melting in regions of tempera-
ture maxima. At the moment of impact, the sandstone would fail
through intense micro-fracturing, and boiling would partly buffer
the maximum temperatures reached during dissipation of shock
wave energy. This vapor-enhanced pervasive brecciation could thus
explain the effective liquefaction of these rocks and the origin of
large-scale chaotic folds.

Hydrothermal fluid circulation (e.g., Osinski and Pierazzo, 2012)
may have persisted while the system cooled and fluids subse-
quently escaped through porous flow and along the multiple shear
zones (Figs. 3, 7). This explains intense circulation of fluids in
the Furnas sandstones as highlighted by: (1) corrosion features
in quartz (Fig. 3E), (2) monazite dissolution/precipitation features

(Fig. 5B), and (3) Fe-Ti oxides precipitation along the planar fea-
tures in quartz (Fig. 8F).

Soil or sediment liquefaction occurs when saturated or par-
tially saturated sediments substantially lose strength and stiffness
in response to an applied, oscillating stress (Casagrande, 1976;
Jefferies and Been, 2006). Essentially this phenomenon is linked
to the passage of compressive and rarefactive waves such as earth-
quake shaking or other abrupt change in stress conditions, caus-
ing it to behave like a liquid. The primary weakening of the
Araguainha target rocks was caused by pervasive shock damage
and fluid expansion (e.g., Figs. 4 to 8), and the fragmented quartz
grains were kept initially in a pressurized vapor, gradually com-
pacting as the system cooled, vapor condensed and hydrothermal
fluids precipitated the matrix material. Thus, chaotic folding of the
sandstone around the central uplift may have been largely depen-
dent on the presence of fluid in a porous rock.

9.2. Pore-fluid expansion, sandstone microbrecciation, and the absence
of pseudotachylites

Pseudotachylites, as the products of frictional melting, seem to
be exceptionally rare in porous sandstones at terrestrial impact
structures. Only in very rare instances and in connection with the
largest impact structure on Earth have pseudotachylitic breccias
been reported, e.g., in the Hospital Hill Quartzite (a weakly meta-
morphosed sandstone that has lost most of its initial porosity)
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at the giant Vredefort impact structure in South Africa (Reimold
and Gibson, 1996). Similarly, siliciclastic rocks have rarely devel-
oped pseudotachylites in deformation experiments (e.g., Logan et
al., 1973; Friedman et al.,, 1974) but tend towards brittle failure
and subsequent cataclastic deformation in response to high stress
and strain rates (e.g., Wong et al., 1997). The lack of extensive
shear zones or fractures filled with pseudotachylites in the Furnas
sandstone, such as found in the granitic core of the Araguainha
central uplift (Machado et al., 2009), is a result of their very differ-
ent responses to the impact. In the sandstones, impact energy was
dissipated by pervasive microbrecciation, associated with heating,
boiling and expansion of pore fluids, microbrecciation and cre-
ation of the incohesive, liquefied mass. This process prevented the
sandstone from behaving as large rigid blocks, incapacitating the
generation of frictional melts on large, localized fault planes.

We conclude that the combination of microbrecciation, catacla-
sis and fluid expansion due to vaporization gave rise to an effec-
tively unconsolidated rock. This explains the large-scale folding of
the Furnas sandstone strata around the central uplift (Fig. 1) within
the short time scale of an impact event (seconds/minutes) and the
absence of pseudotachylites.
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