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ABSTRACT

Impact cratering is a complex process which is not yet fully understood, especially
in the cases of large planetary events. Most of the observations of impact craters created by
such events are limited to remote sensing of their surface morphology; although there are
large terrestrial craters whose sub-surface structures can be studied, most have been
modified by subsequent geologic activity. Laboratory experiments are necessarily limited to
very small impacts so their results need to be extrapolated over many orders of magnitude
to compare to the largest terrestrial craters (>100 km in diameter). So, in order to study the
formation of large craters it is useful to employ numerical simulations. Finite-element
modeling is a numerical method that can accommodate complex structures and a variety of
rheologies and can perform simulations at any scale. It is, therefore, useful for simulating
impact crater collapse and I have used it to investigate different aspects of this process.
In collaboration, E. Pierazzo and I used both hydrocode and finite-element
modeling to recreate the formation of the Vredefort stracture in order to predict where the
pressure of an impact-generated shock wave would have been sufficient to form shatter
cones and planar deformation features and to follow their subsequent displacement during
crater excavation and collapse. By comparing the results of simulations of impacts by
projectiles of various sizes to the observed locations of the shock features around Vredefort
we constrained the projectile diameter to be 10-14 km. This corresponds to a final crater
diameter of 120-200 km.
I used finite-element models of crater collapse to investigate the ring-tectonic theory
of multiple ring crater formation. The results of these models indicate that the ring-tectonic
theory is consistent with the formation of circumferential faults around large terrestrial
impact craters such as Chicxulub.
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The final project described in this dissertation uses the morphologies of impact
craters on the icy Jovian satellite Europa to probe its lithospheric structure. Comparisons of
simulated stress fields to the observed fracture patterns around Europan craters suggest that
the elastic lithosphere in which the crater formed was at least 12 km thick.
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CHAPTER 1: INTRODUCTION

Planetary surfaces throughout the solar system attest to the importance of impact
cratering as a geologic process. The surfaces of all the terrestrial planets, as well as those of
the icy satellites orbiting the giant planets, exhibit the scars of countless collisions.
Although it was recognized several decades ago that these craters were formed by the
impacts of asteroids or comets, the processes involved in crater formation are still not well
understood. This is due in major part to the sheer magnitude and brevity as well as the
fortunate rarity of impact events. It is difficult to comprehend the huge energies involved
when a 10 km diameter asteroid collides with the Earth at 20 km/s. It is still more difficult
to imagine the resulting conditions under which a transient crater -100 km in diameter and
-30 km deep opens and then immediately collapses to a final crater -200 km diameter. -1
km deep; all in less than 10 minutes.
A lack of understanding of the impact process was one of the reasons it took so
long to recognize the true nature of impact craters. After Gilbert (1893) suggested an impact
rather than a volcanic origin for lunar craters it took decades for the theory to become
generally accepted. One reason for this long delay was doubt that an incoming meteorite
could excavate a crater; at the time it was believed diat the moving projectile actually dug the
crater, pushing target material aside. However, upon contact the projectile is essentially
destroyed; most of the meteorite and the adjacent target material is melted if not vaporized
as the meteorite's kinetic energy is converted into internal energy. Craters are actually
excavated by the shock wave generated in the target upon contact. Once the explosive
nature of impacts was understood (e.g., Ives, 1919) the impact origins of lunar craters, and
eventually terrestrial craters, became more widely accepted.
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Since then, impact craters have been identified on all but one of the planetary
surfaces we have explored in the solar system, the sole exception being that of the Jovian
satellite lo which is incredibly active volcanically. Earth itself has -150 (Grieve et al..
1995), although impact origins are still contested for some of these structures, for example,
the Sudbury structure in Ontario, Canada and Vredefort in South Africa. This resistance is
due, in part, to a continuing lack of understanding of the impact cratering process and the
strucmres it creates, especially in the cases of these very large impact craters. While small
craters are generally simple and bowl-shaped, craters above a certain size (which depends
on the target's surface gravity) are flat-floored and display more complex structures such as
central peaks and terraced rims. For some planets the largest impact structures are
surrounded by multiple, concentric scarps or fractures, but the process responsible for their
formation remains poorly understood.
Impacts have been an important geologic process on Earth, and throughout the solar
system, and as such they need to be more completely understood. In addition, impacts
probe the near-surface structure of their targets, so crater morphologies may provide
information regarding this structure for other planets, such as Europa whose intriguing
surface hints at the existence of a sub-surface ocean. From a more utilitarian perspective,
each of the three largest known terrestrial impact structures is associated with a valuable
mineral resource: there are very rich nickel deposits at Sudbury, Ontario, Canada; rich gold
deposits in South Africa's Witwatersrand basin at the center of which lies the Vredefort
structure; and oil near the Chicxulub structure on Mexico's Yucatan peninsula.
Unfonunately (or perhaps fortunately!), it is difficult to reproduce conditions
appropriate to these violent events and to observe their effects in the laboratory.
Furthermore, laboratory experiments can only be done for small (cm-sized) projectiles and
the validity of scaling from the proportions of laboratory craters to natural ones that are
several orders of magnitude larger is uncertain. Larger craters (diameters of up to a few
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hundred meters — still smaller than most terrestrial impact craters) have been produced
using high explosives and during tests of nuclear weapons; however there are significant
differences between the physics of a projectile slamming into the surface of the Earth and
those of a buried explosion. This is not to deny the considerable amount of valuable
information that cratering experiments have provided about impact events. Nonetheless,
there are limitations to what can be done empirically. Experimentation with larger impact
events is prohibitive except for serendipitous, remote, yet observable events such as the
collision of the fragments of the comet P/Shoemaker-Levy 9 with Jupiter in 1995.
Craters themselves record information about the cratering process. There are
numerous terrestrial examples of impact craters and countless extraterrestrial examples
illustrating the structures that result from large meteorite impacts. Of course, there are
limitations to this approach as well. Although most other cratered planets exhibit some
degraded craters that reveal the extent of the planet's geological activity, there are numerous
pristine examples as well. However, the information from extraterrestrial craters is usually
limited to surface morphology and composition derived from remote sensing. The
exceptions to this are low-resolution gravity data for the Moon, Venus and Mars from
which deep crater structures can be inferred. Earth's level of geologic activity means that
most of the known terrestrial craters have been modified to some extent by subsequent
burial, erosion, or tectonic modification (countless others have been completely destroyed
by plate tectonics). Furthermore, access to geologic and geophysical data for the largest
structures is frequently restricted because of the aforementioned association of valuable
mineral resources with large terrestrial impact craters. Nonetheless there has been much
geological and geophysical exploration of terrestrial craters. They can be studied directly in
great detail and in three-dimensions and the resulting data provide essential insights into the
cratering process.
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Another approach to investigating the dynamics of large impacts is to use computers
to simulate crater formation. Numerical modeling enables simulation of the formation of
very large impact craters at appropriate scales. In addition, different numerical techniques
can be employed to simulate various aspects of the cratering process. For example,
hydrocode modeling which simulates the propagation of the shock wave generated by the
impact and the resulting thermodynamic effects upon the target material, has been used very
successfully to investigate the production of climatically active gases during the Chicxulub
impact {e.g., Ivanov et al., 1996; Pope et al., 1997; Pierazzo et al., 1998). Another
technique is finite-element analysis which simulates the rheologic response of material to
applied stresses or deformations. This technique is more appropriate for modeling the
movement of target material during the later stages of impact cratering and for investigating
the implications that various structural and rheologic parameters have for the morphology
of the final crater. Constraining the results of numerical simulations to reproduce geological
and geophysical observations for large impact crater structures, including three-dimensional
information from terrestrial craters such as Vredefort and Chicxulub, ensures that the
models represent realistic behavior {e.g.. Turtle and Pierazzo, 1998; Turtle and Melosh,
1998).
In this dissertation I describe three separate, but related, projects. The unifying
theme of this research is the application of the finite-element method to modeling material
motions in the target during the later stages of impact cratering for the purpose of
investigating the roles that structure and rheology play. Combining this method with
knowledge gained from cratering experiments, geological exploration of terrestrial impact
craters, and remote sensing of extraterrestrial craters makes it possible to perform realistic
simulations of processes involved in the formation of very large impact craters and to
explore the significance of various parameters for the formation of features such as multiple
rings.
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I have organized my dissertation into 7 chapters. The following two chapters briefly
summarize impact cratering and the modeling procedures I used. Chapter 2 includes a
general description of the cratering process as it is presently understood, an overview of
typical impact crater morphologies, and a discussion of the various theories proposed for
the formation of multiple ring craters. In Chapter 3 I describe the method I used to
approximate crater excavation, introduce basic material rheologies, and briefly explain the
finite-element method. I have also included a description of the development of a finiteelement mesh appropriate for modeling crater collapse. Chapters 4, 5, and 6 describe three
problems to which I have applied this modeling technique. Finally, Chapter 7 summarizes
the modeling results.
Models can predict whether various features are created and their final locations
after crater formation is complete. Chapter 4 is the result of a collaboration with E. Pierazzo
in which we investigated the size of the Vredefort impact structure in South Africa. The
results of this project are also described in Turtle and Pierazzo (1998). The Vredefort
structure is -2 Ga old and has been deeply eroded. Estimates of the diameter of the original
crater range from 160 km to as much as 400 km. In this study we combined the capabilities
of both hydrocode and finite-element modeling, using the former to predict where the
pressure of an impact-generated shock wave would have been sufficient to form various
shock features and the latter to follow the subsequent displacement of these shock isobars
during the later stages of crater formation. By comparing the results of simulations of
impacts by projectiles of various sizes to the observed locations of shock features around
Vredefort we were able to establish constraints on the size of the projectile and (thus on the
transient and final crater diameters as well). We found that a projectile 10-14 km in
diameter best reproduced the observed shock feature locations. This range of projectile
sizes corresponds to a final crater 120-200 km in diameter.
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In Chapter 5 I describe simulations of the formation of multiple rings around
terrestrial impact craters (Turtle and Melosh, 1997 and 1998). Some of the largest lunar
craters exhibit concentric, inward-facing scarps external to the crater. The same
phenomenon is observed for large Venusian craters, and the recent seismic data from the
Chicxulub crater in Mexico indicate that it, too, may have an external ring (Morgan et ai.
1997). Multiple ring craters are less clearly defined on Mercury and Mars, but there are a
number of similar structures on the Jovian satellites Ganymede, Callisto, and Europa.
These circumferential fractures may form in targets with layered structures consisting of a
layer of material that can flow on the timescale of crater collapse and which is confined
between an upper surface layer and an underlying layer that behave elastically during crater
collapse {e.g., McKinnon and Melosh, 1980). The inward motion of the more fluid layer
induces drag on the upper elastic layer which can result in radial extensional stresses
sufficiently large to induce faulting. I have investigated the effects of different material
rheologies and structural configurations on the formation of rings. The amount of offset on
ring faults is sensitive to the depth and thickness of the low-viscosity layer (Turtle and
Melosh. 1997). If sufficiently low viscosities can be achieved in the Earth's mantle then the
stmcture revealed in seismic profiles of the Chicxulub crater can be explained by this theory
(Turtle and Melosh, 1998).
Chapter 6 describes a collaboration with C.B. Phillips wherein I applied finiteelement modeling to impact cratering on the icy Galilean satellite Europa (Turtle and
Phillips, 1997; Turtle et ai, 1998). Recent Galileo images of Europa have revealed few
large impact craters on its apparently young surface. The morphologies of these craters
vary with crater size: craters with diameters -10-30 km are quite shallow and appear to
have central peaks while larger impact features do not exhibit actual craters but consist of
disrupted material surrounded by multiple concentric fractures. Other Europan surface
features have led to the hypothesis that the planet might have a thin ice crust overlying
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ductile ice or perhaps even liquid water

CarretaL,

1997). Since the morphologies of

impact craters are controlled in part by the target's structure, it may be possible to constrain
Europa's near-surface structure based on the variations in Europan crater morphology. The
modeled stress fields around craters in an elastic ice layer at least 12-16 km thick overlying
a fluid interior are consistent with the observations of ring fractures around large impact
features (-50 km diameter crater) and not around smaller craters (-26 km diameter).
The final chapter summarizes the results of these crater modeling projects. I also
discuss some conclusions regarding the advantages and disadvantages of using this
technique to model impact cratering.
I have made use of color to clarify many figures throughout my dissertation. I am,
however, aware that this dissertation will also be reproduced in black-and-white.
Accordingly, I endeavored to generate these figures so that it is also possible to distinguish
between the different colors in grayscale.
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CHAPTER 2: IMPACT CRATERING AND CRATER MORPHOLOGIES
2.1 Dynamics of hyper-velocity meteorite impacts
Hypervelocity impacts are collisions wherein the projectile moves at speeds of lO's
of km/s relative to the target. (Since this research is concerned with the formation of impact
craters on planets by collisions with asteroids or comets, in this discussion I consider the
target to be considerably larger than the projectile.) For Earth the minimum possible
velocity for an incoming projectile is the Earth's escape velocity, 11.2 km/s. and impact
velocities as high as -73 km/s can be achieved by a long-period comet in a retrograde orbit
(Marsden and Steel, 1994). The median velocity for collisions of the known population of
Earth-crossing asteroids with the Earth is ~15 km/s (Chyba et al., 1994). The best analogy
to an asteroid or comet impact is an explosion; upon contact a significant proportion of the
projectile's kinetic energy is converted into internal energy in both the projectile and the
target resulting in the melting and vaporization of most of the projectile as well as some of
the target material.
It is convenient to divide the crater formation process into three stages: contact and
compression, excavation, and collapse and modification. The first stage includes the actual
contact between the projectile and the target, the generation of shock waves in both the
projectile and the target, the propagation of the shock wave through the projectile and the
rarefaction wave back through the projectile. Compression of material at the point of
contact between the projectile and the target generates shock waves in both bodies (Figure
2.1). Initially the shock waves travel at roughly the impact velocity so the shock in the
projectile traverses the projectile rapidly and without significant energy loss. It is reflected
off the back of the projectile as a rarefaction wave that relieves the high pressures applied
by the shock wave. Upon unloading most of the projectile is vaporized and melted. The
proportions of vapor and melt depend on the type of projectile; numerical simulations
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indicate that for an asteroid impact -10-20% of the projectile is vaporized, -70-75% is
melted, and the rest could remain solid, whereas for a comet -80-90% is melted or
vaporized and the other 10-20% is melted (Pierazzo et ai, 1998). The contact and
compression stage is exceedingly brief, for example, in the case of a 10 km diameter
projectile with an impact velocity of 20 km/s, the contact and compression stage would take
-1.0 s: -0.5 s for the shock wave to propagate through the projectile and -0.5 s for the
rarefaction wave to propagate back.

1.02 sec

3.07 sec
0

Km

50

9.36 sec
0 50 Km

- 3—•
--.J ^

0

50 km

FIGURE 2.1: Contact and compression

Sequence illustrating shock wave propagation in the projectile and the target from O'Keefe
and Ahrens (1975). These figures represent a calculation performed for the impact of a
46.4 km diameter iron projectile on the Moon with a relative velocity of 15 km/s. Using
energy scaling they predicted that such an impact would be comparable to the event that
formed Imbrium. Pressure contours are shown at three different times during the contact
and compression stage, from left to right: -1 s, -3 s, and -9 s. The pressures to which the
labeled contours correspond for r = 1.02 s are: 1 ~ 60 GPa, 3 — 180 GPa, 5 ~ 300 GPa, 7
— 420 GPa, and 9 — 540 GPa. For r = 3.07 s the contours represent: 1 — 33 GPa, 3 — 1 0 0
GPa, 5 — 170 GPa, 7 — 230 GPa, 9 ~ 300 GPa. And for t = 9.36 s the contours represent:
1 - 6.6 GPa, 3 ~ 20 GPa, 5 - 33 GPa, 7 - 46 GPa, 9 ~ 59 GPa.
The expansion of the shock wave through the target and the excavation of the
transient crater comprise the excavation stage. The shock wave propagates out into the
target at roughly the impact velocity, decaying in strength as it expands. The effect the
expanding shock wave has on the rock through which it passes depends on the peak
pressure of the shock wave at the time. Table 2.1 lists typical shock features and their
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formation pressures (see section 4.3 for more detailed descriptions of these shock
features).

Shock Effect

Shock Pressure (GPa)

Shatter cones

2"

Basal Planar Deformation Features (PDFs)

5

Rhombohedral PDFs

10

Stishovite

12-15

Coesite

30

Diaplectic Quartz Glass

35-50

Lechatelierite

50

Complete Melting of Granite

56"

Complete Melting of Quartz

60

TABLE 2.1: Shock pressures necessary for formation of shock features in quartz.

Values from Grieve et al. (1996) except where noted.
Roddy and Davis (1977); ''Ghiorso and Sack (1995)
The passage of the shock wave imparts motion to the target material initiating the
excavation flow. Because of thermodynamic irreversibility the material has a residual
velocity after the shock wave passes. Initially this velocity is radial, but the interaction of
the shock wave with the target's surface generates a rarefaction wave which adds an
upward component to the material velocities. The excavation flow ejects some target
material on ballistic trajectories out of the crater. Other material is compressed downward
and outward into the surrounding target material. It is the combination of these motions
together which acts to open up the transient crater (Figure 2.2). Only material from the top
third of the transient crater is actually ejected from the cavity to form the ejecta blanket
around the crater.
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FIGURE 2.2: Crater excavation

Illustration of the excavation flow as approximated by an empirical model derived by
Maxwell and Seifert (1975). The heavy lines indicate the streamlines along which some
material is ejected and odier material is displaced into the surrounding target material. The
thin line represents and ideal parabolic transient crater cavity.
Many factors control the transient crater's size, for example, the projectile's size,
velocity, composition, and incidence angle as well as the target's size, composition and
structure. However, the diameter of the transient crater,

(measured from the intersection

of the transient crater cavity with the pre-impact surface level), can be estimated according
to the following empirical relationship derived by Schmidt and Housen (1987) which
depends upon the projectile's diameter and velocity,

and

respectively, the surface
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gravity of the target, g , and the densities of the target and the projectile, p, and p^,
respectively:

D =1.1613

P

(2-1)

vP-y
Cratering experiments indicate that transient craters are approximately parabolic with depths
of roughly 1/4 to 1/3 their diameters (e.g., Melosh, 1989, p. 78).
The excavation stage is much longer than the contact and compression stage, but
crater excavation is, nonetheless, quite a rapid process. For a 100 km diameter transient
crater on Earth the maximum horizontal extent of the transient crater is reached in roughly
t = ^iDJg^lOOs

(2.2)

(Melosh, 1989, p. 77), where g is the surface gravity of the target. For larger craters
(threshold diameters are discussed in section 2.2) the excavation stage overlaps the
subsequent collapse stage. This is because material moving downward encounters more
resistance from surrounding rock than does the material moving outward. Therefore,
downward crater excavation ceases earlier than outward excavation, i.e., the maximum
depth of the transient crater is achieved earlier than the maximum horizontal extent. Thus,
the central floor begins rebounding upward before horizontal excavation is complete. For a
100 km diameter transient crater, which would be approximately 30 km deep, the vertical
excavation time is roughly equivalent to the time it would take an object to fall to the bottom
of the transient crater;
t = .j2HJ^^SOs
(Melosh, 1989, p. 77), where

(2.3)

is the depth from the pre-impact surface. This means that

for larger craters there is no single instant when the idealized parabolic transient crater is
achieved.
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The final stage of crateiing includes the collapse of the transient crater and other
modifications that affect the final crater. Collapse processes depend greatly on the size of
the crater as well as the size of the target, or more specifically the magnitude of the target's
gravitational field. Other factors such as the strength and density of the target material and
the thickness of the planet's lithosphere also affect the collapse process and the final crater
morphology. Smaller craters (threshold diameters are discussed in section 2.2) have final
crater forms that are little modified from those of transient craters. However, larger
transient craters experience significant modification after excavation and the resulting final
craters demonstrate a variety of morphologies. These structural differences are discussed in
the following section.

2.2 Impact crater morphology
The morphology of craters formed by hypervelocity impacts varies with the size of
the crater and with the surface gravity of the target. The smallest craters on any given target
are little modified beyond the transient cavity, these are referred to as simple craters. The
melt and breccia that line the transient crater cavity during excavation slide down the crater
walls and accumulate at the bottom of the crater, overriding the impact melt pool at the
bottom of the crater. The thickness of this breccia lens can be up to 1/3 the rim diameter.
The rim can be quite steep, so small-scale collapse can also occur there. Therefore, the final
crater is slightly larger in diameter and shallower than the transient crater. Figure 2.3
includes a picture and a cross-section of Meteor Crater in Arizona illustrating the general
morphology of a simple crater.
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FIGURE 2.3: Simple crater morpiiology (Meteor [Barringer] Crater)

An aerial photograph (a) of Meteor Crater, Arizona and a cross-section (b) of the crater
from Shoemaker (1987).
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For craters that exceed a threshold diameter, the value of which depends on the
target's surface gravity, there is a transition from simple craters to more complex structures
(Figure 2.4). These complex craters are not bowl-shaped, but rather have flat floors whose
depths are essentially independent of crater diameter. Above these floors rise terraced walls
and central peaks or, for larger structures, peak rings. For Earth the diameter at which the
transition to complex crater morphology occurs is ~3 km. The transition diameter for the
Moon is -10-20 km. Central peaks are not accumulations of the breccia and melt that slides
down the crater walls. They actually consist of bedrock which is fractured and has been
raised relative to its original stratigraphic position. Despite the large amount of deformation
to which they have been subjected, central peaks usually preserve any original stratigraphic
relationships. For complex craters, as soon as the maximum depth of the transient crater is
excavated, the floor rebounds upward. This occurs rapidly enough that the deposit of
breccia and melt which accumulates at the bottom of the crater forms an annulus around the
central rise instead of the central circular breccia lens that forms in simple craters. (For a
100 km diameter terrestrial crater it would take

t = -J

Jg

= IOO5 for the melt and breccia

to fall from the sides of the transient cavity to the floor, so the central peak must begin
rising within this amount of time [Melosh, 1989, p. 142].) Terrace-like features resembling
the headscarps of landslides in plastic materials develop as wide blocks collapse from the
rim. This, too, must happen quickly since they are not observed to disrupt the breccia and
melt deposits on the crater floor. This rim collapse widens the transient crater to a final
crater which is typically 1.5 to 2 times the diameter of the transient crater {e.g.. Melosh,
1989, p. 138). Another result of this collapse is that complex craters have a much smaller
depth to diameter ratio than simple craters.
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FIGURE 2.4: Complex crater morphology (Theophilus, Moon)

Apollo photograph of the lunar crater Theophilus illustrating common features of complex
craters such as terracing along the rim, a flat crater floor and a central peak. The crater is
-100 km in diameter.
For still larger craters, diameters larger than -25 km for the Earth and larger than
-140 km for the Moon, instead of a central peak a ring forms within the final crater,
presumably due to the collapse of the central peak itself (see, for example, the numerical
models of Ivanov and Kostuchenko, 1997). This phenomenon suggests very fluid
behavior for the material within the crater. Peak rings are typically concentric around the
crater center and occasionally surround a central peak. Topographic profiles of peak rings
are symmetric, i.e., the inward and outward slopes dip at the same angle.
The morphologies of collapsed craters provide clues about the behavior of material
during crater collapse. Features such as terraced walls, essentially flat floors (the depths of
which are independent of crater diameter), and central peaks (or peak rings) indicate that for
craters larger than the simple-complex transition material does not support the angle of
repose, behaving as a fluid on the time scale of crater collapse. Melosh (1977) showed that
this is consistent with a plastic rheology with a low cohesion and an angle of internal
friction of a few degrees or less, that is, a material that exhibits power-law behavior under
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low stress and that deforms as a Newtonian fluid accumulating significant amounts of
strain for stresses exceeding its yield strength. Although the material within the final crater
cavity has been subjected to stresses above its Hugoniot elastic limit and is therefore
fragmented, there is little reason why it should behave so fluidly; except for very near the
rim, the walls of a transient crater are less steep than the angle of repose. Therefore, there
must be some mechanism which mobilizes the shattered material within the crater. Melosh
(1982) and Melosh and Gaffney (1983) hypothesized that this behavior might be due to the
phenomenon of acoustic fluidization wherein vibrations generated by the impact are
sufficient to relieve the overburden pressure allowing material to flow.

2.3 Multiple ring craters
Very large craters can also exhibit major structural effects external to the final crater
cavity, for example, die multiple rings observed around some of the largest lunar craters
(Figure 2.5) that were first described by Hartmann and Kuiper (1962). Termed multiple
ring craters (or multi-ring basins) these structures consist of large craters that are
surrounded by one or more concentric scarps. Lunar evidence such as ejecta that covers
parts of one of Orientale's rings and impact melt that embays another ring of Orientale and
shows no sign of having been disrupted by the formation of the scarp (e.g.. Head, 1974;
Melosh, 1989), suggests that these rings form very soon after crater collapse. Another
observation of multi-ring craters is that the rings appear to be spaced at radii that increase
approximately by factors of V2 or 2. This spacing also seems to occur for craters on
different planets, however the stadstical sample is small and the radii of some rings vary
considerably along the rings' perimeters. So, the significance of this potential relauon for
ring radii remains controversial.
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FIGURE 2.5: Multiple ring crater morphology (Orientale, Moon)

Orientale is the best example of a lunar multi-ring basin. There are at least four rings which
are (from the center out): the Inner Basin Ring with radius, /? = 160 km; the Inner Rook
Mountains, R = 240 km; the Rook Mountains, ^ = 310 km; the Cordillera Mountains. R =
465 km; and a possible fifth ring with R = 650 km (radii from Hartmann and Kuiper,
1962).
The conditions under which external rings form control their final structure; there
are two basic morphological groups. The first comprises those impact structures similar to
Orientale exhibiting a few-to-several inward-facing scarps with gentle outward slopes. In
addition to the Lunar examples there are also multiple ring craters of this type on Venus,
Ganymede and, according to recent seismic data from the Chicxulub structure in Mexico,
there is at least one on Earth (Morgan et al., 1997). There are also some claims that
Mercurian and Martian multi-ring craters exist, but the rings are poorly defined, so their
existence has not been demonstrated convincingly. The second morphological type of
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multiple ring crater is found on the Jovian satellites Callisto and Ganymede. Craters such as
Valhalla on Callisto exhibit lO's to IOC's of closely spaced rings consisting of outwardfacing scarps surrounding a central, flat basin (Figure 2.6).

FIGURE 2.6: Multiple ring crater morphology (Valhalla, Callisto)

Voyager image of the Valhalla impact structure on Callisto. The radius of the innermost
ring is 200 km and that of the outermost ring is 2000 km (Passey and Shoemaker, 1982).
The rings around multi-ring basins are distinct from the peak rings

described

previously. The primary morphological difference is that while topographic profiles of peak
rings are symmetric, those of external rings are asymmetric with a steep scarp on one side
and a gentle slope on the other. The two types of structures form under different
conditions: peak rings form within the final crater cavity where the original material has
been significantly disrupted, whereas the external rings form outside the final crater cavity
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and only disrupt pre-existing features locally. A good example of this is seen for the ring
fractures surrounding the impact stmcture Callanish on the Jovian satellite Europa (Figure
2.7) where pre-existing ridges are cut by rings around the disrupted crater center but remain
essentially undisturbed between the rings.

FIGURE 2.7: Multiple ring crater morphology (Callanish, Europa)
Galileo image of the impact structure Callanish on Europa. The disrupted region in the
center is -50 km in diameter. A prominent ridge crosses the image from the upper left to the
lower right. The ridge is cut by the circumferential fractures and completely disrupted near
the irregular central region of the structure.

Peak rings form within the final crater cavity, apparently by an extension of the
process that forms central peaks. Furthermore, they are observed in craters both with and
without multiple external rings so their formation must be independent of the conditions
necessary for the formation of external rings. Therefore, following a genetic classification
system, peak ring craters would be included within the category of complex craters. Since
the occurrence of multiple, external rings around large craters is much less consistent from
planet to planet, there may be more than size alone to account for their formation; for
example crustal structure may be a controlling factor. Indeed, a number of different
processes have been proposed and I discuss them further in the subsequent section. Thus,
multiple ring craters constitute a separate category of crater morphology. However, the
term multiple ring crater is rather ambiguous with respect to which type of rings are meant.
Since morphological evidence suggests that peak rings and external rings form by different
processes it is misleading (albeit accurate) to use the term multiple ring crater for any crater
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which exhibits a ring in addition to the crater rim. It is most appropriate to categorize craters
by the formation process involved. In general (although not exclusively, which has led to
some confusion in the literature), craters with peak rings are referred to as peak-ring craters
and the term multiple ring crater (or multi-ring basin ~ the history of the term basin is
similarly complicated, but that is another story) is reserved for those stmctures which
exhibit at least one external, asymmetric, concentric scarp in addition to the crater rim. I
have adhered to these definitions throughout this work.
In this discussion it is necessary to make another important distinction. For
complex craters, including peak-ring craters, the rim

of the final

crater is obvious.

However, for structures with multiple concentric scarps it is much less clear which ring
represents the actual crater rim. Once again, I believe this is an issue that can be resolved by
considering the formation process. The rim of a complex crater is formed when material
and sometimes entire sections of the rim collapse inward. Indeed, pieces of the former
surface are often preserved as terraces lying within the final rim.

It seems reasonable to

expect that the crater rim be formed in the same way for both complex craters and multiple
ring basins in which case the innermost ring which is not a peak ring is probably the crater
rim and any rings beyond this rim must have been formed by some mechanism acting
external to the final crater cavity. This issue is at the heart of debates over crater sizes as the
size of the final crater is related to the size of the transient crater and dierefore to the energy
of the projectile. For example, there is a substantial difference in the impact energies
involved if the Chicxulub crater is -135 km in diameter with structural effects external to
the crater cavity at -200 km diameter (Morgan et ai, 1997) or if the final crater itself is
-300 km in diameter (e.g. Sharpton et al., 1993). The first scenario predicts a transient
crater -100 km in diameter (and this is supported by the seismic reflection data) whereas, if
crater sizes scale linearly, the second predicts

- 170 km. Given the environmental

impact of the Chicxulub event it is important to constrain the size of the projectile.
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2.4 Formation mechanisms for multiple ring craters
While rings only exist around the largest craters for the planets on which they are
observed, there may be factors beyond size alone, such as lithospheric structure or
rheology, which control ring formation. For example, there is evidence that the Chicxulub
crater in Mexico may be multi-ringed; recent seismic data reveal a fault which offsets the
surface outside the final crater (Morgan et al., 1997), however, there is little evidence
supporting the theory that the comparably-sized Vredefort structure was multi-ringed, a
theory that has been promoted primarily on the basis of the size of the structure rather than
direct evidence for rings

themselves. It is possible that any such evidence has been

destroyed by erosion (although the fault at Chicxulub appears to penetrate to the Moho);
however, another possibility is that despite its similarity in size to Chicxulub, Vredefort
was not multi-ringed.
A number of diverse mechanisms have been proposed for the formation of multiring craters, but most are still controversial.

2.4.1 Volcanic Modiflcation (Hartmann and Yale, 1968, 1969)
This theory states that external crater rings are formed by post-impact volcanic
activity that exploits impact-generated fractures in the crust. It was developed to explain the
formation of lunar multi-ring basins which were first recognized by Hartmann and Kuiper
(1962) and it links the formation of the rings to the same event(s) that flooded lunar basins
with mare basalt. Large impacts and the ensuing crater collapse generate stresses in the
surrounding crust that are large enough to produce both radial and concentric fractures.
Hartmann and Yale (1968) hypothesize that much later, as radioactive decay heats the
interior of the Moon, subsurface melting occurs. This allows faulting to occur along the
pre-existing fractures creating the observed concentric scarps. Magma rises to the surface
along fractures below the crater flooding the basin. In addition, some magma propagates

34

upward along the faults and is extruded in places at the base of the scarps. This sequence of
events is illustrated in Figure 2.8.

FIGURE 2.8; Volcanic modification hypothesis.

This figure from Hartmann and Yale (1968) illustrates the sequence of events they
hypothesized to explain the formation of multiple rings around lunar basins. The stippled
layer along the surface in drawings 2-5 represents ejecta. The diagonal hatching in
drawings 3-5 indicates magma. And the vertically hatched layers in drawings 4 and 5
represent extrusive deposits. (Hartmann and Yale, 1968, Fig. 7)
There are two important arguments against this theory. The first is that it does not
account for the formation of rings around craters that have not been modified by volcanism
subsequent to their formation. Secondly, according to this theory rings form significantly
after the impact. However, as I mentioned previously, there is evidence that the rings form
quite quickly, e.g., before clast-rich impact melt solidifies and even before some ejecta
arrives (Lunar evidence: Head, 1974 and Melosh, 1989; evidence on Callisto: L.M.
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Prockter, personal communication, 1998). Obviously a number of lunar multi-ring
structures have been modified by volcanism subsequent to their formation, however this
volcanic activity does not appear to have been responsible for the formation of the rings.

2.4.2 Tsunamis or Gravity Waves (Van Dorn, 1968; Baldwin, 1972)
A second theory proposed to explain the formation of multiple rings around craters
is that the concentric scarps represent gravity waves that were frozen in motion as material
fluidized by the impact solidified abruptly. Van Dom hypothesized that the energies of large
impacts fragmented and melted near surface material, resulting in fluid behavior for ~ 1
hour after the impact. Gravity waves generated by the impact propagated in the fluid until
its rapid solidification froze the waves, thus forming multiple concentric rings. Van Dom
showed that the gravity waves generated by an explosion in a 50 km thick layer of lowviscosity fluid overlying more rigid material were spaced at radii consistent with the
spacing of rings around Orientale (Van Dom, 1968) and several other lunar multi-ring
structures (Van Dom, 1969).
While this is a likely scenario for the formation of a central peak or peak ring within
the crater, it is less plausible as an explanation for the steep external scarps. In section 2.2 I
discussed the implications that various morphological features of complex craters have for
the rheology of the material in which they formed. Complex crater morphologies suggest
that the material within large craters behaves according to a plastic rheology with a low
yield strength and a very small angle of intemal friction. This can be approximated by a
low-viscosity Newtonian fluid similar to the medium for which Van Dom performed
gravity wave calculations. However, the rim of the final complex crater is the limit of such
behavior. So, if the rings around lunar craters formed in this way, it would imply that the
outermost ring is the final crater rim. In this scenario all material within this ring should
have been completely disrupted, moreover, there should not be ejecta blanketing the rings if
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they formed within the final crater. Furthermore, this theory does not account for the
striking morphological differences between peak rings and external rings; if one process
were responsible for the formation of all rings they should have similar morphologies. So.
although proposed to explain lunar multiple ring craters, this hypothesis is more
appropriate for the formation of peak rings.

2.4.3 Megaterraces (Head, 1974, 1977)
The megaterrace hypothesis proposes that the outer ring is formed by inward
motion of a broad region outside of the crater rim along a fault that forms the ring scarp. In
this scenario craters such as Orientale are what Head (1977) called 'three-ring basins'. The
three rings are: a peak ring, the crater rim, and the outer scarp bounding the megaterrace.
For Orientale these three rings correspond to the Inner Rook, Outer Rook, and Cordillera
Mountains, respectively. One possible explanation for the formation of the outer scarp is
that failure occurs at the edge of the region that experiences significant uplift from the
displacement of material during crater excavation (Head, 1977). Another explanation is that
the scarp defines a strength discontinuity at the edge of the region that was brecciated by the
impact generated shock wave (Croft, 1981). Although both of the previous references seem
to support

the megaterrace hypothesis,

they nonetheless disagree regarding the

classification of various rings around Orientale.
This theory allows the formation of only one ring around a large crater. In each
example cited, the second ring from the outside is interpreted as the final crater rim and any
rings with smaller radii are interpreted as peak rings. Another weakness of the theory is that
according to it rings form around the largest craters. However this idea is disputed by the
lack of definitive multiple ring craters on Mercury and Mars. Hodges and Wilhelms (1978)
also challenge this theory because there is no transition between the small terraces that make
up complex crater rims and these megaterraces.
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2.4.4 Nested Craters (Hodges and Wilhelms, 1978)
Under the nested crater hypothesis rings form due to differential excavation of
stratigraphic layers with varying strengths. The sizes of transient craters formed in different
target materials by identical projectiles depend on the resistance each material has to
excavation. Therefore a transient crater formed in a stratified target could have several
'rims' representing the limits of excavation of material from each horizon. This scenario is
illustrated for Orientale in Figure 2.9. Hodges and Wilhelms (1978) correlated the rings
surrounding Orientale with the layering of the lunar crust revealed by the Apollo seismic
experiment. The Cordillera Ring represents the outer limit of excavation in the 25 km thick
lunar megabreccia (Simmons etai, 1973), the weakest layer. The Outer Rook Ring is the
outer limit of excavation in the lower lunar cmst that extends from a depth of 25 km down
to 60 km and in which higher temperatures and overburden pressures enable fractures to
anneal (Simmons et ai, 1973). Hodges and Wilhelms (1978) postulate that inward collapse
occurred along this ring during uplift resulting in the formation of the Inner Rook Ring.
Finally, the ring at 320 km diameter may represent the extent of excavation in the mantle.
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FiGLfRE 2.9: Nested crater hypothesis
Figure from Hodges and Wilhelms (1978, Fig. 14) illustrating: A) the transient crater
which extends to different radii in each of three stratigraphic layers and, thus, has three
transient crater 'rims', and B) the crater after collapse and relaxation, each 'rim' forms a
ring around the final crater.

Differential excavation is certainly an important effect in impact cratering. In
addition this hypothesis has the advantage that it explains why multiple ring craters would
form on some but not all planetary surfaces. However, it also has a number of weaknesses.
This hypothesis suggests that excavation extended into the lunar mantle and that the crustmande boundary be exposed at the 320 km diameter ring, but there is little evidence for the
exposure of mantle material on the lunar surface. The theory shares with Van Dom's
(1968) tsunami model the difficulty of justifying that the entire Orientale structure
corresponds to the transient crater. Finally, this model dictates that the ring spacing for all
lunar craters, regardless of their size, be controlled by the overall crustal stratigraphy. This
is inconsistent with the observation that the radii of adjacent rings seem to have ratios of V2
or 2.
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2.4.5 Ring-tectonics (Melosh and McKinnon, 1978)
The ring-tectonic model also relies upon a stratified target in which inward motion
can occur within a lower fluid layer inducing radial extensional stresses in a more rigid
upper layer. It predicts that ring faults will form around craters in targets with a surface
layer that behaves elastically on the timescale of crater collapse overlying a layer which
e.xhibits fluid behavior on the same timescale. If the crater, or the disrupted region around
it, penetrates to the fluid layer, as the crater collapses the low-viscosity material will flow
inward exerting a drag force on the upper elastic layer. This creates extensional radial
stresses that can be large enough to fracture the elastic layer. Four possible crater
morphologies predicted for different target structures are illustrated in Figure 2.10.
Few planets are thought to have subsurface layers with viscosities that are
sufficiently low to enable them to flow on the timescale of crater collapse, but there are
other possible explanations. One is that there may be layers that are particularly susceptible
to phenomena such as acoustic fluidization

wherein vibrations temporarily relieve the

overburden allowing fractured material to flow rapidly. Another possibility is exponential
creep. Rheological experiments have shown that above a threshold stress (which can be
achieved in the mantle below large terrestrial impacts [e.g.. Turtle and Melosh, 1998])
olivine deforms much more rapidly than predicted by its rheology at lower applied stresses.
This behavior will be discussed in more detail in section 3.3.3.
One of the strengths of Melosh and McKinnon's ring tectonic theory is that it is
consistent with both the Orientale and Valhalla types of multiple ring crater morphologies.
However, the theory does not explain the existence of the low-viscosity layer or whether
such a layer could be generated by an impact.
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FIGLTIEZ.IQ: Eling-tectonic model

Illustration of different multiple ring crater morphologies predicted by the ring-tectonic
model (from McKinnon and Melosh, 1980, Fig. 3). The crater morphology is controlled
by the target's structure and rheology: (a) in a thin elastic layer above very fluid material
numerous radial and concentric fractures form due to oscillations of material within the
transient crater cavity, (b) if the fluid material has a higher viscosity only concentric
fractures form, (c) in a thicker elastic layer only a few concentric rings form, (d) finally, if
the elastic layer is too thick, no rings form.
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2.5 Research Objectives
Each of the research projects that I have included in this dissertation made use of
numerical simulations of the formation of very large impact craters to address distinct
questions pertaining to their structures. The techniques I used to model crater formation are
described in the following chapter.
In the first project (described in Chapter 4) the cratering processes described in this
chapter were reproduced numerically to simulate the formation of impact craters under
terrestrial conditions for a range of projectile sizes. This made it possible to predict not only
where some of the shock features listed in section 2.1 would form, but also their final
locations after displacement during crater excavation and collapse. Comparison of the
predicted shock feature locations to those documented for the same features around the
Vredefort structure in South Africa puts constraints on the size of the projectile and thus of
the original crater. The Vredefort impact occurred two billion years ago and the structure
has been deeply eroded since then. The original crater basin has been completely removed,
so structures that were originally deep below the crater are now exposed at the surface.
Consequently, the size of the original crater cannot be determined directly. For this project
numerical modeling provided a means to recreate the impact itself and to reproduce the
original Vredefort crater.
The second project, which I describe in Chapter 5, is an investigation into the
formation of multiple ring craters on Earth. As the number of mechanisms that have been
proposed to explain multi-ring crater formation suggests, how these structures form is still
not well understood. I have used numerical models to investigate the efficacy of the ringtectonic theory for creating multiple extemal rings under terrestrial conditions and to
explore the effects of varying parameters describing the target's structure and rheology. I
generated models based upon the ring-tectonic theory and used them to simulate crater
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collapse under different conditions to see whether rings would form and to determine the
values of target parameters that were most conducive to ring formation. Another aspect of
this part of my research is modeling the Chicxulub crater around which recent seismic data
have revealed a ring (Morgan et al., 1997). Tailoring my model to resemble Chicxulub as it
appears in the seismic data, I simulated its formation to determine the values for structural
and rheologic parameters that reproduced the observed structure.
In the final project which I have included in my dissertation (Chapter 6) I applied
the same crater modeling techniques under the rather different structural and rheologic
conditions that exist on the icy Jovian satellite Europa. Whereas for terrestrial craters it is
possible to use direct observations of the crustal structure to constrain crater models, in the
case of Europa the situation is reversed; data are limited to remote sensing observation of
Europa's surface. Therefore, the opposite approach can be taken; models of crater
formation can be used in combination with the observed morphologies of Europan craters
to ascertain Europa's near-surface structure. I have modeled the formation of craters of two
different sizes in ice layers of varying thickness and used the resulting stress fields to
determine the conditions under which circumferential fractures would form. By comparing
the model predictions to the crater morphologies of two differently sized Europan craters it
was possible to constrain the thickness of the Europan lithosphere (more precisely, that part
of Europa which behaves elastically on the timescale of crater collapse).

43

CHAPTER 3: MODELING

3.1 Overview
The objective of my research is to investigate crater collapse under various
structural and rheologic conditions. To do this I applied the finite-element method which is
well suited to modeling geophysical situations. However, as collapse is the final stage of
the impact cratering process, I first needed to approximate the formation of the transient
crater in order to create a starting point from which simulations of collapse and modification
could proceed. It was not necessary to simulate the earliest stage of cratering (contact and
compression) or the propagation of the shock wave in the target because any effects they
have on the target material can be incorporated directly into the finite-element model (for
example, by adjusting the relevant material parameters to values appropriate for material
weakened or heated by the shock wave). To generate an idealized, parabolic transient crater
I used the formula derived empirically by Maxwell and Seifert (1975). This approximation,
called the Z-model after one of its fundamental parameters, is described in the following
section (3.2). I applied the Z-model to determine what material is ejected from the crater as
well as the displacements of unejected material and used the results to create a structural
model of the crater and the surrounding target material after excavation. This model served
as the starting point for finite-element simulations of crater collapse. The final section of
this chapter (3.3) describes the finite-element method and the design of a finite-element
model that reproduces crater collapse. The results of my simulations are presented in
subsequent chapters.
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3.2 The Z-model of the crater excavation flow fleld
During crater formation some material is ejected from the transient crater by the
excavation flow that is initiated by the detached shock wave. However, the ejecta only
contains material from the top third of the crater cavity; the rest of the transient crater is
opened by compression of material downward and outward into die surrounding target
material. Maxwell and Seifert (1975: see also Maxwell, 1977 and Croft. 1980) derived a
model of the excavation flow field

by using computer simulations to reproduce the

displacements observed for explosion cratering experiments ranging from 1 cm radius
spheres of high-explosive material in plasticene (a material which exhibits a constant yield
stress) to nuclear tests with yields of up to 5 megatons. They assumed that the target
material

undergoes incompressible flow

along

stationary

streamlines

which

are

characterized by the parameter /?„, the radial distance at which the streamline intersects the
original surface. In polar coordinates the streamline equation is:
R = R„(,i-cose)"''-"

(3 „

where R is radial distance and 6 is measured from the vertical axis (Figure 3.1a). They
found that a constant value of Z = 2.7 successfully approximated the observed crater
structures, although, more rigorously, Z has an angular dependence and is closer to 2 for
small

0

and closer to 4 for

d

near 90°. However, as I am primarily interested in post-

excavation processes and am employing this model for the purpose of approximating the
transient crater cavity and the surrounding structural deformation, I have used Z = 3
everywhere. This simplifies the calculations greatly and reproduces the structural effects of
the excavation flow quite adequately, especially when the other assumptions and
approximations made throughout the modeling procedure are considered.
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FIGURE 3.1; The Z-model
a) Illustration of Maxwell and Seifert's (1975) Z-model. The thin line represents the profile
of a parabolic transient crater 100 km in diameter and 30 km deep. Four streamlines are
shown (heavy lines) all of which were calculated using Z = 3. The value of
relative to
the radius of the transient crater, R^,, is indicated for each streamline. Material along
streamlines with
is ejected from the crater. Thus, the streamline with /?„ = R^,
represents the boundary of the region from which material is ejected. Material along
streamlines with R^ > R^, is displaced outward and downward into the surrounding target
material.
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3.1b) Cross-section illustrating the pre- and post-excavation volumes between two
streamlines characterized by /?„ and R^+AR^ {AR^ is exaggerated so volumes are large
enough to see). The excavation flow moves the point origin^ly at (/?,0) to (/?„,H,^„,H)
deforms the volume labeled
(shaded in green/light gray) to that labeled
(shaded in red/darker gray).
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The Z-model can be used not only to predict whether or not material from a given
location within the target will be ejected, but also to calculate the displacement of unejected
material. The model assumes that the excavation flow is incompressible, it therefore
follows that the volume along streamlines must be conserved,

i.e.,

the volume along the

streamline between the origin and the original position of a point is equal to the volume
along the streamline between the crater wall and the final (post-excavation) position of the
point (Figure 3.1b). So, the location of a point after crater excavation can be determined by
equating these two volumes. The volume swept out by rotating the area between a
streamline and the surface around the vertical axis is:
fR

^ ~ Jo

pjr/2 ,

Jo Jo

9ddcl0dr

(3.2)

The volume above a streamline between two points iR,,d,) and (/?,,0,) along the streamline
is:
rRK r2T rS- T
I
\ ' r'sin6d6d0dr

J

f> Jo Je,

(3.3)

Integrating over r and 0 gives:
^'•^Isinddd
V = 2K\l\-^]sin
9de

s.LM

(3 4)

Substituting in R from Equation (3.1) with Z = 3:
V=

Integrating over

d the

{I-cos OY sin OdO

(3.5)

volume above the streamline between the two specified points is:
V = -^(1-COS0)"*

(3.6)
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The volume, 4V, between two streamlines that are characterized by /?„ and

+ zl/?,, is

(Figure 3.1b):
AV = f(R„ + A/!„)'(l -cosSrr -f
J A-

As AR^ approaches zero, 6^ approaches

-cost))'];,
(3.7)

and 0,' approaches 0,. So,

me== f

- COS0)^

(3.8)
01

Given the position of a point in the target (jc,z) the first step is to convert it to the polar
coordinate system centered on the explosion
upon which it lies (Figure 3.1b). If

{R,d)

and determine /?„ for the streamline

is less than the transient crater radius, then the point

is ejected. Otherwise, the position of the intersection of the streamline with the transient
crater wall is determined

Then equation 3.8 is used to find the new position of the

point, ( / ? „ „ , b y equating the volumes before and after excavation:
Av{e=o,e) = Av(e = fl,.,0.„)
f ((R„ + A«„)' - R.'){l -cose)' = f ((/!, + ^R,)' - /!„=)[(1 -cose.„)' -(I -cosS,)'
(3.9)
Solving for

and substitution into equation (3.1) give the following equations for the

point's location after excavation:
=COS"'(^1-^(1-COS0)"' +(1-COS0J"'^

The origin of the streamlines, and therefore of the polar coordinate system in which
they are defined, is the location of the explosion. It is straightforward to determine this
position for explosion cratering experiments, however, in a meteorite impact the projectile's
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inertia enables it to penetrate to a shallow depth before it is completely vaporized. So, to
determine the origin of the coordinate system it is necessary to estimate an effective depth
of burial. Very roughly, the depth of burial is comparable to the projectile diameter.
According to Schmidt and Housen's (1987) scaling law. a 100 km diameter transient crater
can be excavated by a 14 km diameter projectile with a velocity of 20 km/s (and material
parameters specified in Chapter 4). However, if the depth of burial is too deep, some
streamlines intersect the wall of a parabolic transient crater cavity twice, the first time well
inside the rim. Since the streamline with /?„ equal to the transient crater diameter is defined
to be the one that intersects the surface at the radius of the transient crater, a streamline that
intersects the transient crater wall below this is unacceptable. Therefore, to avoid this
complication I have further simplified the model and used a smaller value (typically,
although not exclusively, zero) for the depth of burial.
In addition to the approximations discussed above there is one further caveat that 1
mentioned in the preceding chapter, but which bears reiteration here. Maximum growth of
the transient crater is not attained simultaneously in all directions. Vertical excavation ceases
first while, due to less resistance, the horizontal growth continues. Therefore the transient
crater achieves its maximum depth and the crater floor begins to rebound upward before the
crater has achieved its maximum radial extent. The parabolic crater cavity (e.g.. Figures
3.1a, b) delimits the maximum extent of excavation that is achieved, although not
necessarily simultaneously, in each direction during crater excavation.

3.3 Finite-element modeling
3.3.1 Overview
Finite-element analysis is a numerical method used to solve complex physical
problems. In finite-element analysis a structure is subdivided into units, called elements,
which are small enough that their characteristic properties can be considered uniform
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throughout their extent. Each element is bounded by a set of nodes, typically three or four
in two-dimensional models {i.e., 2-D elements are typically triangular or square). The
interconnected system of nodes and elements constitutes the finite-element mesh. Equations
governing individual elements and nodes can be assembled into a system of equations that
describes the entire structure and which can be solved simultaneously to calculate the values
of properties of interest throughout the structure.
The finite-element

method has applications in many different fields,

including

geophysics. It is commonly employed to calculate the stresses and strains that develop
within a structure subjected to an applied stress or deformation. Because each of the
elements into which the structure is divided can have different properties, the finite-element
method can manipulate extremely complex structural systems. Thus, it is a powerful tool
for use in geophysical and tectonic problems where material and other properties often vary
considerably across the area of interest.
The following procedure describes finite-element

analysis as applied to a

geophysical problem. The geologic structure is divided into elements to which appropriate
material properties and rheologic parameters are assigned. These properties describe how
each individual element responds to applied stresses; they determine each element's
stiffness matrix. Each element is associated with a set of nodes whose initial locations are
established. The elements record stresses throughout the structure, while the nodes record
displacements. Boundary conditions and external forces appropriate to the particular
problem are also defined. All of these factors are combined to construct the following
system of equations:

Ku = f

(3.11)

where K is the stiffness matrix for the entire structure assembled from the stiffness
matrices of the individual elements, u is a vector representing the displacements of the
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nodes, and f is a vector representing the forces acting on the nodes. The system of
equations is solved simultaneously to calculate displacements and stresses. To follow the
evolution of a structure through time the stiffness matrix and force vector are updated to
account for the node displacements and element stresses resulting from the previous step
and the system of equations is solved again. This can be repeated until the structure
achieves equilibrium or until the solution becomes numerically unstable due, for example,
to dramatic distortion of elements' shapes.
This method has a number of advantages for modeling impact cratering. The fact
that properties can vary from element to element affords it great flexibility in
accommodating complicated structures and variations in material properties. Therefore, it is
possible to incorporate into the mesh effects such as the deformation of target material by
crater excavation and the modification of material properties as a function of the strength of
the shock wave. Another important advantage of the finite-element method is that the scale
of the mesh is unlimited. Simulations of regions hundreds of kilometers across (albeit at
low resolution to reduce run time) and those of laboratory scale structures are equally
feasible. Thus, the collapse of specific craters can be reproduced using their actual
dimensions and obviating the need for scaling between craters of various sizes. Since
gravity can be integrated directly into the finite-element model, the variable scale has a
further benefit: the effects of gravity can be accurately modeled. One of the limitations of
laboratory cratering experiments is that their small scale limits how effectively they can
reproduce the role that gravity plays in the collapse of very large craters.
Naturally there are also limitations to the capabilities of finite-element

analysis,

some of which are tested by crater collapse models. It is a Lagrangian method, that is. the
mesh moves with the material as it deforms, so the elements can become quite distorted.
However, the amount of strain that elements can sustain before the solution becomes
numerically unstable is limited, and crater collapse involves significant deformation.
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Fortunately, the finite-element

method can be quite robust, so it is possible to prevent

instabilities from developing by designing a mesh with elements that are sufficiently small
and material property gradients that are sufficiently gentle near regions of large
deformation. A great deal of strain can be accommodated within a mesh as long as it is
distributed among a large number of elements. Finite-element models are generally applied
to processes that are substantially less dynamic than impact cratering. However, as long as
the time intervals can be adjusted to restrict the amount of strain that accumulates within one
step to an acceptable level, the model stability is insensitive to the actual strain rate.
Finite-element analysis has a number of advantages that are particularly suited to the
problem of crater collapse and its limitations can be overcome through conscientious mesh
design. Finite-element models of crater collapse complement other approaches to studying
impact craters such as geologic exploration, laboratory experiments, as well as other
numerical methods. Indeed, results from studies of these types are essential to designing
accurate models of crater collapse, models which should elucidate fundamental structural
and rheologic parameters that control crater collapse and the formation of multiple ring
craters.

3.3.2 The Hnite-element program Tekton
Tekton is a finite-element code designed by Melosh and Raefsky (1980). The code
can be compiled using several different libraries each of which endows the resulting
program with different geometric (two-dimensional, axially symmetric three-dimensional,
and full three-dimensional) and rheologic attributes. Craters that are formed by projectiles
with incidence angles of 90° {i.e., perpendicular to the target) have a natural axis of
symmetry. Indeed, in laboratory experiments craters retain their circularity for incidence
angles as low as -10° (e.g., Gault and Wedekind, 1978) although asymmetries in the
propagation of the shock wave and the distribution of ejecta develop at higher angles {e.g..
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Pierazzo and Melosh, 1998). It would doubtless be fascinating to investigate the
asymmetries that result from projectiles that impact at shallow angles, however, it is not
within the scope of this dissertation. Therefore, I have used the axially symmetric, threedimensional version of Tekton to model crater collapse. This requires less computation time
than a full three-dimensional solution and it simplifies the mesh to a single radial crosssection of the crater. Tekton calculates a complete visco-elastic solution using one of a
number of different element theologies which will be discussed in the following section
(3.3.3).
Tekton begins by reading an input file which contains information describing the
mesh, its initial conditions and how those conditions evolve with time (specific
considerations involved in designing the initial mesh and choosing appropriate parameter
values are discussed in section 3.3.4). From this information Tekton sets up the problem,
and calculates the initial stiffness matrix with which it computes the displacements and
stresses of the elastic solution. It then proceeds with the viscous solution according to the
time steps specified in the input file, reforming the stiffness matrix every few steps, as
necessary. As rheology is fundamental to my finite-element

models, in the following

section I define the different types of material that Tekton is capable of simulating and
briefly describe their behavior.
Tekton was designed specifically for use in geophysical problems and, therefore, it
has a number of attributes that make it especially appropriate for modeling crater collapse. It
incorporates a variety of theologies, having recentiy been updated to simulate plasticity
which is important for modeling crater collapse and exponential (Dom) behavior which
may be relevant to the formation of multiple ring craters. Tekton allows the user flexibility
in defining time steps which can be set to arbitrarily small intervals making it possible to
accommodate materials with very low viscosities. In addition, material properties can be
varied with time. This feature is useful for incorporating the rheologic effects of
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temperature changes or the decay in strength of the acoustic vibrations that may be
responsible for fluidizing target material around the transient crater. Furthermore, time
dependent material properties are essential to crater models that include materials with
plastic rheologies. Because transient impact craters are very far from equilibrium, there are
elements within the transient crater for which the initial conditions significantly exceed the
plastic yield envelope. This results in numerical instability. By making use of the time
dependent material parameters it is possible to control the yield envelope to prevent
elements from beginning the simulation in plastic failure and to ensure that when elements
do approach the failure envelope they do so gradually. Tekton utilizes elements with both
three and four nodes. This makes it possible to reproduce irregular structures, such
transient crater walls and the distortions that occur adjacent to them, within the finiteelement mesh. Finally, in practice, Tekton has proved to be quite robust and capable of
modeling even the intensely dynamic process of crater collapse.
Tekton's biggest disadvantage for modeling crater collapse is that it does not
currently take inertia into account. The lack of inertia is not significant for typical tectonic
processes which act slowly over geologic timescales, indeed, in such cases including
inertia would add needless complication to the finite-element model. However, in a process
as rapid as impact cratering inertia is very important, and without it the aspects of crater
collapse that can be modeled accurately are limited. For example, in Tekton simulations
motion ceases when the material reaches isostatic equilibrium, so the formation of features
such as central peaks and peak rings cannot be modeled. This limitation is not expected to
be nearly as significant for features outside of the final crater where the strain rates are
significantly lower, so it should not be detrimental to models of multiple rings.
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3.3.3 Rheology
Rheology describes how a material deforms in response to an applied stress. It is
usually expressed as a relationship between the strain, e, or strain rate, e, of a material as a
function of stress, cr. The simplest rheology is elastic (or Hookean) for which the strain
depends linearly upon the applied stress:
(3.12)
where E is Young's modulus, v is the Poisson ratio, Tr(o;p is the trace of the stress tensor
[i.e., Tr(c5;p

=

and

stress applied at time

5-

is the Kronecker delta [5-j(i=j) = 1;

= 0]. For a given

and held constant thereafter, a perfectly elastic material will

experience an essentially instantaneous strain at

after which it will exhibit no further

deformation.
A Newtonian rheology is also fairly simple. In this case there is a linear relationship
between the strain rate and the applied stress:
(3.13)
where rj is the dynamic viscosity and 40"^ is the deviatoric stress, that is, stress without the
component due to lithostatic pressure: Aa-^ = (j-- Newtonian fluid at time

If a stress is applied to an ideal

the strain rate changes instantaneously and then remains

constant. Thus, strain accumulates as a function of time. A combination of these two
idealized rheologic components in series constitutes the more realistic visco-elastic, or
Maxwellian, rheology. This is a good approximation to the Earth's mantle which transmits
stresses elastically on very short timescales {e.g., the time it takes for a seismic waves
propagate) but responds as a very viscous fluid over much longer periods of time {e.g., the
timescale of post-glacial rebound).
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In general, however, rocks exhibit significantly more complex, non-linear rheologic
behavior. Often this behavior can be represented by a power-law in which the strain rate
depends on the stress raised to the power n:
(3.14)
where A is a constant, H is the activation enthalpy, R is the ideal gas constant, and T is
absolute temperature {e.g., granite in Figure 3.2). A plastic material obeys a power-law
rheology for applied stresses lower than its yield strength but deforms as a Newtonian fluid
accumulating significant amounts of strain for stresses that exceed its strength. Such a
material is characterized by its cohesion, c, and its angle of internal friction, 0.
Another high-stress departure from a power-law rheology is observed for olivine.
Below 200 MPa the behavior of olivine can be described by a power-law, but above this
stress the strain rate increases much more rapidly displaying an exponential dependence
upon applied stress {e.g., olivine in Figure 3.2):

(3.15)

where

A', ff,

and (J^ are experimentally determined constants.
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FIGURE 3.2: Strain rate vs. stress curves for power-law and exponential materials.

Comparison of strain rate vj. stress curves for granite (power-law rheology; Kirby and
Kronenberg, 1987) and olivine (power-law and exponential rheology; Goetze, 1978) at 7 =
1000°C. In experiments olivine has been shown to exhibit a power-law rheology at stresses
below ~2 MPa and an exponential rheology at higher stresses.
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Tekton can simulate a variety of material behaviors. The basic visco-elastic element
combines the elastic strain with the viscous strain for Newtonian and power-law
theologies. Another visco-elastic element includes exponential behavior. And a third allows
a visco-elastic-plastic solution.

3.3.4 Mesh Generation
The input file contains a complete description of the finite-element mesh. It includes
each element's material parameters and its associated anchoring nodes, each node's
location, the boundary conditions applied to nodes at the edges of the mesh, any external
forces, the number of time steps and their durations, and descriptions of any temporal
variations of parameter values.
One important consideration in designing a mesh is its extent. It needs to be
sufficiently large that the boundary conditions applied at its edges do not interfere with the
simulation. For the crater collapse problem the vertical and radial extent of the mesh is
constrained by the maximum vertical and radial extent of the following: the transient and
final craters, the region around the crater that is affected stmcturally, and the regions that
are of interest during crater collapse. Estimates for the radius of the final crater at Vredefort
range from 60 to 150 km (e.g.. Turtle and Pierazzo, 1998 and Therriault, et al., 1997,
respectively) and the Chicxulub crater is comparable in size (e.g., Morgan et al., 1997).
Transient crater radii are estimated from experiments to be 50% to 65% the final crater
radius (Melosh, 1989, p. 138). Therefore, based on the estimates quoted previously for the
size of the final crater at Vredefort, its transient crater was probably between 30 and 75 km
in radius. The seismic data for Chicxulub suggest a radius of 50 km for the transient crater
(Morgan et al. 1997). Observations of terrestrial craters and cratering experiments indicate
that transient crater depths are between 1/4 to 1/3 their diameters (e.g., Melosh, 1989, p.
78), so the range of depths possible for these transient craters is 15 km to 50 km. There are
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two principal regions that I am interested in observing during crater collapse: 1) where the
shock contours relevant to the Vredefort models in Chapter 4 approach and intersect the
surface, which occurs at shallow depths (< -15 km) extending outward from the transient
crater rim, and 2) where multiple concentric scarps form (Chapter 5), outside of the final
crater rim. Based upon these criteria I generated a standard mesh for modeling terrestrial
craters that extends out to a radius of 315 km from the axis of symmetry and down to a
depth of 210 km below the surface (Figure 3.3). (I used modified versions of this mesh to
model the smaller Europan craters. The differences are discussed in Chapter 6.) These
dimensions ensured that the mesh was large enough to accommodate a structure the size of
Vredefort or Chicxulub, talcing into account the possibility of external ring structures
forming at still larger radii. They are also sufficient to preclude the boundary conditions
from affecting the solution adversely; the elements at the mesh edges remain essentially
undeformed throughout simulations of crater collapse.
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FiGLfRE3.3: Finite-element mesh for terrestrial crater models
The entire mesh, shown here before crater excavation, extends to a radius of 315 km and to
a depth of 210 km. The small elements are 3.5 km by 3.5 km and the larger ones are 10.5
km by 10.5 km. The nodes along the axis of symmet^ (r = 0 km) and at the outer edge (r
=315 km) are allowed to move vertically, but not horizontally. The nodes along the bottom
of the mesh (z =-210 km) are held fixed both vertically and horizontally.

Since the mesh is axially symmetric, there can be no horizontal motion across the
center line (r = 0.0 km), by definition. Consequently, die nodes along this boundary are
only allowed to move vertically. The same constraint is applied to nodes along the outer
boundary (r =315 km), although due to the size of the mesh, no motion should occur at this
edge. Along the bottom boundary (z = -210 km) neither vertical nor horizontal motion is
allowed; as at the outer boundary, none is expected to occur. The top of the mesh is free to
move in both directions. The mesh also incorporates a gravitational acceleration of 9.8
m/s\
Another important consideration is element size. It is necessary to achieve a balance
between the number of elements desired to accurately reproduce a structure and
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computational capability. The elements must be small enough that material properties can be
considered uniform throughout them and yet allow adequate representation of rheologic
variations across the mesh. In order to preserve numerical stability during a simulation, the
elements also need to be significantly smaller than the crater itself so that the deformation
that occurs during collapse can be distributed among many elements. Simultaneously,
computational limitations such as memory and CPU time restrict the number and, therefore
the size, of the elements into which the structure is divided. One way to accommodate these
limitations is to use small elements only in critical regions and to incorporate transitions to
larger elements in areas of lesser importance. I used square elements 3.5 km by 3.5 km
(elements are most stable when their aspect ratios are ~ 1) from the surface to a depth of 140
km (Figure 3.3). These elements are small enough that a transient crater comparable in size
to that of Vredefort or Chicxulub {i.e., 40 to 50 km in radius and 24 to 30 km deep) is
several elements deep, sufficient to allow deformation without developing instabilities. This
element size is also conducive to incorporating the different stratigraphic units at Vredefort
(Table 4.1). Because transitions from small to large elements can distort the stress field
locally, I have kept element size constant throughout the radial extent of the mesh so as not
to introduce artificial variations in stress as a ftinction of radial distance. I did incorporate
larger square elements, 10.5 km by 10.5 km, below 140 km (Figure 3.3) which is
sufficiently deep that localized variations in stress do not pose a problem.
The material properties that must be defined for each element include density.
Young's modulus and Poisson's ratio, in addition to the rheologic parameters described in
the preceding section. Based upon the known pre-impact stratigraphy and thermal gradient,
appropriate materials, for which the values of the necessary parameters have been
determined experimentally, are chosen to represent each element. Initial stresses are also
calculated for each element assuming a lithostatic state of stress. To expedite mesh
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generation I developed programs to automate the process of determining the parameters for
cach element based upon its location within the mesh.
The original stratigraphy is disrupted by the impact; some material is ejected while
other material is displaced downward and outward into the surrounding rock. I used a
series of programs created by A.M. Freed (personal communication) to generate a uniform
(pre-impact) mesh. Then to approximate the formation of a transient crater I developed a
program (Appendix 1) that applies the Z-model (described in section 3.2) to the initially
uniform mesh to estimate the locations of nodes immediately after the excavation of a
transient crater. In generating transient craters I assumed them to be parabolic in shape with
a depth-to-diameter ratio of 0.3 and I used the approximation that Z = 3. The program reads
in the original node locations, the nodes that correspond to each element, the element
properties, and the parameters that describe the transient crater; diameter, depth, depth of
burst. It then predicts the fate of each node during excavation of a parabolic transient crater
cavity with the specified parameters, determining whether the node is ejected or displaced,
and if the latter, the node's new position. This program is also designed to restructure
elements that become severely distorted. Within a few kilometers of the transient crater wall
the target material is intensely sheared, so the nodes in this region can be wildly displaced.
The program adjusts the locations of these nodes in order to prevent shape problems from
developing as Tekton runs. Each column of nodes is read through from the bottom of the
mesh to the top, and the last remaining node is reset to lie on the transient crater wall
directly above the previous node. Near the center of the crater material is greatly
compressed. To avoid creating many elements with extremely compressed aspect ratios, the
first node within I km {i.e., -1/3 the size of an undeformed element) of the u^ansient crater
wall is set to lie on the wall, and any nodes that lie still closer to the wall are removed. Once
all the nodes have been displaced according to the Z-model the correspondence of nodes to
elements is updated: if all four of the nodes originally associated with an element remain.
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their numbers are simply updated; if only three nodes remain, the element becomes
triangular and the node numbers are updated; if fewer than three nodes remain, the entire
eiement was ejected from the crater so it is removed from the mesh. Each remaining
element retains its initial (pre-impact) material properties and stress state, although some
Theological parameters are modified, as I will describe shortly. The resulting mesh {e.g..
Figure 4.6b) is the starting point for modeling crater collapse. The largest transient crater
that I excavated in the mesh using this method had a radius of 70 km and a depth of 42 km.
Its excavation resulted in less than 10 m of vertical displacement at the bottom of the mesh
(c = -210.0 km), thus confirming that the mesh boundaries are adequately removed from
the crater.
The impact affects more than the original structure of the target; the shock wave and
vibrations generated by the impact can also modify the behavior of the material
encompassing the crater cavity. Melosh (1977) and McKinnon (1978) showed that features
such as central peaks (or peak rings), terraced walls, and flat crater floors, the depths of
which are essentially independent of crater diameter, are consistent with a Bingham plastic
rheology with a low yield strength (~ 1 MPa) and an angle of internal friction of less than a
few degrees, preferably zero. Melosh attributed this behavior to acoustic fluidization of
material within the final crater due to vibrations generated by the impact. This effect can be
incorporated into the mesh by modifying the rheologies of elements within the affected
region in one of two ways. The first

is to adjust the rheologic parameters to values

appropriate for a Newtonian material. Melosh (1982) showed that acoustically fiuidized
material could be approximated by a Newtonian fluid with viscosity,
j] = pXa

(3.16)

where p is the material's density, A is the wavelength of the acoustic fluctuations, and a is
the material's P-wave velocity. An effective wavelength of the acoustic fluctuations during
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the later stages of collapse can be approximated by equating the time predicted for viscous
collapse to occur with the upper limit for the amount of time it takes for collapse to occur
{i.e..

the time it would take material to fall a distance equivalent to the depth of the transient

crater. Equation 2.3). This produces:

(Melosh, and Gaffney, 1983). Substituting

into Equation 3.16 gives:
(3.18)

The second way to represent acoustically fluidized material is to use a plastic
rheology with a low yield strength, c = 3 MPa, and a very low angle of internal friction. CP
< 0 < T (Melosh, 1982 and 1977, respectively). Plasticity was introduced to Tekton
relatively recentiy, so I have used both Newtonian and plastic rheologies in my crater
collapse models. The results are substantially the same; as predicted, a Newtonian fluid is
an suitable approximation to a plastic material that has exceeded its yield strength. The great
advantage afforded by plasticity is that the fluid behavior is stress dependent. So, as
collapse proceeds and the structure approaches equilibrium, the stresses decrease below the
yield strength and die material retums to its fundamental power-law rheology. Although
this is more elegant, in practice it makes little difference to the final crater morphology.
It is not known how acoustic fluidization decays either spatially or temporally. So,
whether acoustic fluidization or a different, as yet unidentified, mechanism is responsible
for mobilizing material within the crater, the extent of the region that is affected must be
approximated. Structures within the crater and the collapse features of the rim itself attest to
fluid behavior, so the region must extend to the final crater rim. Therefore, I applied the
rheological modifications associated with this behavior to the elements within a
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hemispherical region with a radius equivalent to that of the final crater (1.5 to 2.0 times the
size of the transient crater [e.g., Melosh, 1989, p. 138]).
It should be noted that only the overall behavior of the material as a whole is
modeled. Localization of failure is not determined. Therefore, although, as the rocks
around many large terrestrial impact craters testify, most deformation occurs locally amid
larger regions which are left basically intact, the finite-element model distributes this
deformation evenly throughout the entire region. So, the localization of deformation that is
observed around large terrestrial craters like Sudbury and Vredefort is not reproduced.
However, on the scale of the crater the behavior is the same, as is the final structure of the
crater.
At the center of the transient crater the shock wave vaporizes and melts target rock.
The vaporized material expands out of the crater in the vapor plume {e.g., Pierazzo, 1997).
Most of the melt remains in the crater cavity, however, it is too fluid to incorporate into the
finite-element model without using a prohibitive number of extremely short time steps.
Therefore, since the impact melt will flow in response to, but will not control, crater
collapse, it has not been included in the models. Shock heating plays another role in
modifying the behavior of the target material because rock rheologies are temperature
dependent. However, shock temperatures decay fairly rapidly with radius (Figure 3.4) so
this is not a significant effect. I incorporated the temperature increase and its rheological
consequences into the Vredefort models described in Chapter 4, but I found that the effects
were minimal compared to the other rheological variations. So, in the interest of keeping
the simulations as simple as possible, I did not incorporate this effect into later models.
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FIGURE 3.4: Temperature increases due to impact shock.

Contours of the change in temperature induced in the target by the passage of the shock
wave generated by the impact of a dunite projectile 10 km in diameter moving perpendicular
to the target with an velocity of 20 km/s (generated from data produced by a hydrocode
simulation by E. Pierazzo. see Chapter 4).
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A final consideration is the duration and number of time steps. To maintain
numerical stability the elements can endure only limited deformation during each step. The
time interval, r„, necessary for a material to accumulate viscous strain equal to the elastic
strain is called the Maxwell time:
=^=
£
^VISCOUS

(J
T1
^1'I

(3.19)
E
^

where ri is viscosity and E is Young's modulus. Ideally, the time steps of the finite-element
simulation should be comparable to, if not shorter than, the Maxwell time of the most fluid
material in the mesh. From Equation 3.18 the effective viscosities of acoustically fluidized
granite and olivine (the densities of these materials, 2650 kg/m^ and 33(X) kg/m\
respectively, span the range of densities used in my models) for a 100 km diameter, 30 km
deep transient crater are -6.1 x 10'° Pa s and -7.6 x 10'° Pa s, respectively. Granite has a
Young's modulus of 8.0 x I0'° Pa and that of olivine is 1.5 x 10" Pa. Therefore, the
Maxwell times for acoustically fluidized materials are T^(granite) = 0.8 s and r^(olivine) =
0.5 s. In my simulations of crater collapse I was able to use time steps as large as 10 s
without encountering numerical instabilities.
The relaxation time,

is the time interval in which a material experiences

exponential relaxation of an initial displacement. It is defined:
(3.20)
P^g

where rj is viscosity, p is density, A is a characteristic length scale of the displacement, and
g is gravitational acceleration. Using the values for density and viscosity given above, the
relaxation times for a 30 km deep transient crater in acoustically fluidized
olivine are the same,

granite and

= 980 s. For comparison, in my simulations collapse was

essentially complete within -1(X)0 s.
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All of this information is gathered into the input file from which Tekton sets up and
performs the simulation. I have described numerous simplifying assumptions that were
necessary in order to enable the models described in the following chapters to be run stably
and efficiently. Undoubtedly future enhancements in computational capabilities and
improvements planned for Tekton will allow more details and complications to be
incorporated into these models. Although greatly simplified, the current models have
nonetheless been sufficient to provide considerable insight into the structural effects of
crater collapse as can be seen from the research presented in the following chapters.
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CHAPTER 4: THE SIZE OF THE VREDEFORT STRUCTURE.
4.1 Introduction
This chapter is the result of a research project done in collaboration with E. Pierazzo
at the University of Arizona and is based on the paper "Constraints on the size of the
Vredefort impact crater from numerical modeling" by E.P. Turtle and E. Pierazzo that has
been published in the journal Meteoritics and Planetary Science (Turtle and Pierazzo,
1998).
One of the methods for definitive identification of impact craters is an association
with shock features, features that are created by the passage of a shock wave stronger than
can be generated endogenically. In the long debate regarding the origin of the Vredefort
structure in South Afnca the existence of shock features was demonstrated and their
distributions were documented. The shock wave decays in strength as it propagates out
through the target, so the outermost location of a feature indicates the post-collapse position
of the boundary where the shock wave's peak pressure dropped below the pressure
required to form that feature. The pressures necessary to form various shock features have
been studied experimentally. Numerical modeling can simulate the propagation and decay
of the shock wave in the target from which contours of peak shock pressure can be
generated. Numerical modeling can also simulate the displacement of these contours during
crater excavation and collapse. So, comparison of the observed locations of shock features
around Vredefort to those predicted by simulations of craters of various sizes makes it
possible to constrain the size of the original Vredefort crater.
For this project E. Pierazzo performed a series of hydrocode simulations to predict
where the peak pressure of the shock wave generated by an impact would have achieved
the values determined experimentally {e.g., Robertson et ai, 1968 and Roddy and Davis,
1977) to be necessary to form planar deformation feaoires (PDFs) and shatter cones. The
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size of the transient crater corresponding to the impact parameters was calculated using
Schmidt and Housen's scaling relation (1987). Then I applied Maxwell's Z-model
(Maxwell and Seifert, 1975) and performed fmite-element modeling to follow the
displacement of the shock isobars through the excavation and collapse, respectively, of the
transient crater cavity. The combination of these diverse methods allowed us to model the
entire impact concentrating on the processes that dominate in each stage. By running impact
simulations for projectiles of various sizes and comparing the results (for each projectile
size) to the observed distributions of shock features around Vredefort, it was possible to
determine which projectile diameter (and therefore crater diameter) is most consistent with
the observations.

4.2 Present Structure and Age of Vredefort
The Vredefort strucmre lies near the center of the Witwatersrand Basin in South
Africa and consists of a granite core 40-50 km in diameter surrounded by a 15-20 km wide
ring of uptumed, and in some places overturned, metasedimentary and metavolcanic strata.
The general geology of the Witwatersrand Basin is illustrated in Figure 4.1 and the major
stratigraphic units are listed with their dominant rock types in Table 4.1. The 'collar rocks'
are quite striking; the region of the granite core is essentially flat grassland typical of die
South African high veldt, in contrast, the more resistant units of the uptumed stratigraphy
form steep ridges concentric to the granite dome.
Recent research has determined an age of ~2 Ga for the formation of the Vredefort
structure. Spray et al. (1995) determined an age of 2.018 ± 0.014 Ga using the '^Ar/^'Ar
laser microprobe technique. And Kamo et al. (1996) used U/Pb dating to derive an age of
2.023 ± 0.004 Ga.
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FIGURE 4.1: Geologic map of the Witwatersrand Basin.

On the left is a simplified map (after Therriault et al., 1997)of the major geologic units
exposed within the Witwatersrand basin. The units are described in Table 4.1. The regional
stratigraphy, from top to bottom, is: Transvaal Supergroup, Ventersdorp Supergroup,
Witwatersrand Supergroup, Dominion Group, Basement.
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Dominant
lithology

Lithology
for FEM

A"
MPa"s'

n''

Transvaal
Supergroup

Dolomite

Limestone

2.34x10^

3.5 8.0

Ventersdorp
Supergroup

AndesiticBasaltic
lavas

Diabase

8.0 14.5

Witwatersrand
Supergroup

Quartzite,
Shale

Quartzite

14.5 14.7

Dominion

Lavas

none

14.7 21.7

Upper Crust

Outer
Granite
Gneiss

21.7 28.7

Upper Crust

28.7 44.7

Lower Crust

44.7

Mande

Depth"
km

Unit

0.0 3.5

H"
kJ/mol

k^m

4.7'^

19T

2800

2.00x10"*

3.4

260

2900

2.00x10-

1.8

167

2650

Granite

2.0x10-*

1.9

137

2650

Inlandsee
Leucogranofels

Granite

2.0x10"^

1.9

137

2650

Mafic
Granulite

Granite

2.0x10'

1.9

137

2650

Olivine

7.0x10''

3.0'

510'

3300

TABLE 4.1: Regional stratigraphy at Vredefort and materials and rheologic parameters used

in finite-element model (FEM)
" Reimold (unpublished research, 1990); Fletcher and Reimold (1989); Nicolaysen et al.
1981).
" from Kirby and Kronenberg (1987) unless otherwise noted.
Birch (1966).
'' Schmid et al. (1977).
' Goetze (1978).
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4.3 History of study and evidence for impact origin
Early researchers (e.g., Shand, 1916; Hall and Molengraaff, 1925) suspected that
the unusual structure might not have a simple tectonic explanation. Shand (1916) even
mentions that an explosive event might best explain the anomalous lithology that he termed
pseudotachylite:
'The form of the pseudotachylyte veins indicates that the granite was shattered
by a sudden gigantic impulse. If this impulse were of the namre of an explosion in
the sub-crust, it would have as a necessary consequence the outrush of
incandescent gases through all the fissures of the granite. In these circumstances
fusion of the walls of the fissures might well ensue... Here is not only a possible
source of the vein-material, but an explanation of the high temperature to the action
of which that material testifies. I hardly dare offer this as a serious hypothesis,
since it takes us away from known causes altogether; but, when one is dealing with
an extraordinary phenomenon, no possibility is too extraordinary to be worthy of
consideration." (Shand, 1916, pp. 216-217)
In their comprehensive manuscript Hall and Molengraaff (1925) note, but dismiss, the
similarity Vredefort bears to the su^ctures of lunar craters as well as to the Ries structure in
Germany which has since been identified as an impact crater (Shoemaker and Chao, 1961):
"The grand simplicity of the design at once suggests a corresponding broad
simplicity in the major cause: almost inevitably one is reminded of the ring-like
features displayed by the craters of the moon, or of the physiography
accompanying a gigantic caldera, of the "Maare" of the Laacher See in the volcanic
region of the Eifel, or even of the geological history of the Rieskessel in Bavaria.
The authors do not wish to suggest, however, that such analogies necessarily
possess genetic significance in the case of the Vredefort Mountain Land." (Hall and
Molengraaff, 1925, p. 160)
Hall and Molengraaff suggested an endogenic origin controlled by a regional 'centripetal
pressure' active at the time of the updoming of the granite although they acknowledged that
the origin of this centripetal pressure was unknown. At the time of these studies the idea
that lunar and some terrestrial craters had been created by meteorite impacts was only just
beginning to gain acceptance, so it was not considered a likely alternative to an endogenic
origin. Recognition of the true nature of the stmcture was also hampered by the erosion
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which has removed the original crater surface, exposing structures that were originally deep
below the crater. The sheer size of the Vredefort structure presented another problem; its
diameter is more than two orders of magnitude larger than the diameters of the first
terrestrial craters which were proven to be of impact origin. Thus, early researchers
developed a variety of igneous and tectonic formation theories. The term 'crypto-explosive'
was commonly used to describe Vredefort along with a number of similar terrestrial
structures of unknown origin.
As impact cratering became better understood and the number of terrestrial
structures identified as impact craters grew. Boon and Albritton (1936) suggested that
many of the structures which had been classified 'crypto-explosive' were acmally impact
craters or their remnants. This idea was based on the similarities many crypto-explosive
structures exhibited to theoretical predictions of the structures that would be generated by
meteorite impacts. In a subsequent paper Boon and Albritton (1937) demonstrated that a
meteorite impact could account for many of the characteristics of Vredefort, such as the
circular granite core, the surrounding, circumferential up- and over-tilted stratigraphy, and
the large amount of shattered rock and pseudotachylite in the area. They also remarked
explicitly on the similarity between "the impact and resulting explosion of a gigantic
meteorite" and Shand's (1916) hypothesis of a "gigantic impulse". A decade later Daly
(1947) described the Vredefort structure and the similarity it bears to lunar and terrestrial
craters. After consideration of five other proposed origin theories, he expanded upon Boon
and Albritton's (1937) impact theory and advocated it because it explained so many of the
observations.
Since then significant effort has been expended in the search for concrete evidence
of a meteorite impact. One of the strongest pieces of evidence for the impact origins of
many terrestrial craters is the existence of shock features in the surrounding rocks. These
are features generated by the passage of a shock wave that was too strong to have been
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generated by an endogenic tectonic process. One such shock feature is the shatter cone
(Figure 4.2). Shatter cones are often found in abundance around proven terrestrial impact
structures and they are believed to be diagnostic of a meteorite impact (Roddy and Davis.
1977). At the suggestion of Dietz, whose early investigations of shatter cones at other
impact structures led him to propose that they formed only around impact craters (Dietz.
1960), Hargraves searched for shatter cones around Vredefort and documented the
existence of numerous outcrops of rocks in the Witwatersrand and Ventersdorp
Supergroups which exhibited shatter cones (Hargraves, 1961). (The existence of shatter
cones around Vredefort was actually noted much earlier by Nel (1927) in the detailed
manuscript that accompanied his geologic map. However he attributed them to
"metamorphic influences" [Nel, 1927, p. 45].)

a)
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b)

FIGURE 4.2: Shatter cones.

Photographs of shatter cones at (a) the Sudbury impact structure in Ontario, Canada (from
Dressier era/., 1992) 3nd(b) the Vredefort structure in South Africa. The cones in (a) are
-50 cm long and most of their apices have been removed.
Another diagnostic shock feature is planar deformation features (PDFs). These are
closely spaced, parallel, ~1 jim wide lamellae of amorphous silica found in quartz grains
which have been subjected to strong shock waves such as those generated by meteorite
impacts. PDFs are distinct from planar fractures which are larger, typically subparallel, and
can be formed by tectonic processes. PDFs have not been observed to be formed by
tectonic deformation and are believed to be diagnostic of a hypervelocity meteorite impact
(Stoffler and Langenhorst. 1994). The features usually occur in sets of parallel, 1-2 fim
wide lamellae spaced 2-5 {im apart {e.g., Horz, 1968) with crystallographic orientations
parallel to {0001} (type A), {1013} (type B), {101 1} and {01 1 1} (type C), and {1012}
(type D) with increasing shock pressure (Robertson et al., 1968; Grieve et al., 1990).
There are two formation mechanisms: PDFs parallel to the basal plane {0001} are
mechanical twins which are generated by high deviatoric stresses, while PDFs in the
rhombohedral planes {10 In} are associated with the high pressure of the shock wave
(Leroux et al., 1994). The orientations of PDFs depend upon the strength of the shock
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wave that produced them. The shock pressures required to form PDFs of certain
orientations have been measured experimentally and are discussed in section 4.6.
PDFs were first idendfied at Vredefort by Carter (1965). Surprisingly, around
Vredefort the PDFs are predominantly Brazil twins parallel to {0001} regardless of their
radial distance from the crater center. Relatively few rhombohedral PDFs have been
detected. In this respect Vredefort is different from other impact structures at which the
orientation of the PDFs varies with radial distance, i.e., orientations associated with higher
shock pressures occur closer to the center of the structure {e.g.. Grieve and Robertson,
1976). This anomalous distribution of PDFs has been the source of considerable debate
regarding the authenticity of the PDFs and the implications that their distribution has for the
origin of the Vredefort structure. However, Leroux et al. (1994) used TEM observations to
demonstrate that die linear feamres found in quartz at Vredefort are, indeed, true PDFs.
They hypothesize that the paucity of higher shock pressure PDFs at Vredefort is due to
preferential post-shock thermal annealing of the PDFs with rhombohedral orientations; to
destroy basal twin lamellae it may be necessary to completely recrystallize the quartz grains
or to apply a deviatoric stress large enough to cause opposite twinning (Leroux et al..
1994).
Still stronger shock waves can form high pressure phases of quartz. Coesite and
stishovite were first reported in pseudotachylite around Vredefort by Martini (1978). In the
quartzite country rock around pseudotachylite veins he found altered quartz crystals which
he interpreted as reverted diaplectic quartz. He hypothesized that high pressures associated
with the formation of the pseudotachylite veins were sufficient to form diaplectic quartz
which upon pressure release recrystallized to stishovite and coesite. As stishovite and
diaplectic quartz are only found to occur naturally at sites of meteorite impacts (Martini,
1978), their identification at Vredefort provided more strong evidence for an impact origin.
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Finally, another important piece of evidence for an impact origin is the isotopic
composition of the granophyre. Koeberl et al. (1996) demonstrated that the '®^0s/'®®0s
ratio in granophyre samples is within the range measured for meteorites. Furthermore, the
'"Re/'^^Os ratio of the granophyre differs significantly from that of the average country
rocks from which the bulk of the impact melt would have been derived; the ratio is shifted
from that of the country rocks toward that observed for meteorites (Koeberl et al, 1996).
This implies that the granophyre contains a small meteoritic component.
As a result of these different lines of evidence, in recent years Vredefort has come
to be generally, although not universally, accepted as an impact crater.

4.4 Previous estimates of the diameter of the Vredefort crater
Since its formation, the Vredefort structure has been subjected to metamorphic and
tectonic modification as well as a significant amount of erosion. Several independent
estimates have been made for the amount of erosion that has occurred in the last -2 billion
years. Based on typical erosion rates for the region Reimold (unpublished communication,
1990) estimated that 2-7 km of material has been removed. McCarthy et al. (1990) derive a
value of between 5 and 10 km from the current distribution of rocks of the Transvaal
Sequence {i.e., where they have been preserved despite erosion). The pressures at which
present-day surface rocks of the Witwatersrand Supergroup (Gibson and Wallmach, 1995)
and the granite core (Stevens et al., 1997) equilibrated following the rapid decompression
associated with uplift during the impact event are consistent with the value of McCarthy et
al. (1990). Therriault et al. (1997) suggest that about 6 km of erosion has occurred based
on the complete removal of an impact melt sheet that presumably was similar in thickness to
that at the Sudbury structure, an impact crater of comparable size. So the level exposed at
the present surface was probably between 5 and 10 km deep following the impact.
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In some ways the erosion that has occurred since the impact which created the
Vredefort structure is very useful; it exposes the deeper levels of the structure which are
inaccessible for many large impact craters. This makes it possible to study the three
dimensional structure of an impact crater which provides important constraints for models
of impact cratering processes. However, the erosion has also removed the original surface
structure of the crater, removing morphological features such as a central peak, peak ring,
external ring scarps that may have existed, as well as the crater rim itself. This raises the
question of how large the crater was originally. The answer to this question is essential in
order to relate the deep crater structure exposed at Vredefort to the surface structures
observed for other craters.
In any discussion of crater sizes it is very important to distinguish between the
diameter of the final crater rim and the size of the entire region around the crater cavity itself
that was structurally affected by the impact. It is clear that the latter would be at least equal
to the former. In the case of a multiple ring basin (which numerous authors have suggested
is the case for Vredefort [e.g.. Grieve et al., 1981]) the structural effects extend well
beyond the rim of the final crater. Throughout this dissertation I have used crater diameter
explicitly to mean the diameter of the acoial final crater cavity and I have made every
attempt to ensure that the estimated diameters quoted in the ensuing discussion agree with
this definition.
Many estimates of the original diameter of the Vredefort crater have been made. The
earliest estimate I found was made by Daly (1947) in the paper in which he proposes an
impact origin for the Vredefort structure. His minimum estimate for the crater diameter was
50 km. More recent estimates have, in general, been bzised on comparison to better
preserved craters at which the locations of various impact features have been measured
relative to the final crater diameter (e.g., Charlevoix in Rondot, 1994). Assuming that the
relative locations of characteristic crater features are consistent for craters of all sizes, it is
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possible to scale from the locations of analogous features at Vredefort to estimate the
original crater diameter. For example, based on a comparison of Comer et al/s (1990)
gravity profile of the Witwatersrand basin, which indicates a 100 1cm diameter cental
uplift, to central uplifts at other impact structures, Reimold and Wallmach (1991) reported
that the crater should have been 3(X)-4(X) km in diameter. Rondot (1994) correlated the 102
km diameter annular syncHne around Vredefort with the ring graben seen around
Charlevoix and estimated an original crater diameter of 160 km. From the 36 km of central
uplift estimated by Hart et al. (1991), Grieve and Masaitis (1994) scaled to a crater diameter
of 335 km. This value is consistent with their calculation of a diameter of 300 km based on
scaling from a 75 km diameter region of central uplift. In the only study which did not rely
on the assumption that feature locations scale linearly with increasing size, Henkel and
Reimold (1996) determined a crater diameter of 250 km using models of gravitational and
magnetic anomaly profiles across Vredefort constrained by surface geology and seismic
data. Most recently, Therriault et al. (1997) compared the observed locations of shatter
cones, FDFs, downfaulted original surface rocks, the outer limit of the central uplift and
concentric synclines and anticlines at Vredefort to similar features at other complex impact
strucmres and estimated that the original Vredefort crater was between 270 and 300 km in
diameter.
However, scaling may not be reliable, and this may account at least partially for the
considerable scatter in the diameter estimates listed above that were derived using this
method. For terrestrial craters, scaling generally necessitates comparison to smaller impact
craters; there are at most three other known impact strucmres of comparable size to
Vredefort: Sudbury (Ontario, Canada), Chicxulub (Yucatan, Mexico), and possibly
Morokweng (South Africa). Like Vredefort, each of these craters has been modified since
its formation: Sudbury has been subjected to significant tectonic deformation, Chicxulub
was buried by sediments subsequent to its formation (although recent seismic data [Morgan
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etal., 1997] is revealing some of the crater's structural elements), and Morokweng (which
has only been identified quite recently [Comer et al., 1997]) has also been eroded and
exhibits few outcrops.

4.5 Motivation
There are a few possible approaches to determining the original size of the
Vredefort crater. One is scaling directly from other impact craters, which, although valuable
and to a certain extent necessary, is also inherendy risky as discussed previously. Another
method is cratering experiments, however these are rather prohibitive at the scale of
Vredefort and smaller, feasible cratering experiments, of course, depend heavily upon
scaling. A third approach is to use computer modeling to simulate the crater formation
process. Numerical techniques can predict where specific shock levels will be achieved
around the crater and can follow these regions through crater collapse. By comparing the
observed locations of certain shock features around Vredefort with predictions from
numerical simulations of impacts by projectiles of various sizes it is possible to constrain
the size of the projectile and of the original crater. It is not currently possible to numerically
model all aspects of impact cratering with any one computer program. Therefore, it is
necessary to perform a sequence of simulations each of which employs a different
technique. Unfortunately, the transitions between distinct simulations require some use of
crater scaling, so this method is not wholly independent of the difficulties inherent to
scaling. However, since each individual simulation can be carried out at the appropriate
scale, this method relies upon scaling to a lesser degree than the others mentioned.

4.6 Distribution of PDFs and shatter cones around Vredefort
In the course of investigations into the origin of the Vredefort structure, the PDFs
{e.g.. Grieve et al., 1990) and shatter cones (e.g., Hargraves, 1961; Manton, 1965)
associated with the structure have been studied in some detail. At Vredefort PDFs have
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been observed in quartz crystals from quartzites in the Witwatersrand Supergroup. The
exposure of this unit extends out to a radius of -38 km from the center of the granite core
(Figure 4.1). However, it is possible that this distance does not accurately represent the
most distant location of rocks which were subjected to pressures large enough to form
PDFs; the next unit exposed, the Ventersdorp Supergroup (which extends radially from
-38 km to -48 km), consists primarily of lavas and therefore contains essentially no quartz.
The Ventersdorp does contain feldspars in which PDFs can also form, but when Grieve
and coworkers looked for PDFs in the Ventersdorp they found none (Therriault, personal
communication, 1997). This is consistent with Reimold's observation that the feldspars in
the Ventersdorp have been extensively altered since the impact, erasing information about
their shock history (Reimold, personal communication, 1997). Reimold has also looked for
PDFs in quartzitic rocks of the Transvaal Sequence which is exposed beyond the
Ventersdorp. He found none, although an exhaustive search has not been conducted.
Clearly, the innermost possible radius at which the outer limit for rocks subjected to
pressures high enough to form PDFs can be placed is -38 km, the location of the contact
between Witwatersrand and Ventersdorp rocks. No definitive outer limit can be assigned
for the existence of PDFs since they have not been detected in preliminary investigations of
the rocks beyond the Ventersdorp. Consequently, an upper limit of -48 km, the outermost
extent of the Ventersdorp, is established here for the maximum distance at which rocks in
which PDFs were formed ended up after crater collapse, although the consequences of a
more distant outer limit will also be discussed.
The shock pressures at which PDFs form have been studied experimentally.
McLaren et al. (1967) give formation pressures of 3-4 GPa for basal mechanical Brazil
twins. Grieve et al. (1990) give a value of 8.8 GPa for the formation of basal PDFs, which
is consistent with their later estimate of >5 GPa (Grieve et al. 1996). The onset of PDFs
parallel to rhombohedral directions has generally been found to occur at pressures greater
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than 10 GPa: Horz (1968) observed that {1012} formed at shock pressures between 10
and 12 GPa and {10 13} formed between 16 and 20 GPa. For the purposes of this study a
lower limit of 5 GPa was used for the onset of basal PDF formation, but the minimum
shock pressure at which PDFs with rhombohedral orientations form, 10 GPa, was also
considered as an upper limit on the minimum shock pressure necessary to form basal
PDFs.
Shatter cones have been observed throughout the collar rocks around Vredefort, but
no definitive value for the outermost extent of their occurrence has been published.
Hargraves (1961) was the first to document the existence of shatter cones at the Vredefort
structure. He found them in the Witwatersrand and the Ventersdorp units (Figure 4.1), but
at the time had not yet investigated the Transvaal dolomite. Manton (1965) describes an
isolated outcrop with shatter cones in the Black Reef Series which is at the base of the
Transvaal Supergroup (and is, therefore, exposed just outside of the Ventersdorp
Supergroup around Vredefort). Finding none in the Dolomite Series which lies in the
Transvaal Sequence just above (outside of) the Black Reef Series, he put the outer limit of
shatter cones in the Ventersdorp. However, Simpson (1981) described the orientations of
shatter cones in the Pretoria Group which lies above (outside of) the Dolomite Series in the
Transvaal Sequence. The outcrops she studied are -50 km from the center of the granite
core. Therriault et al. (1997) used a range of 51-62 km for the outer limit of shatter cones.
This range is consistent with Reimold's observation of "striated fracmre surfaces" at a
distance of 60.5 km from the center of the strucmre (Reimold, personal communication,
1997). However, no definitive search has been conducted for the outermost limit of rocks
in which shatter cones were formed. In lieu of the results of such an investigation, the
range used by Therriault et al. (1997) has been adopted here. From high explosive cratering
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experiments, Roddy and Davis (1977) found a minimum value of 2 GPa for the shock
pressure at which shatter cones form.

4.7 Modeling procedure
Since pressures at which shock features such as shatter cones and PDFs are formed
have been measured experimentally, we used a combination of numerical modeling
methods to: (1) predict where these shock features are formed by determining the distances
at which the necessary pressures are achieved and (2) to follow their displacement during
crater collapse. By comparing these results to the observed locations of shock features
around Vredefort it was possible to constrain the size of the projectile which created the
Vredefort structure as well as the size of the original crater. This method avoids total
reliance upon comparison with smaller craters. However, Schmidt and Housen's (1987)
empirical relation for transient crater size as a function of projectile and target parameters
was used. Also, to determine the final crater size the approximation that transient crater
diameters are 50% to 65% that of the final crater (Melosh, 1989, p. 138) was employed.
As discussed in Chapter 2, it is fairly straightforward to partition the impact
cratering process into discrete stages. This facilitates modeling because different techniques
which are appropriate for modeling the dominant processes of each stage can be used to
model the stages in succession. Therefore, to simulate the impact from start to finish we
essentially divided the event into the three stages contact and compression (shock wave
initiation and propagation), excavation, and crater collapse and treated each separately using
techniques appropriate to its specific conditions. We used hydrocode modeling to simulate
shock wave propagation in the projectile which corresponds to the contact and compression
stage, as well as in the target corresponding to the initiation of crater excavation. The Zmodel was used to simulate the displacement of target material during crater excavation.
(Melosh includes shock propagation through the target in the excavation stage, because it.
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along with the subsequent rarefaction wave, drives the excavation flow. Here these two
aspects of the excavation stage were treated separately; the hydrocode simulations were run
out to -15 s after contact to follow the propagation and decay of the shock wave in the
target. To run the hydrocode simulations through the end of crater excavation would have
taken a prohibitive amount of CPU time, so the Z-model was used to simulate the
displacement of material during crater excavation. As crater excavation occurs in the wake
of the shock wave, it is not expected to significantly affect the shock wave's propagation.)
Finally finite-element modeling was used to simulate the distortion of the target material
during the collapse of the transient crater. Modeling each stage in sequence made it possible
to follow the locations of shock features from their formation through the development of
the crater to their final positions.
The entire procedure was carried out for a range of projectile sizes,

= 7, 10. 14.

17, 20 km (Table 4.2), and therefore a range of crater sizes as well. The relationship
developed by Schmidt and Housen (1987) between the diameter of the projectile and the
resulting transient crater is:
I
D„ = 1.1613

o ^
Pp.

^22^0 78^0 44
°

P

P

KP.y

where

is the diameter of the transient crater,

is the density of the projectile, p, is the

density of the target, g is the gravitational acceleration of the target, and

is the

projectile's velocity. For this calculation we used the same parameter values as for the
hydrocode modeling. The projectile was assumed to be a rocky asteroid so
kg/m' and

= 3300

= 20 km/s which is typical for asteroid collisions with Earth {e.g., Bottke et

al., 1994). Appropriate target parameters for Earth were used: p, = 2650 kg/m^ and g = 9.8
m/s". Table 4.2 lists the transient crater diameters calculated for each of our projectile
diameters. Based on comparison of the depths of excavation and radii of lunar craters 0.5 <
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DJD^^, < 0.65 where

is the final crater diameter (Melosh, 1989, p. 138). The ranges of

final crater diameters that this relation predicts for each transient crater diameter are also
listed in Table 4.2.
Projectile
Diameter
D„ (km)

Transient Crater
Diameter ®
Da. (km)

Final Crater
Diameter''
Dfc (km)

7.0

60

92 - 120

10

80

120- 160

14

100

150 - 200

17

120

185-240

20

135

210-270

TABLE 4.2: Projectile diameters and scaled crater diameters.

calculated using Schmidt and Housen's (1987) scaling relation.
" calculated from D^,= 0.5 to 0.65
{e.g., Melosh, 1989, p. 138).
Pierazzo used the two-dimensional, axially symmetric hydrocode CSQ (Thompson,
1979) to generate contours of target shock pressures corresponding to the formation of
PDFs and shatter cones. CSQ is an Eulerian code in which the material moves through a
fixed mesh with an internal Lagrangian treatment of the shock equations. The hydrocode
makes use of the semianalytical equation of state ANEOS (Thompson and Lauson, 1972),
that uses Helmholtz free energy to derive thermodynamically consistent pressures,
temperatures, and densities for materials of interest. One hundred Lagrangian tracer
particles, massless particles which record the conditions of the material at their positions,
were used to determine the maximum shock pressure experienced by the material at each
tracer's location. The tracers were initially distributed around the impact point along radii at
0.0°, 2.5°, 5.0°, 10°, 15°, 30°, 60°, and 90° from the surface (Figure 4.3). Regions in die
target rock which were subject to shock above a given pressure were delineated by

87

interpolating between the maximum pressures affecting the tracers along each ray. Pierazzo
et al. (1997) applied the same procedure to determine the shape and volume of the target
regions that are vaporized and melted during an impact. The number of materials for which
equations of state have been developed is quite limited, so it was necessary to approximate
the target lithologies for these simulations. We used a 14 km layer of quartzite (equation of
state from Melosh, personal communication, 1996) to represent the quartzite-rich
sedimentary layers (i.e., the Transvaal, Ventersdorp and Witwatersrand Supergroups
[Table 4.1]). Below this we used a 31.5 km layer of granite (equation of state from
Pierazzo et al., 1997) to represent the granitic basement. Dunite (equation of state from
Benz etal., 1989) was used to represent the mantle material beneath the continental crust.
In addition, we used dunite for the projectile since there is no information constraining its
composition. We assumed a projectile velocity of 20 km/s (typical for asteroid collisions
with Earth [e.g., Bottke et al., 1994]) and, since the code assumes axial symmetry, the
incidence angle was necessarily 90°, i.e., perpendicular to the target's surface. More
sophisticated and time consuming 3-D hydrocodes would be necessary to model an oblique
impact and there is not enough information on the three-dimensional spatial distribution of
shock features around Vredefort to justify this complication.
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FIGURE 4.3: Schematic drawing of hydrocode model for the 10 km diameter projectile.

The projectile is shown to scale at the upper left. Open squares show the standard
distribution of the tracer particles and crosses show the tracer particle distribution for our
high angular resolution simulation. The stratigraphic divisions incorporated into the model
are indicated as well.

The simulations were allowed to run until the peak shock pressure had decayed
below the lowest pressure of interest for this work, i.e., 2 GPa. Near these low pressures,
however, the shock wave begins to degrade into a plastic stress wave. Reverberations due
to the target stratigraphy and the free surface plus the elastic precursor to the plastic wave
can influence the structure of the wave at these low pressures. This effect was apparent in
the shock pressure decay curves as a localized 1 to 2 GPa increase of the shock pressure
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above the smooth curve which could affect the distance at which lower pressures (<4 GPa)
are reached. As a result the 2 GPa pressure contours were not as well constrained as the
other (higher pressure) contours. Figure 4.4 shows the positions of various contours of
constant peak shock pressure or shock isobars for simulations using each of our five
projectile diameters.
It is well known that at shallow depths in the target the interaction of the shock
wave with the free surface introduces complications in the shock isobars. For a more
accurate representation of the shock isobars in the near-surface zone we carried out an extra
run for the 10 km projectile case, in which all of the tracers were distributed in the surface
region at angles 2°. 4°, 6°. 8°. 10°, 12°. and 14° from the surface (Figure 4.3). The nearsurface pressure contours from this simulation are, indeed, in complete agreement with the
'standard' lower angular resolution simulation (Figure 4.4b).
To approximate the shape of the transient crater and the distortion of any pre
existing stratigraphy due to crater excavation I applied the Z-model which predicts what
target material will be ejected during excavation as well as the displacement of the unejected
material (the model is described in detail section 3.1). Figure 4.5 illustrates the topography
of each of the transient craters as well as the shapes of the isobars after they have been
distorted by the excavation flow. For reference, the figures also illustrate the postexcavation positions of the Moho and other prominent stratigraphic boundaries.
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FIGURE 4.4: Shock pressure contours before crater excavation

Positions of various peak shock isobars prior to crater excavation for our impact
simulations: (a)
= 7 km, (b)
= 10 km (standard and high angular resolution
simulation results are combined), (c) D = 14 km, (d) D^= 17 km, (e) 0^= 20 km. The
points plotted along the curves indicate the positions at which the maximum shock pressure
interpolated between the tracers along each ray achieved the following pressures: 2 GPa,
minimum pressure at which shatter cones can form; 5 GPa, lower limit of minimum
pressure at which PDFs form; 10 GPa, upper limit of minimum pressure at which PDFs
form; 30 GPa, formation of coesite; 57.5 GPa, complete melting of granite.
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FIGLIRE 4.5: Shock pressure contours after crater excavation

Positions of various peak shock isobars after application of the Z-model to model crater
excavation (following the format used for Figure 4.4). The topography of the transient
craters predicted by Schmidt and Housen's (1987) scaling relation is represented by the
heavy line. The thin black lines indicate the post-excavation positions of prominent
stratigraphic boundaries and the units are labeled to the right of each plot.

92

To model transient crater collapse I used the axially symmetric, 3-D, visco-elastic
version of Tekton. By applying the Z-model to a uniform finite-element mesh (Figure 4.6a)
I generated initial meshes for each of the transient crater diameters corresponding to the
projectile diameters. These meshes served as starting points for finite-element modeling of
the collapse of the transient craters. Figure 4.6b illustrates the central section of the pre
collapse mesh for the 80 km diameter transient crater (10 km diameter projectile). The
complete mesh extends down to a depth of 210 km and out to a radius of 315 km to ensure
that the boundaries are sufficiendy distant that they do not affect the solution.
Since rheologies are known for a wider variety of materials than are equations of
state, for this stage of the modeling a more detailed approximation of the upper crustal
structure was used. We do not expect this difference between the hydrocode and finiteelement models to have any significant detrimental effects. The material properties and
rheologic parameters used were appropriate to the major stratigraphic units at Vredefort
(Table 4.1). The Transvaal Supergroup consists primarily of dolomite which I
approximated using the rheologic properties determined for limestone (Schmid et al.,
1977). The Ventersdorp Supergroup is primarily andesitic-basaltic lavas for which I used
the properties for diabase (Kirby and Kronenberg, 1987). Although the Witwatersrand
Supergroup contains only slightly more quartzite than shale, because of the lack of
experimentally determined material parameters for shale (which is extremely anisotropic)
the entire unit was modeled as (wet) quartzite (Kirby and Kronenberg, 1987). Granite (wet;
Kirby and Kronenberg, 1987) was used to represent the continental cmst (which includes
the units of the outer granite gneiss and the Inlandsee Leucogranofels exposed in the
Vredefort core). Below the Moho, olivine (Goetze, 1978) was used to represent the upper
mantle.
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a) Mesh before crater excavation

b) Mesh after crater excavation
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FIGURE 4.6: The finite-element mesh

The near-crater region of the initial finite-element mesh: ( a ) uniform mesh before
application of the Z-model and (b) initial mesh with the 80 km diameter, 24 km deep
transient crater that is predicted to be generated by the 10 km diameter projectile (Schmidt
and Housen, 1987). Stratigraphic divisions are indicated by alternating colors (shades of
gray) and each unit is labeled to the right of each plot (T = Transvaal, V = Ventersdorp, W
= Witwatersrand, B = granite basement, M = mantle).
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The power-law rheologies of these materials alone, however, are not sufficient to
model the collapse of the transient crater. As discussed in Chapter 2, a terrestrial crater
roughly 100 k m diameter would take only a few minutes to collapse (Melosh. 1989, p.
142), whereas the minimum effective relaxation time for the power-law rheologies used is
on the order of 50 days. To allow the material to collapse in a more realistic amount of time
it is necessary to incorporate a zone of material that behaves in a manner consistent with
observed complex crater morphologies. At the time of this project Tekton did not yet
incorporate a plastic rheology. So it was necessary to approximate the behavior of a
material which has exceeded its yield strength by using a Newtonian rheology,

e = a/T]

with viscosity, 7) = pXa, where p is the density of the material, A is the wavelength of
the acoustic fluctuations, and

cc

is the material's P-wave velocity (Melosh and Gaffney,

1983). Observations indicate that, as a whole, material within the final crater rim exhibits
diis type of behavior (although acoustic fluidization or plasdc failure may only occur in
localized regions). Therefore, a hemispherical zone with a diameter twice that of the
transient crater {i.e., roughly the predicted size of the final crater) was incorporated in the
mesh. Within this zone Newtonian rheologies are applied with viscosities appropriate for
the material parameters of the different rock units (Table 4.1). All other material parameters
are unchanged. These material properties allow the crater to collapse to isostatic equilibrium
within a reasonable time. Although this assumes that D,^=0.5D^^, the limit where
D,^ = 0.65was also investigated to assess the dependence of the results on this
approximation. A difference of less than 2 km was found between the positions of the
isobars calculated for the two cases.
Since Tekton does not take the effects of inertia into account the shape of the shock
isobars near the center of the crater could not be accurately modeled. However, this
limitation should not have a significant effect on the radial motion of material at the larger
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distances at which PDFs and shatter cones occur. For this project, I made no attempt to
model structural features at Vredefort beyond the final crater rim, although such features
may have existed.
In order to obtain the position of the isobars after crater collapse I determined the
mesh element in which each point along the isobar is located before crater collapse and
calculated the point's position within the element {i.e., relative to the element's nodes)
using the interpolation method outlined by Bathe and Wilson (1976). Then, after running
the finite-element simulation through crater collapse, I used the same technique in reverse to
calculate the point's new position. Figure 4.7 shows the peak pressure isobars after crater
collapse for each crater size modeled. Comparison to Figure 4.5 illustrates how the material
moves upward and somewhat inward during the collapse.

96

20

a) 07 km diameter projectile

b) 10 km diameter projectile

J-1- I • r . 1 . . . . 1 1 1 1 1 _

T—I—I—I—I—I—I—I—I—I—I—I—I—r

0

S

<D>
lU

-20

-

—

a>
S
UJ

-40
-60

c

a

" i l l . 1 . . . . 1 1 1 1 1"
50

100

-1—I—I—I—I—1 I I I

150

50

Radius (km)

1

1

1

1

1

1

I ' l l
150

Radius (km)

c) 14 km diameter projectile
20 _ 1

I
100

1

1

1

d) 17 km diameter projectile

1—I—I—I—I—I—I—I—I—I—I—I—I—r

y 1 ^

0
-20

-

"ISR ^

—
o

a
>

O

-40

—

_

-60

" 1 1 r I

1

1 I 1 t

50

1

1

•

UiS

>

100

150

Radius (km)

50

100

150

Radius (km)

e) 20 km diameter projectile

"T—I—I—I—I—I—I—I—I—I—I—I—r
2 GPa

T = Transvaal

5 GPa

V = Ventersdorp

c

3

10 GPa

a

W = Witwatersrand
B = Basement

57.5 GPa

J I I

I

I I I I

50

I
100

M = Mantle

' ' I I
150

Radius (km)

FIGURE 4.7: Shock pressure contours after crater collapse

Post-collapse isobars for each simulation (following the same format as Figures 4.4 and
4.5). The small topographic high between 40 and 45 km radius is the unrelaxed remnant of
the transient crater rim. It is not a peak ring.
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4.8 Results
Figure 4.8 compares the isobar locations for the suite of simulations. Each vertical
axis shows depth below the floor of the collapsed crater. Based on the range of erosion
estimates discussed in section 4.4, the level exposed at the present surface is most likely to
be somewhere between the depths of 5 and 10 km, although values of up to 15 km have
been used (e.g., Henkel and Reimold, 1996).

FIGURE 4.8: Near-surface positions of the 2, 5, and 10 GPa, shock pressure contours

The results from each simulation are illustrated together to facilitate comparison: (a) D = 7
km, (b) D = 10 km, (c) 0^= 14 km, (d)
= 17 km, (e)
= 20 km. The green (light)
curve with crosses represents the 2 GPa contour. The right-hand red (dark) curve with
asterisks represents the 5 GPa contour and the left-hand red (dark) curve with open circles
represents the 10 GPa shock contour. The vertical axis is depth below the floor of the final
crater and the present surface is probably between 5 and 10 km (the region is bounded by
dotted horizontal lines). The red (darker gray) region represents the range of possible outer
limits of PDF locations after crater collapse as constrained by observations around
Vredefort. The green (lighter gray) region represents the same for shatter cone formation.
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The PDFs provide the best constraint on the size of the crater because the 5 GPa
and 10 GPa isobars are more nearly vertical at the relevant depth. Clearly the 7 km diameter
projectile is too small, since the maximum possible outer limit it predicts for planar
deformation features {i.e., the location of the 5 GPa isobar) is well inside that observed
(Figure 4.8a). The simulation with the 10 km diameter projectile shows the 5 GPa contour,
the minimum criterion for PDF formation, just outside a radius of 38 km (Figure 4.8b).
Therefore, 10 km is the minimum estimate for a projectile diameter which is consistent with
the present locations of PDFs. On the other hand, if shock pressures as high as 10 GPa are
necessary to form PDFs and if PDFs were formed but not preserved throughout the entire
thickness of the Ventersdorp, the simulation with a 14 km diameter projectile is more
appropriate (Figure 4.8c) For still larger projectiles (17 and 20 km in diameter Figures 4.8d
and 4.8e, respectively) the 10 GPa isobar is well beyond the outermost radius at which
PDFs have been observed. So, an upper limit of -14 km can be established. The range of
transient crater diameters spanned by our lower and upper limits on the projectile size is 80
to -100 km. This range corresponds to final craters from 120 km to -200 km in diameter.
For many of the simulations the 2 GPa contour has a very shallow slope near the
surface (Figure 4.8), so, given the uncertainty in die amount of erosion that has occurred,
the observed locations of shatter cones do not serve as strong constraints on the size of the
projecdle or crater. Indeed, these feaUires may actually provide a better constraint on the
amount of erosion that has occurred. If the erosion were not so deep that it reached the
steep part of the 2 GPa curve and if it were possible to determine the outermost radial
positions of shatter cones at the present surface (accounting for potential selective
preservation of these features), the depth at which the 2 GPa shock isobar achieves that
radius ought to be equivalent to the amount of erosion that has occurred. Assuming that the
51-62 km range (Therriault et ai, 1997) is a valid outer limit for the formadon of shatter
cones, the 2 GPa isobar generated by the simuladon with the 10 km diameter projectile is

100

consistent with 7-8 km of erosion (Figure 4.8b). This is in agreement with the 5-10 km
values determined by McCarthy et al. (1990), Gibson and Wallmach (1995), Stevens et al.
(1997), and Therriault et al. (1997). However, the simulation with the 14 km diameter
projectile (Figure 4.8c) requires less than 5 km of erosion in order for the 2 GPa isobar to
fall within 62 km of the center of the structure. To use the locations of shatter cones as
constraints on the amount of erosion that has occurred since the impact, a more definitive
value of their outermost occurrence is needed.

4.9 Conclusions
Taking into account uncertainties in the modeling process, we estimated that
transient craters with diameters between 80 and -100 km, or final craters between 120 and
-200 km in diameter are consistent with the observed locations of PDFs. This is in the
lower part of the range of previous estimates. Shatter cone locations are less useful as a
constraint on the crater diameter, but may provide a constraint on the amount of erosion that
has occurred since the impact 2 billion years ago. For the simulation with a 10 km diameter
projectile (80 km diameter transient crater), the amount of erosion predicted by the 2 GPa
isobar is 7-8 km. This value is consistent with previous estimates, however, definitive
limits on the occurrence of shatter cones around Vredefort have not been established.
These results indicate values lower than the 270-300 km diameter estimate derived
by Therriault et al. (1997) based, in part, on scaling from the same shock features. This
discrepancy may be due to an implicit assumption that the shock pressure contours are
parallel to the wall of the transient crater cavity. On the contrary, our hydrocode simulations
show that the 2, 5, and 10 GPa shock isobars are typically nearly vertical or slope outward
from the rim of the transient crater.
Our crater diameter estimate is also somewhat smaller than the 250 km diameter
Henkel and Reimold (1996) derived from geophysical modeling. The different amounts of
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erosion assumed in the two studies probably explain this discrepancy. As discussed
previously we used a range of 5-10 km, while Henkel and Reimold (1996) used a value of
15 km. For less erosion, their model would yield a smaller final crater diameter (Henkel,
personal communication, 1997) which could bring the two studies into agreement. Because
of the near vertical nature of our modeled 5 and 10 GPa isobars, using a larger value for the
amount of erosion would not change our results significantly.
Disagreement between the crater size estimate presented here and other estimates
(section 4.4) may illustrate the inherent difficulty in scaling from smaller craters, although
before asserting this we need to better establish the accuracy of our modeling procedure by
applying it to well-preserved terrestrial craters. It would also be instructive to run similar
models for a much larger rainge of crater sizes than were included in this research.
However, the models presented here do span more than a factor of two in crater diameter
so they can be used to begin to investigate how crater size affects the behavior of the shock
isobars. Clearly the shape of the low pressure shock isobars varies with crater size (Figure
4.7) due to the complex interplay between the isobars and the displacement predicted by the
Z-model. This implies that the positions of the isobars (and, therefore, predicted shock
feature locations) would not remain constant, relative either to each other or to the crater
rim, with increasing crater size. For example, at similar depths the 5 GPa isobars for each
transient crater size modeled occur at different locations relative to the transient crater rim
(Table 4.4). Although the Z-model constrains all the isobars to converge at the transient
crater rim, these simulations seem to indicate that below the surface the locations of shock
features relative to the rim depend non-linearly on the size of the crater. Furthermore,
although these issues have not been addressed here, the impact velocity and incidence angle
will also affect the distribution of shock features, making extrapolation from one crater to
another still more uncertain.

Projectile
Diameter
Dp (km)

Transient
Crater
Diameter"
D^, (km)

Depth
(km)

Ratio of 5 GPa
isobar radius to

7.0

60

-9.2

0.88

10

80

-9.4

1.01

14

100

-9.5

1.14

17

120

-9.5

1.12

20

135

-8.7

1.05

TABLE 4.3: Variation in location of 5 GPa isobar relative to transient crater rim.

" calculated using scaling relation from Schmidt and Housen, 1987.
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CHAPTER 5: FORMATION OF RINGS AROUND TERRESTRIAL
CRATERS
5.1 Introduction
In this chapter I present the results of research into structural and rheologic
conditions that can result in the formation of multiple ring impact craters. Although rings
only occur around the largest impact craters for each of the planets on which they are
observed, their formation does not appear to depend strictly upon crater size. For example,
very large Martian craters do not exhibit conclusive evidence of external rings. So, what are
the implications of the existence of external rings around large impact craters? Are rings
strictly a consequence the crater's size, and, if so, what controls the transition from peak
rings to extemal rings? If not. are they diagnostic of special structural or rheologic
conditions in the planet's lithosphere? A number of different mechanisms have been
proposed (see section 2.4) to explain the formation of ringed impact structures. However it
has been difficult to ascertain the validity of the various theories. In part, this is because
observations of multi-ring basins have, until recently, been limited to remote sensing of
their surface structures, as well as some low-resolution gravity data for the Moon and
Mars. The restrictions inherent to laboratory cratering experiments have also limited the
ability to test the different theories.
In my research I have used finite-element analysis to simulate the collapse of large
(-50 km radius) transient craters on Earth under various structural and rheologic conditions
in order to explore the factors that control the formation of multiple rings. My models are
based on the ring-tectonic theory described in section 2.4.5 which postulates that rings
form when a crater intersects a weak layer (or a layer that is susceptible to weakening by
impact-related phenomena) in the target. In the first part of this chapter I investigate
whether the existence of such a weak layer does indeed result in the formation of multiple
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rings around a crater and I explore the consequences of variations in characteristics such as
the layer's depth and thickness. In the second part of the chapter I apply these models to the
specific case of Chicxulub, tailoring my finite-element

model to reproduce structures

revealed by the recent seismic data (Morgan et ai, 1997) in order to investigate their
implications for the processes involved in crater collapse and ring formation.

5.2 Ring-tectonic models
According to the ring-tectonic theory of multiple ring crater formation (Melosh and
McKinnon, 1978), circumferential fractures form around craters that are deep enough to
intersect a layer of material within the target which can flow on the timescale of crater
collapse. As the disrupted material within the crater collapses inward and upward, the
material within this low-viscosity layer is drawn inward exerting a drag force upon the
more rigid material above it. This force induces radial extensional stresses which can
exceed the tensional strength of the overlying elastic layer, thereby creating circumferential
fractures. In this section I describe the results of finite-element

models based upon this

hypothesis.

5.2.1 Evoiution of radial stress Held
To explore the possibilities of the ring-tectonic hypothesis model I incorporated a
layer of low-viscosity material into my crater collapse models. The simplest way to do this
and still preserve the numerical stability of the finite-element models, is to use the same
rheology for the low-viscosity layer as for the acoustically fluidized material within the
crater. This requirement forces the material in both regions to deform at similar rates. It is a
convenient, but not unrealistic, approximation. If the viscosity of the low-viscosity layer
were higher than that of the fluidized material within the crater, the latter would move more
rapidly achieving crater collapse before any substantial inward motion could occur in the
layer. If the viscosity of the low-viscosity layer were substantially lower than that of the
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fluidized material, collapse would proceed either purely by extrusion, if the transient crater
actually intersected the layer, or at the rate dictated by the fluidized material, if not. So. I
modified the rheologic parameters of elements within different horizontal layers to represent
a Newtonian fluid, using Equation 3.18 to calculate an appropriate viscosity.
I generated a series of meshes using different values for the two parameters which
describe the low-viscosity layer: its thickness,

and the depth to its upper boundary,

(Table 5.1). These meshes also incorporate regions of acoustically fluidized material
surrounding the transient crater out to a radius of 77 km (i.e., the estimated final crater
radius.

/ 0.65). For each model I monitored the stresses that developed in the elastic

layer during crater collapse to see if they approached or exceeded the fracture threshold.

Depth to upper
boundary (km)

Thickness
(km)

Depth to lower
boundary (km)

DLVL

TLVL

^LVL

1

14

21

7

21

28

7

28

35

7

35

42

7

42

49

14

14

28

21

14

35

35

14

49

TABLE 5.1: Values of low-viscosity layer parameters modeled.

Depth to the upper boundary, thickness and consequent depth to lower boundary of lowviscosity layers incorporated into crater collapse models.
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As an example, crater collapse in a target with a low-viscosity layer between depths
of 14 km and 28 km is illustrated in Figure 5.1. Figures 5.2 and 5.3 illustrate the evolution
of the velocity and stress fields in the target during the collapse of the same crater and
Figure 5.4 shows the evolution of radial stress specifically in the upper elastic layer during
crater collapse. In the elements along the surface the deviatoric radial stresses are
extensional, peaking at a magnitude of -160 MPa at -100 km radius in the early stages of
crater collapse. This value is sufficient to fracture the continental crust to a depth of at least
12 km (Turcotte and Schubert, 1982, pp. 354-355, assuming a relatively high coefficient
of friction, /, = 0.85), comparable to the thickness of die upper elastic layer. As crater
collapse proceeds, the radial stress maximum migrates outward and decreases in
magnitude; when collapse is complete the peak is located at -120 km and its magnitude is
-130 MPa. The radial stresses in the elements along the bottom of the elastic layer are
primarily extensional although smaller in magnitude, so they are also conducive to the
formation of circumferential fracturing.
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FIGURE 5.1: Evolution of crater collapse in a target with a low-viscosity layer

The central portion of a finite-element mesh at three different times during crater collapse:
=100 s, (b)t= 500 s, and (c) t = 1000 s. The target has a 14 km thick low-viscosity
layer extending downwards from c = -14 km and the transient crater was initially 50 km in
radius and 30 km deep. The low-viscosity material in the layer as well as in the acoustically
fluidized region surrounding the transient crater is shaded. In(c) the topographic rise at r =
-50 km is the remnant of the transient crater rim, which has not yet completely relaxed due
to its relatively short wavelength. This is not a peak ring.

(a) r

FIGURE 5.2: Node velocities during crater collapse

Plots of node velocities at three different times during crater collapse: (a) t = 100 s, (b) t =
500 s, and (c) t = 1000 s. Velocities are represented by lines drawn away from their
respective nodes in the direction of motion. The lengths of the lines indicate the relative
magnirndes of the nodes' velocities. The velocities in all three plots are drawn to the same
scale and the maximum velocities for the plots are:(a) 46 m/s,(b) 20 m/s, and(c) 4.8 m/s.

FIGURE 5.3: Evolution of stress during crater collapse

Plots of the in-plane stresses within each element at three different times during crater
collapse:(a) f = 100 s,(b) t =500 s, and(c) r =1000 s. Extensional stresses are indicated by
straight lines extending from the center of the element along the direction of maximum
extensional stress. Compressional stresses are indicated by triangles pointing toward the
center of each element in the direction of maximum compressional stress (the pair of
triangles resembles an hourglass). The symbol's sizes indicate the relative magnitudes of
the stresses.
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(a) Surface Stresses
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FIGLIRE 5.4: Evolution of radial stress in the elastic surface layer during crater collapse
Graphs of deviatoric radial stresses vs. radial distance throughout crater collapse for (a) the
elements along the surface of the elastic layer and (b) the elements along the base of the
elastic layer. Positive stress is extensional and the fine horizontal line indicates radial stress,
o-„ = 0 MPa. The heavy, solid, black curve represents the radial stress after the purely
elastic solution. The other curves illustrate the radial stress at different times during crater
collapse:
r = 100 s (red, solid line; corresponds to(a) in Figures 5.1-3)
t = 200 s (orange, dotted line)
I = 300 s (green, short-dashed line)
t = 500 s (blue, long-dashed line; corresponds to(b) in Figures 5.1-3)
t = ICKX) s (purple, dot/dashed line; corresponds to(c) in Figures 5.1-3).
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To illustrate the effect of varying the thickness of the low-viscosity layer, the
deviatoric radial stresses at the top and bottom of the elastic layer are graphed in Figure 5.5
for all five models with

= 7 km at r = 100 s. In each case radial stresses at the top and

bottom of the upper elastic layer are extensional. As the thickness of the low-viscosity layer
increases, the magnitude of the maximum radial stress at the surface decreases and the
radius at which the maximum occurs increases.
Increasing the depth to the low-viscosity layer has a similar effect. The deviatoric
radial stresses at the top and bottom of the elastic layer are graphed in Figure 5.6 for all
four models with

= 14 km at r = 100 s. The radial stresses at the surface are

extensional in each case and as the depth to the top of the low-viscosity layer increases the
peak of the radial stress decreases in magnitude and increases in radius. The radial stresses
at the base of the elastic layer are primarily extensional as well.
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FiGLfRE5.5: Response of radial stresses to variations in low-viscosity layer thickness
Graphs of deviatoric radial stress v5. radial distance for elements along (a) the top and (b)
the bottom of the upper elastic layer (positive stresses are extensional). Results are shown
for five different models with
= 7 km and:
= 14 km (red, solid line)
T = 21 km (orange, dotted line)
T = 28 km (green, short-dashed line)
T - km (blue, long-dashed line)
^LVL = 42 km (purple, dot/dashed line).
The peak value of the radial stresses decreases with increasing
and the radius of the
peak increases.
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FIGURE 5.6: Response of radial stresses to variations in low-viscosity layer depth

Graphs of deviatoric radial stress vs. radial distance for elements along(a) the top and (b)
the bottom of the upper elastic layer (positive stresses are extensional). Results are shown
for four different models with
= 14 km and:
= 7 km (red, solid line)
^LVL (orange, dotted line)
= 21 km (green, short-dashed line)
^LVL ^ (blue, long-dashed line).
The peak value of the radial stresses decreases with increasing
the radius of the
peak increases.
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5.2.2 Development of circumferential faults
These models demonstrate that inward motion of a low-viscosity layer during crater
collapse can generate stresses that are sufficient to initiate faulting in an overlying elastic
layer. Locations at which faults are likely to develop can be predicted from the model stress
fields and can be used to incorporate fault planes into finite-element meshes for the purpose
of ascertaining whether appreciable offset occurs during crater collapse. Faults are defined
in Tekton by designating nodes along which slip can occur and specifying the direction in
which slip is allowed. In the solution these nodes are essentially divided in two and offset
accumulates between the node halves at the specified angle.
Under sufficient extensional stress normal faults with typical dips of -60° will
develop, so I integrated potential faults, i.e., lines of nodes along which slip could be
allowed, into the mesh. The faults dip inward at -63° and are spaced at regular intervals
(roughly every 20 km) outward from the rim of the transient crater (Figure 5.7). Tekton
does not apply any inherent resistance to motion along these faults, so offset can occur
regardless of whether the stresses are large enough to initiate faulting. However, by using
stress fields generated for meshes without faults, it is possible to determine where stress
magnitudes are sufficient for faulting to occur and, therefore, which faults it is appropriate
to activate (i.e., set to allow offset). The nodes along faults in other areas are not allowed to
slip. It should be noted that along any particular fault, only the nodes within in the elastic
layer {i.e., between the target's surface and the top of the low-viscosity layer, inclusive) are
activated; if slip is allowed to occur within the low-viscosity layer the local elements
become too distorted.

116

Oa> .
I

—

—

~

o

.

cs

L

——
I

I

—
I

I

I

I

I

i

I

1

I

I

I

I

I

I

I

—
I

I

I

I

—
I

I

I

I

I

I

I

I

I
0

20

40

60

80

100

1 20

140

160

180

200

220

240

260

280

300

320

r position, km

FIGURE 5.7: Finite-element mesh with potential faults.
A plot of the entire mesh illustrating the modifications which allow faulting. Thirteen
diagonal lines show where new nodes have been introduced and elements have been
reconfigured to accommodate inward-dipping faults.

In the case of a low-viscosity layer between :: = -14 km and z = -28 km (Figures
5.1-4), the peak extensional stress occurs at a radius of -100 km in the early stages of
collapse, so this indicates where faulting is most likely to be initiated. When motion is
allowed only along the appropriate fault (i.e., the one that intersects the surface at -100
km), almost 1000 m of vertical offset accumulates due to normal motion along the faulting
during crater collapse (Figure 5.8). When the same fault is activated in meshes with the
structural parameters listed in Table 5.1, in each case several hundred meters (-700 m to
-1100 m) of offset occurs.
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FIGURE 5.8: Circumferential faulting of the elastic layer above a low-viscosity layer.

Plots of the mesh(a) before and(b)after (r = 1000 s) crater collapse. In (a) dots surround
the nodes at which faulting is allowed. All other nodes, even those along the continuation
of the diagonal below the fault or along other diagonals, behave norm^ly. The slip that
occurs along the fault during crater collapse is obvious in
At the surface there is -970
mof verticd offset. Shading indicates low-viscosity material in the layer between j = -14
km and z = -28 km and in the acoustically fluidized region around the transient crater.
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To explore the possibility of forming multiple rings I observed the evolution of the
radial stresses in the faulted elastic layers. The stresses for the model in Figure 5.8 are
graphed in Figure 5.9. Comparison to the radial stresses in the equivalent, unfaulted mesh
(Figure 5.4) illustrates the effect of the fault. At radii smaller than that of the fault the
surface stresses are large and extensional, however they drop sharply at the location of the
fault, remaining extensional, but significantly smaller in magnitude, outside the fault.
However, among the different simulations I performed, there are cases, particularly when
is shallow (< 14 km) and '^LVL is large (> 35 km), in which the decrease in extensional
radial stress at the fault is not as dramatic and the stresses outside the fault remain large
enough to fracmre the crust. In these cases, it is possible for a second fault to develop, so I
incorporated a second fault into such a model.
For example, a low-viscosity layer between z = -7 km and z = -49 km results in a
secondary peak in surface stress that reaches a magnimde of -70 MPa at a radius of -130
km (Figure 5.10). The radial stress at the base of the elastic layer is also large and
extensional. Based on these radial stress profiles I activated a second fault in diis model at r
= 140 km. After the crater has collapsed (at t = 1000 s) the inner fault exhibits 560 m of
vertical offset and the outer fault exhibits 240 m (Figure 5.11). In comparison, when only
the inner fault is activated, 680 m of vertical offset occurs. The radial stress profiles for the
surface of the two-fault model show large extensional stresses at radii less than that of the
outer fault and a rapid decrease to small extensional stresses at the outer fault (Figure 5.12).
The basal stresses are extensional and fairly large just outside the outer fault, perhaps even
sufficient to initiate faulting.
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FIGURE 5.9; Radial stress in a faulted elastic surface layer
Graphs of deviatoric radial stress at f = 100 s at the (a) surface and (b) base of the faulted
elastic layer above a low-viscosity layer with
= 14 km and
(mesh shown
in Figure 5.8). The vertical dotted lines indicate the location of the fault which intersects the
surface at r = 102 km and intersects the base of the elastic layer at r = 95 km. The stress
profiles are more jagged than those in previous figures due to the introduction of triangular
elements along the fault planes. Because each element's depth is calculated from the
centroid of the depths of its comer nodes, the depths of the triangular nodes differ slightly
from those of the bordering square nodes. This results in a slight pressure difference which
propagates through the calculation of the deviatoric stress.
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FIGURE 5.10: Radial stress in a faulted layer above a thick low-viscosity layer
Graphs of deviatoric radial stress at r = 100 s at the faj surface and(b) base of a 7 km thick
elastic layer with a fault at r = 100 km overlying a 42 km thick low-viscosity layer. Vertical
dotted lines indicate the location of the fault. In contrast to the previous figure, the stress
magnitudes remain large outside of the fault.
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FIGURE 5.11: Mesh with two circumferential faults
Plot of a mesh with a 7 km thick elastic layer overlying a low-viscosity layer 42 km thick
(a) before and (b) after (r = 1000 s) crater collapse. In (a) dots surround the nodes of the
two faults at r =100 km and r = I40 km. After collapse (b) the vertical offset on the inner
fault is 560 m and that on the outer fault is 240 m.
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FIGURE 5.12: Radial stress in an elastic surface layer with two faults
Graphs of deviatoric radial stress at t= 100 s at the Caj surface and(b) base of a 7 km thick
elastic layer with one fault at r = -100 km and another at r = ~ 140 km and which overlies a
42 km thick low-viscosity layer. Vertical dotted lines indicate the locations of the two
faults. The stress magnitudes are high at the surface within the inner fault and between the
two faults, but decrease significantly beyond the outer fault. The decrease in the magnitude
of the basal stresses is more gradual.
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5.2.3 Plasticity
Acoustically fluidized material behaves as a plastic material which has exceeded its
yield strength (Melosh, 1982). When acoustic vibrations have decayed to the point that they
are no longer strong enough to relieve the overburden pressure, or when the stress
decreases below the yield strength, the material reverts to its more rigid,

power-law

rheology. A plastic material subjected to stresses above its yield strength can be
approximated by a Newtonian fluid (section 3.3.4), so I have used this rheology to
simulate acoustically fluidized

material in the models presented up to this point.

Acoustically fluidized material can also be modeled using a plastic rheology with a low
yield strength, c, and a low angle of intemal friction, 0. McKinnon (1978) demonstrated
that <p must be less than 2° in order for collapse to occur. Based upon the morphologies of
terrestrial complex craters Melosh (1982) estimated that c = 3 MPa. I applied Tekton's
plastic element using these parameter values to model crater collapse.
To illustrate the significance of the angle of intemal friction I performed two
simulations which differed only in the value of this parameter (Figure 5.13). Both meshes
consist of a uniform material with the properties and power-law parameters of olivine
(Table 4.1) upon which I imposed a low yield strength, c = 0.25 MPa. I assigned the
material in one mesh an angle of intemal friction typical for rock, 0 = 30°, and I assigned
the material in the other mesh 0 = 0.0°. In the material with the low angle of intemal friction
plastic failure spreads rapidly throughout the entire mesh and the transient crater collapses
completely within t= 100 s. (The timescale for collapse in the plastic models differs from
that in the Newtonian models. This is due to the values of certain parameters of the plastic
element which were chosen to optimize stability.) In contrast, after the same amount of
time, the transient crater in the material with the more typical angle of intemal friction is
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essentially unchanged and plastic failure has only occurred in a few elements lining the
transient crater cavity.
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FIGURE 5.13: Effect of angle of intemal friction on crater collapse in a plastic medium.
Plots from meshes which are identical except for their values of the angle of intemal
friction; (a)(p= 30° and(b)0 = 0.0°. The symbols within the elements indicate whether the
element is currently above the plastic yield envelope (*) or whether it has experienced
plastic failure in the past, but is currently below the envelope (+). In (a) minimal collapse
has occurred after 100 s, whereas in (b) the crater is completely collapsed with the
exception of part of the transient crater rim which has not relaxed.
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In the models in which I used a Newtonian rheology the fluidized

region was

essentially uniform, the only variations were in viscosity due to its dependence on density
(e.g.. Equation 3.16). In the plastic models I varied 0 with radius to allow a more gradual
transition between the material which is affected by acoustic fluidization and that which is
not. This approximates a decrease in the effectiveness of acoustic fluidization with
increasing distance from the point of impact and it also serves to ensure numerical stability.
If plastic material begins the simulation in excess of the failure envelope, the solution fails
rapidly, so a further modification was necessary to maintain stability. The yield strength of
each material was set to an artificially high value initially and was then decreased linearly
over many time steps to its final value. In this way elements began the simulation near of
below the failure envelope.
In order to compare the results of the Newtonian and plastic representations of
acoustic fluidization I generated a mesh that is structurally similar to the mesh illustrated in
Figures 5.1 and 5.3, but which uses aplastic rheology. Figures 5.14 and 5.15 illustrate
crater collapse in a mesh which consists of only two material types: granite above a depth
of 35 km and olivine below that depth. Within a radius equal to that of the final crater
(which is defined to be 65 km) the angle of internal friction of both materials is set to 0.0°.
It increases gradually with increasing radius achieving a value of 30° at r = 80 km. I also
incorporated a layer with (p = 0.0° between z = -14 km and z = -28 km to simulate the lowviscosity layer of the previous model. Despite differences in parameters such as final crater
radius and various material properties, the Newtonian and plastic crater collapse
simulations are strikingly similar, thus confirming the validity of the Newtonian
approximation.
The primary difference between these two models is that the plastic rheology can
accommodate the actual transition of material to and from the state of plastic failure
depending on the stresses to which an element is subjected, whereas under the Newtonian
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approximation material is assumed to remain in its initial state throughout the simulation.
The symbols within the elements in Figure 5.14 indicate that this approximation is
appropriate; although the region of material experiencing failure does recede somewhat
during the simulation most of the acoustically fluidized region remains above the failure
envelope throughout crater collapse. An interesting consequence of the plastic rheology is
that near the surface, where the overburden is low, the stresses are high enough to cause
plastic failure in elements with normal angles of internal friction {i.e., 0 = 30°). As a result,
the stress magnitudes throughout the upper elastic layer are more consistent in the plastic
models (e.g.. Figure 5.15) than in the Newtonian models (e.g.. Figure 5.13). This may
facilitate faulting.

FIGLFRE 5.14: Crater collapse in a mesh with a layer of low-0 material
Plots of the mesh at three different stages of collapse which are comparable to those in
Figure 5.1:(a)t = 5 s, (b) t = 25 s and (c) t = 75 s. The regions of low angle of internal
friction are generally delineated by the asterisks and pluses which indicate plastic failure
(see caption to Figure 5.13). The only exception to this occurs along the surface where the
stress is sufficient to allow failure to extend into elements that have normal angles of
internal friction (i.e., 0 = 30°).

FIGURE 5.15: Stresses associated with crater collapse in mesh with plastic rheology
Plots of the in-plane stresses within each element at the same three stages of crater collapse
illustrated in the previous figure:(a) i = 5 s.(b) f = 25 s and(c) r = 75 s. (See the caption to
Figure 5.3 for a description of the symbols used in this plot.)
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5.2.4 Implications
These models confirm the effectiveness of the ring-tectonic model for forming
external rings around the largest terrestrial craters. The stresses generated in an elastic layer
by inward motion of an underlying layer of low-viscosity or low angle of internal friction
material are sufficient to fault continental crust. This is true for a wide range of thicknesses
of the elastic and fluid layers. When a single fault was introduced within the elastic surface
layer at an appropriate radius, several hundred meters of vertical offset occurred in each of
the simulations that were performed. Furthermore, in some cases the stress fields of singly
faulted models were sufficient to induce further faulting. So, the ring-tectonic model can
account for the formation of at least one, and in some cases two, external rings during the
collapse of a terrestrial transient crater 50 km in radius to form a final crater with a radius of
75 km.
The models described so far in this chapter are based upon a hypothetical weak
layer within die lithosphere; however, although they are successful at creating one or two
external rings, they do not address the issue of why the weak layer exists. This raises the
question of whether such a weak layer is something intrinsic to the target planet or if it, like
the acoustically fluidized region within the final crater, is a consequence of the impact itself.
The Earth's lower crust is believed to be relatively weak, but not so weak as to be able to
move on the timescale of crater collapse {i.e., minutes). If the low-viscosity (or low angle
of internal friction) behavior is actually induced by the impact, what conditions are
necessary for its formation? Comparison of the finite-element model results to observations
of a terrestrial multiple ring crater ought to make it possible to determine the depth and
thickness of the low-viscosity layer responsible for ring formation, which, in turn, might
elucidate the layer's origin. At about the same time that I was running the simulations
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described in this chapter, the results of a seismic survey of Chicxulub began to emerge,
revealing some structural surprises that may provide an answer to this question.

5.3 Chicxulub models
Since observations of multiple ring craters have, until now, been limited to remote
sensing of their surface structures, as well as some low-resolution gravity data for the
Moon and Mars, it has been difficult to ascertain the validity of various formation theories.
There are only a few terrestrial craters greater than 100 km in diameter: the Vredefort
structure in South Africa, Sudbury in Ontario, Canada, the Chicxulub crater on the Yucatan
peninsula in Mexico, and, perhaps, Morokweng in South Africa. Of these, Chicxulub is
the best preserved. However, it is buried by more than a kilometer of sediments. Both
Vredefort and Sudbury have been heavily eroded as well as tectonically deformed.
Vredefort, Sudbury, and Chicxulub have all been identified as multiple ring

craters,

although, until recently, these claims were based primarily upon the structures' sheer sizes
rather than direct evidence. Spray and Thompson (1995) demonstrated that outcrops of
pseudotachylite occur in four distinct bands around the Sudbury structure which may
delineate regions of circumferential faulting. This would suggest that Sudbury is a multiple
ring crater. The seismic data of Morgan et al. (1997) provide the first strong evidence that
Chicxulub is truly a multiple ring crater: a fault exterior to the final crater cavity which
offsets the surface by up to 500 m vertically. The identification of a terrestrial multiple ring
crater means that we can finally smdy the three-dimensional structure of such a structure.
The seismic data of Chicxulub reveal a flat-floored basin ~I km deep with a radius
of -65 km. Within this basin at a radius of 40 km there is a peak ring

-500

m high. The

seismic data also reveal a scarp at a radius of -100 km (depending on which profile is used)
which is -500 m high. However, the fault associated with this scarp exhibits two
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surprising features. The first is that the fault appears to penetrate at least the entire crust,
offsetting the Moho by -500 m to ~ I km. It is possible that the fault actually continues into
the mantle where there are no horizontal reflections to delineate the fault. The second
surprise is that the fault is quite shallow; its apparent dip is -30°. This may indicate that the
fault was generated by outward thrusting during crater excavation and then reactivated by
normal faulting during crater collapse. Other features of this fault in the seismic data are
consistent with thrust faulting (M. Warner, personal communication, 1998). The extent of
the fault may implicate a mechanism by which ring-tectonics acted to create a ring around
the Chicxulub crater. The stmctures revealed by the seismic data are consistent with inward
motion within a low-viscosity layer in the upper mantle (Turtle and Melosh, 1998). Such
motion could be die result of exponential creep of olivine which is subjected to high
stresses in the vicinity of the transient crater.
To represent Chicxulub I have tailored my standard crater model somewhat to be
consistent with the morphology revealed in the seismic profiles. Morgan et ai, (1997)
estimate that the transient crater had a radius of -50 km from a reconstruction of pre
existing stratigraphic layers. Conveniently this is the same size as die transient crater in my
models. However, the final crater is smaller than would be predicted from this transient
crater. The radii of final craters are generally believed to be a factor of 1.5 to 2 times greater
than the radii of their transient craters (Melosh 1989, p. 138). Therefore, a transient crater
with a radius of 50 km would collapse to a final crater between 75 km and 100 km in
radius. However, the radius of the crater rim at Chicxulub is -65 km, only 1.3 times the
transient crater radius. I accommodated this in my models by decreasing the radius of the
hemispherical region of acoustically fluidized material to be consistent with the smaller final
crater.
For these models I used die same two-material meshes as for the plastic modeling
described in section 5.2.3. These consist of a granite cmst 35 km thick below which is an
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olivine mantle (Figure 5.16 ). Granite has a power-law rheology (Equation 3.14) with A
2.0 X 10"* MPa"s ',

n =

1.9, and

H = 131

=

kJ/mol (Kirby and Kronenberg, 1987). At

stresses below 200 MPa olivine, too, follows a power-law rheology with A = 7.0 x lO"*
MPa"s'', n = 3.0, and H = 510 kJ/mol (Goetze, 1978). Above 200 MPa the rheology of
olivine is exponential (Equation 3.15) with

A' =

7.0 x 10" s ',

ff

= 535 kJ/mol, and

=

8.5 X 10' MPa. The material within the final crater is assigned a Newtonian rheology
(Equation 3.13) with a low-viscosity

= 7.70 x 10'° Pa-s and ri^uvm,r = "7-88 x 10'°

Pa s from Equation 3.18) to simulate plastic yield.

r posrtion. km
FIGURE 5.16: Mesh designed to simulate collapse of the Chicxulub crater.
Mesh used to model the collapse of a 50 km radius transient crater in a target consisting of
an upper layer of granite 35 km thick (unshaded and lighdy shaded elements) overlying
olivine (medium and dark shading). The fluidized region around the transient crater is
indicated by darker shading in each layer.
The small number of materials used in these models means that the crust and the
mantle are each treated as if they are isothermal. During crater collapse in models which
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have mantle temperatures between 1270 and 1670 K there is enough inward motion of
mantle material to generate large extensional stresses in the overlying granite crust (Figure
5.17). However, these stresses may not be sufficient to fracture the entire crust unless the
coefficient of friction is quite low (Turcotte and Schubert, 1982, pp. 354-355). Another
possibility, which is supported by the seismic data, is that the fault is actually ruptured by
outward thrusting during crater excavation and then reactivated during crater collapse to
produce the observed normal offset. This scenario is consistent with the fault's shallow dip
-30° to -35 ° (Morgan et al., 1997). Therefore, although extensional crustal stresses are
probably too low to initiate normal faulting, they may be sufficient to reactivate a thrust
fault created moments earlier in the cratering process.
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FIGURE 5.17: Radial stresses in granite crust above mantle with exponential rheology
Plots of deviatoric radial stress during crater collapse at (a) the surface and (b) the Moho.
The heavy, solid, black curve represents the radid stress after the purely elastic solution.
The red (solid) curve shows the radial stress in the early stages of crater collapse and the
orange (dotted), green (short-dashed), and blue (long-dashed) curves show the subsequent
evolution of the radial stress during crater collapse. (The mantle temperature in this
simulation was 1270 K).
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To investigate faulting I performed crater collapse simulations in a mesh with a fault
that intersects the surface at a radius of -100 km (Figure 5.18), a distance which is
consistent with the stress fields predicted by die unfaulted meshes. For high mantle
temperatures (7^ = 1670 K) vertical offsets of more dian a kilometer occur on this fault at
the surface. However, the amount of offset depends strongly on the mantle temperature: for
lower values {T^ - 1270 K) much less offset, -100 m, occurs. An intermediate temperature
of 1470 K results in 400 m of offset, which is slighdy less than that observed at
Chicxulub.

137

5.18a)
o

<N

s L IM I 1 1 I 1 I 1 1 1 1 1 1 1 M 1 1 1 1 1 M 1 1 I I I I I I M 1 1 1 1 1 I I I I I 1 1 1 1 rtt"
'
•
'
'
'
I
I—I——I—I—1—I
1
1
0

20

4a

60

80

too

120

140

160

180

100

120

140

i60

180

r position, km

5.18b)
moqntficotion fcctor

I

0

.

I

20

'

4C

60

60

FIGURE 5.18: Crater collapse in granite crust above mantle with exponential rheology
Illustrations {a) before and(b) after crater collapse in a mesh consisting of a granite crust 35
km thick over an olivine mantle with an exponential rheology
= 1470 K). The materials
are indicated by shading: none — power-law granite; light — fluidized granite (low-viscosity
Newtonian rheology); medium ~ power-law/exponential olivine; dark — fluidized olivine
(low-viscosity Newtonian rheology). Motion is allowed along the fault that intersects the
surface at a radius of ~ 100 km (in (a) the relevant nodes are surrounded by dots). After
collapse (b), -400 m of vertical offset has accumulated along the fault.
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The structure illustrated in Figure 5.18 suggests another possible explanation for
the deep, low-angle ring fault around Chicxulub. The modeled fault has a slope of -60°.
significantly steeper than the slope indicated by the seismic data. If the dip of the fault in the
mesh were decreased to -45° (still somewhat steeper than the fault around Chicxulub), at its
base the fault would intersect the edge of the fluidized region around the transient crater. In
such a case, normal motion would occur on the fault regardless of the rheology of
unfluidized mantle material. The shape of the fluidized region has been approximated,
necessarily, in these models, so it is possible that the true shape of this region would
preclude such an intersection. Furthermore, this mechanism only allows a single ring to
form. Then again, there is only strong evidence for one ring in the Chicxulub seismic data.

5.4 Conclusions
The results of these models indicate that the ring-tectonic theory is consistent with
the formation of circumferential faults around large terrestrial impact craters. Inward motion
in a low-viscosity layer within the crust can generate extensional stresses in the elastic
surface layer that are of sufficient magnitude to initiate faulting. When a fault is introduced
at a location predicted by the stress fields of a comparable unfaulted model, several hundred
meters of vertical offset accumulate for a wide variety of low-viscosity layer thicknesses
and depths. Furthermore, in some cases extensional stresses remain sufficiently large
outside of this fault to create a second fault, along which a few hundred meters of vertical
offset can occur. The results of models designed to resemble the structure of the Chicxulub
crater, which appears to be surrounded by a circumferential fault that penetrates the entire
crust, indicate that the exponential rheology of olivine in the mantle may explain the lowviscosity behavior responsible for ring formation according to the ring-tectonic theory.
However, to generate the amount of offset observed, temperatures of at least 1470 K are
necessary in the shallow mantle.
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CHAPTER 6: FORMATION OF RINGS AROUND EUROPAN CRATERS
6.1 Introduction
Voyager and Galileo images of Jupiter's satellite Europa show a variety of features
and terrains from which it has been inferred that Europa's icy surface is but a thin crust
over a more fluid interior believed by many to be liquid water. Although the evidence for a
subsurface Europan ocean is still circumstantial, surface features suggest the existence of a
fairly fluid or ductile material at shallow depths. Estimates for the thickness of the surface
layer of solid ice range from a few hundred meters based on potential flexural features
observed near ridges (C.B. Phillips, personal communication, 1998) to several kilometers
{e.g..C2Lrv et ai, 1997).
There are few impact craters on the Europan surface, suggesting that it is relatively
young. From the Voyager images of Europa only one large structure with a probable
impact origin was obvious. Tyre. However, the durations of the Voyagers' missions in the
Jovian system were brief, so the amount of each satellite's surface that could be imaged
was limited and the image resolutions were typically low. During its nominal and extended
missions the Galileo spacecraft has renamed images of Europa at substantially higher
resolutions and yet it has revealed only a few Europan impact structures larger than 20 km
in diameter (Table 6.1). Nonetheless, these few strucmres do span a large range of sizes
and demonstrate an intriguing transition in crater morphology; some of the smaller
stmctures resemble central peak craters {e.g.. Figure 6.1) whereas the two largest
structures {e.g.. Figure 6.2) consist of central regions of disrupted material surrounded by
several concentric fractures.

140

Crater

Location
(Lat., Lon.)

Morphologic
Characteristics

Crater
Radius*
(km)

unnamed

21 N, 217 W

Simple(??)

2.5

unnamed

UN, sow

Complex
(Central peak)

4.3

unnamed

26S, 183W

Complex(??)

7.0

Cilix

2.6N, 182 W

Complex
(Central pjeak)

8.5

unnamed

58N, 75 W

Complex
(Central peak)

9.0

Mannann'an

3 N, 240 W

Complex

9.5

Pwyll

25 S, 271W

Complex
(Central peak)

11

Taliesin

23 S, 137 W

??

11*

Tegid

0.5N, 164 W

??

13

Callanish

16S, 334 W

Multiple rings

26*

50

Tyre

34 N, 146 W

Multiple rings

37*

76

Radius of
Outermost Ring
(km)

26

TABLE 6.1: Europan impact structures imaged to date
*Radius of the innermost ring for Taliesin, Callanish and Tyre which do not exhibit
obvious crater rims.
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FIGURE 6.1: Pwyll, Europa
Galileo image of the crater Pwyll. The 11 km radius crater is only -100 m deep and appears
to have a central peak.

FIGURE 6.2: Callanish, Europa
Galileo image of the crater Callanish. There is no distinct crater rim. The central disrupted
region is -25 km in radius and it is surrounded by 4 or 5 circumferential fractures. A
double ridge that predates the impact crosses the image from the upper left to the right. This
ridge is cut by the ring fractures and completely obliterated in the center of the crater.
The morphologies of impact craters are controlled to a certain extent by the nearsurface structure of the planets on which they form. The multiple concentric fractures that
form around some of the largest impact craters (for each planet on which ringed craters are
observed) may be particularly sensitive to crustal structure. According to the ring-tectonic
theory of Melosh and McKinnon (1978), discussed in Chapter 2 and modeled in some
detail in Chapter 5, these rings form in an elastic surface layer over material with a
sufficiently low effective viscosity that it can flow inwards during crater collapse. As
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illustrated in Figure 2.10, the final fracture pattern depends upon the thickness of the elastic
layer and the vertical extent and effective viscosity of the 'fluid' material. I have used the
surface morphologies of the Europan craters Pwyll and Callanish, which are representative
of the morphologies of Europan craters, to constrain finite-element models of transient
crater collapse to investigate their implications for Europa's near-surface structure. This
modeling has been done in collaboration with C.B. Phillips who has worked extensively
with Galileo images of Europa and who is familiar with the material properties of ice from a
similar project involving modeling of crater collapse under conditions appropriate to the icy
satellites Ganymede and Callisto.

6.2 Morphology of Europan impact craters
6.2.1 Pwyll
Pwyll (Figure 6.1) has a radius of 11 km and appears to be a central peak crater.
Complex craters of comparable size on the icy satellites Ganymede and Callisto are
typically ~1 km deep. In contrast, Pwyll is anomalously shallow, -100 m, but whether this
is due to post-impact flooding or relaxation is not yet clear. For rocky targets the radius of a
transient crater is 50% to 65% the radius of the final crater (e.g., Melosh, 1989, p. 138).
Assuming this relationship holds for icy targets, the transient crater that collapsed to form
Pwyll would have been between 5.5 and 7.2 km in radius. Pwyll does not exhibit external
rings.

6.2.2 Callanish
Callanish is a much larger impact structure consisting of a dismpted region which is
surrounded by several concentric fractures. There is no well-defined crater rim, but judging
from the radius at which pre-existing ridges are truncated it appears that the transient crater
was -25 km in diameter (about twice the size of the transient crater for Pwyll). It should be
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noted that there are no obvious radial fractures comparable to those illustrated in Figure
2.10d.

6.3 Material properties and rheoiogic parameters for water ice
The most significant difference between these models and those presented
previously is in the material rheologies, since the outer part of Europa is composed
primarily of ice. Gravity data indicate that the layer of low-density material (-1000 kg/m')
is 80 - 170 km thick (Anderson

et al.,

1998). I generated meshes with a layer of ice over

more fluid material. The ice layer has a plastic rheology with 0 = 11° and c = 8.3 MPa
(Beeman et ai. 1988). At stresses below the yield strength it follows a power-law rheology
(Equation 3.14) with A = 6.3 x 10" Mpa"s ', n = 4.0, and H = 9\ kJ/mol (ice I, regime A
from Durham et ai, 1997) and at stresses above the yield strength it deforms according to a
Newtonian rheology (Equation 3.13). The material surrounding the transient crater (within
the final crater cavity) is disrupted by the impact and is modeled using a plastic rheology
consistent with acoustic fluidization: 0 = 0.0° and c = 0.1 MPa (Melosh, 1982). All material
below the ice layer has a Newtonian rheology with a viscosity of 1.0 x 10' Pa-s (U. = 350
s). low enough to flow on the time scale of crater collapse. Although it has been
hypothesized that the fluid layer may consist of liquid water, I have not used liquid water in
my simulations: the extremely low viscosity of liquid water would necessitate prohibitively
short time steps.

6.4 Models and modeling results
6.4.1 Mesh Design
To model Europan craters I followed the same procedure that I used for the
terrestrial cratering modeling described in the previous chapters. Rather than developing
new meshes for this project. I used the mesh developed previously (section 3.3.4) and
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scaled it to sizes appropriate to the Europan craters. I simulated crater collapse for two
transient crater sizes: R^, = 6.25 km and

= 12.5 km, comparable to Pwyll and

Callanish, respectively. For the former case I scaled the mesh described in section 3.3.4 by
a factor of 0.125. Thus, the mesh extends to a radius of -40 km and down to a depth of 26
km and in which the small elements are 440 m x 440 m (Figure 6.3a). The transient crater
in this mesh is 6.25 km in radius and 3.75 km deep. For the larger crater the scale factor is
0.250, so, the resulting mesh is -80 km in radius, 52 km deep and the small elements are
880 m X 880m (Figure 6.3b). In this case the transient crater has a radius of 12.5 km and a
depth of 7.5 km. Generating these meshes by scaling from the larger mesh ensures that the
boundaries are adequately distant from the areas of interest and that the elements are
sufficiently small; these proportions proved quite robust in the terrestrial crater simulations.
Both meshes have an applied gravitational acceleration of 1.4 m/s*.
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FIGURE 6.3: Finite-element meshes for Europan crater collapse models.
Initial meshes for simulations of the collapse of Europan transient craters with: (a)
=
6.25 km (comparable to Pwyll), and (b) R^, = 12.5 km (comparable to Callanish). TTie
entire extent of the mesh shown in (a) is -40 km in radius and 26 km deep. The upper,
small elements are 440 m x 440 m while the larger elements at the bottom are 1300 m x
1300 m. The entire extent of the mesh shown in (b) is -80 km in radius and 52 km deep.
Its small elements are 880 m x 880 m and its large elements are 2600 m x 2600 m. The
diagonal lines in both meshes indicate the locations of potential faults, i.e., nodes along
which offset can be allowed to occur.
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6.4.2 Modeling
The concentric fractures around Callanish and the lack of fractures around Pwyll
serve to illustrate the stress fields around each of these craters during collapse. The fracture
strength of terrestrial sea ice under tension is 0.5 MPa (Parmerter and Coon, 1972).
Assuming that this value is appropriate for Europan ice, the fact that fractures did not form
around Pwyll indicates that any extensional radial stresses were lower than this value. The
radii at which concentric fractures formed around Callanish delineate a region in which
extensional radial stresses must have exceeded the fracture strength. Furthermore, from the
lack of radial fractures around either crater it can be inferred that the deviatoric
circumferential stresses did not exceed the fracture strength of ice. Since the stress fields
that develop around craters during collapse depend upon the structures in which they
formed, the existence and locations of fractures around Europan craters can be used to
constrain the thickness of the Europan crust.
To investigate the effect that varying the thickness of the elastic layer has upon the
stress field that develops during crater collapse, for each crater I ran a number of
simulations using a range of different values. I simulated collapse of a 6.25 km radius
transient crater in targets with elastic surface layers 2, 4, 8, and 12 km thick, and for the
larger crater I used thicknesses of 8, 12, and 16 km. Figures 6.4 and 6.6 show the radial
stress fields and Figures 6.5 and 6.7 show the circumferential stress fields
simulation in the early stages of crater collapse.

for each
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FIGURE 6.4: Radial stresses around a transient crater 6.25 km in radius
Deviatoric radial stress around a 6.25 km radius transient crater as a function of radial
distance at (a) the surface and (b) the base of elastic surface layers 2 km (red, solid line), 4
km (orange, dotted line), 8 km (green, short-dashed line), and 12 km (blue, long-dashed
line) thick.
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FiGLfRE 6.5: Circumferential stresses around a transient crater 6.25 km in radius
Deviatoric circumferential stress around a 6.25 km radius transient crater as a function of
radial distance at (a) the surface and (b) the base of elastic surface layers 2 km (red, solid
line), 4 km (orange, dotted line), 8 km (green, short-dashed line), and 12 km (blue, longdashed line) thick.
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FI G U R E 6.6: Radial stresses around a transient crater 12.5 km in radius
Deviatoric radial stress around a 12.5 km radius transient crater as a function of radial
distance at (a) the surface and (b) the base of elastic surface layers 8 km (red, solid line), 12
km (orange, dotted line), and 16 km (green, dashed line) thick.
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FIGURE 6.7: Circumferential stresses around a transient crater 12.5 km in radius
Deviatoric circumferential stress around a 12.5 km radius transient crater as a function of
radial distance at fa) the surface and (b) the base of elastic surface layers 8 km (red, solid
line), 12 km (orange, dotted line), and 16 km (green, dashed line) thick.
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Around the smaller crater, the radial stresses at the base of the elastic surface layer
are extensional for each thickness modeled and near the crater they are clearly sufficient to
initiate faulting. The region in which the extensional stresses exceed the fracture strength
extends to a radius of -25 km for the models with elastic surface layers < 8 km thick and
they are greatest in magnitude for an elastic surface layer 8 km thick. For the model with
the thickest elastic surface layer the extent of the region in which extensional stresses
exceed the fracture criterion has decreased to a radius of -15. In all models the stresses at
the surface are generally compressional and smaller in magnitude. The circumferential
stresses in each model were too small to initiate radial faulting.
The results for the larger crater are similar, although in this case the basal stresses
exceed the fracture criterion by a larger margin and out to a larger radius. In all three cases
they remain above the fracture criterion out to a radius of at least 60 km and in two of the
simulations the stresses remain this high to the edge of the mesh. The fact that the stresses
have not decreased to values closer to zero at die edge of the mesh may indicate that the
mesh is somewhat small; the horizontally fixed nodes at the outer boundary may be
affecting the solution and keeping the stresses artificially high at large radii. As for the
smaller crater models, the surface stresses tend to be smaller and compressional. In the
simulations with thinner elastic layers (8 km and 12 km) the extensional circumferential
stresses at the surface slightly exceed the fracture strength at radii less than 40 km which
may contribute to the disruption in the central part of the crater.

6.5 Conclusions
In these simulations, despite stresses of sufficient magnitude to fracture the ice,
only minimal offset occurs when faults are introduced. This appears to be due to flexure of
the elastic surface layer. Although the basal stresses are extensional, the surface stresses are
generally compressional, inhibiting displacement along the faults. Another possibility is
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that the lack of faulting in these models is due to inaccurate representation of the structure
of Europa. Indeed, a model with a thin layer of Newtonian fluid between two elastic ice
layers does result in ~60 m of vertical offset on a normal, circumferential fault (Figure 6.8).
However, it is more plausible that flexure is responsible for inhibiting fault displacement in
the simulations, illustrating an intrinsic limitation of the model. In reality, after the crater
has collapsed completely, stresses in the elastic surface layer would relax allowing
displacement to occur along fractures created during crater collapse. So, fractures could
form on Europa despite the fact that they do not form during the simulations which tend to
become numerically unstable after an equilibrium structure is achieved. If this is the case,
the modeled stress fields suggest that the Europan lithosphere is at least 12 km thick. An
elastic surface layer of this thickness results in radial and circumferential stresses that are
comparable to or lower than the fracture threshold of 0.5 MPa around a 6.25 km radius
transient crater. This result is consistent with the lack of fractures around the Europan
craters Pwyll and Mannann'an. For a 12.5 km radius transient crater in a 12 km thick
elastic surface layer, the radial stresses do exceed the fracture strength at radii that are
consistent with the circumferential faults around Callanish and Tyre. None of the
simulations generated extensional circumferential stresses significantly larger than the
fracture threshold. Therefore, ice thicknesses from 12 km to at least 16 km (the largest
thickness modeled) would be consistent with concentric fractures and no radial fractures
around Callanish and with no fractures around Pwyll.
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FIGURE 6.8: Crater collapse in a faulted mesh with a confined low-viscosity layer.
Meshes ( a ) before and ( b ) after the collapse of a 12.5 km radius transient crater in a target
with a layer of low-viscosity Newtonian material confined between two elastic layers. The
upper elastic ice layer is -12 km thick and the low-viscosity layer beneath it is 4.4 km
thick. Motion was allowed along the fault that intersects the surface at a radius of 30 km
which is indicated by the arrows. Asterisks indicate elements within which the stress
currently exceeds the criterion for plastic failure. Pluses indicate elements within which the
stress does not currently exceed the failure criterion but has in the past. In (b) it can be seen
that inward motion has occurred in the low-viscosity layer and there is 60 m of vertical
offset on the fault.
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CHAPTER 7: CONCLUSIONS

Finite-element analysis is a valuable tool for investigating the cratering process
because it can be applied to structures of any size; very large impact structures can be
modeled at the correct scale reducing reliance upon extrapolation from smaller craters.
Moreover, the method's flexibility in accommodating diverse material properties and
rheologies makes it capable of simulating crater collapse in extremely different
environments. Although there are some limitations which

prevent comprehensive

reproduction of complex crater structures, these limitations do not preclude models from
providing valuable insights into the consequences of crater collapse and the processes that
lead to the formation of associated morphological features such as multiple external rings.
The simulations described in Chapter 4 illustrate the utility of finite-element analysis
for recreating the ground motions that occur during crater collapse. When the techniques of
hydrocode modeling and finite-element element modeling are used together it is possible to
determine not only where shock features will form during an impact, but also where they
will be located after the dust settles. This is useful for estimating the original size of eroded
impact structures such as Vredefort. By combining hydrocode predictions delimiting
regions in which shatter cones and planar deformation features form due to impacts by a
range of projectile sizes with finite-element modeling of the collapse of transient craters of
appropriate sizes it was possible to constrain the size of the original crater at Vredefort.
After accounting for erosion, the present locations of these shock features are consistent
with a rocky projectile 10 to 14 km in diameter that excavated a transient crater between 80
and 100 km in diameter which subsequently collapsed to form a final crater 120 to 200 km
in diameter. Furthermore, by illustrating the motions due to collapse of a range of crater
sizes, this technique should provide a method of validating and calibrating scaling relations.
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Another important application of the finite-element method to modeling crater
collapse is to the investigation of the mechanism responsible for the formation of multiple
concentric scarps around large impact structures. By applying observations of ringed
craters as constraints on finite-element models of crater collapse it is possible to test
theories that have been proposed to explain ring formation and to determine the implications
of different stmctures and rheologies for concentric faulting. Simulations based on the ringtectonic theory (McKinnon and Melosh, 1978) indicate that it is an effective way of
forming at least one ring around a large terrestrial crater. Models with a range of lowviscosity layer depths (7 to 35 km) and thicknesses (14 to 42 km) consistently generated
extensional radial stresses sufficient to induce faulting at a distance outside the final crater
rim that is consistent with the V2 rado observed for many multiple ring structures.
Furthermore, when the depth to the low-viscosity layer is fairly low (7 to 14 km) and the
thickness of that layer is relatively high (31 to 42 km), the radial stresses external to the
circumferential fault are sufficient to create a second fault. The radius of this fault, too. is
proportional to the radius of the inner fault by a factor of ~V2. Combining these models
with seismic cross-sections of the structure of Chicxulub (Morgan et ai, 1997) indicate that
exponential creep of olivine in the mantle may be the mechanism responsible for the
necessary low-viscosity behavior, although the temperamre required to generated the
observed offset may be prohibitively high.
Since impact craters are controlled by the strucmres and rheologies of the targets in
which they form, their morphologies can be used to constrain a planet's subsurface
structure. The icy Jovian satellite Europa exhibits few impact craters, but those that do exist
illustrate a morphologic transition from small, shallow complex craters to larger structures
with multiple concentric fractures. Assuming that Europa's lithospheric structure is fairly
constant at a global scale (an assumpdon which is supported by the length and ubiquity of
Europa's ridges), Uiese two categories of crater morphology can be used to determine the
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thickness of this lithosphere. By simulating the collapse of both small and large impact
craters in models with a range of lithospheric thicknesses and by observing the evolution of
the stresses generated around the craters, it is possible to predict the conditions under
which circumferential fracturing occurs. Since such fractures are only observed around the
larger craters they constrain the lithospheric thickness to a value for which the stresses
generated are sufficient to initiate fracturing around a large crater but not around a smaller
crater. The radial stresses generated by crater collapse in models with rigid layers > 12 km
thick are consistent with the lack of rings around the smaller Europan craters and their
presence around the larger ones.
These models demonstrate the effectiveness of finite-element

analysis in in

investigating crater collapse processes. Using this method I have been able to recreate the
original structure of an eroded crater, to simulate the formation of multiple-ring craters, and
to use a transition in crater morphology to constrain the lithospheric structure of a remote,
icy satellite.
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APPENDIX 1

C program which applies Maxwell's (1977) Z-model to a uniform finite-element
mesh to approximate the excavation of a transient crater.

/* zmeshnonu.c
et
Nov.26.1995
*
Modified to read files from .7Mesh_files.out and write files
*
to .7Mesh_files.z:
28.Feb. 1997

4c

*

Usage:

zmeshnonu paramspec fspec (mat type)

*
*
*
*
*
*
*
*
*
*
*
*

This program reads in the finite-element node data for a
non-uniform mesh, gridfspec.out. and the transient crater
parameters from the file paramspec.param.
The location of each node is moved according to the zmodel.
Ejected nodes are set to the location (0.,0.). The nodes are
then evaluated, significantly displaced nodes are moved onto
the transient crater wall (directly above the previous node).
** Since the mesh is non-uniform, this program does not use
** rows and columns to simplify the evaluation and resetting
** process. Instead it relies on the convention of numbering
** nodes sequentially in the vertical direction which
•* approximates organization into columns.

«

*
*
«

The remaining nodes are renumbered and output to the file:
gridfspec.z

*
*

The boundary conditions are read in from the file bcfspec.out,
the nodes are updated, and output written to bcfspec.z.

*

*
*
*
*
*

The program then reads in the finite-element element data
corresponding to the original uniform mesh, elfspec.out.
The nodes for each element are updated to their new numbers,
and any elements with fewer than 3 nodes remaining are deleted.
The elements are renumbered and written out to the file: elfspec.z

Jtt

*
*
*
*

Simultaneously the prestresses are read in from psfspec.out
and the materials are read in from matfspec.out. The element/material
numbers are updated and the new information is written to the files
psfspec.z and matfspec.z, respectively.

#include <stdio.h>
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^include <math.h>
#include "zfiinc.h"
#include "nr_zutil.h"

/* zopen(), linecountO */
/* dvector(). free_ivector(). dmatrix(),free_dmatrix()*/

main(int argc. char •argv[])
{

/* nodes variables */
int temp, node, newnode;
int nnodes;
/* number of original nodes */
int nnewnodes=0;/* number of nodes after deformation and modification */
int *nodechanges;
int ng;
double lempx, tempy ;
double **orignodes. **znodes. **modznodes. **newnodes;
/* orignodes are the originals [nnodesl[21
* znodes are after deformation [nnodes][2]
* modznodes are modified to reduce distortion near
*
crater wall [nnodesl[21
* newnodes are renumbered [nnewnodes][31
*/
int setwall=0;
/* variable to mark setting of node on crater wall */
double nodesep=2.;
/* distance between original nodes *!
I*

zmodel variables */
double TCDepth, TCDiameter. TCRadius, DOB;
double xp, yp, rp, thetap;
/* origin at DOB */
double xc. yc. rc. thetac=0.;
/* origin at DOB •/
double xnew, ynew. mew. thetanew;
/* origin at surface */
double rO;
double rOrim; /*rO of streamline which intersects crater at surface*/
double K. delta, dt=45.;
int sign=-1. prevsign=-1;
double X, y. r, theta;

/* boundary conditions variables */
int dofr, dofz;
double bondr, bondz;
/* elements variables */
int comer;
int n[4];
int mat, numgen;
int nexist;
int el. newel;
/* prestress variables */
int psel;
double xxstress. yystress. zzstress. xystress;
/* material variables */
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char type;
int matel;
double E, pois. dens, A. Q. T, anpwr;
double domst;
double phi. c_teicton, gamma, pwr, hardng;
int ytype;
/* file names and pointers */
char c. paramfile[50j;
char origgridfile[501, zgridfile[50], modzgridfile[501. newgridfile[50];
char changefile[50];
char origbcfile[50I, newbcfile[50];
char origelfile[50], newelfile[50];
char origpsfile[50], newpsfile[50];
char origmatfile[501, newmatfile[50];
FILE *paramptr;
FTLE *origgridptr, *zgridptr, •modzgridptr. *newgridptr;
FILE *changeptr,
FILE *origbcptr, *newbcptr;
FILE *origelptr. *newelptr;
FILE *origpsptr, *newpsptr;
FILE •origmatptr, *newmatptr;
FILE *fopen(). *zopen(char •filename, char *mode. char status);
/* check usage *!
if(argc != 3 && argc != 4)
(

fprinlf(stderr."Usage; zmeshnonu paramspec fspec (mat type)\n");
exit(O);

I
/* if material type is specified read in type */
if(argc = 4)

{
sscanf(argv[3I."%c",&type);

1
/* Read in transient crater parameters •/
sprintf(paramfile."%s.param".argv[ 1));
paramptr=zopen(paramfile,"r",'y');
while((c=getc(paramptr)) != '=');
fscanf(paramplr."%ir'.&TCDepth);
while((c=getc(paramptr)) != '=');
fscanf(paramptr,"%ir.&TCDiameter);
TCRadius=TCDiameter/2.;
while((c=getc(paramptr)) !=
fscanf(paramptr."%lf",&DOB);
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fclose(parainptr);

/* Calculate rO for transient crater rim */
xp=TCRadius;
yp=DOB;
rp=sqrt(xp*xp+yp*yp);
rOrim=Tp/( I .+yp/rp);
/* create filenames */
sprintf(origgridfile.".yMesh_fiIes.out/grid'5i:s.out".argv[2]);
sprintf(zgridfiie,"zgrid%s.out",argv[2]);
/* sprintf(modzgridfile,"modzgrid%s.out".argv[21);*/
sprintf(newgridfile.".7Mesh_files.z/grid%s.z",argv[21);
sprintf(changefile,".7Mesh_files.z/nodechanges%s.z",argv[2]);
sprintf(origbcfile,"../Mesh_files.out/bc%s.out",argv[21);
sprintf(newbcfile. ".yMesh_files.z/bc%s.z",argv[21);
sprintf(origelfiie."../Mesh_riIes.out/ei%s.out",argv[2]);
sprintf(newelfile."../Mesh_riles.z/el%s.z",argv[21);
sprintf(origpsfile."../Mesh_riles.out/ps7cs.out",argv[2|);
sprintf(newpsrile,"../Mesh_files.z/ps%s.z",argv[2|);
if(argc=3)
(

sprintf(origmatfiie."../Mesh_files.out/mat%s.out".argv[2]);
sprintf(newmatfile."../Mesh_files.z/mat%s.z",argv[21);
}

else if((argc=4) && type = 'd')
(

sprintf(origmatfile,"../Mesh_files.out/matdom%s.out",argv[21);
sprintf(newmatfile,"../Mesh_files.z/matdom%s.z",argv[2]);
}

else if((argc=4) && type = 'p')
{

sprintf(origmatfile."../Mesh_files.out/matplas%s.out".argv[2]);
sprintf(newmatfile."../Mesh_fiIes.z/matplas%s.z".argv[2]);
}

/* determine number of nodes and create node location arrays */
nnodes=linecount(origgridfile);
orignodes=dmatrix( 1.nnodes, 1.2);
znodes=dmatrix( 1 .nnodes, 1.2);
modznodes=dmatrix( 1 .nnodes, 1,2);
nodechanges=ivector( 1,nnodes);
/* read in original node locations from uniform mesh */
fprintf(stderr,"Reading in original node locations..An");
origgridptr=zopen(origgridfile,"r",'y');
for(node=l; node<=nnodes; node-H-)
{

fscanf(origgridptr,"%d %d %lf %lf',&temp,&ng,&tempx,&tempy);
if(ng!=0)
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I
printfC'ERROR: ng != 0\n");
exit(O);
}

if(ncxle!=temp)
{

printfC'ERROR: node!= temp\n");
exit(O);

1
orignodes[nodel[ 1 l=tempx;
orignodes[node][2]=tempy;
}

fclose(origgridptr);
/* move/remove ncxles according to zmodel */
fprintf(stderr."Applying Z-modeI...Vn");
for(node=l; node<=nnodes; node-M-)
{

/*
*

if(node^ 100=0)
fprinif(stderr. " %d ".node);
xp=orignodes[nodel[ 1 ];
if(xp=0.)
xp+=O.OOOI;
/* prevent infinite rO */
yp=orignodes[node][2]+DOB;
/* account for non-zero depth-of-burst*/
thetac=0.;
delta=TCDepth-DOB;
dt=45.;
sign=-1;
prevsign=-1;
rp=sqrt(xp»xp+yp*yp);
thetap=acos(-yp/rp);
printfC'given point:\n");
printf("%.2f\t%.2f\t%.2f\t%.2f\n".xp,yp.rp,TODEG*thetap);*/

/*

rO=rp/( l.-cos(thetap));
printf("rO=^^.2f\n",rO);*/

/* if node isn't ejected find new position, otherwise leave it at (0.0) */
if(rO > rOrim)
{

/* iterate to find coordinates of intersection with crater wall */
while(fabs(delta)>0.001 && fabs(dt)>l.e-10)
{

thetac+=dt*TORAD;
K=(TCDepth*rO*iO*sin(thetac)*sin(thetac)/
(TCRadius*TCRadius));
delta=(K+DOB-TCDepth)-(2.* K-rO)*cos(thetac )+
(K-rO)*cos(thetac)*cos(thetac);
prevsign=sign;
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if (delta<0.)

sign=-1;
else if (delta>0.)

sign=l;
dt*=(prevsign*sign/2.);
printf("%. 10f\t%. 10f\i%. 10f\t%d\t'7cd\n".TODEG»thetac.
delta.dt.sign.prevsign);*/

/*
*

I
rc=rO*( 1 .-cos(thetac));
xc=rc*sin(thetac);
yc=-rc *cos(thetac);
printf("intersection:\n");
printf("9&.2f\t%.2f\t%.2f\t%.2f\n",xc,yc.rc.TODEG*thetac);*/

/*
*

/* calculate coordinates of new node location */
thetanew=acos( I .-pow((pow(( 1 .-cos(ihelap)).4.)+
pow( (I .-cos( thetac) ),4.) ),0.25));
mew=rO*( l.-cos(thetanew));
xnew=mew*sin(thetanew);
ynew=-mew*cos(thetanew)-DOB; /* account for DOB */
znodes[nodel[ I ]=xnew;
znodes[node][2]=ynew:
/*
*
*
/*
*
*

printfC'displaced point:\n");
printf("%.2At%.2f\i%.2f\t%.2fVn\n".xnew.ynew.mew,
TODEG*thetanew);*/
printf("%d;7c.2f\t9'c.2At9'c.2At7c.2f\t%.2At'7c.2At%.2f\t7c.2f\n".
node.orignodes[node][ I ],orignodes[node|[21.xp,yp.
xnew,ynew,znodes[nodel[ 1 ],znodes[nodel[2I);*/

/* calculate coordinates of points along streamline */
/*
printf{"streamline:\n");*/
/*
for(theta=0.; theta<=TORAD*135.; theta+=TORAD*l.)
{

*
*
*

r=rO*(I.-cos(theta));
x=r*sin(theta);
y=-r*cos(theta);

Jk

*

printf("95r.2f\i9i:.2f\t%.2f\t%.2f\n",x.y,r,TODEG*theta);

1
*!
}

else if (rOcOrim) /* node is ejected */
{

/*

printf("\t%d\t%.2f\t%.2f\n".node,xp.yp);*/

fprintf(stderr."\tdone\n");
/* relocate significantly displaced nodes to crater wall above previous point •/
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/*

zgridptr=zopen(zgridfile."w","y');
modzgridptr=zopen(modzgridfiIe,"w".'y');»/
fprintf(stderr."Relocating nodes...\n");
for(node=l; node<=nnodes; node-H-)
{

if(node<7cl00=0)

/*
*

fprintf(stderT," %d ".node);
printf("%d %d %d\t%.2f\t%.2f\t%d\n".node,col.row,znodes[node][l 1,
znodes[nodel[2].setwall);*/
if(znodes[node][2I<=-2.*TCDepth)
/* bottom of mesh, nowhere near crater wall */
{

setwall=0;
modznodes[nodeI[ l]=znodes[nodel[ 1 ];
modznodes[node][2]=znodes[nodel[2];
}

else if(znodes[node][l]=0. && znodes[node][2]=0. && setwall=0)
/*node ejected but no previous node set at wall, relocate node*/
(

yc=(TCDepth*znodes[node-1 ][ 1 ]*znodes[node-1 ][ 1 ]/
(TCRadius*TCRadius) )-TCDepth;
modznodes[node][ l]=znodes[node-l 1[ 1 ];
modznodes[nodel[2]=yc;

setwall= 1;

1
else if(znodes[node][ll=0. && znodes[node][2]=0. && setwall=l)
/• node ejected and previous node set at wall, don't relocate */
{

modznodes[node][ I ]=znodes[nodel[ I ];
modznodes[node][2]=znodes[nodel[21;
nnewnodes-H-;

1
else if(znodes[node][2]>-2.*TCDepth)

/* node not ejected */

{

yc=(TCDepth*znodes[node-l]11 ]*znodes[node-1 ][ 1 ]/
(TCRadius*TCRadius))-TCDepth; /* find wall*/
if((znodes[node][2]+(nodesep/2.)) > yc)
/* node close to wall */
{

if(setwall==0)

/* no previous node on wall, relocate node*/

{

modznodes[node][ l]=znodes[node-l ][ 1 ];
modznodes[node)(2]=yc;
setwall=l:
}

else if(setwall=l) /* previous node set at wall, remove node */
{

modznodes(nodej[ 11=0.;
modznodes[node][2]=0.;
nnewnodes++;
}
}

164

else

/* node far from wall, don't relocate */

{

modznodes[node][ 1 ]=znodes[nodel[ 1 ];
modznodes[node][2I=znodes[node][2];
}

}

fprintf(zgridptr."\t%d\t%d\t%.2f\t%.2f\n".node.ng,znodes[node][ 1 ],
znodes(nodel[21);
fprintf(modzgridptr,"\t%d\t'^d\t%.2At'%r.2f\n",node.ng,niodznodes[node][ 1 ],
niodznodes[nodel[2]);*/
printf("%d\t%d\t%d\t%.2f\t'^.2f\t%.2f\t%.2f\t%d\n",node.col.row,
znodes[node][ I],znodes[node][2],modznodes[node][ 1 ],
modznodes[nodel[21,setwall);*/

/*
*
/*
*
*

1
fprintf(stderr,"\tdone\n");
fclose(zgridptr);
/* fclose(modzgridptr);*/

/* renumber remaining nodes and write to output file */
/* create array of updated node numbers */
fprintf(stderr,"Renumbering nodes and writing file...\n');
nnewnodes=nnodes-nnewnodes;
newnodes=dmatrix( 1 .nnewnodes, 1,3);
newgridptr=zopen(newgridfile."w".'y');
changeptr=zopen(changefile,"w",'y');
for(newnode=l.node=l; newnode<=nnewnodes". newnode++.node-i-i-)
{

/*

if(newnode% 100=0)
fprintf(stderr." %d ".newnodej;
printf("%d\t%d\n".newnode,node);*/
w!iile(modznodes(node][ll==0. && modznodes[node][21=0.)
{

node++;
printf("\t%d\n",node);*/

/*

1
newnodes[newnodel[ 1 ]=modznodes[nodel[ 11;
newnQdes[newnodel[21=modznodes{nodel[21;
newnodes[newnode][3]=(double)node;
nodechanges[nodej=newnode;
fprintf(changeptr,"%d\t%d\n",nodechanges[node],node);
fprintf(newgridptr,"\t%d\t%d\t%.2f\t%.2f\n".newnode,ng.
newnodes[newnode][ 1 ],newnodes[newnode|[2]);
1
fclose(newgridptr);
fclose(changeptr);
fpri ntf(stderr."\tdoneVn");
/* read in original boundary conditions and output with updated node numbers */
fprintf(stderr."Updating boundary conditions...\n");
origbcpti=zopen(origbcfile,"r",'y');
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newbcptr=zopen(newbcfile."w",'y');
while(fscanf(origbcptr,"%d %d %d %d %lf %lf',&node,&ng,&dofr.&dofz,
&bondr,&bondz) != EOR
{

if(ng!=0 II bondr!=0. II bondz!=0.)
{

printfC'ERROR: ng/bondr/bondz !=0\n");
exit(O);

1
if( nodechanges[node]!=0)
{

fprin tf(newbcptr."\t%d\t%d\t%d\t%d\t\t\t% .Of\t% .OfVi".
nodechanges[node|,ng.dofr.dofz,bondr,bondz);
}
}

fclose(origbcptr);
fclose(newbcptr);
fpri ntf(stderr,"\tdone\n");
/* read in original elements, update and output new node numbers */
/* read in original prestress and output with new element numbers */
/* read in original materials and output with new material numbers */
fprintf(stderr,"Updating elements, prestresses, and materials...\n");
newel=l;
origelptr=zopen(origelfile,"r",'y');
newelptr=zopen(newelfile."w".'y');
origpsptr=zopen(origpsfile,"r".'y');
newpsptr=zopen(newpsriIe,"w",'y');
origmatptr=zopen(origmatfile."r" ,'y');
newmatptr=zopen(newmatfiIe,"w","y');
while(fscanf(origelptr,"9J'd %d %d %d 9cd 9cd %d %d".&el,&mat,&n[l |.&n[2|,
&n[3],&n[41,&ng,&numgen) != EOF)
{

if(el% 100=0)
fprintf(stderr." %d ",el);
if(ng!=OII numgen!=0)
{

printfC'ERROR; ng/numgen != 0\n");
exit(O);

I
/* read in prestress values for el */
fscanf(origpsptr."%d %d %lf %lf %lf %lf',&psel.&ng,&xxstress.
&yystress,&zzstress.&xystress);
if(psel!=el II ng!=0 II xystress!=0.)
{

fprintf(stderr."ERROR: psel!=el II ng/xystress!=0\n");
exit(O);

/• read in material parameters for el */
/• power-law creep */
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if(argc=3)
{

fscanf(originatptr,"%d %lf Vclf %lf %If %If %lf %ir.

&niateI.&E.&pois,&dens,&A.&Q,&T,&anpwr);
}

/* + exponential creep */

else if(argc=4 && type='d')
{

fscanf(origmatptr."%d %lf 7clf %lf 9clf 9clf 9clf 9clf 9cir.
&matel,&E.&pois.&dens,&A.&Q.&T,&anpwr.&domsl);

1
/* + plastic creep */
else if(argc=4 && type='p')
{

fscanf(originatptr.
"9cd 9clf 9clf 9clf 9clf 9clf 9clf 9clf 9clf

9clf 9clf 9clf

9cd

9cir.

&matel.&E.&pois,&dens.&A.&Q,&T,&anpwr.&phi.&c_tekton,
&gamma,&pwr.&ylype,&hardng);
}

if(matel!=el)
(

fprintf(stderT,"EElROR; (matel=%d) != (el='7cd)\n".maiel,el);
exit(O);
}

/* check existence of nodes */
nexist=4;
for(corner= 1; comer<=4; comer-H-)
{

if( nodechanges[n[comerl 1=0)
{

nexist--;

/*
*

printf("%d\t%d\t%d\t%d\t%d\t%d\t%d\n",el.newel.nodechanges[n[ 1 ]].
nodechanges[n[2]],nodechangcs[n[31],nodechanges[n[41].nexist);*/
if(nexist<=2)
/* element no longer exists */
{
}

else if(nexist=3) /* existing element is triangular */
{

if(nodechanges[n[31]=0)
{

fprintf(newelptr,"\t%d\t%d\t%d\l%d\t%d\t%d\t\t%d\t%d\n",
newel.newel.nodechanges[n[ll].nodechanges[n[2]l.
nodechanges[n[41],nodechanges{n[411,ng,numgen);

I
else if(nodechanges[n[4]]=0)
{

fprintf(newelptr,"\t%d\t%d\t%d\t%d\t%d\t%d\t\t9J:d\t%d\n".
newel,newel,nodechanges[n( 1 l],nodechanges[n[21].

nodechanges[n(3]],nodechanges[n(3]],ng,numgen);
}

fprintf(newpsptr."\t%d\t%d\t%.2e\t9b.2eVt%.2e\t%. 1 lf\n".
newel.ng.xxstress.yystress.zzsiress.
xystress);
if(argc=3)
{

fprintf( newmatptr.
•'%d <7c.2e %.2f %m 7c.le %.0e 7c.If
newel.E,pois.dens,A.Q,T.anpwr);

7c.If\n".

}

else if(argc==4 && type='d')
{

fprintf( newmatptr,
"<7cd 7c.2e %.2f 7c.Of 7c.le 7c.Oe 7c.If 7c.If
newel,E.pois.dens.A.Q.T.anpwr.domst);

7c.2e\n".

}

else if(argc=4 && type='p')
{

fprintf(newmaipir.
" 7cd 7c.2e 7c.2f 7c.Of 7c.le 7c.0e 7c. l f 7c. l f 7c. l f 7c. l e 7c.l e 7c.I f 7cd 7c.lf\n"
newel.E,pois.dens.A.Q.T.anpwr.phi.c_tekion.
gamma.pwr.ytype.hardng);
newel-H-;
}

else if(nexist=4) /* existing element is rectangular */
{

fprintf(newelptr."\t%d\t%d\t%d\t%d\t7cd\t'5f-d\t\t%d\t%d\n".
newel.newel.nodechanges[n[ 1 l|.nodechanges(n[2|].
nodechanges[n[31].nodechanges[n[4]].ng,numgen);
fprintf(newpsptr."\t%d\t%d\t7c.2e\t7c.2e\t'7J-.2e\t'5i'. 1 lf\n".
newel.ng.xxstress.yystress.zzs tress.
xystress);
if(argc=3)
{

fprintf(newmatptr.
"7cd 7c.2e 7c.2f 7c.0f 7c.le 7c.0e 7c.If
newel,E.pois.dens.A.Q.T.anpwr):

7c.lf\n".

I
else if(argc==4 && type='d')
{

fprintf(newmatpir,
"7cd 7c.2e 7o.2f 7c.0f 7c.le 7c.0e 7c.If 7c.If
newel,E,pois,dens,A.Q.T,anpwr.domst);

7c.2e\n".

}

else if(argc==4 && type='p')
{

fprinif(newmatplr,
" 7cd 7c.2e 7c.2f 7c.0f 7c.le %.0e 7c. 1 f 7c. 1 f 7c. If 7c. Ie 7c.le 7c. 1 f 7cd 7c.If\n"
newel,E,pois.dens.A.Q,T,anpwr.phi.c_tekton,
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gamma,pwr,ytype,hardng):

1
newel-M-;

fclose(origelptr);
fclose(newelptr);
fclose(origpsptr);
fclose(newpsptr);
fclose(origmatptr);
fclose(newmatptr);
fprintf(stdeiT,"\tdone\n");

free_dniairix(orignodes, 1.nncxies. 1,2);
free_dmairix(znodes. 1 .nnodes, 1,2);
free_dniatrix(modznodes. 1 .nnodes, 1.3);
free_dmatrix(newnodes, 1,nnewnodes. 1,3);
free_ivector(nodechanges. 1 .nnodes);
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