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Abstract—The structural, topographic and other characteristics of the Vredefort, Sudbury, and
Chicxulub impact structures are described. Assuming that the structures originally had the same
morphology, the observations/interpretations for each structure are compared and extended to the
other structures. Thisdoes not result in any major inconsistencies but requiresthat the observations be
scaled spatialy. In the case of Vredefort and Sudbury, thisis accomplished by scaling the outer limit
of particular shock metamorphic features. In the case of Chicxulub, scaling requires a reasoned
assumption as to the formation mechanism of an interior peak ring. The observations/interpretations
are then used to construct an integrated, empirical kinematic model for aterrestrial peak-ring basin.
The major attributes of the model include: a set of outward-directed thrusts in the parautochthonous
rocks of the outermost environs of the crater floor, some of which are pre-existing structuresthat have
been reactivated during transient cavity formation; inward-directed motions along the same
outermost structures and along a set of structures, at intermediate radial distances, during transient
cavity collapse; structural uplift in the center followed by a final set of radially outward-directed
thrusts at the outer edges of the structural uplift, during uplift collapse. The rock displacementson the
intermediate, inward and innermost, outward sets of structures are consistent with the assumption that
apeak ring will result from the convergence of the collapse of the transient cavity rim area and the

collapse of the structural uplift.

INTRODUCTION

Impact structures are the result of the hypervelocity
impact of an asteroidal or cometary body with a planetary
surface. They are ubiquitous surface features on al of the
terrestrial planets and impact is now recognized as a
fundamental geologic processin the solar system (e.g., Taylor
2001). This is most evident on bodies that have retained
portions of their early crust, such asthe Moon, where thereis
abundant evidence that impact was a dominant process in
early crustal and surface evolution. The most obvious features
of the lunar surface are the traces of the large multi-ring
basins, which, by virtue of their size, had the most profound
effect of all impact structures on lunar surface and crustal
evolution (Spudis 1993). Unfortunately, details of the
formation of such large impact structures are among the least
understood aspects of our current knowledge of cratering
mechanics.

Impact is a highly transient event, involving extremely
high pressures, temperatures, and strain rates, all of which
make impact processes inherently difficult to study. Over the
years, understanding of cratering mechanics has evolved from
a combination of observations from sources ranging from
remote-sensed planetary data, the results of relatively small-
scale impact experiments, nuclear and other high energy
explosions, geological and geophysical observations at
terrestrial impact structures and the results of various
computation, most recently hydrocode, models (e.g., Pierazzo
and Herrick 2004). Observations from the terrestrial impact
record, however, are currently the only source of ground-truth
information on the three-dimensional lithological and structural
character of natural impact structures.

The three largest known terrestrial impact structures,
Vredefort (South Africa), Sudbury (Canada), and Chicxulub
(Mexico), al have some evidence for various expressions of
ring forms. They had similar target characteristics, namely,
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severa kilometers of (meta-) supracrustal rocks overlying
granitoid crystalline basement. At Vredefort, McCarthy et al.
(1986) noted a series of concentric anticlinal and synclinal
structures that extend out to a diameter of some 300 km from
the central uplifted core of basement rocks. At Sudbury,
evidence has been presented for annular zones characterized
by an apparent increase in the occurrence of pseudotachylitic
breccia and there are claims of rings of lineamentsin Landsat
imagery north of the Sudbury Igneous Complex (SIC), which
have been equated with various attributes related to transient
cavity formation and subseguent modification (Spray et al.
2004). At Chicxulub, there are ring structures in the potential
field geophysical data that have been related to crater
structure. The interpretative models derived from these data,
however, are very different in detail (cf. Pilkington et al.
1994; Espindola et a. 1995; Sharpton et a. 1996).
Nevertheless, the interpretation of offshore reflection seismic
data leaves no doubt as to the existence of an inner
topographic peak ring with a diameter of ~80 km at
Chicxulub (Morgan and Warner 1999a and 1999b; Turtle
et al. 2005).

Previoudy, some degree of commonality between
Vredefort, Sudbury, and Chicxulub had been noted, but how
the various “rings’ at the individua structures were
physically or genetically related to each other, and to the
topographic rings observed in large impact basins on the other
terrestrial planets, was not explicit at the time (Grieve and
Therriault 2000). Apart from intrinsic observational
uncertainties, it has become clear that there were also
ambiguitiesin terminologies, e.g., in the definition, or lack of
definition, of terms such as diameter, between previous works
dealing with morphometric aspects of these structures.
Recently, Turtle et al. (2005) reviewed many of the previous
aspects of the ambiguities in terminology regarding the
morphology of complex impact structures and, specificaly,
reviewed the situations at Vredefort, Sudbury, and Chicxulub.
In response to their plea to avoid semantic misunderstanding
by being consistent and explicit, their recommended
terminology is used here. The definitions that are applicable
here are paraphrased as:

Rim (or final crater) diameter: diameter of the outermost
slump block not concealed (by gjecta) at acomplex crater.

Apparent crater diameter: diameter of the outermost ring
of (semi-) continuous concentric faults.

Peak-ring diameter: diameter of the peak of an internal,
topographic ring that rises above the apparent crater floor.

Turtle et al. (2005) also noted that it is the apparent crater
diameter that is generally the only measurable diameter at the
majority of terrestrial impact craters because of the effects of
erosion. The ambiguitiesin diameter estimates due to erosion
and insufficient definitive information have been noted
previously (e.g., Grieve and Shoemaker 1994) and the past
general use of the term diameter, particularly by the first
author, has been generaly in reference to apparent crater
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diameter (Turtle et a. 2005). In addition to using the
terminology of Turtle et al. (2005), we have assumed from the
outset that al three structures originaly had a similar ring
basin morphology, i.e., they originally displayed an inner
peak ring, crater rim, and one or more outer faulted rings
exterior to the rim (Turtle et a. 2005).

The assumption of aring basin form is based largely on
the indication of a ring form for Chicxulub (Morgan and
Warner 1999a and 1999b) and the fact that the three structures
are of similar size. In addition, similar-sized structures
identified in radar imagery of Venus, which has a surface
gravity close to that of the Earth, are classified as multi-ring
structures (e.g., Alexopolous and McKinnon 1994). Whether
these three terrestrial structures are, by definition, multi-ring
basins or peak-ring basins is somewhat a moot point. The
assumption isthat these three terrestrial impact structures are
likely to have had originally the same form. The structures
have been eroded to different levels, which is in terms of
increasing erosion: Chicxulub, Sudbury, Vredefort.

Here the salient observations and interpretations of these
observations at each structure are initially reviewed. Then,
assuming that these three structures expose different levels
and aspects of the third dimensional character of aterrestrial
impact basin, observations from al three structures are used
to constrain and expand interpretations at any one structure
and to test for the degree of interna consistency. Finally, all
the observations and interpretations are mel ded together in an
attempt to build a composite empirical model of a terrestrial
impact basin with an inner peak ring.

THE STRUCTURES
Vredefort, South Africa

The Vredefort impact structure has a central, structurally
uplifted area 80-90 km in diameter, known as the Vredefort
Dome. The dome consists of a central core of Archean
basement gneisses and migmatites, surrounded by an annular
collar of sub-vertical to overturned supracrustal late Archean-
early Proterozoic metasedimentary and metavolcanic strata
(Fig. 1). Thedomeis, in turn, surrounded by a series of broad
concentric anticlinal and synclinal structures that extend out
to the so-called Rand Anticline in the north, which isthe limit
of the eroded remnant of the Witwatersrand Basin, and,
possibly, beyond (Fig.1; McCarthy et a. 1986, 1990). The
Rand Anticline also marks the limit of the occurrence of
substantial  pseudotachylitic and cataclastic breccias
believed, because of geochronological data and their
massive occurrence, to be associated with the Vredefort
structure (Reimold and Gibson 2005). Details of the geology
and an entrance to the voluminous literature on Vredefort can
be found in Gibson and Reimold (2001). Evidence for impact
includes shock metamorphic features such as shatter cones
(e.g., Hargraves 1961), planar deformation features (PDFs) in
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Fig. 1. Schematic geological map of the Vredefort impact structure and environs, with the outcrop of the Karoo cover rocks removed. Also
shown are some of the circumscribing structures (e.g., Rand Anticline, Potchefstroom Syncline, and others) identified by McCarthy et al.

(1986, 1990).

quartz (e.g., Carter 1965; Leroux et al. 1994), shock
deformation of zircon (Kamo et a. 1996; Reimold et al.
2002), the occurrence of coesite and stishovite (Martini
1978), and evidence for a small meteoritic component in
impact-melt rocks (Koeberl et al. 1996).

Vredefort is eroded below the original floor of theimpact
structure and allochthonous impact lithologies are limited to
nine radial and concentric dikes of impact-melt rock, known
as Vredefort Granophyre, in the crystalline core (Therriault et
al. 1996a) and pseudotachylitic breccia dikes, and networks
(Dressler and Reimold 2004; Reimold and Gibson 2005).
Erosion has removed the coherent impact-melt sheet and has
been estimated to be in the range of 5 to 10 km (McCarthy et
al. 1990; Gibson et a. 1998; Gibson and Reimold 2001).
Kamo et al. (1996) determined a U-Pb age from zirconsin the
granophyre and pseudotachylitic breccia of ~2020 Ma, which
has been confirmed by more recent results, for the age of the
Vredefort impact event.

Reasoned estimates of the amount of original structural
uplift and the apparent diameter of the Vredefort impact
structure are 20-30 km and 250-300 km, respectively
(Therriault et al. 1997; Gibson and Reimold 2001; Henkel and
Reimold 1998). Turtle et al. (2005) estimated that the original
final crater diameter at Vredefort was ~120-200 km. Where
the structure is not covered by post-impact, Karoo
Supergroup cover rocks, i.e., in the north and west, remote-
sensing imagery indicates radial and concentric features out
to a radia distance of ~125 km (Phillips et al. 1999).
Concentric structures are also evident in synoptic topographic
data sets, such as from the Shuttle Radar Topography Mission
(SRTM), over Vredefort (Fig. 2). At such a size, the effects of
the Vredefort impact structure encompass the entire
Witwatersrand Basin  and the associated world-class
goldfields (Grieve 2005; Reimold et al. 2005). There has been
some post-impact deformation at Vredefort, with shortening
in a NW-SE direction in the outer regions. The central area,
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Fig. 2. Grayscale synoptic image of the topography in the area of the Vredefort impact structure, based on the Shuttle Radar Topographic
Mission. Image has been illuminated from the center to emphasize arcuate structures surrounding the center of Vredefort.

however, has only been mildly affected by post-impact
deformation (Henkel and Reimold 1998). Simpson (1978)
was one of the first to recognize and investigate Vredefort-
related structures exterior to the Vredefort Dome in the form
of the Potchefstroom Synclinorium (Fig. 1). McCarthy et al.
(1986, 1990) extended these surface-based geological
observations to define more radially distant, but what they
believed to be related, anticlinal and synclinal structures
(Fig. 1; see also Fig. 1 in McCarthy et al. 1990).

There is aso considerable subsurface information
available at Vredefort from underground mapping, drill holes,
and vibroseismic surveys related to the mining activity.
Although most of this information is proprietary, there is a
limited amount in the public domain and it serves to build a
picture of movements and structures related to the Vredefort
impact. For example, in the vicinity of the Western Areas
Gold Mine, some 60 km north of the basement core-collar
rocks contact of the Vredefort Dome, Killick et al. (1988)
noted multiple stages of movement along a Proterozoic-aged
bedding plane fault zone, with the latest stage being thrusting
that is manifested by pseudotachylitic breccia related to the
Vredefort impact. More recent work (e.g., Trieloff et al. 1994;
Reimold and Colliston 1994) has confirmed the extensive
development of Vredefort-aged pseudotachylitic breccia
throughout the northern and northwestern parts of the
Witwatersrand Basin along bedding-parallel fault zones,

such as the Ventersdorp Contact Reef (VCR), the feature
investigated by Killick et al. (1988).

Similarly, Fletcher and Reimold (1989) reported on more
than one generation of pseudotachylitic breccia associated
with pre-Vredefort structures that are tangential to the
Vredefort Dome. In particular, they examined structuresin the
north and northwest portion of the Witwatersrand Basin, such
as the Black Reef Decollement Zone (BRDZ) and Master
Bedding Plane Fault (MBPF), with the latter trending parallel
to the Rand Anticline (Fig. 1), some 60 km northwest of the
core-collar boundary of the “Vredefort Dome”. Like the other
main bedding plane-parallel fault zones in the Witwatersrand
strata, the MBPF dips some 20° to the southeast and strata
above the fault have been moved a residual distance of 6—
18 km towards the center of the Vredefort structure. The
second generation of breccia associated with the BRDZ was
attributed to inward “gravity dides’ contemporaneous with
the uplift and folding of the central collar rocks during the
impact event (Fletcher and Reimold 1989).

Brink et a. (1997) extended these observations through
the added interpretation of industry vibroseismic datato build
amore synoptic view of the entire Witwatersrand Basin. They
identified concentric folds and several zones of faulting
around the entire Vredefort Dome. Slickendide orientations
in the thrusts in the northwest quadrant of the Basin clearly
indicated an overall radia direction of movement, with
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Fig. 3. Schematic geologic map of the northern and western quadrants of the Vredefort impact structure. Also shown are some of the partially
circumscribing and arcuate structures and their sense(s) of movement, based largely on the interpretation of industry reflection seismic data
(see text for details). The Foch and Ensels Thrust Zones noted by Brink et al. (1997, 2000) and Master Bedding Plane Fault (MBPF) and
Ventersdorp Contact Reef Fault (VCR) are identified. Note the structures indicated are generally recognized only in the subsurface through
geophysics (mostly reflection seismics), drilling and mine workings. Area shown is limited but equivalent structures surround the entire
Vredefort structure in both industry data and the work of Brink et al. (1997, 2000). See text for details.

respect to the center of the Vredefort Dome. Brink et al.
(1997) also noted the reactivation of pre-existing structures,
such asthe MBPF, and that the sense of motion on thrustswas
outward away from the dome. There are some exceptions,
however, such as the Potchefstroom Fault, where the
orientations of pre-existing structures were such that their
reactivation by the Vredefort impact event resulted in strike-
dlip motions.

Brink et al. (1997) used these observations to create a
model in which the centrifugal motions on these thrusts were
due to the outward acceleration of the target rocks during
transient cavity formation at Vredefort. They originaly
attributed none of the motions to the modification stage of the
impact event, although they did note, but did not comment on,
the occurrence of related motionsthat were towards the center
of Vredefort along inward-dipping normal faultsthat splay off
and join severa of theseindividual outward thrusts. They also
noted that outward thrusting in the inner zone (so-called
Ensels Thrust Zone; Fig. 3) around the Vredefort Dome
occurred after the uplift and local overturning of the collar
rocks around the basement core, an observation also made by
Simpson (1978). In more recent work, however, Brink et a.
(2000) acknowledged rock displacement towards the center

of Vredefort along the BRDZ, exterior to the inner Ensels
Thrust Zone, and on the MBPF (Fletcher and Reimold 1989),
interior to and then joining their second zone of outward
thrusting (so-called Foch Thrust Zone). They attributed these
centripetal displacements to the modification stage of the
Vredefort impact event.

Thus, the public domain literature can be summarized as
cumulatively indicating that there are a series of
circumferential thrusts around the basement core at Vredefort.
The innermost (Ensels Thrust Zone in the terminology of
Brink et a. 1997) structures are concentric and inward
dipping. They postdate the uplift and overturning of the collar
rocks and indicate outward motion. These inner structures are
surrounded by thrusts or thrusts with splayed and converging
faults (the Foch Thrust Zonein the terminology of Brink et al.
1997) that indicate at least two generations of movement
(Fletcher and Reimold 1989), initially outward and then
inward (Ellis and Reimold 1999). In some cases, this initia
outward-directed thrusting exploited pre-existing structures
tangential to the center of Vredefort. This is particularly
evident where massive pseudotachylitic breccias have formed
on pre-impact structures, such asthe BRDZ, MBPF, and VCR
Fault Zone (Killick et a. 1988; Fletcher and Reimold 1989;
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Killick and Reimold 1990). In cases where pre-existing
structures were more radial, e.g., the Bank and West Rand
Faults in the north (Fletcher and Reimold 1989) or the
Sugarbush Fault in the east (Brink et al. 1997), motions
induced by the Vredefort event were more strike-slip than
thrusting.

This general interpretation of the published literature is
largely supported, with dlight differences, by a detailed
confidential report from the industry (S. Ellis, personal
communication, 2005), which isbased on the interpretation of
reflection seismic and potential field data, constrained by
geologic and drill hole information. In this industry report,
there is clearly more complexity than noted in the earlier
public domain work of Brink etal. (1997, 2000). For
example, several additional thrusts are identified, in addition
to the two major zones of thrusts described by Brink et al.
(1997, 2000), and some of these thrusts, which are
intermediate in radia distance between the so-called Ensels
and Foch Thrust Zones (Brink et a. 1997, 2000), apparently
record only one increment of impact-related radial motions
that are predominantly inward, toward the center of
Vredefort. These intermediate-distance thrusts are reverse
faults and dip away from the VVredefort Dome. At depth, they
appear to detach from the inward-dipping thrusts, such asthe
BRDZ and MBPF, and are relatively concentric in plan view,
e.g., one of the innermost of these reverse faults is
correlated between seismic lines in a concentric trace over
~90 degrees of arc.

The pattern of these thrusts at Vredefort isillustrated in
Fig. 3, which is limited to the north and west quadrants, for
reasons of industry confidentiality. Thisisalso the areawhere
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Fig. 4. Enlargement of Fig. 2 focused on Vredefort, with the outcrop of the Karoo (south of the black line) and the structures of Fig. 3 shown.
Note the general spatia correspondence between topographic and geologic structures and the lack of Vredefort-related topographic structures
in the area of Karoo cover rocks.

there is no covering by post-impact (180-250 Ma) Karoo
Supergroup sedimentary rocks. Impact-related structures are
consequently better delineated in the SRTM data in this
quadrant (e.g., Fig. 4), athough these impact-related
structures circumscribe the entire Vredefort Dome (Brink
et al. 1997, 2000; S. Ellis, personal communication, 2005).
The additional number of motions on individual thrusts and
reverse faults, spaced a few (~5-10 km) kilometers apart,
apparent in industry data and the lack of specific spatial
concentrations in the numbers of such structures (Fig. 3) are
consistent with the observation that there are no specific
spatial/radial  concentrations in the development of
Vredefort-related pseudotachylitic breccia exterior to the
basement core (Dressler and Reimold 2004). Although
forward modelling of the potential field data at Vredefort has
been used to constrain the impact event and the extent of
impact-related crustal movements at the regional scale
(Henkel and Reimold 1998), they do not provide the level of
detail on structural features afforded by the reflection seismic
data.

While there is a sense of movements of crustal blocks on
the scale of kilometers along discrete impact-induced and
impact-reactivated structures, at the resolution of the seismic
data, this does not appear to be the case in the crystalline core
of the Vredefort Dome. Although exposures are limited, Lana
et a. (2003) failed to identify fault-bounded blocks in the
crystalline core at Vredefort. Based on the structura
continuity of Archean metamorphic minera fabrics, they
concluded that the required displacements were achieved by
small-scale (mm—cm) differential rotations and slip. They
further suggested that the pervasive network of veins of
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pseudotachylitic breccia may have provided the means for
large-scale continuous rock flow during structural uplift. The
originally deepest rocks of the crystalline core of the
Vredefort Dome are from mid-crustal levels (Lana et al.
2003), and there is a progressive increase in recorded post-
impact temperatures from ~300 °C in the outer collar rocksto
>700 °C, and locally as high as 1000 °C, in the centra core
due to the geothermal gradient prior to impact-induced uplift
and shock heating (Gibson et a. 1998; Gibson 2002; Gibson
and Reimold 2005). These high temperatures may have aso
assisted in mechanical strength degradation during structural
uplift and modification.

Lanaet al. (2003) al so suggested that sub-horizontal, pre-
impact Archean mineral fabricsin the crystalline rocksin the
core of the Vredefort Dome record a net differential rotation
from the impact event. In particular, the fabrics are steeply
dipping close to the collar rocks and paralel the post-impact
attitude of the collar rocks. By contrast, toward the central
portion of the crystalline core, the fabrics rotate back to a sub-
horizontal attitude. Such a shallow attitude of post-impact
structures in the center of eroded and exposed structural
uplifts is not a feature of smaller terrestrial complex craters,
e.g., a Gosses Bluff (Milton et al. 1996). Given that the collar
rocks at Vredefort display the expected steep dips that are
observed in structural uplifts a other smaller terrestrial
complex craters, the sub-horizontal mineral fabrics in the
center of the crystalline core are likely a primary function of
some additional aspect of the structural uplift process at
Vredefort.

Sudbury, Canada

The Sudbury impact structure comprises the so-called
Sudbury Basin, the enclosing Sudbury Igneous Complex
(SIC), and the surrounding brecciated and fractured Archean
and Proterozoic rocks of the Superior and Southern provinces
of the Canadian Precambrian Shield (Giblin 1984). As with
Vredefort, aspects of its origin have been controversia,
particularly with respect to the origin of the SIC. Although
written prior to most of the current understanding of Sudbury
as an impact structure, Pye et al. (1984) is the most extensive
volume on the geology of the Sudbury area. More recent
studies at Sudbury, combined with developments in the
understanding of large terrestrial impact structures, have led
to the general working hypothesis that the basic observations
a Sudbury can be accounted for by impact, followed by
tectonic deformation and erosion. It is now widely accepted
that the SIC represents the differentiated impact-melt sheet
within the impact structure (Grieve et al. 1991; Dickin et a.
1999; Therriault et a. 2002). Estimates of the apparent crater
diameter are mostly in the ~150-200 km range (Stoffler et al.
1994; Grieve et a. 1991), but some recent estimates range up
to 260 km (Tuchscherer and Spray 2002; Spray et a. 2004).
Turtle et al. (2005) estimated the original final crater diameter
at Sudbury to have been ~130-180 km.
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The evolution in the scientific reasoning concerning
Sudbury and the SIC is outlined in Naldrett (2003) and an
entrance to the more recent literature can be found in Grieve
(2006). Evidence for impact includes shock metamorphic
features, such asPDFsin quartz and feldspar in the crystalline
footwall rocks north of the SIC and in clasts in the overlying
Onaping Formation (French 1968; Dence 1972), and shatter
cones, particularly in the Huronian metasedimentary rocks
that form part of the southern footwall of the SIC (Guy-Bray
and Geological Staff 1966). Most recently, there have been
claims of the detection of a meteoritic component in the
Onaping Formation at Sudbury (Mungall et al. 2004) and the
discovery of preserved distal shocked ejecta from Sudbury
some 650-900 km to the west of the structure (Addison et a.
2005).

The age of the Sudbury impact event is ~1.85 Ga (Krogh
et al. 1984). The amount of erosion that has taken place since
the impact event is estimated a 56 km for the
parautochthonous basement rocks north of the SIC
(Thompson et al. 1998), similar to the lower estimate at
Vredefort. The current geological situations at Sudbury and
Vredefort, however, are not directly comparable. The impact
event at Sudbury occurred in an active orogenic belt and the
impact structure was folded and then faulted by northwest-
southeast shortening during the Penokean orogeny (Rousell
1984; Riller 2005). The net result is that the most obvious
current expression of the center of the structure is the
elliptical ~30 x 60 km Sudbury Basin bounded by the folded
SIC, which dips ~30° to the south in the so-called North Range
and is subject to relatively high-angle reverse faulting (South
Range Shear Zone) in the so-called South Range (Fig. 5;
Milkereit et al. 1992, 1994).

This deformation and folding of the SIC has resulted in
the preservation of the entire impact sequence from the
parautochthonous, locally brecciated, target rocks of the
crater floor, through the impact-melt sheet (SIC), to the post-
impact sediments within the central Sudbury Basin. Externa
to the folded SIC and the Sudbury Basin, however, erosion
has removed essentially all allochthonous impact lithologies,
except the so-called Sudbury Breccia and several radial and
concentric dikes of impact melt (offset dikes), and exposed
the parautochthonous rocks of the crater floor (Dressler
1984).

As noted, the most conspicuous geologic feature of the
Sudbury structure is the outcrop of the SIC. The SIC has been
traditionally subdivided into a basal contact Sublayer, Norite,
Quartz-Gabbro and Granophyre lithologies (e.g., Naldrett
et al. 1970), but it is actually, on average, granodioritic in
composition and its lithological phases are more felsic than
thistraditional nomenclature suggests (Therriault et al. 2002).
The composition of the offset dikes varies between dikes
(Grant and Bite 1984) and aong the strike of an individual
dike (Tuchscherer and Spray 2002), but is broadly similar to
that of the so-called Norite of the SIC.

Like Vredefort, Sudbury is the site of a world-class
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Fig. 5. Schematic geologic map of the Sudbury area. Note the dlliptical outcrop pattern of the Sudbury Igneous Complex (SIC), due to post-
impact, Penokean folding and thrusting, e.g., the South Range Shear Zone. Note also the outcrop of the uplifted high-grade Levack Gneiss
Complex immediately to the north of the North Range of the SIC and the arcuate outcrop pattern on down-dropped outliers of originally near-
surface Huronian Supergroup rocks at agreater radial distance inthe North Range footwall. Also indicated are the Benny Belt and Pumphouse

Creek Shear Zones. See text for details.

mining camp. In the case of Sudbury, the oresare Cu-, Ni- and
PGE-rich sulfides associated physically with the base of the
SIC, the immediate footwall and the Offset Dikes (Grieve
2005; Reimold et a. 2005). Thus, athough there is a large
proprietary database on Sudbury held by industry, it is much
more spatialy limited than at Vredefort. Away from the
immediate SIC-footwall contact, systematic geologic mapping
covers only ~30% of the area at scales of 1:30,000 or larger
(Spray et a. 2004) and was conducted largely at atime when
impact-related structures at Sudbury were not a focus (e.g.,
Card 1968, 1978; Card and Meyn 1969). The structural
situation is further complicated by the fact that the Sudbury
structure has been extensively tectonized following the
impact (Riller 2005; Klimczak et al. 2007).

The extent of this post-impact deformation was only
appreciated following a north-south reflection seismic
traverse across the SIC and the Sudbury Basin, in the course
of a LITHOPROBE transect, which indicated significant
northwest thrusting of the South Range of the SIC (e.g.,
Milkereit et al. 1992; Boerner et al. 2000). This extensive
ductile shearing and brittle faulting corresponds at the surface
to the South Range Shear Zone (Fig. 5; Shanks and
Schwerdtner 1991; Riller et a. 1998). Although there has
been some potential field modelling at Sudbury, it has been

largely in the form of two-dimensiona profiles along the
LITHOPROBE transect. They were also designed more to
determine whether or not models of the potentia field data
were compatible with the seismic interpretation than as an
independent set of interpretations (e.g., McGrath and Broome
1994). Unfortunately, in general, differentiation between pre-
impact and impact-induced deformation is not possible in the
geophysical data at Sudbury (Boerner et al. 2000). Dueto the
high degree of post-impact tectonization in the South Range
of the SIC, observations in the footwall outside the North
Range offer the best opportunity to decipher impact-related
structures.

Although sometimes referred to as pseudotachylite
(Thompson and Spray 1994), the local term Sudbury Breccia
encompasses a variety of breccia types, including clastic and
pseudotachylitic breccias, as well as breccias that have been
recrystallized due to the therma metamorphic effects of the
SIC (Mdller-Mohr 1992; Rousell et a. 2003). Sudbury
Breccia is concentrated in a 5-15 km inner zone around the
SIC but isknown up to adistance of 80 km northeast from the
lower contact of the SIC. As at Vredefort, there is evidence
for more than one generation of Sudbury Breccia, which have
been equated with both the transient cavity formation and
subsequent modification stages of crater formation (Thompson
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Fig. 6. Sketch map of location of pre-impact Matachewan diabase dikes that have a preserved magnetic signature and the locations of the
postulated “rings” at Sudbury, according to Spray et a. (2004). See text for details. Also shown are the locations of the so-called offset dikes,
which have intruded from the SIC into the footwall. Foy (F) and Hess (H) offset dikes areindicated. NR, ER, and SR are the North, East, and
South ranges of the SIC, respectively. Diagram is after Spray et al. (2004).

and Spray 1994). In addition to the concentration close to the
SIC, there are claims of zones several kilometers wide of
increased breccia development north of the SIC at radial
distances of ~25, 40, and 80 km from the North Range of the
SIC (Spray 1997; Thompson and Spray 1994; Rousell et al.
2003).

Spray et al. (2004) suggested the presence of four ringsin
the North Range footwall (Fig. 6), at diameters of 90 km
(structural uplift), 130 km (transient cavity), 180 km, and 260 km
(estimated original final crater diameter), respectively, on the
basis of fieldwork, geophysics, and remote sensing, with the
three inner rings corresponding roughly to the zones of
increased Sudbury Breccia development (Thompson and
Spray 1994). These ring diameters, however, depend to a
large degree on the estimated location of the original center of
the impact structure, which is not explicitly defined but
appearsto be based on the lineament analysis of Landsat MSS
imagery by Butler (1994). Similarly, the specific “ring”
features (Fig. 6) are those of Butler (1994). Butler’s (1994)
analysis defined a series of arcuate lineaments at Sudbury.
Based on what he considered the most obvious and
continuous band of lineaments, he defined an original center

to the impact structure, located now south of the current
position of the South Range of the SIC. This placed this band
of lineaments at a diameter of 130 km (Fig. 6). The locations
of the other “rings,” however, do not correspond to similar
obvious bands of lineaments and were actually assigned a
location, which was based on a square root of two scaling of
the 130 km diameter “ring” by Butler (1994). While such
arbitrary scaling biases the interpretation of the Sudbury
impact structure towards that of a multi-ring basin, it also
reduces considerably the potential genetic significance of the
so-called “rings’. Spray et al. (2004), however, also noted that
pre-impact Matachewan dikes apparently lose their pre-
impact magnetic signature at the 130 km diameter “ring”
(Fig. 6), which aso marks the termination of the radial Foy
offset dike of the SIC, and that the outcrop of the concentric
Hess offset dike roughly occurs at and follows the 90 km
diameter “ring”.

Examination of the 90 m resolution SRTM data of the
Sudbury area reveals little in the form of arcuate features in
the footwall of the North Range of the SIC. Even when
illuminated from the center of the Sudbury Basin to
emphasize arcuate topographic features (Fig. 7),
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circumscribing impact-related residual topographic features
are not evident at Sudbury beyond the outcrop pattern of the
SICitself. Thisismost likely due to the preferential erosional
effects of glaciation, particularly with respect to linear faults
and dikes (Fig. 7). Similarly, topographic features
corresponding to either the Landsat or Sudbury Breccia
“rings’ of Butler (1994) and Thompson and Spray (1994),
respectively, are not obvious.

The Huronian outliers west and north of the SIC lie
between the 90 and 130 km diameter “rings’ of Spray et al.
(2004) (Fig. 6). Recent examination of these outliersindicates
that they are fault-bounded on their distal margins from the
SIC and thefaultsareinvariably occupied by pseudotachylitic
breccia, ranging up to ~25 m thick (Mungall and Hanley
2004). This is consistent with the interpretation that the
outliers are preserved due to downward and inward-directed
faulting, possibly during collapse and modification of the
transient cavity at Sudbury (Dence 1972). This is generally
inconsistent with the Spray et a. (2004) interpretation, which
places these Huronian outliers radially between the trace of
the collapsed transient cavity rim (130 km) and the structural
uplift (90 km). That is, these Huronian rocks were originally
inside the trace of the transient cavity, where they would be
subject to excavation. Their preservation and structural
character are more consistent with being originally in thefina
annular trough (Dence et al. 1977), where they would be
preserved from erosion due to down-faulting during transient
cavity modification.

Northwest of the SIC, these Huronian outliers are
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Fig. 7. Grayscale synoptic image of the topography, based on the SRTM, in the area of the Sudbury impact structure. Image has been
illuminated from the center to emphasize arcuate structures as at Vredefort (cf. Fig. 2), but such structures are generally not apparent.
Topographic features related to the SIC and dikes and post-impact faults are most evident; however, the rings identified in Fig. 6 are not
evident. The lack of observable arcuate impact-related features is ascribed to the effects of post-impact tectonism and, more importantly,
glacial sculpting to form the current surface.

associated with an outlier of Archean greenstone terrain
known as the Benny Belt, which has a shear zone as its
southern margin. This shear zone has been traced for over
30km and is sub-parallel to the North Range of the SIC
(Fig. 5; Card 1994; Kellet and Rivard 1996). There is another
shear zone (Pumphouse Creek) with the same general trend
and length closer to the SIC, at the northerly contact of the
Levack Gneiss Complex and the Cartier Granite (Fig. 5;
Fueten et al. 1992; Card 1994). What were assumed to be
shear zones, spaced ~5-10 km apart, were imaged in the
LITHOPROBE reflection seismic data from a single line
north of the SIC. These seismic dataincluded athird reflector,
interpreted to be tectonic in origin, intermediate in distance
between the Benny Belt and Pumphouse Creek shear zones
(Fig. 5; Moon and Miao 1997; Boerner and Milkereit 1999).
This reflector has no currently known geologic surface
expression. Although Boerner and Milkereit (1999) proposed
that structures such as the Benny Belt and Pumphouse shear
zones pre-date the impact, the presence of pseudotachylitic
breccia suggests that these shear zones were (re)activated asa
consequence of the impact at Sudbury (Fueten et al. 1992).
Kellet and Rivard (1996) also noted an overprinting fabric on
the pseudotachylitic breccia that suggests some post-impact
Penokean deformation on the faults in the Benny Belt shear
zone.

Thus, although the structural observations are nowhere
as numerous, nor as detailed, compared to Vredefort, there
does appear to be similar evidence for impact-related
movement on what may have been pre-existing structures at
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Fig. 8. Grayscale Bouguer gravity image of the Chicxulub impact structure compiled by Styles (2006). Specific gravity featuresrelated to the
structure are identified, as are the locations of the marine seismic reflection profiles acquired in 1996 (Black dashed lines). White dots are
onshore drill sites, with the results from T-1, Y-6, C-1, S-1 and the ICDP drill site, Yax-1 mentioned in the text.

Sudbury. Similarly, the arrangement of a structurally uplifted
central area surrounded by a synclinal feature in which there
is evidence for movement towards the center is common to
both structures. If there is discordance in observations
between Sudbury and Vredefort, it is the assertion that there
are zones of increased pseudotachylitic breccia at Sudbury
(Thompson and Spray 1994), but not at Vredefort (Dressler
and Reimold 2004). Given the relatively arbitrary spacing of
three out of the four “rings’” of Spray et al. (2004) at Sudbury
and the vast difference in the level of regional geologic
information available from Vredefort compared to Sudbury;, it
is possible, however, that this difference may be more
apparent than real.

Chicxulub, Mexico

Unlike Vredefort and Sudbury, Chicxulub is amost
completely preserved. It is, however, buried by up to 2 km of

Tertiary sedimentary rocks and its morphology is known only
from interpretations of geophysical data and onshore drilling
(e.g., Fig. 8). Dueto burial and the relatively flat topography
of the area (<50 m elevation difference over a distance of
150 km), the SRTM data do not lend themselves to the type of
processing and interpretation that was carried out for
Vredefort and Sudbury. The only clear expression of the
onshore portion of the structure is a semi-circular ring of
sinkholes (cenotes), with a diameter of ~160 km (Pope et al.
1993). There are, however, distinct potential field anomalies
associated with Chicxulub, including a series of semi-continuous
and roughly circular featuresin the gravity and magnetic data
(Sharpton et al. 1993; Pilkington et al. 1994; Hildebrand et al.
1995).

The most distinct and continuous ring in the gravity data
is the outer edge of a gravity low at ~100 km diameter. It
surrounds a central gravity relative high, which is offset to the
southwest of the crater center (Fig. 8). There is aso another
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Fig. 9. Grayscale magnetic (reduced to the pole) image of the Chicxulub impact structure from Pilkington and Hildebrand (2000). The
magnetic field is characterized by along-wavelength central high (>500 nT, 40 km in diameter), surrounded by aring of spatial localized high-
amplitude (100 s nT) anomalies out to 90 km diameter. See text for details and interpretation. The location of the original rim of the impact
structure (dashed white line) and the coast (solid white line) are indicated.

circular feature defined by the outer edge of a gravity low at
~180 km diameter (Fig. 8), but this feature is poorly defined
in the offshore half of the crater. It coincides roughly with the
cenotering in the eastern onshore half of the structure, but lies
5-10 km outside the cenote ring in the western portion. There
are also some less well-defined, discontinuous rings in the
gravity data outside the 180 km diameter ring (faint ring in
Fig. 8). The main large-amplitude magnetic anomaly has a
diameter of ~90 km (Fig. 9), lying just inside the 100 km
diameter gravity low anomaly.

Argon-argon dating of impact-melt rock from Chicxulub,
obtained in the course of exploration drilling for
hydrocarbons, and of tektite-like glasses from Cretaceous-
Tertiary boundary sediments, indicates that they are coeval,
with an age of ~65 Ma (Swisher et al. 1992). Various types of
breccias intersected in drill cores from within Chicxulub
contain target rock clasts displaying shock metamorphic
effects up to impact melting (e.g., Sharpton et a. 1996;
Stoffler et al. 2004). Based on onshore drill cores, the post-
impact Tertiary sediments are known to increase in thickness
from a few hundred meters outside the cenote ring in wells
T-1, Y-1, Y-2, Y5a to 800 m in Yax-1, and more than a
kilometer in wells Y-6, S-1, C-1 (see Fig. 8 for locations of
wells; Ward et al. 1995). Marine seismic reflection data across
the offshore portion of the impact structure (Fig. 10) confirm

that the Tertiary basin deepens at diameters of <180 km
(Camargo and Suarez 1994).

Initially, there was considerable debate about the size and
morphology of Chicxulub based on the interpretation of the
potential field, particularly gravity, data. Estimates ranged
from ~170 to ~295 km for the fina crater diameter (e.g.,
Hildebrand et al. 1991, 1995; Sharpton et al. 1993; Pilkington
et a. 1994; Espindola et al. 1995). Some degree of consensus
was only reached after Chicxulub had been imaged by a
marine reflection seismic survey (Fig. 10; Morgan et al.
1997), which indicated that it was a multi-ring basin, with an
inner topographic peak and one or, possibly, two outer ring
structures in the form of faults at diameters of ~195 km
(monocline, normal fault with athrow of ~400-500 minto the
structure and a dip of ~30°) and ~240 km (outward directed
thrust). A schematic diagram of the crater structure is shown
inFig. 11.

One striking feature of the marine seismic reflection data
is the downward offset of blocks of Cretaceous sediments as
they are tracked from the rim area toward the center of the
structure. Figure 10 shows an example from the northwest of
the crater, where reflectors that are interpreted as base
Cretaceous anhydrites (Camargo and Suarez 1994) are seen to
deepen from ~1.5st0~4 sSTWTT between 78 and 40 km radial
distance (terrace zone in Fig. 10). The start of this terrace
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Fig. 10. Marine reflection seismic profile Chicx-B (see Fig. 8 for location). Onshore drill holes (Yax-1, Y-6, and S-1; see Fig. 8 for location)
are projected onto the profile at the equivalent radial distance from the crater center. Low-frequency reflections areinterpreted as the boundary
between suevitic breccia and impact-melt rock, on the basis of their occurrence at a similar depth to this contact in onshore holes S-1 and
C-1. Bright reflectors, which are interpreted as Cretaceous anhydrites (Camargo and Suérez 1994; Morgan et al. 1997), are tracked from~1.5 s
to 4 sTWTT between 78 and 40 km radial distance, and lie beneath the peak ring. See text for details.
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Fig. 11. Schematic cross section of the Chicxulub impact structure, based largely on the interpretation of reflection seismic data, supplemented
by drill hole (T-1, Yax-1, Y-6, S-1, and C-1) information. Also included is seismic velocity information, indicating alow-velocity zone (LVZ)
dipping inward under the peak ring and >6.0 km/s velocities in the central area, which are interpreted to indicate the presence of crystalline

basement in the structural uplift. See text for details.

zone (first significant downward offset) occurs between 65
and 80 km radius, and its inner boundary lies between 40
and 45 km radius, several kilometers below the apparent
crater floor. The inner edge of the terrace zone lies directly
beneath an inner peak ring on several seismic reflection
profiles. On a number of reflection profiles, bright, inward-
dipping reflectors run from the outer edge of the pesk ring to
the inner edge of the terrace zone (Morgan et al. 2000).
Whereas the relationship between observations from the
marine reflection dataand interpretations of the potential field
data are unclear with respect to the outer limits of the
Chicxulub structure, the relationship is more consistent

around the inner topographic peak ring. The extent of the
inner gravity ring (~100 km in diameter) and the main
magnetic anomaly (~90 km in diameter, see Fig. 9) both lie
close to the outer edge of the peak ring and the uppermost
extension of the inward- dipping reflector (Fig. 11). Inboard
of the dipping reflectors, the seismic data are interpreted to
indicate structural uplift and thick sequences of impactites.
Outboard of the dipping reflectors, drill hole results and
interpretations of the seismic data combine to indicate a
thinner impactite sequence overlying the collapsed transient
cavity rim material. These combined observations have led to
better agreement on the size of the origina transient cavity
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(Hildebrand et a. 1998; Morgan et a. 2000) than on final
crater diameter. The final crater diameter at Chicxulub has
generally been quoted as ~180 km, primarily on the basis of
the outer edge of the gravity low (Hildebrand et al. 1998), and
between 180 and 200 km on the basis of faults in the target
rock observed on marine seismic reflection data (e.g., Fig. 11;
Morgan et a. 1997).

The peak of theinner topographic ring (arrow in Fig. 10)
imaged in the seismic data has an average diameter of ~80 km
(Morgan et a. 1997; Morgan and Warner 1999a and 1999b).
Prior to the collection of the marine reflection data, Pilkington
et a. (1994) and Sharpton et al. (1996) located the peak ring
at diameters of 70 and 100 km to coincide with an observed
gravity low and high, respectively. These interpretations
reflected their potential field models that the peak ring is
formed from alochthonous breccia (Pilkington et a. 1994)
and crystalline basement (Sharpton et al. 1996), respectively.
Observationsin the reflection seismic data show that the peak
ring actually extends across both these gravity features, with
the center of the peak ring corresponding roughly to a point of
inflexion in the gravity data. The topographic peak ring in the
seismic data has a width of 5-10 km, as expressed on the
apparent crater floor, and rises up to 600 m above the apparent
floor of the structure (Fig. 10; Morgan et a. 1997; Morgan
and Warner 1999a and 1999b). In the east, the pesak ring is
deeper, broader, and more topographically subdued.
Similarly, the definition of the “ring” potential field
anomalies is more subdued in the eastern portion of
Chicxulub (e.g., Fig. 8), raising the possibility of some degree
of asymmetry to the original structure and/or post-impact
tilting of the crater floor (Bell et al. 2004).

The inner pesak ring isidentified in the seismic data by a
high-amplitude reflector with a rough surface that is on-
lapped by post-impact sedimentary fill (Fig. 10). Below its
surface, there are few coherent reflectors within the interior of
the ring. The structural and lithological character of the
topographic peak ring is unknown. It is coincident at its outer
margin with an inward dipping, low-velocity-zone (LVZ) in
the seismic data (Fig. 11), where the overall P-wave velocity
contrast with the surrounding rocks is 100-500 m s,
between the depths of 1 and 7 km (Morgan et a. 2000). The
uppermost part of this LVZ has been interpreted as suevitic
impact breccia or megabreccia; whereas, the lowermost part
is more likely to represent highly fractured crystalline
basement (Vermeesch 2006).

The closest existing drill hole exterior to the position of
the topographic peak ring is Y-6, which is 5-10 km outside
thering (Figs. 10 and 11). It bottomed at 1641 m in dolomite
breccia, after passing through what isinterpreted to be ~130 m
of suevitic breccia and ~360 m of impact-melt rock (Stoffler
eta. 2004). S-1 and C-1 arethe closest drill holes (~10-15 km)
interior to the position of the topographic peak ring (Figs. 8,
10, and 11). They bottomed at 1530-1580 m, after passing
through what is interpreted to be ~360 m of suevitic breccia
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and ~110 m of impact-melt rock (S-1) and ~175 m of suevitic
breccia and ~330 m of impact-melt rock (C-1) (Stoffler et a.
2004). Therefore, none of these drill holes provide constraints
on the nature of the peak ring at Chicxulub. Although the
drilling information does not constrain the nature of the
topographic peak ring, they do indicate that impact-melt
lithologies occur both within the inner crater basin and
radially beyond the peak ring.

The most distal drill holewithin the structureisthe ICDP
hole Yax-1 (Figs. 8, 10 and 11), at aradia distance of ~60 km
SSW of the center. It passed through ~800 m of post-impact
Tertiary fill, followed by ~100 m of suevitic breccia and
impact-melt rocks. It bottomed in what is believed to be a
down-dropped block of Cretaceoustarget rocks, at least 600 m
thick, which is cut by clastic and impact-melt veins and dikes
(Wittmann et a. 2004; Tuchscherer et a. 2004). A low-
frequency reflector is observed inside the peak ring at the
same depth as the boundary between suevitic breccia and
impact-melt rock in C-1 and S-1 (Morgan et a. 2000). Similar,
but less coherent, reflectors are observed within the annular
trough (Fig. 10), and may also represent the boundary
between layers of suevitic breccia and impact-melt rock.

As at other complex terrestrial impact structures (e.g.,
Scott and Hajnal 1988; Henkel and Reimold 1998), structural
mapping by seismic reflection is limited by the loss of
coherent reflectors from parautochthonous rocksin the center
of Chicxulub (Fig. 10). As noted earlier, interpretations of the
potential field, specifically gravity, data over Chicxulub have
been divergent, particularly with respect to estimating the
final crater diameter (cf. Hildebrand et al. 1991, 1995;
Sharpton et a. 1993; Pilkington et a. 1994; Espindola et al.
1995). One of the more recent attempts to define structural
elements at Chicxulub from potential field data has been a
three-dimensional magnetic model (Pilkington and Hildebrand
2000). The magnetic signature of Chicxulub has the form of
three concentric zones, with a center coincident with that of
the crater-related gravity anomaly. The inner magnetic zone
consists of a broad, high-amplitude (>500 nT) anomaly,
which is~40 km in diameter (Fig. 9) and isinterpreted as the
signature of crystalline basement rocks structurally uplifted to
within ~3 km of the surface. It is roughly coincident with the
central gravity high (Pilkington and Hildebrand 2000) and a
zone of high seismic velocity. This central anomaly is
surrounded by an ~90 km diameter zone with a number of
more spatially localized, large-amplitude (100s nT), short-
wavelength, dipolar anomalies, which tend to occur in
partially concentric patterns (Fig. 9). This is followed by a
zone with an irregular outer margin and a maximum diameter
of ~180 km, which contains relatively low-amplitude (<25 nT),
short wavelength anomalies (Fig. 9).

The short-wavelength, high-amplitude anomalies
(<90 km in diameter) are modeled as local magnetized zones
at depths of 1-1.5 km, due to magnetic sources at the top of
the impact-melt sheet and/or suevitic breccias (Pilkington and
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Hildebrand 2000). These short-wavelength anomalies exhibit
reverse polarity, with an inclination essentially coincident
with the Late Cretaceous paleopole for North America
(Steiner 1996), i.e., the same polarity interval (chron 29r) as
the impact event. The anomalies are attributed to
hydrothermal  activity, resulting in the production of
ferromagnetic minerals with a remanent magnetization of 4—
5 A m1 (Rilkington and Hildebrand 2000), compared to that
of therelatively low remanently magnetized (0.08-0.60 A m~
1) bulk of the impact-melt rocks (Steiner 1996). The magnetic
sources are largely confined to two partially concentric zones
at ~40 km and ~90 km diameter, which have been inferred to
be zones of increased hydraulic permeability (Pilkington and
Hildebrand 2000).

This ~90 km diameter zone is coincident with the
location of the inward dipping reflector (Fig. 11), which may
represent the boundary between relatively intact slumped
blocks of Cretaceous and highly fractured peak-ring material
(Morgan et al. 2000; Vermeesch 2006). Thisis consistent with
a modd of increased fluid circulation related to the physical
discontinuity between theinner edge of the down-faulted terrace
zone and the topographic pesk ring. The strong reflectivity of
this dipping reflector may be related to the precipitation of
mineral phases through enhanced hydrothermal circulation.
The inner ~40 km diameter zone of anomalies is interpreted
as due to hydrothermal activity at the interface of the impact-
melt sheet and the basement structural uplift (Pilkington and
Hildebrand 2000).

Based on the central high gravity and magnetic
anomalies, Hildebrand et al. (1998) included a structural
uplift zone with a diameter of 40-50 km in their forward
modelling of the potential field data. Their model depicts a
structural uplift of basement rocks that is surrounded by a
megabreccia zone, which is, along with a core of uplifted
basement rocks, cumulatively ~80 km in diameter at its top
and of lesser width (~60 km) at a depth of 16 km. Given the
relative paucity of measured densities and density contrasts at
Chicxulub, the model by Hildebrand et al. (1998) may be too
complex in detail. Additional gravity modeling by Vermeesch
and Morgan (2004) showed that gravity data over the
structural uplift at Chicxulub cannot uniquely constrain its
shape and that many modelswill fit the gravity dataequally as
well. Whereas gravity data can only provide information on
the maximum distance (but not depth or direction) to a
subsurface density anomaly, seismic velocity data have both
directional and depth control. Hence, a velocity model that
has been determined using both a three-dimensional velocity
and combined three-dimensional velocity-density inversion
(Vermeesch and Morgan 2008) has been used to interpret the
central crater structure in Fig. 11. An advantage of using this
particular inversion techniqueisthat the starting model hasno
structure and the final model is, thus, objective within the
constraints of the model parameters.

Observations at terrestrial complex impact structures,
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where the parautochthonous rocks of the structural uplift are
exposed at the level of the crater floor or below (including
Vredefort and Sudbury), do not indicate a wide, identifiable
megabreccia zone surrounding a core of more coherent
uplifted basement. In keeping with these observations, it is
more likely that the density changes corresponding to this
discrete megabreccia zone in the Hildebrand et al. (1998)
model are either due to lateral and depth variations in the
degree of fracturing and disruption of the basement rocks of
the structural uplift, and/or to a change in mineraogy.
According to scaling relationships and current genera
understanding of large crater formation, such asat Chicxulub,
the material at the center of the structural uplift would
originate from the lower crust and the material that surrounds
it from the mid to upper crust. The typical seismic velocity of
lower crustal rocksis >6.3 km s1 and this is consistent with
velocities observed within the center of the crater at depths of
>5 km (Fig. 11; Christeson et a. 2001; Morgan et a. 2002).
These high-velocity rocks are surrounded by rocks with
velocities that slowly decrease to ~5.8 km s1 (Fig. 11). Such
velocities are more typical of upper continental crust
(Mooney et a. 1998). In support of this, the mgjority of
crystalline basement clasts within the impact breccias at
Chicxulub are granitic (Kettrup and Deutsch 2004), with
calculated average velocities of around 6 km s (Vermeesch
2006).

Based on the above reasoning, the gravity expression of
the entire structural uplift a Chicxulub actually has a
diameter of 70-80 km, which is more consistent with that
derived from the seismic interpretation (Morgan et al. 2000;
Vermeesch and Morgan 2004; Vermeesch 2006). As this is
close to the diameter of the inner topographic ring, it suggests
apotentia rolefor the structural uplift ininner ring formation.
Whatever the case, the structural model of Chicxulub by
Hildebrand et a. (1998), based on potentia field data,
requires revision, as it depicts density contrasts due to this
megabreccia zone extending to depths of 16 km. The
maximum gravity anomalies over terrestrial impact structures
are limited to ~300 g.u. (Basilevsky et a. 1983; Pilkington
and Grieve 1992), corresponding to the preservation of the
effects of impact-induced fracturing and reduced densities
to a maximum depth of ~8 km, below which fractures are
expected to be essentially closed by lithostatic pressure
(Perrier and Quiblier 1974).

INTEGRATION OF OBSERVATIONS AT ALL
THREE STRUCTURES

Both observations and their interpretations in geoscience
focus on what has been previously recognizable and generally
known (Grieve and Therriault 2004). Thus, observations are
never completely objective nor are the models based on these
observations. One of the strengths of the terrestrial impact
record is the potential to combine observations from several
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Fig. 12. Outer limits of the occurrence of shatter cones and PDFsin quartz at VVredefort scaled to and overlain on thelocation of the equivalent
features at Sudbury. Such an empirical scaling method was used to scale and | ocate the potential occurrence of other Vredefort structures (e.g.,

thrusts) to Sudbury. See Fig. 13.

structures of similar size, but exposed to different levels, to
build composite three-dimensional structural and lithological
models of terrestrial impact structures. In the case here,
however, the available terrestrial sampleisvery small and the
guantity, quality, and intrinsic nature of the observations and
interpretations is highly variable between the three structures
under consideration. In addition, there is no single
observation that can spatially link the structural and
topographic characteristics of all three structures.

In order to use the more detailed observations from
Vredefort and for their comparison with the relatively few
equivalent observations at Sudbury, the spatial distribution of
the structural data from Vredefort was dimensionally scaled
and overlain onto the Sudbury geology. As neither structure
has a recognizable rim, deriving common points for
dimensional scaling in transferring the Vredefort data to
Sudbury was done by scaling the relative spatial distribution
of shatter cones and PDFs in quartz at Vredefort to their
equivalent distribution in the least post-impact-deformed
sector, i.e., the northern footwall sector, at Sudbury (Fig. 12).
Using this scaling, the spatial pattern of “Vredefort-derived”
structures was transferred to Sudbury. When done so, they
largely lie in the northern footwall outside the SIC. The

relative position of the inward-dipping, outward-directed
innermost “Vredefort-derived” thrusts are, in the case of
Sudbury, close to the North Range-footwall contact (Fig. 13).
The spatial distribution of the most distant “Vredefort-
derived” structures extends out to the 130 km “ring” of Spray
et al. (2004), but not beyond (Fig. 13).

By analogy with Vredefort, this would suggest that the
larger estimates for the original final crater diameter of
Sudbury (e.g., Tuchscherer and Spray 2002; Spray et al.
2004) may be overestimates. The intermediate, inward-
directed “structures,” derived from scaling the Vredefort
structures, correspond spatially to the area of Huronian
outliers at Sudbury and the locations of the few identified
deformation zones at Sudbury, e.g., the Benny Belt and the
Pumphouse Creek structures (Fig. 13). The locations of the
“Vredefort-derived” structures in the NE lobe and so-called
East Range of the SIC are such that some of the innermost
zone of the outward-directed thrusts cut the SIC in its present
location. In as much as the northeast lobe of the SIC
represents a fold (Klimczak et al. 2007) and the SIC in the
East Range has been extensively deformed by the Penokean
orogeny, e.g., it dips ~70° towards the center of the Sudbury
Basin (Riller 2005), and given the relatively crude nature of
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Fig. 13. Potentid locations of Vredefort-derived structures transferred to Sudbury using the approximate geometric scaling derived from Fig. 12.
Using this scaling the location of the center of Vredefort places the origina center of the Sudbury impact structure just west of the city of
Sudbury. BBSZ-Benny Belt Shear Zone. PCSZ-Pumphouse Creek Shear Zone. See text for details.

the scaling of Vredefort structures to Sudbury, this is not
necessarily an inconsistency.

Conversely, at the relatively uneroded Chicxulub
structure, there is no measure of the deep structure or the
distribution of shock metamorphic features in the
parautochthonous rocks of the crater floor to tie with
observations at Vredefort (and Sudbury). Unlike Vredefort
and Sudbury, however, Chicxulub has topographic features
corresponding to the original rim, annular trough, inner peak
ring, and central basin. Although all three structures have
been imaged by reflection seismic data, the Sudbury
structure was imaged by only a single transect across the
central portion of the structure. Furthermore, the marine
seismic transects of Chicxulub are not comparableinthelevel
of detail and subsequent interpretation to the numerous land
transects at Vredefort, which are tied to both surface and
subsurface geological observations. We are constrained,
therefore, to build upon the initial assumption that all three
structures originally had a ring basin form to extend the
integration of observations at the individual structures, while
checking for internal consistency.

Recent numericad models of transient cavity
modification in large-scale impact events feature outward
collapse of an over-heightened central structural uplift and its
interference with the inward displacement of the collapsing

transient cavity rim area. The final kinematic indicators of
one such model are shown in Fig. 14 (Kenkmann et a. 2000).
They indicate that the parautochthonous target rocks undergo
sub-vertical collapse in the transient cavity rim area, inward
sub-horizontal movement beneath the annular trough and
upward and outward movement in the central structural uplift.
Other recent models have aso included the modification of
the transient cavity and several have focused on the formation
of Chicxulub (e.g., O'Keefe and Ahrens 1999; Pierazzo and
Melosh 1999; Morgan et al. 2000; lvanov and Artemieva
2002), with generally the same result, although they use
different parameterization and vary in detail.

The hydrocode model of Coallins et a. (2002) for peak-
ring formation indicates, specificaly, that the outward
collapsing structural uplift overrides the inward collapsing
transient cavity rim area to form an inner topographic peak.
Theinterpretation of the reflection seismic data(Morgan et al.
2000) and the interpretation that the seismic and gravity data
at Chicxulub can be reconciled to indicate that the structura
uplift in the crater floor extends out to the inner topographic
ring are generaly consistent with this type of model
(Vermeesch and Morgan 2008). In addition, in a recent study
of the Haughton impact structure, albeit a smaller 23 km
diameter structure in a dominantly sedimentary target,
Osinski and Spray (2005) reported structural data that
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Fig. 14. Interpretation of fault/thrust distribution and final sense of movement in parautochthonous rocks of crater floor inferred from
numerical model of formation of alarge complex terrestrial crater, after all movement has stopped. Some of the faults may be activated more

than once. Taken from Kenkmann et al. (2000).

indicate complex interactions between an outward-collapsing
central structural uplift and inward-collapsing transient cavity
walls. This resulted in a structural ring of uplifted, intensely
faulted strata with a diameter of ~10-13 km.

Thus, the initial assumption of an inner ring at Vredefort
and Sudbury is extended here to include the working
hypothesis that such aring is, in principle, the result of the
convergence of inward and outward displaced materials
during transient cavity modification. In this context, the
structural data from Vredefort would suggest that the most
likely manifestation of the location of such a ring, at the
current level of erosion, is at the convergence of movements
between the outward-directed, inward-dipping thrusts of the
inner zone surrounding the Vredefort Dome (Ensels Thrust
Zone in the terminology of Brink et al. 1997, 2000) and the
inward-directed, outward-dipping reversefaultsat intermediate
radial distances in the industry data (Fig. 3). The extension
and scaling of this assumption for Vredefort to Sudbury
would place such an inner ring immediately exterior to the
North Range of the SIC (Fig. 13). This suggests that what is
dominantly preserved at Sudbury, the SIC and its interior
Sudbury Basin, may represent the inner basin of the original
ring structure and that, possibly, the structure of the
topographic peak ring played arole in localizing post-impact
Penokean deformation at Sudbury. If this interpretation is
correct, the parautochthonous lithologies of the crater floor
that occur inward of the position of the peak ring will be part
of the structural uplift and, conversely, those that occur
exterior to the peak ring will be higher stratigraphic level
units from the collapsed wall and rim areas of the transient
cavity.

At Sudbury, the dominant lithology inward of the
postulated position of the peak ring are the Levack gneisses
(Fig. 13), which are granulite facies gneisses partialy
retrograded to amphibolite facies. Uranium-lead ages on
zircon grains define a formation age for the Levack gneisses
of ~2.72 Ga, with shocked and partialy reset variants

defining a discordia with a lower intercept age of ~1.84 Ga,
thetime of impact at Sudbury (Krogh et al. 1984). Krogh et al.
(1984) also detected some 2.65 Ga zircons, which Riller
(2005) interpreted as the time of exhumation of the granulites
from their original depths of 28-21 km to shallower crustal
levels of 5-11 km (James et al. 1992). Preliminary 40Ar-3%Ar
ages on amphibole separates from the Levack gneisses are,
however, consistent with the decompression textures and
retrograde amphibolite metamorphism (James et al. 1992)
being the result of uplift in the Sudbury impact event (N.
Wodicka, Geologica Survey of Canada, persona
communication, 2003). Exterior to the postulated position of
the inner topographic peak ring a Sudbury, the
parautochthonous rocks of the crater floor are upper
greenschist to lower amphibolite Archean granite-
greenstones and include the partial ring of down-faulted
Huronian outliers in the northwest quadrant (Fig. 13). Thus,
the postulated position of the inner ring at Sudbury is
generally consistent with the current spatial distribution of
“deeper” (structura uplift) and “shallower” (transient cavity
rim) parautochthonous lithologiesin the footwall of the North
Range of the SIC.

If the postulated position of the inner ring, derived from
Chicxulub, is used to aso scale, from Chicxulub, a position
for the original final crater diameter at Sudbury, the estimated
final crater diameter is ~150 km. This estimate is apparently
consistent with an earlier estimate of 150-200 km (Grieve
et a. 1991). The dtuations, however, are not exactly
equivaent. In estimating the original apparent diameter of
Sudbury, Grieve et al. (1991) estimated radial distances of the
occurrence of particular impact-related features from the
North Range of the SIC (assuming no tectonic shortening
externa to the North Range) and added 30 km to account for
the original (unshortened) radial distance of the North Range
of the SIC from the center of the structure (assumed to be the
center of the Sudbury Basin). Here, however, origina radial
distances are estimated from a center that was defined from
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the center of the Vredefort structure (taken asthe center of the
Vredefort Dome, 4 km north of Inlandsee), when the location
of particular shock metamorphic features from Vredefort
were scaled to coincide with the relative location of the
equivalent shock-metamorphic features at Sudbury.

This center, so defined, lies south of the present position
of the South Range of the SIC, just west of the city of
Sudbury. Interestingly, the location of the origina center of
the Sudbury Structure, as estimated here from scaling
Vredefort observations, iswithin afew kilometers (<5 km) of
the estimated location of the original center by Butler (1994),
based on his lineament analysis. According to the definitions
of Turtle et al. (2005), the Grieve et al. (1991) diameter
estimate, with its more northerly center within the Sudbury
Basin, and more recent estimates (e.g., Grieve 1994; Deutsch
et a. 1995; Tuchscherer and Spray 2002; Spray et al. 2004)
would more correctly be an estimate of the apparent crater
diameter at Sudbury and be greater than the origina final
crater diameter. Recently, Pope et a. (2004) undertook a
comparison of Sudbury and Chicxulub and, by analogy,
estimated the original final crater diameter of Sudbury to have
been 130-140 km.

At Chicxulub, drill holes C-1 and S-1 indicate impact-
melt-bearing lithologies (suevitic breccia and impact-melt
rock) of unknown thickness (>500 m) interior to the inner
topographic ring (e.g., Kring et a. 2004), which is consistent
with the occurrence of the SIC interior to the postulated
position of the inner topographic ring at Sudbury. Geophysical
modelling has suggested a thickness of ~3—4 km for the inner
impact-melt sheet at Chicxulub (Sharpton et al. 1993;
Pilkington et al. 1994; Snyder and Hobbs 1999; Morgan et a.
2000), similar to the thickness of the SIC (~3 km, if the basal
member of the overlying Onaping Formation is included as
part of the impact-melt sheet [Grieve and Cintala 1992]) at
Sudbury. Although the geophysical modelling includes both
potential field and seismic data, it is difficult to assessthe true
independence of the estimated melt sheet thickness in the
interior basin at Chicxulub based on geophysics from the
known thickness of the SIC. Similarly, drill holes exterior to
theinner topographic rim, Y-6 and Yax-1 (Figs. 8, 10, and 11),
a Chicxulub aso indicate the presence of impact-melt-
bearing lithologies (~100-500 m thick, e.g., Stoffler et al.
2004). Based on these observations, the origina impact-melt
bearing lithologies (now represented only by the SIC) at
Sudbury would have extended beyond the original inner peak
ring to, at least, a diameter of 120-130 km.

As noted earlier, Spray et al. (2004) observed that the
magnetic signature of the pre-impact, 2.47 Ga Matachewan
dike swarm terminates at a diameter of 130 km in the North
Range footwall at Sudbury. They ascribed this to the impact
event, through demagnetization due to either shock or thermal
effects from an overlying impact-melt sheet. Recent
numerical calculations by Ugalde et al. (2005), with synthetic
vertical magnetic dikes, indicate the complete destruction of
their magnetic signature due to thermal and shock effects out
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to aradia distance approaching the final rim of their model
craters. In the case of Sudbury, the radial termination of the
magnetic signatures of the Matachewan dikes at 130 km
diameter (Fig. 6) is consistent with the estimated original final
crater diameter of 150 km for Sudbury, based on scaling of the
relative location of the inner topographic ring and final crater
diameter from Chicxulub. The termination of the magnetic
signature of the Matachewan dikes coincides with the known
termination of the radial Foy offset dike (Fig. 6; Spray et a.
2004), which makes the suggestion that the termination of
the magnetic signatures also marks the extent of the original
impact-melt sheet an attractive working hypothesis
(Pilkington and Hildebrand 2003).

The relative spatial information for the inner ring and
origina rim at Chicxulub was also scaled to Vredefort by
scaling and locating the equivalent to the topographic peak
ring from Chicxulub between the inner thrusts indicating
outward motion (Ensels Thrust Zone) and the intermediate
distant reverse faultsindicating inward motion (Fig. 15). With
the exception of some radial structuresin the far north, in the
area of Johannesburg, the concentric and tangential thrusts
related to the formation of the Vredefort structure lie within
the estimated position of the original rim at Vredefort, based
on the scaled Chicxulub data (Fig. 15). This is a broadly
consistent picture, as the impact-generated and impact-
reactivated structures related to outward motions during
transient cavity formation and inward motions related to
transient cavity modification should largely lie within the
final crater diameter. Based on this approach, the estimated
original fina crater diameter, according to the definition of
Turtle et al. (2005), at Vredefort is ~180 km.

This estimate of the final crater diameter for Vredefort is
closer to that of the model crater diameter of Turtle and
Pierazzo (1998) of 120200 km. If the seismically imaged
structures exterior to the rim at Chicxulub are similarly
scaled, the outer limit of impact-related deformation at
Vredefort is ~300 km in diameter, which corresponds to the
apparent rim diameter estimates of Therriault et al. (1997) and
Henkel and Reimold (1998), using the definitions of Turtle
et al. (2005). This estimate of ~300 km in apparent diameter
corresponds to the estimate of the outer limit of deformation
related to Vredefort, according to Turtle et al. (2005). Based
on the observations at Chicxulub and the interpretation from
Sudbury, regarding the original diameter of the impact-melt
sheet, scaling to Vredefort suggests that the original melt
sheet at Vredefort was ~145-155 km in diameter.

TOWARDSA COMPOSITE EMPIRICAL
KINEMATIC MODEL

There are two basic but reasoned assumptions in this
work. First, all three structures had initially the same form,
which included an inner topographic peak ring. Thisis based
on the occurrence of such aring at Chicxulub and the belief
that the structures had similar original final crater diameters.
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Fig. 15. Potential location of the original peak ring (inner dashed circle) and crater rim (intermediate dashed circle) at Vredefort, based on their
occurrence at Chicxulub. Outermost dashed circle corresponds to the location of the external crustal fault at Chicxulub (see Fig. 11). Seetext

for the assumptions made in scaling from Chicxulub to Vredefort.

Chicxulub has an “observable” final crater diameter in the
seismic data of ~180 km, according to the definition in Turtle
et al. (2005). The integration and comparison of observation
undertaken above suggests that the origina final crater
diameter for Vredefort was ~180 km and for Sudbury was
~150 km. The Sudbury estimate is the least constrained,
because of the extensive post-impact deformation. Asthereis
no single observed characteristic or parameter that is common
to al three structures, there is also a second model assumption,
namely, the topographic peak ring is a reflection of the
convergence of inward-moving materia from the collapse of
the transient cavity rim and wall area and outward-moving
material from the collapse of an over-heightened structural
uplift during the modification stage of the cratering process.
Although there is no single proof, observations and
interpretations at the individual structures, and the results
when these are extended and integrated between structures, as
outlined above, are generaly consisent with these
assumptions.

Although, in hindsight, it is not surprising, given the
detailed shapes of terrestrial impact structures at the surface
(e.g., the “squarish” outline of Barringer crater, Arizona
[Shoemaker and Kieffer 1974]), the polygona shape of
aspects of Manicouagan and other terrestrial complex impact
structures (Morrison 1984)), the evidence from Vredefort

indicates that transient cavity formation clearly exploited pre-
existing structures in the target rocks. In particular, pre-
existing structures tangential to the radial motionsin transient
cavity formation developed into thrusts, accomplishing
outward-directed material displacements. The perception of
the major motions in this process is as discrete packages of
target rocks, with scales of several kilometers. Although there
are clearly differential movements, the senseis of a degree of
overall coherency with respect to the origina spatial
arrangement of the target lithologies. This does not preclude
movement at finer scales. The similar composition of
pseudotachylitic breccia veins and their host rocks and the
observation of relatively minor displacements (generally less
than 0.5 m) across such veins at Sudbury and Vredefort
would, however, seem to argue against major individual
motions at smaller scales (Dressler and Reimold 2004).

The structures examined here provide little information
on details of the origina rim area immediately after the
modification of the transient cavity, with the exception that
the reflection seismic data indicate near-surface lithologies
down-dropped inward of the rim at Chicxulub. At the
resolution of the Chicxulub seismic data, these blocks would
appear to have lateral dimensions on the order of ~10 km near
the rim and become progressively smaller in dimension
(~5 km) close to the inner peak ring. This decrease in block
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dimensions inward of the rim is also observed in reflection
seismic data from Haughton, athough the much more
detailed land-based data from Haughton also suggest a large
number of relatively minor displacements and discrete normal
fault scarps within the down-dropped blocks (Scott and
Hajnal 1988).

Similarly, the Chicxulub data supply limited data on the
dip of thesefaults, except that the most obvious faults near the
surface are steep and may become listric at depth (Gulick
et a. 2008). In agreement with this, the Haughton data
suggest a fault dip of around 60° closest to the surface,
becoming more listric with depth (Scott and Hajnal 1988).
This corresponds well with observations on the inner rim
structure of smaller impact structures such as Tswaing and
Bosumtwi (Brandt and Reimold 1999; Reimold et a. 1998).
Whatever the case, the Vredefort data clearly indicate that
motions in the parautochthonous rocks of the true crater floor
from transient cavity rim and wall area collapse are along
inward-dipping, listric faults, at least at upper to middle
crustal depths. In some cases, particularly at the greater radial
distances from the center, motions were along the same pre-
existing structures in the crater floor that were exploited
previously, during outward-directed motionsin the formation
of the transient cavity. A similar observation with the same
structures being exploited in both the formation and the
modification of the transient cavity has been made recently at
the Haughton impact structure (Osinski and Spray 2005).

Both the Vredefort and Sudbury structures display the
classic pattern of the upturning of lithol ogies and the exposure
of deeper stratigraphic levels in the parautochthonous rocks
of the crater floor, as the center of the structure is approached
(Lana et al. 2003; Riller 2005; Wieland et a. 2005). Thisis
characteristic of the process of structural uplift in transient
cavity modification at complex impact structures (Grieve and
Therriault 2004). Under the basic initial assumption of the
original form of these structures, this is consistent with the
model assumption that structural uplift is an intimate
participant in the physical process(es) that result in an inner
topographic ring, as suggested by recent hydrocode
calculations (e.g., Collins et a. 2002; Ivanov 2005). A
requirement in such models (e.g., Ivanov and Kostuchenko
1997; Kenkmann et al. 2000) is reduced target rock strength
due to such processes as acoustic fluidization (Melosh 1989).
It is not clear what the evidence would be for such a process
at the mid-crustal levels exposed in the crystalline core of
Vredefort. At these levels, movement appears to have been
accomplished by cumulative small-scale differential rock
displacements (shearing and rotation) that is facilitated by
pervasive pseudotachylitic breccia veining and high post-
shock temperatures (Lana et a. 2003; Dressler and Reimold
2004; Gibson and Reimold 2005).

The collar rocks at Vredefort indicate that uplift and
rotation to near vertical to overturned attitudes, with the
variation likely due to the effect of a pre-impact regional dip
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(Lana et al. 2003; Wieland et al. 2005), occurred prior to the
outward-directed radial thrusting (Simpson 1978; Brink et al.
1997). The former isindicative of the well-known inward and
upward kinematics in the parautochthonous rocks of the
crater floor observed in structural uplifts at the centers of
smaller terrestrial impact structures (Grieve and Therriault
2004). Thereis, however, anet differencein the final result of
uplift here, compared to smaller complex terrestrial impact
structures. The planar mineral fabrics in the crystalline core
are steep and similar to the attitude of the collar rocks only in
the outermost part of the crystalline core of the Vredefort
Dome, adjacent to the collar of supracrustal rocks. In contrast,
in the central portion of the core, the planar mineral fabrics
are sub-horizontal (Lana et a. 2003), suggesting a further set
of movements, beyond the inward and upward movements
that characterize the structural uplifts of smaller terrestrial
impact structures.

Similarly, the evidence for the later-stage outward
motions manifest in the outer portion of the structural uplift as
inward-dipping thrusts, such as those at Vredefort, is
generally not observed at smaller terrestrial complex impact
structures. The indicators for outward motions observed by
Osinski and Spray (2005) around the structural uplift at the
smaller Haughton structure are not exactly equivalent to these
late-stage motionsin the structural uplift at the larger structures
under consideration here. The structures at Haughton that
indicate outward motion dip away from the center, are
extensional, and are believed to be related to the structura
uplift undergoing late-stage adjustments to the collapsed
transient cavity and the formation of the annular trough
(Osinski and Spray 2005). The outward-directed, inward-
dipping thrusts at Vredefort are consistent with a model of a
structural uplift that collapses back down its central axisinto
amodified transient cavity. The modified transient cavity no
longer has the capacity to accommodate the “excess’ volume
of the collapsing structural uplift, which is then redirected
outwardsin aradial direction.

This model involving “excess’ volume of the structural
uplift has similaritiesto amodel to explain the transition from
complex central peak craters to central peak basins, which
have a central peak and atopographic peak ring, on the Moon
(Hale and Grieve 1982). Unlike on the Moon, the greater
amount of impact melting, relative to transient cavity
dimensions at similar-sized terrestrial impact structures,
resultsin the impact-melt volume reaching below the floor of
the transient cavity at structures with the sizes under
consideration here (Grieve and Cintala 1992). Following
structural uplift and cavity modification, this materia of the
transient cavity floor will fail to be ultimately manifested asa
topographic central peak, asit has no mechanical strength and
can not result in a positive topographic feature.

The radial motions from structural uplift collapse occur,
at least in their later stages, by discontinuous deformation
along specific dislocations. This is not necessarily at odds
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Fig. 16. Schematic cross section of half space of theintegrated empirical model of aterrestrial ring basin, with no vertical exaggeration. Model
is generally consistent with the observations and interpretations in the text, concerning the characteristics and interpretations at Vredefort,
Sudbury, and Chicxulub. “V” on depth scale is approximate current level of erosion at Vredefort. Erosional level for Chicxulub is essentially
the upper surface of the model structure. The inner Sudbury Basin has an erosion level similar to Chicxulub. Exterior to the Sudbury Basin
and the SIC, the erosional level at Sudbury is more comparable to that at VVredefort. See text for details and model assumptions.

with the sense of bulk coherent flow of overriding low-
strength materia in the collapsing structural uplift in model
calculations (e.g., Callins et al. 2002). Localization of strain
concentrated aong very narrow zones and discrete
displacements are, in fact, a feature of the apparent smooth
average strain and bulk coherent flow of model calculations
(Collins et al. 2004). The situation, however, may be different
in the core of the structural uplift, as suggested by the lack of
discrete structures and the sub-horizontal impact-related
mineral fabricsin the center of the core at Vredefort (Lana
et al. 2003). It is not clear whether the outward-dipping,
radially inward-directed reverse faults, which emanate from
the listric faults in the crater floor at Vredefort, had aready
formed during the collapse of the transient cavity wall.
Whatever the case, the combination of opposed radially
directed shortening by the two sets of structureswith opposite
dip will lead to a circular zone of compression at this radial
distance and the potential to create positive topography in the
form of aring.

At the higher stratigraphic levels of Chicxulub, the inner
topographic ring lies stratigraphically above and dlightly
inward of the last identifiable blocks of Cretaceous strata
down-dropped cumulatively some 4-6 km in the collapse of
thetransient cavity rim area. There are anumber of prominent
reflectors (structures?) with an inward dip of 30°, which run
stratigraphically between the outer edge of the inner
topographic ring and the inner edge of the last identifiable
down-dropped Cretaceous block at Chicxulub (Fig. 10;
Brittan et al. 1999). Inward of the dipping reflectors is the
low-velocity zone with a similar inward dip (Morgan et al.
2000), which is interpreted to be due to a megabreccia or
fractured basement of the structura uplift (Vermeesch and
Morgan 2004). The low velocity zone can be traced to depths
of ~7 km. The observations and interpretations regarding the
process of peak ring formation at Vredefort and Chicxulub are
broadly compatible with the representation of the same
process. A composite synoptic structural cross section of the
final form of such aterrestria ring basin, compatible with the

observations and interpretations of the three structures under
consideration, particularly Chicxulub and Vredefort for the
near-surface and deeper sections, respectively, isillustrated in
Fig. 16.

Once transient cavity modification is complete, the
impact melt will pool on the crater floor both inside and
outside the inner topographic ring. On the basis of the SIC at
Sudbury, the resultant impact-melt sheet within the inner
topographic ring would be ~3 km thick and would most likely
differentiate into more felsic and more méfic lithologies. It is
interesting that both Vredefort and Sudbury have impact-melt
dikes with equivalent (radial and concentric) orientations in
the parautochthonous rocks of the crater floor, suggesting
possibly common genesis and emplacement processes
(Therriault et al. 1996b). The offset dikes at Sudbury have
somewhat evolved and varying compositions. The data of
Tuchscherer and Spray (2002) indicate that most distal chilled
variants are closest in composition to the average SIC
composition and the most proximal variants have the most
evolved composition. Thisisindicative of successive tapping
of the overlying melt sheet for dike material asthe melt sheet
differentiated. If the Granophyre melt dikes at Vredefort also
represent an evolved composition, with respect to the average
composition of the original impact-melt sheet, it may explain
the somewhat diverse results of mixing models of potential
target rock components (Therriault et a. 1997; Reimold and
Gibson 2006). Assuming gravity scaled impact-induced
topography, similar-sized multi-ring basins on Venus
(Alexopolous and McKinnon 1994) suggest the immediate
post-impact apparent depth of these terrestria ring basins,
with fina crater diameters of ~150-200 km, would be ~1 km
(Sharpton 1994).

CONCLUDING REMARKS
This contribution has garnered observations and

interpretations of those observations from three separate
sources. Vredefort, Sudbury, and Chicxulub, under the
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assumption that they all had the same morphology as impact
structures. The lack, however, of a single common physical
attribute that could be carried through all three structures has
required a working hypothesis be assumed, regarding the
formation of an inner topographic ring at these structures.
With this assumption, scaling of the various attributes of
individual structures to all structures yields a generally
self-congstent picture with no obvious spatial, structural, or
lithological anomalies. The general lack of mgjor inconsistencies
in creating the final composite kinematic model of aterrestrial
ring basin is a positive outcome, but the model can only be
considered as support for the initial working hypothesis.
By its nature, the composite model is similar to the end
results of some recent hydrocode models. It is internally
consistent with the formation of an inner topographic ring
through the convergence of the outward collapse of an
over-heightened structural uplift and the inward collapse
of the transient cavity rim area but, by its inherent nature,
is not proof.

The composite empirical model, which is heavily
influenced by the structural interpretations at Vredefort, does
differ in one detail from the results of hydrocode models. In
the hydrocode models (e.g., Collins et a. 2002; Ivanov 2005),
the inwardly collapsed transient cavity rim units largely dip
towardsthe center of the structure and are overridden by units
from the collapsed structural uplift to form the inner ring. At
the erosional level of Vredefort, however, interpretations of
seismic data for the empirical model suggest that the inner
ring occurs a the convergence of outwardly dipping
structures in the collapsed transient cavity units and inwardly
dipping structuresin the collapsed structurd uplift units (Fig. 16).
Thisdivergence may betheresult of differencesintherelative
timing of the inward collapse of transient cavity and outward
collapse of structural uplift units between the empirical and
hydrocode models. Alternatively, it may be a function of the
reliance on the structural data from Vredefort and its current
level of erosion (see Fig. 15 in Ivanov 2005) in the empirical
model.

The structural data from Vredefort are compatible with a
structural uplift collapsing back down its axis and the excess
volume of material moving radially outward along a series of
discrete thrusts. Another principle facet of the model is the
extent to which block movements in the formation and
modification of the transient cavity rim area exploited pre-
existing structures in the target rocks. This is particularly
prevalent for pre-existing structures with tangentia
geometriesto theradial sense of movement, which develop as
thrusts. In addition, the same structures can be exploited for
both transient cavity formation and subsequent modification.
Finally, the absence of a residual or remanent central
topographic peak from the process of peak-ring formation can
be attributed to those materials that could ultimately
congtitute such a central peak (the uplifted transient cavity
floor) being within the origina volume of impact melt at
terrestrial impact events of this magnitude.
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Testing of the robustness of the working hypothesis and
the composite model will require further observational data.
Although there are thresholds in the formation of particular
elements of crater morphology with event size, the processes
of transient cavity modification likely represent a continuum.
It is possible, therefore, that detailed structural/lithological
information from other (smaller) terrestrial impact structures
can provide some additional constraints and tests. This
may be particularly true at impact structures in weaker
sedimentary targets with good stratigraphic controls, such as
the recent study at Haughton (Osinski and Spray 2005).
Ideally, however, there should be an effort to gather new and
relevant observations at the three structures in question. For
example, a future focus at Sudbury could include geologic
mapping in the northern footwall of the SIC to confirm or
deny the existence of structures equivalent to those imaged at
Vredefort. At Vredefort, there is potential for the future
release of the vast amounts of yet undisclosed data held by
industry, which could provide further constraints. At
Chicxulub, a future focus should be the determination of the
exact lithological and structural nature of the inner
topographic peak ring. While additional geophysical studies
will help, atrue quantum step in determining the exact nature
and understanding the formational process will require
drilling of the inner topographic peak ring at Chicxulub.

Finally, the potential formation of a zone of inward-
dipping thrusts, equivalent to those at Vredefort as the result
of the collapse of the initial structural uplift, may have
implications for the ultimate nature of the post-impact
tectonic deformation at Sudbury. Such thrusts, with the
appropriate geometry, could be reactivated during the overall
NW-SE shortening by the subsequent Penokean orogeny.
There are recent suggestions of such thrusting in the North
Range of the SIC, asindicated by missing sections of the SIC-
induced thermal aureole in the northern footwall, in the
vicinity of the SIC (Boast and Spray 2006). Similarly, impact-
related thrusts with other geometries could be reactivated as
strike-dlip structures in the Penokean, which might account
for such faults cutting and displacing the SIC in the East Range
(Grieve et al. 2005). As many of the ore deposits at Sudbury
occur at or near the base of the SIC, the potential existence and
reactivation of such structures have implications for future
exploration strategies at Sudbury.
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