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Abstract-The structure of Canadian impact craters formed in crystalline rocks is analyzed using
shock metamorphism and evidence for movement along shear zones. The analysis is based on an
interpretation that, beyond the near field region, shock pressure attenuates down axis as P ~ R, in
agreement with nuclear test and computed results, and as P ~ R3 near the surface. In both simple and
complex craters, the transient cavity is defined by the limit of fragmentation due to direct and
reflected shock waves. The intersection of the transient cavity with hemispheric shock isobars
indicates that the transient cavity has a parabolic form. Weakening by dilation during early uplift
allows late stage slumping of the walls of simple craters. This is controlled by a spheroidal primary
shear of radius ry, = 2d;, where d; is the depth of the transient crater due to excavation and initial
compression. With increasing crater diameter, the size of the transient cavity decreases relative to the
shock imprint, suggesting that fragmentation and excavation is limited by progressively earlier
collapse of the margins under gravity. Central peak formation in complex craters may be initiated by
relaxation of the shock-compressed central parautochthone, so the primary shear, lubricated by

friction melting, meets below the crater floor and drives the continuing upward motion.

PREFACE

The admirable objective of bringing together
theoreticians, modelers, and observers to ponder the state of
understanding of hypervelocity impact craters follows an
equally admirable tradition exemplified by the meetings
convened by French and Short (1968) and Roddy et al.
(1977). New perspectives have been the lifeblood of impact
crater research, a field that has had more than its share of
battles generated by old prejudices and remarkable blind
spots. Bob Dietz brought a fresh viewpoint to Sudbury and
was rewarded by the discovery of shatter cones (Dietz 1964)
that legions of geologists had passed over in 80 years of
detailed mapping. At about the same time, Jehan Rondot was
in the midst of routine regional mapping in the Charlevoix
region. He recognized unusual fracture patterns in a well-
exposed roadside outcrop and later learned from John
Murtaugh (who was mapping Manicouagan at the time) that
he had discovered shatter cones (Rondot 1966). Thereby,
Rondot added to the growing Canadian list a large impact site
that was previously unrecognized despite 15 years of
systematic searching for likely structures on the Canadian
shield (Beals 1965).

Charlevoix resembles Sudbury in that both have been
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affected by subsequent tectonic events that add to the
challenge of interpretation. They remind us that each impact
site has unique features and settings that pose problems for
those seeking a general theory. The selection made here is an
attempt to identify data for which such problems seem
relatively manageable and so bear directly on the task of
bridging the gap to theory. A robust understanding of the
craters within the range surveyed in this paper is essential for
probing the mysteries of the largest structures, such as
Chicxulub, Vredefort, and Sudbury. It is my prejudice that
Sudbury, in particular, has further surprises in store and is far
from a straightforward extrapolation from craters half its size.
An ultimate aim, therefore, is to test this view and decide if
the recipe for Sudbury requires more of the same or additional
ingredients.

INTRODUCTION

This review surveys aspects of the Canadian experience
in studying craters formed in Precambrian crystalline rocks
of the Canadian Shield (Beals et al. 1963). It outlines some of
the successes and difficulties experienced by earlier analyses
of impact crater mechanics as the database grew (Dence
1968; Dence et al. 1977; Grieve et al. 1981) and expands on
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recent revisions and additions to these analyses (Dence
2002). In particular, it summarizes the use of shock
metamorphism data in illuminating impact crater structure
and mechanics and highlights assumptions made in
translating surface and drill core observations into relevant
structural data.

An initial assumption is that, for the most part, the
crystalline rocks of the Shield can be treated as physically
homogeneous and isotropic. Such a view is encouraged by the
general similarity of features observed in craters of
comparable size, after due allowance for erosion and state of
preservation, in Canada and elsewhere in similar settings
(e.g., Boltysh; Grieve et al. 1987; Kelley and Gurov 2002). It
follows that, for these target materials, changes in form and
structure with size can be analyzed largely as functions of
energy rather than possible differences in target material
properties. This is generally not the case where sedimentary
rocks with varying physical properties are a substantial
proportion of the country rocks, as at Canadian craters such as
Carswell (Innes 1964) and Haughton (Robertson 1988). For
the largest terrestrial craters, notably Sudbury, additional
factors such as the regional thermal gradient at the time of
impact and bulk changes in composition of the lithosphere
have to be taken into account. These situations are not
considered in the present analysis.

In general, the rocks of the Canadian Shield lack
structures that can provide direct information about pre-
impact configuration. The exceptions are a few cases where,
at the time of impact, the Precambrian basement was overlain
by relatively thin (100-200 m thick) sequences of flat-lying
Paleozoic sedimentary rocks. These provide important

Table 1. Representative Canadian impact craters.?

indicators of the final disposition and conformation of the
original surface, but, as they are a minor component of the
target, they appear to have little influence on the final crater
form.

The impact craters that form the core of the database
from the Canadian Shield are listed in Table 1, while some
comparable craters from other parts of the world are noted in
Table 2. Note that some diameters and ages differ from those
given in the standard Earth Impact Database. A brief reason
for the preferences used here is given in the attached notes.
Though the extent of erosion differs, the Canadian craters are
sufficiently well preserved to demonstrate the topographic
range identified on other planets, from simple to central peak
and peak ring forms, as a function of increasing size. The
present inquiry concentrates on internal changes in structure
that likewise change with size and thereby shed light on crater
mechanics. Ejecta are not considered, as glacial erosion has
stripped any such deposits from the exterior of all the
Canadian craters. Glacial action has similarly eroded most
interior impact breccia deposits except where protected by
post-impact sedimentary fill.

Terminology

In this review, a distinction is maintained between
fragmentation, leading to the formation of allogenic breccias
and fracturing associated with faults, shears, and some
localized autochthonous, usually monomict breccias. Layers
of impact-produced melt rocks and associated breccias within
craters are collectively referred to as allochthonous deposits.
Where the uppermost layers are preserved, they may include

Name Morphological type Location Diameter (km) Age (Myr)
Holleford, Ontario Simple N 44°28' W 76°38' 2.35 550+ 100
West Hawk Lake, Manitoba Simple N 49°46" W 95°11' 2.44 100 £ 50
New Quebec, Quebec Simple N 61°17" W 73°40' 3.44 1.4+0.1
Brent, Ontario Simple N 46°5" W 78°29' 3.8 396 £ 20b
Wanapitei, Ontario Flat-floored (?) N 46°45" W 80°29' 7.5 372+1
Deep Bay, Saskatchewan Flat-floored N 56°24" W 102°59’ 9.5¢ 99 +4
Nicholson Lake, NWT Central peak N 62°40" W 102°41’ 12.5 <400
Clearwater Lake East, Quebec Central peak N 56°5" W 74°7' 20° 290 £ 20
Haughton, Nunavut Central peak N 75°22" W 89°41' 24 23+1
Mistastin Lake, Labrador Central peak N 55°53" W 63°18' 28 364+4
Slate Islands, Ontario Central peak N 48°40" W 87°0’ 30 ~450
Clearwater Lake West, Quebec Peak ring N 56°13' W 74°E13’ 32¢ 290 + 20
Carswell, Saskatchewan Peak ring N 58°27" W 109°30’ 39 115+ 104
Charlevoix, Quebec Peak ring N 47°32" W 70°18' 54 342 £15¢
Manicouagan, Quebec Peak ring N 51°23" W 68°42' 80¢ 2141
Sudbury, Ontario Multi-ring (?) N 46°36" W 81°11' 200f 18503

aData are from the Earth Impact Database (www.unb.ca/passe/ImpactDatabase.htm) except as noted.
bRadiometric age, as given, is too young, as an age of >452 Ma, i.e., probably Lower Ordovician, is indicated on stratigraphic grounds (Grahn and Ormd 1995).

¢Diameter given here is based on diameter of residual gravity anomaly (see text).

dAlternatively, age may be Lower Paleozoic (365-515 Ma) (Bess 1985; Wanless et al. 1968), which is in better agreement with regional erosion history.
¢Radiometric age, as given, is probably low (Whitehead 2003, personal communication).
fDiameter is based on distribution of shock features and limit of deformation in Huronian sedimentary rock.



Shock metamorphism in simple and complex impact craters

Table 2. Other impact craters mentioned.?
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Name Morphological type Location Diameter (km) Age (Myr)
Barringer, Arizona, USA Simple N35°2" Wl1l1°l’ 1.19 0.049 £ 0.003
Lonar, India Simple N 19°58" E 76°31" 1.83 0.052 £ 0.006
Ries, Germany Peak ring N 48°53" E 10°37' 24 15.1+£0.1
Boltysh, Ukraine Central peak N 48°45' E 32°10' 24 65.17 £ 0.64
Puchezh-Katunki, Russia Central peak N 56°58' E 43°43’ 80 167+3
Popigai, Russia Multi-ring N 71°39" E 111°11’ 100 35.7£0.2
Chicxulub, Mexico Multi-ring (?) N 21°20" W 89°30’ 170 64.98 + 0.05
Vredefort, South Africa Multi-ring (?) S 27°0" E27°30 300 2023 +4

aData are from the Earth Impact Database (www.unb.ca/passe/ImpactDatabase.htm).

fall back or fall out fragments, but for the most part, they are
the fragmented or shock melted materials that, although
mobilized, did not leave the crater but remained as a lining of
the crater floor and walls. In some cases, the crater-lining
sequence is preserved with little subsequent deformation. In
others, there has been further disruption by late-stage
movements. Where the allochthonous succession has not
been disturbed, its lower contact is the fragmentation limit;
beyond that limit, brecciation dies out except for relatively
minor pockets of monomict breccia.

The rocks below the fragmentation limit may be
displaced and deformed to varying extent but retain structural
continuity. They constitute a parautochthone that, in turn,
grades into rocks of the autochthone, country rocks that
contain no evidence for substantial movement or internal
change due to the impact event. As will be discussed, one of
the main changes with crater size is the position of the limit of
fragmentation relative to the extent of shock metamorphism.
In this and other ways, the distribution of shock effects
provides valuable data and raises important issues for
consideration by modeling methods.

BACKGROUND

An attractive feature of studies of terrestrial impact
structures from early days has been the attempt to marry
theory, experiment, and observation. This has been fraught
with difficulties and flawed assumptions, most famously
illustrated by the pioneer efforts of Gilbert (1896) to
reconcile evidence of meteorite impact at Meteor Crater,
Arizona with an elementary understanding of impact
mechanics. The vigorous debate in that arena over the next
60 years (Hoyt 1987) was mirrored elsewhere as enigmatic
circular structures were recognized in many parts of the
world, usually in stable regions where the rate of erosion has
been low. The resolution of the Meteor Crater controversy,
through the use of theory and nuclear explosion results
(Bjork 1961; Shoemaker 1960, 1963), opened the way to the
present consensus on the criteria for identifying impact
structures (Dence 1972) and the current understanding of the
impact record (Grieve 1998).

After the New Quebec and Brent craters where brought
to the attention of scientists in 1951 (Meen 1950, 1957;

Millman et al. 1960), C. S. Beals and colleagues at the
Canadian Dominion Observatory began a systematic search
for possible impact structures on the Canadian Shield (Beals
et al. 1956). From the outset, they appreciated the importance
of a sound theoretical basis for the interpretation of the
morphologic and geophysical evidence that they amassed in
the succeeding decade (Beals 1965). For a theory of impact,
they turned to the pioneer work of von Neumann and
Richtmeyer who used an early digital computer to follow the
progress of a shock wave in a dissipative medium (Beals et al.
1963). A second major influence was the analysis by Baldwin
(1949) of lunar craters in the light of data from experimental
explosion craters. The simplified model that Beals and
colleagues adopted combined crater profiles drawn from
Baldwin with a substructure of concentric bowls of crushed
breccia and fractured basement. This model was used in the
interpretation of several craters examined in detail by
geophysical methods followed by diamond drilling.

By 1960, it was apparent that the model was deficient in
several ways. Baldwin’s curve relating crater diameter and
depth for bomb and lunar craters seemed to agree with the
respective dimensions of Barringer, Holleford, New Quebec,
and Brent craters (Beals et al. 1963; Millman et al. 1960).
However, initial expectations that Deep Bay also fell on the
curve had to be revised when drilling showed it to be
considerably shallower than forecast (Innes et al. 1964). At
that time the effect of gravity on crater form was not taken
into account. On the other hand, there was an emerging
realization from nuclear explosion data that the energy of
hypervelocity impact is partitioned into heat and phase
changes, as well as fracturing and ejection of both target and
projectile. Innes (1961), for example, made allowance for the
partitioning effect when he used density deficiencies from
gravity surveys of Holleford, Brent, and Deep Bay craters to
derive estimates of impact energy. His results lay within the
broad range of energy estimates obtained by other methods
but, by later calculations, underestimated the total energy
involved (Dence et al. 1977).

Other difficulties reconciling observation with the impact
hypothesis had arisen from early investigations of larger
circular structures such as the Clearwater Lake West and
Manicouagan craters (Beals et al. 1956). There were two
unexpected features that seemed to be obstacles to an impact
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origin. One was the presence of large volumes of rocks of
igneous texture that initially were taken by many
investigators (Bostock 1969; Currie 1971; Kranck and
Sinclair 1963) as flows of lava and, hence, evidence of a
volcanic origin for the structure; some proposed impact-
triggered volcanism. Subsequently, they have been accepted
on structural, chemical, and isotopic grounds as the products
of impact melting (Dence 1971; Floran et al. 1978; Grieve
1978; Grieve et al. 1977). A second puzzling feature, for
which a complete explanation remains more elusive, was the
presence of a central peak and evidence from gravity and
seismic profiles (Sweeney 1978; Willmore 1963) that the
center was not strongly fractured, unlike smaller craters. As a
result, it was not until shock metamorphism was fully
accepted as an unambiguous criterion for hypervelocity
impact (French and Short 1968, and papers therein) that the
impact status of these craters was confirmed.

SHOCK METAMORPHISM AS
A STRUCTURAL TOOL

Soon after the acceptance of natural shock metamorphism
as the prime criterion of hypervelocity impact, it became
evident that the distribution of shock features could be used to
elucidate the mechanics of impact crater formation. An
important early demonstration was the use of shatter cone
orientations (Dietz 1968; Manton 1965) to determine the net
inward and upward displacements involved in the formation
of central peaks in stratified sedimentary successions.
Restoring the rocks to their original positions demonstrates
that the shock wave originated near the surface, indicates their
net trajectories during uplift, and outlines the parabolic profile
ofthe transient crater formed during the early excavation stage
before the uplift of the center (Dence et al. 1977). Obtaining
comparable structural information for craters formed in
crystalline rocks is less direct and requires a careful mapping
of the levels of shock metamorphism in indicator minerals, of
which quartz and feldspar are the most important.

The detailed study of shocked rocks and minerals in
terrestrial settings began with studies of ejecta at Meteor
Crater (Chao 1968), inclusions in suevite at the Ries (Stoffler
1966; von Engelhart and Stoffler 1968), and shock effects
resulting from nuclear explosions (Short 1968). Applying
those results to older Canadian structures was hindered, in
part, by the obscuring effects of deep erosion and alteration.
On the other hand, besides shatter cones, melt rocks resulting
from shock pressures exceeding 60 GPa and planar
deformation features (PDFs) in quartz and feldspar, produced
in the 5-25 GPa range of shock pressures, are commonly
well-preserved, even in craters of early Paleozoic age or
older. In addition, the continuous diamond drill core obtained
from several craters provided details of the distribution of
shocked materials to depths of as much as 1 km.

The extensively drilled Brent crater became the prime
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arena for using shock metamorphism to understand crater
relationships and mechanics. The recovered cores included
sequences of strongly mixed breccias, sections of shock
melted material, and deeper intervals where relatively
undisturbed, moderately to weakly shocked rocks showed
progressive diminution of shock with depth (Dence 1968).
Shock effects range from total melting indicative of the
highest pressures to progressively weaker developments of
planar deformation features in quartz, feldspar, and other
minerals, as described by Robertson et al. (1968). The
analysis revealed that the subsurface structure of craters of
simple form is more complex than had previously been
recognized (Beals et al. 1963; Dence 1965) and indicated that
late-stage redistribution of shocked rocks is substantial.

A classification by zones was adopted (Dence 1968) as a
means of mapping the intensity of shock metamorphism. This
was later augmented by a more quantitative approach (Dence
et al. 1977) that used detailed measurements of planar
deformation features (PDFs) in quartz and, to a lesser extent,
feldspar. The calibration based on laboratory data (Horz
1968) recognized the variable development of shock
deformation within large rock masses. For example, at the
Mont de Babel anorthosite massif that forms part of the
central uplift at Manicouagan crater, the author observed
maskelynite as localized concentrations up to centimeters
across that grade into plagioclase of near-normal
birefringence over a few millimeters, or even within single
grains. Similarly, quartz commonly shows variable
development of PDFs both within and between grains
(Robertson et al. 1968). To capture the range of variation
within a sample, Robertson measured some 25 or more grains
of quartz per thin section, assigning a nominal shock pressure
to each grain according to the observed PDF orientations and
other optical properties. From these data, an estimated mean
shock pressure was calculated for each sample. The method
was applied to analyze shock zones at Brent and two other
craters, Slate Islands and Charlevoix (Grieve and Robertson
1976; Robertson 1975).

Several factors, yet to be thoroughly evaluated, introduce
some uncertainty into such calculations. Robertson and
Grieve (1977) have drawn attention to the effect of grain size
specifically in cases such as the Slate Islands structure where
quartz grains are smaller than the millimeter scale of typical
granitic rocks in the Shield. Likewise, the author has observed
coarse crystals of quartz in pegmatite veins at Charlevoix that
show stronger development of PDFs than quartz in adjacent
medium grained gneisses. Relative abundance is a second
factor, as minerals present as minor constituents may show
less evidence of shock damage than the dominant phases that
form the framework of the rock and, therefore, take the brunt
of the shock-induced deformation. For example, from
personal observation, mica and other minor phases within
maskelynite may show no visible deformation as may small
feldspar inclusions within dark minerals.
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The tabular data of Robertson (1975) show that the range
of shock pressures expressed grain by grain in representative
granitic rocks is on the order of £5 GPa. By taking an average,
the pressure assigned may be somewhat lower than a value
based simply on the first appearance of particular shock
features but is arguably more representative of the mean
pressure pulse. The pressure calculated is taken to the nearest
GPa, not to imply high absolute precision but to indicate
differences in shock pressure between nearby samples in
continuous rock sequences. The overall consistency of the
results at the three craters examined in this way (Grieve et al.
1977; Robertson and Grieve 1977) gives confidence that they
are useful in making estimates of apparent gradients of shock
pressure for structural analysis.

Shatter cones are generally considered to be the direct
consequence of the passage of shock waves and their
reflections. They commonly occur in the zone where the
pressure pulse consists of an elastic precursor followed by a
plastic wave (Dietz 1968; Milton 1977). A complete theory of
shatter cone development has yet to be formulated, but it is
generally accepted that they form early in the cycle of shock
loading and unloading and so provide an indication of the
differential stresses related to the passage of the shock. The
matter of the timing of shatter cone fracturing relative to the
fragmentation that produces breccias at the transient cavity
stage is an open question. Virtually all known shatter cone
occurrences are found in central uplifts and so are in rocks of
the parautochthone beyond the limit of fragmentation. This is
the case at Charlevoix, where the relationship of shatter cones
to mineralogical shock features is well-displayed (Robertson
1975), as discussed below.

STRUCTURAL ANALYSIS OF SIMPLE CRATERS
General Characteristics

While Meteor Crater, Arizona, is the largest simple crater
formed in sedimentary rocks and is the acknowledged model
of crater mechanics (Roddy 1977; Shoemaker 1960, 1963), it
is well known that others formed in crystalline target
materials have diameters up to 4 km. Lonar Lake, India
(Fredriksson et al. 1973) and craters within this range in
Scandinavia (Abels et al. 2002) and elsewhere, provide
valuable information on the general subsurface configuration
of breccias in craters that lack central uplifts. In Canada, the
well-preserved New Quebec crater furnishes important data
on rim structure and other aspects of the surface expression of
such craters, while subsurface information has been obtained
from three others by diamond drilling. Of the latter, the two
smaller, Holleford (Beals 1960) and West Hawk Lake
(Halliday and Griffin 1967; Short 1970), exemplify craters
formed, respectively, in Grenville Province marbles and other
metasediments and Superior Province greenstones. However,
the extensive drilling at the 3.8 km Brent crater, Ontario
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(Fig. 1) has yielded the most complete picture of the anatomy
of a simple impact crater and is the main source of insights
into the mechanics of crater formation in crystalline rocks.
The elements of greatest interest in this respect are the nature
and distribution of breccias and melt rocks, the level of shock
metamorphism in both breccias and underlying basement
rocks, and evidence for shearing and relative motion within
and at the base of the breccia lens.

Breccias and Melt Rocks

As outlined above, the initial impression from drilling at
Brent in 1955, 1959, and 1960 was of a sequence of breccias
below the sedimentary cover within the crater, underlain by
fractured but relatively undisturbed country rocks (Beals et
al. 1963). This was clearly colored by the prevailing model at
the time and missed the significance of a layer of igneous
rocks encountered at a depth of about 1 km, interpreting them
as a pre-existing sill. Petrographic examination showed that
the igneous rocks were different from pre-impact dikes found
in the region including alndites, dated as latest Proterozoic or
Cambrian (Hartung et al. 1971), that do occur in the rim
rocks of the crater and are a minor component of the Brent
breccias. Interpretation of the igneous layer as a lens of
impact melt (Dence 1968, 1971) was reinforced by the results
of drilling in 1967 and detailed analysis (Dence and Guy-
Bray 1972).

Depicting the complexities of the breccias and other
relationships at Brent has proved difficult. Presentations have
not been completely consistent (e.g., Dence 1964, 1965,
1968, 2002; Dence et al. 1977; Dence and Guy-Bray 1972;
Grieve 1978; Grieve and Garvin 1984; Grieve et al. 1981;
Hartung et al. 1971), reflecting, in part, changes in ideas and
emphasis. Certain features have assumed greater importance
as observations are compared with evolving impact theory.
Following the recognition of the melt rocks as an integral part
of the crater sequence, the main changes in interpretation
have arisen from the realization that shock effects do not
diminish regularly with depth but wax and wane with little
apparent regularity, except near the base. In the drill holes
within 1 km of the center, one or two layers of melt plus
mixed breccia resembling suevite are found in the upper
approximately 100 m of the breccia mass (Fig. 1). Otherwise,
except in the center, the bulk of the breccias are only slightly
mixed and weakly shocked. In addition, drill-holes B1-59 at
the center and B1-67, 200 m away demonstrate that the melt
rocks at depth are constrained to a circular lenticular form, the
upper surface horizontal and the lower concave, about 200 m
in radius and 42 m thick at the center. It is now generally
accepted that it represents the limit of penetration of shock
melted target rocks mixed with remnants of the projectile
(Dence 1968; Grieve 1978; Palme et al. 1981).

In the resulting reappraisal of the structure of the crater in
the light of these results, it became evident that a two-stage
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Fig. 1. Brent crater cross-section. Projection onto a diameter of the present crater profile and its reconstruction before erosion, showing drill
holes, distribution of post-impact sedimentary rocks (lower units being restricted to the crater, upper units being fossil-bearing regional rocks),
brecciated rocks, melt-rich layers, and zones of shock metamorphism. The limit of fragmentation is cut by the primary shear, the lowermost
of the shears along which slabs of the crater wall have moved to create the final crater fill (additional shears are shown in Fig. 5b). Breccias
at depth in the center, below the primary shear and the lens of melt rocks, are not disturbed by late-stage slumping and, as relicts of the transient
crater, are used to estimate net displacements down axis (Dence 1968; Dence and Guy-Bray 1972).

crater-forming process was required. The revised
interpretation (Dence et al. 1977) incorporated, as a first stage,
the formation of a deep, approximately paraboloid, transient
crater, with walls dipping at an average slope of about 35°. The
floor and walls are lined with an allochthonous layer about 80
m thick in the center comprising shock melt overlying mixed
breccias of displaced but not ejected material. The second
stage was conceived as an immediate collapse of the walls of
the transient cavity. It resulted in an inter-layering of strongly
shocked and mixed material from the transient crater lining
and weakly shocked, partially brecciated and only slightly
mixed rocks derived from the parautochthonous basement
rocks of the transient crater walls (Fig. 1).

There are additional features that are largely confined to
the 600 m-thick axial region as seen in drill core from B1-59
and, in part, B1-67. As in other holes, two melt-bearing,
mixed breccia layers were penetrated in the upper 140 m of
the crater sequence below the sedimentary fill. However, the
central section at this depth is distinctive in that the matrix, as
well as strongly shocked clasts, is locally vesicular (Beals et
al. 1963), suggesting further heating and degassing of already
shocked and crushed rock. A possible explanation is that
additional heating resulted from the violent collision of
material sliding rapidly from the walls of the collapsing
transient cavity. This zone is underlain by moderately mixed
breccias about 260 m thick in which shock levels average

about 15-20 GPa. Then there is a 50 m-thick interval of
weakly shocked, coarse, slightly mixed breccias underlain by
a 110 m interval in which fragmentation and mixing is more
pronounced. With increasing depth, shock levels rise
progressively, but toward the bottom of this section, shock
effects are overprinted by thermal recrystallization as a result
of proximity to the underlying impact melt rock (Dence 1968;
Grieve 1978). The latter consists of a fine-grained,
amygdaloidal matrix with conspicuous recrystallized clasts in
the upper 10 m, a coarser grained 15 m-thick central section
with few clasts, and a 17 m-thick lower zone of finer grain
size in which partly digested clasts are again conspicuous.
The analysis of the melt shows it to be a mix of the country
rocks with the addition of about 1% chondritic meteorite
(Palme et al. 1981). Beneath the melt is a section of breccia
about 80 m thick of which the upper 20 m are thermally
recrystallized (Fig. 2). In the remaining brecciated section,
where the rocks retain their primary minerals, and in the
underlying parautochthone, steadily decreasing shock levels
have been mapped (Dence 1968; Robertson and Grieve
1977). The shock zones thereby recorded are surprisingly
narrow and imply a strikingly rapid attenuation of shock
pressure. Understanding this result has been fruitful in
unraveling the sequence of events at Brent and, by extension,
at other simple craters (Dence 1968, 2002; Dence et al. 1977,
Robertson and Grieve 1977).
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Fig. 2. Brent central drill-hole (B1-59). Log-log plot of mean shock pressure (GPa) below the melt zone versus depth below the original
surface. A calibration of breccia zones and representative values of the exponent of apparent attenuation are indicated at various depths (after

Dence 1968, 2002; Robertson and Grieve 1977).
Shock Attenuation and Crater Mechanics

The compaction of shock zones at Brent, mentioned
above, and also at West Hawk Lake crater (Short 1970)
resemble those observed beneath craters formed by
hypervelocity impact experiments using layered non-
cohesive quartz sand targets (Gault et al. 1968). However, the
difference in target materials introduces uncertainty as to how
applicable this analogy is to natural craters formed in
crystalline rock. The situation is clarified by important data
from the buried Piledriver nuclear explosion, a 61 £ 10 kt
(TNT equivalent) test in Climax granodiorite at the Nevada
Test Site. Various gauges for which the pre- and post-shot

positions are known measured pressures up to 27 GPa (Borg
1972). The results (Fig. 3) demonstrate compaction of shock
zones around the shot point similar to that observed below the
melt rocks at Brent. Restoring the gauges to their original
positions shows that, in this medium, shock pressure (P)
attenuates over the range measured as P ~ R2, where R is the
distance from the shot point. There was some uncertainty in
applying this result to Brent (Dence et al. 1977) as it seemed
possible that the rate of attenuation may change with scale in
some unforeseen fashion. Indeed, in that study, a range of
possible rates was considered. An exponent of —2.5 was
favored as the —2 value seemed to require the final crater to be
too large relative to the calculated energy and the volume
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Fig. 3. Piledriver underground nuclear test in Nevada granodiorite. Pre- and post-shot positions of shock pressure gauges indicating actual

attenuation of P ~ L2 (after Borg 1972).

excavated when compared with craters formed
experimentally by nuclear and other explosives.

A resolution of this question comes from a second
source, namely the analysis of shock pressure attenuation by
Ahrens and O’Keefe (1977) through computer modeling
using equation-of-state data for lunar gabbroic anorthosite
(Fig. 4). Their results have been applied to the analysis of
feldspar-rich, high-grade gneisses at Brent on the assumption
that differences in physical properties are not significant.
Likewise, the computations treat dissipation of shock
pressure down axis from a vertical impact. The Brent central
drill hole data are down axis, and the close approximation to
circular symmetry that the crater exhibits in plan and cross-
section suggests that deviation of the angle of impact from
vertical was similarly not significant.

The Ahrens and O’Keefe analysis illuminates a key
factor that was not considered previously as it was not
measurable at the Piledriver test, namely the distinction
between near and far fields. Their results for attenuation in the
far field, within a range in projectile composition and
velocity, are similar to those measured in the Piledriver
nuclear event. However, the calculated rate of shock pressure
attenuation for the near field, within about 2.5 projectile
diameters of the impact point, is only ~—0.2. By accepting
similar rates for the near and far fields at Brent, reasonable
results are obtained for the energy release by that impact. To
compare the Brent data with their calculation, an estimate
must be made of the down axis depth where the observed rate
of attenuation converges on the nominal rate of P ~ R=2. For a
stony projectile impacting at 15 km/s, Dence (2002)
estimated the convergence depth to be 1,220 m below the

original surface where the shock pressure had dropped to
about 5 GPa. At this depth, about 75 m below the lower limit
of fragmentation, the rock is virtually unchanged from normal
country rock.

Displacements down axis of material shocked to specific
shock grades can be derived from the model (Fig. 4) and the
distortion normal to the axis estimated from the apparent
attenuation rate. For example, a disk of the target rock
originally located just below the zone of complete shock
melting is calculated to have been displaced downward about
735 m and was spread laterally, as breccia, across the crater
floor until about 5-6 times its original radial extent. The
Ahrens and O’Keefe results are normalized to the radius of
the projectile, so a nominal size for the bolide that formed the
Brent crater can be calculated (diameter ~110 m) and a
corresponding energy of impact (3 x 107 J) derived (Dence
2002). These results are comparable to those estimated in
earlier studies.

Shear Zones

Further examination of the Brent cores has brought an
additional feature to prominence: the presence of thin shear
zones within and below the breccias. The zones are typically
from a few centimeters to some meters thick and include fine-
grained breccia that, in some cases near the margin of the
breccias, were first interpreted as thin lenses of impact melt
(Dence 1965, 1968) but are reinterpreted here as altered
frictional melt. Such zones are most abundant in the center but
are more clearly visible in hole B2-67, midway between the
crater center and its margin. At this distance, the mass of
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2002).

displaced rock is about 500 m thick, but only the upper half is
strongly brecciated. Midway down the crater sequence, the
drill hole intersects a shear zone that is the approximate lower
limit of distinct brecciation. Locally brecciated, slightly mixed
rocks occur at greater depth terminating at a second shear zone
some 180 m deeper. In some representations of the cross-
section of the crater, this zone is depicted as the base of the
breccias. However, about 100 m below the second shear, there
is a third in otherwise mildly fractured rock. Clearly,
displacement has occurred on this zone as it marks a change
from rock with no evidence of shock metamorphism above the
zone to rock with distinct, though weak, shock features below.
The shears are here interpreted as planes along which sheets of
rock on the order of 100 m thick have slid from the crater walls
toward the center. It may be inferred that additional
fragmentation and mixing occurs in the center where the
sheets collide. Likewise, the largely monomict breccias
intersected by holes B1-60 and B6-60 near the margins result
from the disintegration of the trailing edges of the sheets,
thereby adding to the total volume of breccia.

For the most part, the shears cannot be traced from one
hole to the next. However, a surface defining the base of the
entire displaced mass within the crater can be traced from the
crater margin at the present surface to the center of the melt
rock zone in B1-59. At the margin, it is expressed as a

topographic notch marking an abrupt change of slope from the
low-lying crater fill to the parautochthonous rocks that
underlay the original rim. In plan view, the notch is nearly
perfectly circular. Its nature is not clear at the surface as
subsequent sedimentary rocks and glacial drift hide the trace
of the boundary at the present level of erosion (Dence and
Guy-Bray 1972). In cross section, the surface passes, in turn,
through the lower limit of breccias in B6-60, the lowermost
shear zone in B2-67 and the margin of the thermal aureole due
to the melt rocks in B1-67. Previously, it has not been
recognized that the surface, so defined, closely approximates
a segment of a sphere with radius about twice the depth to the
center of melt zone. There is no indication that changes in
lithology, rock texture, gneissosity, or pre-existing structures
in the country rocks have any significant effect on the shape of
this spheroidal surface. These characteristics suggest that it is
a superfault, in the terminology of Spray (1997). Here, it is
identified as the primary shear (Fig. 5) with radius r, = 2d,,
where d, is the depth of the floor of the transient crater from the
original surface (estimated to be about 70 m above the present
height of land in the vicinity of the crater). The interpretation
favored here is that the shear controlled the collapse of the
crater walls and was superimposed on the existing rocks in
response to the stress field in effect as the transient cavity
reached or began to relax from its maximum size.
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COMPLEX CRATERS

Considerations in the Structural Analysis of Complex
Craters

The methods used to analyze simple craters must be
adapted to the different features of complex craters. A

calculation of impact energy cannot be made in the same direct
way, so an expression relating crater diameter and energy is
required. Cooper (1977) and others have noted that, where the
medium does not change, the size of craters formed by large
nuclear explosions scales according to D ~ EX, where D is the
final diameter of the crater, E is the energy, and x = 1/3.4, i.e.,
0.294. This value for the exponent lies between pure energy
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scaling (x = 1/3) and gravity scaling (x = 1/4) and has been
taken, in such cases, as an estimate of the relative importance
of the two factors. By analogy with nuclear explosions, x = 1/
3.4 has been used to calculate the energy of formation of large
impact structures (e.g., Dence et al. 1977). With the energy for
Brent given above, the expression derived is:

D=2.75 x 103 EI/34

(Dence 2002), where D is in kilometers and £ in joules. The
formula gives a calculated energy for Charlevoix of 2.5 x
102! J. Although that result is used here for the purpose of
illustration, it is quite likely that, with increasing size, the
exponent tends toward gravity scaling (Gault et al. 1975). In
that case, the energy calculated for Charlevoix would be
greater, and the expression would require additional
adjustment.

An additional reason that the model for simple craters
outlined in the preceding section cannot be applied directly to
craters with a central peak is lack of information down the
central axis. In most cases, depth of origin cannot be estimated
with any accuracy for crystalline rocks of the Canadian Shield.
Further, by analogy with structures where the uplifted rocks
are sedimentary, the critical section that, at Brent, lies below
the melt zone is disrupted and tilted during uplift. The degree
by which the rocks of the central uplift in complex craters have
been distorted usually cannot be determined directly, but it is
probable that they have been strongly tilted and broken into
large blocks. Drilling results at complex craters of
intermediate size, such as Deep Bay and the two at Clearwater
Lake support this inference. Crystalline rock cores from near
the centers of these three craters show only gradual decline
from moderate to weak shock metamorphism over depths of
hundreds of meters (Dence et al. 1977), thereby suggesting
that the vertical drill holes intersect the shock zones obliquely
at steep angles. The rocks are locally crushed and sheared and
have fracture porosity similar to that of associated
allochthonous breccias (Dence 1965; Dence et al. 1965).

However, the central peaks of larger craters show little
sign of fracturing and crushing at the mesoscopic scale. Rocks
of the central uplift at Charlevoix and other large craters must
have moved as massive blocks separated by relatively thin
shear zones that are rarely observed in outcrop. A comparable
example is that of Puchezh-Katunki (Ivanov et al. 1996). At
the largest of the well-preserved Canadian craters,
Manicouagan, the rocks of the anorthositic part of the central
peak lying above the tree line are clearly exposed over
distances of kilometers. Layers of mafic minerals (mainly
garnet and pyroxene) can be traced for hundreds of meters or
more with only minor offsets. More documentation is needed,
but a preliminary view is that blocks increase in size with
crater size and that, in the larger craters, shears and fractures
are more strongly developed toward the margins of the central
uplifts than in the center.

Gravity results confirm that there is little fracture
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porosity in the rocks of the central peaks of craters >30 km
(Sweeney 1978). On the other hand, pseudotachylite veins are
increasingly conspicuous with crater size but rare in craters
<30 km across. Spray (1998) has discussed the types and
genesis of pseudotachylites found in the largest impact
structures. Dence (2002) drew the inference that, in craters
>30 km in diameter, the rocks of the central peak dilate as
they rise, allowing the injection of friction melt and fine
breccia from shear zones. On subsiding to their present
positions, much of the porosity that may have been created is
sealed by the injected veins.

Shock Metamorphism in Parautochthonous Rocks

A complementary data set to the down axis data in simple
craters is obtained from surface sampling at complex craters
where there is good exposure of the parautochthone. The
prime example from the Canadian craters is the 54 km-
diameter Charlevoix crater in Quebec (Fig. 6), where, with
minor exceptions, all breccias and melt rocks have been
removed by erosion. Rocks exposed at the present-day
surface are mainly moderately to weakly shocked
charnockites and anorthosites, the dominant rock types of the
Grenville Province in the region (Rondot 1989). The present
topographic relief mirrors the crater morphology, though
extrapolation from less eroded craters indicates that on the
order of 500 m of crater fill has been removed since
formation. There is a well-developed central massif, Mont des
Eboulements, that is surrounded by a ring of subdued hills and
a peripheral trough within which discontinuous exposures of
pre-impact lower Paleozoic limestones and other sediments
are preserved (Rondot 1968, 1989). On the eastern side, the
crater is almost bisected by the St. Lawrence fault and
Logan’s Line, a thrust that marks the western edge of the
Appalachian Mountain system.

Shock metamorphism of the parautochthone at
Charlevoix (Robertson 1968, 1975) is zoned concentrically,
with the most strongly shocked rocks at the crest of the central
peak, decreasing radially toward the margin. To the east of the
St. Lawrence fault, it is evident that the shock zones have
been perturbed by post-impact tectonic disturbance. Data
from this part of the structure are omitted from this
discussion. Robertson (1975) and Robertson and Grieve
(1977) interpreted the main distribution of shock zones in
terms of uplift of the center of the transient crater. However,
they found that the model for their reconstruction of the
transient crater that provided the best fit to the data required
the rate of shock pressure attenuation to be as P ~ R,

Omitting tectonically disturbed data east of the St.
Lawrence fault, a log-log plot of observed shock pressure
projected onto a radius (Fig. 7) shows that the rate of apparent
attenuation is low near the center, averaging about P ~ R=0-3,
Shock levels drop from about 23 GPa at the center to about
5 GPa, the lower limit of PDF development in quartz, about
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half way to the axis of the peripheral trough (Robertson 1975).
From that point to the margin, shock pressure estimates are
based largely on shatter cone development. Most shatter
cones at Charlevoix are in coarse-grained rocks and so are
relatively crude compared with their archetypical appearance
in fine-grained rocks. They have not been recorded in the
rocks of the central peak that experienced shock pressures >20
GPa but occur in an annular zone from about 3 km to 12—14
km from the center. This corresponds to rocks shocked to
between 15-20 GPa to those beyond the limit of PDF
development in quartz at 5 GPa. The pressure at the shatter
cone limit is estimated as ~2 GPa. The most abundant and
well-defined cones occur near the 10 GPa isobar. The data

from the outermost quartz and shatter cone occurrences
suggest that rate of apparent shock attenuation in this part of
the crater is about P ~ R=3. The change in slope at about 9 km
from the center corresponds to the hinge region between the
inner zone that has been uplifted to form the central peak and
the margin that has dropped. Down faulting at the periphery is
confirmed by the preservation of pre-impact, near-surface
sedimentary rocks in the peripheral trough.

For an alternative reconstruction of the transient cavity
for Charlevoix (Fig. 8), it is assumed that the down axis
attenuation of shock pressure is P ~ R72, as at Brent. The
isobars delineating the imprint of shock pressure at depth are
taken to have been hemispherical with center near surface,
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km (Fig. 8). The stress field that leads to fragmentation below
the zone of total shock melting requires further analysis. In
Dence (2002), the fragmentation mechanism was taken to be
Grady-Kipp fracturing, and the down axis limit of
fragmentation was called the Grady-Kipp Limit (GPL), but
here it is accepted that this terminology is inappropriate
except in the near-surface region. Likewise, the reason that
direct fragmentation by shock in the transient crater phase
attenuates at roughly twice the rate expressed by shock
metamorphism as crater size and impact energy increases
needs elucidation. Numerical results, such as those of Mitani
(2003), may not apply to large-scale natural impacts. It seems
clear that the stresses that result in fragmentation are not
directly related to those that control the formation of shatter
cones that, as indicated earlier, conform to a specific range of
shock pressure.

As the examples of Brent and Charlevoix illustrate
(Figs. 5 and 8), this result indicates that, with increasing size,
transient craters are smaller relative to the volume imprinted
by the shock wave. Thus the proportion of melt to breccia
within transient craters will tend to increase with size and
contribute to the overall trend toward proportionally more
melt being retained with increasing size (Grieve and Cintala
1992). However, the overall parabolic shape and depth-to-
diameter ratio of transient craters does not seem to change
substantially with size.

SYNTHESIS

The model for Brent outlined here elaborates on previous
analyses (Dence 1968, 2002; Dence et al. 1977). Observation
and theory have converged to give a model that demonstrates
the magnitude of displacements in the early stages and the
importance of slumping under gravity to the final
configuration. Both are regulated by dynamic fracturing of
rocks that are arguably among the strongest of natural
terrestrial materials. In the excavation stage, the size of the
transient crater is controlled by stresses that determine the
extent of fragmentation of shock-processed target materials.
In the late stage, gravitational slumping is controlled by
development of the primary shear. In cross-section, the shear
resembles the critical circular surface of failure along which
slip develops in soils or incompetent rocks (Coates 1967),
suggesting that the walls of the crater are comparably
weakened by distention during uplift, allowing shear failure
to take place. The center about which yielding occurs is
directly over the axis of the crater, and the toe of the primary
shear surface is at the bottom of the transient cavity (the mid-
level of the impact melt in the case of Brent). However, it
must be remembered that, while forming, the transient cavity
will have a somewhat different shape, as the rim will be
distended, and the rocks below the bottom of the crater will
initially compress then release following transit of the shock
wave.
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The weight of the rim as it begins to deflate is probably
the trigger that activates the primary shear and subsidiary
shears. At Brent, cascading sheets slide from the crater walls
into the transient crater at avalanche speeds and, in a few
seconds, fill it to more than half its original depth. If the
primary shear grows at the speed of sound in gneissic rocks, it
would take about half a second to rupture along its length and
activate the landslides. At the same time, the rocks of the
parautochthone below the transient cavity, having been
compressed by the shock wave in accord with their dynamic
equations of state (Ahrens and Rosenberg 1968; Melosh
1989), will be expanding. The combination of elastic
recovery and transformation during adiabatic release with
local brecciation will result in slight expansion of the
parautochthone compared with its original state. In small
craters, the effect will not be large as most of the material
shocked above the relevant elastic limit is fragmented and
removed in the excavation process. The result depends
critically on the relative rates at which these processes
develop. In small craters, it seems that emplacement of the
sheets cascading from the walls over the upper part of the melt
zone is rapid enough to prevent any tendency for the bottom
of the transient crater to rise above the level it now occupies.

Moving to the larger complex craters, at first glance there
is no apparent reason that they depart from the simple crater
mechanism. The gravitational collapse of the crater walls is
similar, though more nearly complete than at simple craters.
The apparent difference is that the primary shears converge
within the parautochthone under the center rather than at the
toe of the transient cavity, thereby allowing the center to rise.
Why does this happen? The transient cavities, and, hence, the
associated stress fields, appear to be similar. The factor that
may be critical is the difference with crater size in the volume
of shocked material that is fragmented and excavated (Fig. 9)
and the corresponding smaller size of the transient crater
relative to the energy released by impact. These results suggest
a critical role for the relative rate at which events occur in the
parautochthone of the transient crater.

There are several possible consequences arising from the
evidence that a greater proportion of rock shocked above the
Hugoniot elastic limit remains below the limit of
fragmentation in large craters. In such craters, the higher level
of shock pressure and the relatively greater thickness of the
parautochthone below the crater floor results in elastic
relaxation and transformation being proportionally more
substantial. The toe of the transient cavity will be
correspondingly deeper when development of the primary
shear begins, assuming a similar stress field as at the smaller
craters. However, the rate of formation of the primary shear
will probably not scale with size, so its growth and activation
will take longer. If expansion of the center occurs more rapidly
than the activation of the primary shear, the center will rise
before rupture occurs at the toe. Under these circumstances,
slumping under gravity from the margins will drive the center
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superfault that failed rapidly. Fragmentation, additional to that
due to direct shock wave action, occurred as the mass of rock
sliding from the walls was emplaced above the melt zone,
thereby suppressing any tendency for the floor to rise higher.

The analysis of complex craters is complementary to the
simple crater situation. While little information about the
near-surface region is preserved in simple craters, in complex
structures, disturbance in forming the central uplift nullifies
estimation of down axis shock pressure attenuation. However,
the apparent rate of attenuation in rocks of the parautochthone
can be observed in favorable cases like Charlevoix. If it is
assumed that, as in simple craters, shock pressure attenuates
down axis as P ~ R2, a reasonable restoration of the transient
crater is achieved if the attenuation changes to approximately
P ~ R~3 in the near-surface region.

The restorations indicate that the shape of the transient
crater is similar in simple and complex craters and is defined
by the limit of fragmentation. In contrast to the hemispherical
imprint of the shock wave, the fragmentation limit cuts shock
isobars obliquely and is best depicted as parabolic. In
addition, the shock pressure (in GPa) at the limit of
fragmentation in the down axis direction, Py, changes with
crater size as P; = 3.5 D%5, where D (in km) is the final crater
diameter. Thus, with increasing D, transient crater volume
decreases relative to the volume shocked, while the volume of
rock plastically and elastically deformed in the
parautochthone increases relative to the shock imprint.

In larger craters, elastic compression in the relatively
more strongly shocked parautochthone is important, and the
transient crater may be significantly deepened. If so, r, = 2d,,
may hold, where d, is the effective depth of the transient crater
due to both excavation to the fragmentation limit and shock
compression of underlying rock. Relaxation on decompression
by itself is insufficient for central peak formation, but the rise
of the crater floor causes the primary shear to intersect below
the fragmentation limit, allowing uplift driven by gravitational
collapse of the margin to continue. The rate of collapse relative
to growth of the transient crater by fragmentation is critical and
requires analysis as a limitation on the volume excavated. The
greater importance of pseudotachylites in large craters is
witness to the exponential increase in friction melting with
increasing crater size.

In terms of crater mechanics and computer simulations
such as those of O’Keefe and Ahrens (1993; 1999) and
Melosh and Ivanov (1999), this analysis places particular
emphasis on the relatively neglected role of brittle fracturing
in determining transient cavity size and late-stage
adjustments under gravity. Factors that need further
consideration include the concentrations of stress that favor
the development of controlling fractures, the relationship
between fragmentation to form breccias and shock pressure as
manifest by shock metamorphism, and the rate at which
fractures develop relative to exponential relaxation of plastic
and elastic compression. A number of assumptions made in
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moving from simple to complex craters need further
investigation, including the appropriate energy to diameter
relationship for craters of different sizes and the validity of
the assumed invariance of attenuation rates with size. Above
all, it is hoped that the analysis and modeling of simple craters
will attempt the difficult task of simulating observed
complexities and, thus, pin point changes at the simple to
complex transition and the further transition to peak ring
structures.
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