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Impact crater development on every planetary body requires catastrophic movement of large volumes 
of crustal rocks. The process produces well-known features such as brecciation and frictional melting, 
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 
microscopic (grain-to-grain) brecciation that result from rock strength degradation triggered by the 
impact. Field mapping and extensive textural observations indicate that these sandstones experienced 
initial microstructural damage from the shock wave and that this process may have weakened grain-
to-grain bonds and started the process of pervasive microbrecciation. Accompanying heating and 
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.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

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