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CALCULATION OF PLANETARY IMPACT CRATERING TO LATE TIMES.  Thomas J. Ahrens1, John D. 
O’Keefe,1 and Sarah T. Stewart2, 1Lindhurst Laboratory of Experimental Geophysics, California Institute of Tech-
nology, Pasadena, CA  91125, tja@caltech.edu, 2Geophysical Laboratory, Carnegie Institution of Washington, 
Washington DC. 

 
Simulation of impact cratering on planetary materi-

als is crucially dependent on adequate description of 
shock processing of surface materials.  Two recent 
examples of the importance of these processes is dem-
onstrated by the simulation of impact induced flow 
from the impact of a ca. 10 km bolide at 20 km/sec 
onto the Earth.  This has been inferred to have oc-
curred along the Yucatan (Mexican) coast, 65 million 
years ago.  This impact is inferred to have triggered 
global climatic change, induced by the impact devola-
tilization of the marine anhydrite (CaSiO4) and gyp-
sum (CaSO42H2O) deposits of the target rocks.  These 
calculations conducted with Sandia’s CTH code de-
pend crucially upon utilizing a rock damage model 
which reduced crustal rock strength from 100 MPa to 
1 MPa over a volume some 102 times that of the bolide 
in about 1 minute and gives rise to a 100 km diameter 
central peak, flat-floored crater with overturned target 
flap some 8 minutes after impact.  Comparison of cal-
culated post-impact deformation compares favorably 
with seismic profiling and drill-core data.   

A second example is the formation of ejecta blan-
kets giving rise to rampart Martian craters by fluidiza-
tion with liquid water by a new impact cratering simu-
lation and recent shock wave data on H2O ice.  We 
demonstrate that ground ice is melted by the impact 
shock within a hemisphere of radius equal to the final 
crater radius, resulting in excavation of a mixture of 
liquid water and brecciated rock into the continuous 
ejecta blanket.  Our shock wave experiments demon-
strate that ice at Mars temperature, 150 to 275 K, will 
begin to melt when shocked above 2.2 to 0.6 GPa, 
respectively, lower than previously expected.  Hence, 
the presence of liquid water near the pre-impacted sur-
face is not required to form fluidized ejecta.  The 
amount of ice melted and incorporated into the ejecta 
blanket debris flow is within a factor of two of the 
subsurface ice content; therefore, debris flow modeling 
of fluidized ejecta morphologies may be used to quan-
tify the amount of near-surface ground ice on Mars. 
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DYNAMIC TENSILE STRENGTH OF CRUSTAL ROCKS AND APPLICATION TO IMPACT 
CRATERING.  H. Ai1 and T. J. Ahrens2, 1Caltech, 100-23, Pasadena, CA, 91125, USA. ahr@gps.caltech.edu. 
2Caltech, 252-21, Pasadena, CA, 91125, USA. tja@gps.caltech.edu. 

 
 
Dynamic tensile strengths of two crustal rocks, San 

Marcos gabbro and Coconino sandstone (Meteor Crater, 
Arizona), were determined by carrying out flat plate 
impact experiments. Porosity of San Marcos gabbro is 
very low,[1] and the reported porosity for Coconino 
sandstone is ~25%.[2] Aluminum flyer plates were used 
for gabbro with impact velocities of 13 to 50 m/s, which 
produce tensile stresses in the range of 120 to 450 MPa. 
PMMA flyer plates were used for sandstone with impact 
velocities of 5 to 25 m/s, resulting tensile stresses in the 
range of ~13 to 55 MPa. Impact was normal to the 
bedding of sandstone. Tensile duration times for two 
cases were ~1 and ~2.3 µs, respectively.  Pre-shot and 
post-shot ultrasonic P and S wave velocities were 
measured for the targets.  

Velocity reduction for gabbro occurred at ~150 MPa 
(Fig. 1a), very close to the earlier result determined by 
microscopic examination.[1] The reduction of S wave is 
slightly higher than that of P wave. This indicates that 
the impact-induced cracks were either aligned,[3] or 
there were residual fluids within cracks,[4] or both. Data 
for sandstone velocity reduction was few and scattered 
caused by its high porosity (Fig. 1b). The range of dy-
namic tensile strength of Coconino sandstone is within 
25 and 30 MPa (Fig. 1b). Obvious radial cracks at cer-
tain stresses indicate that deformation was not restricted 
to one dimensional strain as being assumed. Spall frag-
mentation occurred above 40 MPa (Fig. 1b). 

The combination of impact velocities, U (km/s), and 
impactor radii, a0 (m), are constrained by Meteor Crater 
fracture depth, ~850 m,[5] and the dynamic tensile 
fracture strength from our experiments, 40 MPa (Fig. 2). 
Volume of the crater for each impact was calculated 
using V = 0.009mU1.65,[6] where V is crater volume (m3), 
m is the mass of the impactor (kg). Volume of impact 
with U = 28 km/s, a0 = 10 m is close to the real Meteor 
Crater volume, 7.6e7 m3.[7] Impact energy for this case is 
3.08 Mt., which agrees well with theoretical calculation 
(3.3 to 7.4 Mt.).[10] (1 Mt.=4.18e15 J) 

 

 

Figure 1: Velocity measurements for (a) gabbro and (b) 
sandstone experiments. Dashed line in (a) indicates pressure 
above which visible continuous cracks occurred. Dashed lines 
in (b) indicate pressures above which macroscopic radial 
cracks and spall fragmentation occurred. 

 

Figure 2: Normalized tensile pressure P at different depths, r, 
for sets of impact velocity U (km/s), and impactor radius r0 
(m) constrained by fracture depth of Meteor Crater and dy-
namic tensile fracture strength of Coconino Sandstone. P0 is 
initial impact pressure, P=Pr–Pz, where Pr=P0(r/r0)

-n,[8] n is 
function of U[9] and Pz is the lithostatic pressure. Circles 
represent r = 850 m and P = 40 MPa. 

References: [1] Lange, M. A. et al. (1984) Icarus, 58, 
383-395. [2] Shipman, F. H. et al. (1971) NASA report, 
MSL-7-14, 46. [3] Anderson, D. L., Minster, B., and 
Cole, D. (1974) JGR, 79, 4011–4015. [4] O’Connell, R. 
J., and Budiansky, B. (1974) JGR, 79, 5412–5426. [5] 
Ackermann, H. D. et al. (1975) JGR, 80, 765–775. [6] 
Holsapple, K. A. (1993) Annu. Rev. Earth Planet. Sci. 
21, 333-373. [7] Roddy, D. J. et al. (1980) Proc. Lunar 
Planet. Sci. Conf. 11th, 2275-2308. [8] Ahrens, T. J. and 
O’Keefe, J. D. (1977) in Impact and Explosion Cra-
tering, Roddy, D. J., et al. (eds.) Perganon, New York, 
639–656. [9] Ahrens, T. J. and O’Keefe, J. D. (1987) 
Int. J. Impact Engng., 5, 13–32. [10] Schmidt, R. M. and 
Housen, K. R. (1987) Int. J. Impact Eng., 5, 543-560. 
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THE EVOLUTION OF OBLIQUE IMPACT FLOW FIELDS USING MAXWELL’S Z MODEL.  J. L. B.
Anderson1, P. H. Schultz1 and J. T. Heineck2, 1Geological Sciences, Box 1846, Brown University; Providence, RI
02912 (Jennifer_Anderson@Brown.edu), 2NASA Ames Research Center; Moffett Field, CA 94035.

Introduction: Oblique impacts are the norm rather
than the exception for impact craters on planetary sur-
faces.  This work focuses on the excavation of experi-
mental oblique impact craters using the NASA Ames
Vertical Gun Range (AVGR).  Three-dimensional par-
ticle image velocimetry (3D PIV) [1, 2] is used to ob-
tain quantitative data on ejection positions, three-
dimensional velocities and angles.  These data are then
used to test the applicability and limitations of Max-
well’s Z Model in representing the subsurface evolu-
tion of the excavation-stage flow-field center during
vertical and oblique impacts.
Three-Dimensional Particle Image Velocimetry:   A
laser sheet is projected horizontally above the target
surface during impacts at the AVGR. A ring of parti-
cles within the ejecta curtain are illuminated and im-
aged twice in rapid succession by two cameras above
the target surface. Processing software tracks the
movement of ejecta particles between time frames and
combines the data from the two cameras to obtain
three-dimensional velocities of ejecta particles within
the laser plane.  Entire ballistic trajectories are recon-
structed for ejecta in all directions around the impact
point, leading to ejection positions, vector velocities
and angles.  These quantitative data can be compared
directly to numerical models and predictions from em-
pirical models such as Maxwell’s Z Model.
Maxwell’s Z Model: Maxwell’s Z Model [3, 4] is
based on three main assumptions:  (1) subsurface mate-
rial flow is incompressible, (2) material moves along
independent, ballistic trajectories after spallation at the
surface plane and (3) the subsurface radial component
of velocity is given by uR=α(t)/RZ.

The Z Model, an empirical model based on explo-
sion cratering data, places the flow-field center at the
target surface.  However, the flow-field centers of verti-
cal impacts best match a moving source located at
some depth below the target surface [5, 6, 7].  Croft
[8] generalized the Z Model to include a term for the
depth to the flow-field center.

Maxwell’s Z Model predicts constant ejection an-
gles at all ranges from the flow-field center. Croft’s
modified model predicts higher ejection angles than
the Z Model at all ranges, but allows those ejection
angles to vary with the radial distance to the flow-field
center.  3D PIV measures the ejection position and
ejection angle directly.  With inverse modeling, it is
possible to determine best-fit values for the Maxwell Z
parameter and the depth to the flow-field center using
Croft’s modified Z Model as the forward model.

For oblique impacts, the ejection angle varies with
azimuth (Figure 1) and so the value of Z will be al-
lowed to vary as a linear function of the cosine of the

azimuth in the forward models. In Figure 1, the
uprange (0˚/360˚ azimuth) ejection angles for this 30˚
impact are very high, while the downrange (180˚ azi-
muth) ejection angles are low.  The Z Model suggests
that high ejection angles, such as those observed in the
uprange curtain, imply a deeper flow-field center, while
low ejection angles (such as those downrange) imply a
shallower flow-field center.  As time progresses, the
ejection angles increase downrange and decrease
uprange.  This indicates that the depth to the flow-field
center is changing. Conversely, if the flow-field center
depth were held constant, the Z value would depend on
azimuth and change with time.  These data imply that
a superposition of point sources may better represent
the subsurface flow during oblique impacts.

Figure 1.  Ejection angles as a function of azimuth around
the impact point for 30˚ impacts.  Times represent the time
after impact that the data was obtained.

Implications: Ejection angle data derived using 3D
PIV is combined with Maxwell’s Z Model, to deter-
mine Z values and the depth to the flow-field center for
vertical and oblique impacts.  The location of the flow-
field center must evolve as the crater grows.  A super-
position of flow fields defined by the Z Model may be
able to better model the excavation flow of oblique
impacts.

References: [1] Heineck J. T. et al (2001) 4th Intern.
Symp. on PIV, #R503.  [2] Schultz P. H. et al. (2000)
LPSC 31, #1902.  [3] Maxwell D. E. (1977) Impact &
Explosion Cratering, 1003-1008.  [4] Orphal D. L.
(1977) Impact & Explosion Cratering, 907-917.  [5]
Thomsen J. M. et al. (1979) PLPSC 10, 2741-2756.
[6] Austin M. G. et al. (1980) PLPSC 11, 2325-2345.
[7] Austin M. G. et al. (1981) Multi-ring Basins, 197-
205.  [8] Croft S. K. (1980) PLPSC 11, 2347-2378.
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OBLIQUE IMPACT AND ITS EJECTA – NUMERICAL MODELING.  N. Artemieva1 and E. Pierazzo2, 
1Institute for Dynamics of Geospheres, Leninsky pr., 38, bldg.6, Moscow, 119779, Russia; nata_art@mtu-net.ru, 
2Planetary Science Institute, 620 N. Sixth Ave, Tucson, AZ 85705; betty@psi.edu 

 
 
Introduction:  It is well known that impact events 

strike planetary surfaces at an angle from the surface.  
Assuming an isotropic flux of projectiles, probability 
theory indicates that the most likely angle of impact is 
45o regardless of the body’s gravitational field [1-2]. 
While crater rims appear circular down to low impact 
angles, the distribution of ejecta around the crater is 
sensitive to the angle of impact and currently serves as 
the best guide to obliquity of impacts. A fair amount of 
numerical modeling of vertical impacts has been 
carried out from the early 60-s [3] to the present time 
[e.g., 4-5 and references herein]. In vertical impacts, 
the axial symmetry of the process allows the 
simplification of the model to two dimensions (2D). 
Oblique impact modeling requires 3D hydrocodes and, 
hence, much more powerful computers. The first 
documented detailed oblique impact studies were 
carried out at Sandia National Labs’ supercomputers 
less than 10 years ago to describe the 1994 collision of 
comet SL9 with Jupiter [6-7]. Since then, substantial 
progress in computer science has made 3D modeling a 
reachable objective for the scientific community. 

Hydrocodes. The hydrocodes that are mostly used 
by the planetary impact cratering community for 
modeling oblique impacts are CTH [8], and SOVA [9]. 
Both are two-step Eulerian codes that can model 
multidimensional, multimaterial, large deformation, 
and strong shock wave physics. Both can be coupled 
with sophisticated equations of state models, and both 
have distinctive features: CTH allows for a 
sophisticated treatment of strength; SOVA contains a 
procedure to describe particle motion in an evolving 
ejecta-gas plume.  

Melt production is a strong function of angle of 
impact. However, scaling laws for oblique impacts are 
still not well constrained. Pierazzo & Melosh [10] 
found that for typical rocks the amount of impact melt 
produced decreases with impact angle. For impacts 
from 90o to 45o the decrease is less than 20%, whereas 
for impacts at 30o the volume of melt drops to about 
50% of the vertical case, declining to less than 10% for 
a 15o impact. In this study, the projectile volume was 
kept constant. For geological studies, however, it may 
be more useful to focus on crater volume. Ivanov and 
Artemieva [12] found that for relatively high impact 
velocities (>20 km/s) the efficiency of the cratering 
excavation, based on the maximum volume of the 
transient cavity, for a 45o impact appears to be 
comparable with that of a vertical impact. Early on, the 

application of standard scaling laws for crater size to 
oblique impacts [11] suggested that for impact angles 
between 30o and 90o the melt ratio is more or less 
constant, with deviations within 20% of the average. 
Published laboratory data [13, 14] show that cratering 
efficiency in an oblique impact varies with impact 
velocity and projectile-target materials.  

Complex targets must be treated with care. While 
the overall target melting seems to follow the general 
behavior described above, Stoffler et al [15] found that 
the amount of melting of finite thickness layers scales 
with the projectile's cross section (D2), not its volume 
(D3), as is the case for the overall melting. 
Furthermore, melting of near surface layers increases 
with impact angle decrease. 

Fate of the projectile Oblique impacts show a 
downrange focusing of projectile material, becoming 
predominant at low impact angles [16]. Furthermore, 
most of the projectile is ejected from the opening crater 
in the early stages of the impact, and a significant 
amount of projectile material carries a 
downrange/upward velocity larger than escape 
velocity. Shock melting and vaporization in the 
projectile also decreases with impact angle [16,17].  

Distal ejecta – tektites and meteorites from other 
planets. It is now widely accepted that both SNC-
meteorites and tektites are produced by impact events. 
Geophysical and geochemical properties of tektites are 
consistent with an origin from high-temperature melt 
from the top few hundred meters of the Earth’s surface 
that solidified in the upper atmosphere (low oxygen 
content) [18]. Martian meteorites originate from the 
upper layers of the youngest martian terrains [19, 20]. 
Different in their nature, both types of ejecta have a 
similar place of origin (upper target layers) and require 
high velocities (to travel distances of hundreds of km – 
tektites – or to escape Mars gravity – SNC meteorites). 
The main difference between them is in the degree of 
shock compression they must have experienced: 
melting must occur for tektites while, on the opposite 
end, meteorites must experience modest shocks. Since 
they are formed by the same mechanism, impact 
cratering, from the numerical modeling point of view 
both SNC and tektites may be treated in similar ways. 

Transformation of continuum material into discrete 
particles is crucial for modeling ejecta during the late 
stages of impact cratering, when the properties of 
individual particles (i.e., mass, size, shape, individual 
velocity) become important. Modeling of ejecta as a 
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continuum is a reasonable assumption only in the early 
stages of impact cratering. The trajectories of discrete 
particles in the atmosphere should be defined by a two-
phases hydrodynamics that includes the interaction of 
the particles with the post-impact gas flow. Various 
processes influence the size and shape of individual 
particles [e.g., 21,22,23]. The approach of 
representative tracer particles [9,24,25] is used to avoid 
limitations due to computer capacity. A simplified 
treatment models material disruption when the material 
is subject to tension. The hydrodynamic cell velocity 
defines the initial particle velocity, and the particle’s 
initial position within the cell is randomly defined. An 
empirical size distribution for solid particles is adopted 
from experimental studies of high-energy chemical 
explosions, where particle sizes range from 1 mkm to 
10 cm. The diameter of molten particles ranges from 1 
to 3 cm, while particle size drops to 0.01 cm when 
produced by condensation from a two-phase mixture. 

Tektites. Tektites (high-temperature, high-velocity 
melt from surface layers) are consistent with a 
production by relatively high-velocity (>20 km/s) 
impact into silica-rich, possibly porous and volatile-
rich, targets with impact angles around 30o -50o [26]. 
In particular, very oblique impacts must be excluded, 
since they tend to produce target melt that is highly 
contaminated with projectile material. In [15] a 
numerical modeling study was performed to evaluate 
whether a single collisional event (a 30o impact) could 
have been responsible for the formation of the Ries and 
Steinheim craters and the moldavite tektite strewn 
field. The modeled spatial particle distribution shows 
promising similarities with the observed one (Fig.1), 
like the formation of a relatively narrow tektite 
distribution fan, symmetric with respect to the 
downrange direction, and a modeled mass of tektite-
type material that is within a factor of two of that 
estimated for the Ries-related tektites. 

Fig.1 Observed (left) and modeled (right) distributions of 
moldavites. 

 

Martian meteorites. The number of ejection events 
required to represent the known Martian meteorites (in 
the past 20 Ma) [19] combined with the known Martian 

cratering rate [27] suggest the need of parent craters of 
1 to 3 km in diameter.  Modeling studies [28] have 
shown that oblique impacts (15o to 60o) are much more 
efficient than vertical ones [29] at producing Martian 
meteorites. However, the modeled crater sizes are too 
large (>10 km) or particles should be larger than 20 cm 
in diameter to keep escaping velocity in upper 
atmosphere [28] (the idea of large pre-entry size of 
martian meteorites has been confirmed independently 
by measurements of 80Kr produced by epithermal 
secondary cosmic-ray neutrons of 30-300 eV energy 
[30]). In our study, solid, modestly shocked material 
(6-7% of the projectile mass) is ejected to velocities >5 
km/s from a thin surface layer (~1/10 of the projectile 
diameter), where the peak shock pressure is distinctly 
limited to about 9 to 45 GPa. This pressure range is 
essentially confirmed by the observations [31]. Thus, 
recent hypotheses [32, 33] that Martian rocks can reach 
the Earth without being intensely shocked and heated 
are incorrect or at least questionable.  

References: [1] Gilbert G.K. (1893) Bull. Philos. Cos. 
Wash. (D.C.) 12, 241–292. [2]  Shoemaker E.M. (1962) In 
Physics and Astronomy of the Moon (Z. Kopal, Ed.), pp. 
283–359. [3]  Bjork R. L. (1961) JGR 66, 3379-3387. [4]  
O'Keefe J.D. and Ahrens T.J. (1999) JGR 104, No. E11, 
27,091. [5]  Melosh H.J. and Ivanov B. (1999) Annu. Rev. 
Earth Planet. Sci., 27:385–415 [6] Crawford et al. (1994) 
Shock waves 4, 47-50. [7] Boslough et al. (1994) GeoRL 21, 
1555-1558. [8] McGlaun J.M.et al. (1990) Int. J. Impact 
Eng. 10, 351–360. [9] Shuvalov V.V. (1999) Shock Waves 9, 
381-390. [10] Pierazzo E. and Melosh H.J. (2000) Icarus 
145, 252–261. [11] Gault D.E. and Wedekind J.A. (1978) 
Proc. Lunar Planet. Sci. Conf. 9th, 3843–3875. [12] Ivanov 
B. and Artemieva N. (2002) GSA Special paper 356, 619-
630. [13] Burchell M.J., and Mackay N.G.(1998) JGR 103, 
p. 22761–774. [14] Hayhurst C.J. et al. (1995) Int. J. Impact 
Eng 17, 375–386. [15] Stoffler et al. (2002) M&PS 37, in 
press. [16] Pierazzo E. and Melosh H.J. (2000b) M&PS 35, 
117-130. [17] Artemieva, N.A. and Shuvalov V.V.(2001) in 
Geological and biological effects of impact events, Buffetaut 
& Koeberl Eds. (Springer-Verlag), 249-263. [18] Koeberl C. 
(1994) GSA Special Paper 293,133-151. [19] Warren P.H. 
(1994) Icarus 111, 338-363. [20] Nyquist L. E. et al (2001) 
Space Science Reviews 96, 105-164. [21] Melosh H.J. and 
Vickery A.M. (1991) Nature 350, 494-497. [22] Melosh H.J. 
(1984) Icarus 59, 234-260. [23] O’Keefe J.D. and Ahrens 
T.J. (1986) LPSC 17, 1004-1005. [24] Teterev A.V. and 
Nemtchinov I.V. (1993) LPSC 24, 1415-1416. [25] Shuvalov 
V.V. (2001) LPSC 32, #1126. [26] Artemieva A.N. (2002) in 
Lecture Notes in Earth Physics. In press. [27] Hartmann W. 
K. and Neukum G. (2001) Space Science Reviews 96, 165-
194. [28] Artemieva N. and Ivanov B. (2002) LPSC 33, 
#1113. [29] Head J. and Melosh H.J. (2002) LPSC 31, 
#1937. [30] Eugster O. et al. (2002) LPSC 33, #1096. [31] 
Fritz et al. (2002) LPSC. 33, # 1504. [32] Weiss, B.P. et al. 
(2000), Science, 290, 791-795. [33] Mileikowsky. C. et al. 
(2000), Icarus, 145, 391-427 
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FORMATION OF IMPACT CRATERS ON COMETS AND ASTEROIDS: HOW LITTLE IS KNOWN.
Erik Asphaug, Earth Sciences Department, University of California, Santa Cruz CA 95064,    asphaug@es.ucsc.edu   

Impact phenomena shaped our solar system. From
the accretion of planetesimals 4.6 billion years ago to
the spallation of meteorites from their parent bodies,
this process has left no bit of matter untouched. The
study of impact craters on small bodies therefore pro-
vides a foundation for understanding accretion and the
delivery of meteorites – topics central to the origin of
planets.  Moreover, geologic-scale impact craters form-
ing in low gravity reveal details of the cratering proc-
ess that are hidden on high-gravity worlds like the
Earth and Moon.  

The detailed study of small body cratering began
with efforts by Housen et al. (1979), Veverka and
Thomas (1979) and others, together with efforts related
to catastrophic disruption of small bodies (Chapman
and Davis 1975; Fujiwara et al. 1979; Farinella et al.
1982).  But the discovery of Stickney (the ~10 km

diameter crater
on the ~20 km
diameter Martian
satellite Phobos)
and comparably
huge divots im-
aged by Voyager
on satellites of
Jupiter and Sat-
urn made it clear

that small bodies can sustain huge wallops despite the
conclusion of  scaling models, notably that the impac-
tor responsible for Stickney would have catastrophi-
cally disrupted Phobos.  

While large impact structures on bodies with sig-
nificant gravity are much better understood today than
they were originally, for small bodies this is not the
case.  We appear almost to be back-pedaling towards
an earlier vision of the asteroid impact process, pio-
neered by Art Clokey (without much guidance from
geologists) in his 1957 Gumby claymation adventure
“The Small Planets”.  Although nobody today con-
fesses to expect clear gravity signatures around ~10 m
craters on ~100 m asteroids (we have yet to obtain

clear images of anything much smaller than ten kilo-
meters), few expected copious regolith on bodies the
size of Eros (33¥13 km) either.  Surprise is the norm.

Fifteen years ago,
bodies that size were
widely believed to be
capable of sustaining a
few centimeters of rego-
lith at best (e.g. Veverka
et al. 1986).  Instead,
NEAR Shoemaker con-
firmed what had been
hinted during less
clearly resolved Galileo
flybys of asteroids

Gaspra and Ida: that Eros-sized asteroids can be awash
in gravitationally bound debris (collisional or original
is anybody’s guess) ranging in size from ~100 m
blocks (Chapman et al. 2001) to submicron grains
accumulating in “ponds” (Robinson et al. 2002).
Global regolith deposits on Eros range from 100’s of
m to undeterminable depth, and surface geophysics
may even be dominated by quasi-aeolean processes
such as electrostatic levitation (Lee 1996) and seismic
shaking (Cheng et al. 2002; Asphaug et al. 2001).

Even on the smallest bodies yet observed, there is
evidence for gravity dominance.  Asteroid Ida’s tiny
(1.6 km) satellite Dactyl exhibits a spheroidal shape,
as one would expected under self-gravitational control,
and its major craters display rims and maybe central
peaks1.  

But to contrast Dactyl, Phobos, Deimos and other
gravity regime Lilliputians (e.g. Thomas 1998), one
finds 60 km
Mathilde, a body
which t rashes
every established
theory of impact
cratering,  and
which is from
impact cratering’s
point of view one
of the most aston-
ishing bodies.
Here one sees huge
craters devoid of any gravity signature, and devoid of
any signature of overprinting, on a pitted spheroid
lacking visible fractures or other strength-related de-

                                                                        
1 Crater rims are not unique to the gravity regime, and can
form by shear bulking during plastic deformation.  Bulk-
ing requires weakly cohesive granular media on the
smallest bodies since plastic deformation otherwise in-
volves impact stresses that would result in material es-
cape.  In either case an asteroid is not monolithic if one
sees rimmed craters.
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formation.  Nothing is here but the huge crater bowls
themselves.  Ejecta has either all entirely escaped (As-
phaug et al. 2002) or was never ejected at all (Housen
et al. 1999), evidently in a target sufficiently porous to
not communicate each blow globally, yet sufficiently
cohesive for its crater rims not to collapse into softer
shapes.

Clues to impact geophysics are everywhere.
Shown below is pathological example (NEAR Image
0136819148) where four ~100 m fragments of an ejecta
block appear to rest in the ~700 m diameter secondary
crater they created. If this is not a chance association
(the odds are small), it is the record of an impact in-
volving geologic masses at known speed (

† 

vorb
max ~10

m/s) and mass (~2.e10 kg). Pi-group scaling predicts a
crater about half as large, perhaps because low velocity
coupling is more efficient than hypervelocity coupling.  

While secondary craters on asteroids may seem
oddities of cratering mechanics, they have potential
significance for
helping us un-
derstand accre-
tion collisions in
the solar nebula
which took place
at similar speeds
and involved
similar materials,
and which are a
problematic theo-
retical bottleneck
(Benz 2000).

Another kind of comparative geology can be con-
ducted by studying the largest craters on asteroids,
which span the transition from the strength to gravity
regimes and exhibit whole-body effects (e.g. Stickney
on Phobos; Asphaug and Melosh 1993, Thomas 1998)
or the lack thereof (Mathilde, as discussed above).
From these, key impact aspects can be independently
derived, and exhibit a unique geologic record of the
planetary impact process masked in the enormous grav-
ity of terrestrial planets.  The mechanics of cratering is
preserved like nowhere on Earth.

Conclusion:  Two decades of experimental, theo-
retical, and numerical modeling (Holsapple et al. 2002;
Asphaug et al. 2002) together with spacecraft recon-
naissance of asteroids has forced us to revisit pretty
much everything we think we know about how aster-
oids collisionally evolve. Geologists have had to get
used to landscapes where sunlight may be as important

a force as gravity, where cohesion less than that of dry
snow can sustain cliff walls and monolithic structures,
where puffballs can masquerade as rocks and vice-
versa.  Impact theorists have had to take a big step
back in their view of the process, especially for oddi-
ties like Mathilde.  But Mathilde is perhaps the norm,
and we await an appropriate geophysical understanding
of these objects, and how craters form when gravity
and strength – the fundamental forces of geology –
compete for dominance.
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Introduction:  Early work by Baldwin on chemical 

explosion craters [1] and by Moore [2] on missile 
impact craters allowed us to estimate energies of 
formation of small meteorite impact craters on the 
earth. Confidence in these estimates is greater if the 
impact craters are of the same order of size as the 
artificial craters. More recent work involving small-
scale hypervelocity impacts into various target 
materials can be used for estimates of energies of 
formation of larger craters if gravity scaling is taken 
into account. This method also allows a very precise 
estimate of the energy of formation if certain 
parameters of the projectile and target material are 
known. The Campo del Cielo (CdC) crater field in 
Argentina [3] contains at least 20 small meteorite 
impact craters of the order of size of the artificial 
craters of Baldwin and Moore.  Particularly valuable is 
the fact that the masses of the projectiles that formed 
these craters can be learned, because most of the 
craters still contain the projectiles that caused them, 
and they can be recovered and weighed. Estimating the 
energy of formation for one of these craters from its 
dimensions (revealed by excavation), we can use the 
measured mass of its projectile to estimate the velocity 
of impact. If we can carry out the same studies on a 
number of craters, we can see how well the results 
agree in comparing impacts from the same fall. In this 
case, we will have used the CdC crater field as a 
natural laboratory. Consistency of data from these 
natural replicate experiments can provide a real-world 
check on the validity of the small-scale model impact 
experiments. A sample calculation is given for Crater 
10 at CdC, which is the only crater yet known in detail. 

Characterization of Crater 10: See Table 1.  As 
shown in Fig. 1, after creating a crater by shock-wave 
excavation, the projectile came to rest outside the 
crater. Presumably, shock-wave excavation ceased 
when the meteorite’s velocity dropped below the speed 
of sound in the target material. Calculation of impact 
velocity based on the dimensions of the crater will be 
low by an amount equal to the speed of sound in the 
target material. 
    Impact velocity of the Crater 10 meteorite:  Older 
estimates of impact velocity are seen in Figure 2 to be 
much less precise than that derived by dimensionless-
ratio gravity scaling [4,5]. All of these estimates, 
however, are not inconsistent with an impact velocity 
of 3.7 km/s. While the dimensionless-ratio gravity 
scaling value is quite precise, it may be inaccurate for 
the following reasons: (1) we assumed the velocity of 
sound in loess to be 0.5 km/s; (2) the calculation was 
based on scaling factors determined for dry quartz 
sand, not loess; (3) the assumed density of the target 
material was 2100 kg/m3; (4) the assumed diameter of 

the meteorite was that of an equivalent sphere; and (5) 
the mass of the Crater 10 meteorite was earlier 
believed to be 33,400kg, but later information suggests 
it is closer to 36,000kg. Problems (1, 3 and 5) could be 
mitigated by measurements in the field, and (2), the 
scaling factor for Argentine loess, could be determined 
by laboratory experiment. This would allow a much 
more accurate estimate of impact energy. 
    Discussion:  While 20 small impact craters are 
known, there is some reason to believe there may be 
many more impact craters in this crater field. Campo 
del Cielo is a good location for linking model studies 
and impact craters. Further accumulation of a body of 
data on Campo del Cielo can lead to better 
interpretations of small-scale cratering on other 
planetary bodies. Direct analogies may be made, in 
general, to elongated fields of small craters on 
planetary surfaces, and also, specifically, to secondary 
crater fields around major impacts, which tend to be 
low-angle impacts occurring at relatively low 
velocities. 
    References: [1] Baldwin, R. B. (1963) The Measure of the 
Moon, 488 pp. [2] Moore, H. J. (1968) Science, 159, 333-
334. [3] Cassidy, W. A. and Renard, M. L. (1996) Met. & 
Planet. Sci.,31, 433-448. [4] Holsapple, K. A. (1993) Ann. 
Rev. Earth Planet. Sci., 21, 333-373. [5] Melosh, H. J. (1989) 
Impact Cratering: A Geologic Process, 245 pp.         
 

Table 1. The shock-wave-excavated cavity 
Depthmax 4.6 m 
Length 24 m 
Diametermax 16.4 m 
Mass of Projectile 33400 – 36000 kg 
Impact Angle 9° with the horizontal 
Azimuth of infall N75.5°E (geog.) 

      
  Figure 1 [above]. Cross-section of Crater 10 
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           Figure 2 [above]. Impact velocity estimates for Crater 10. 
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Introduction.  Cratering and regolith processes on 

small bodies happen continuously as interplanetary 
debris rains down on asteroids, comets, and planetary 
satellites.  Butthey are very poorly observed and not 
well understood.  On the one hand, we have laboratory 
experimentation at small scales and we have examina-
tion of large impact craters (e.g. Meteor Crater on 
Earth and imaging of abundant craters on terrestrial 
planets and outer planet moons).  Understanding crater-
ing on bodies of intermediate scales, tens of meters to 
hundreds of km in size, involves either extrapolation 
from our understanding of cratering phenomena at very 
different scales or reliance on very preliminary, incom-
plete examination of the observational data we now 
have for a few small bodies.  I review the latter infor-
mation here. 

It has been generally understood that the role of 
gravity is greatly diminished for smaller bodies, so a 
lot of cratering phenomena studied for larger bodies is 
less applicable.  But it would be a mistake to imagine 
that laboratory experiments on gravitationless rocks 
(usually at 1 g) are directly applicable, except perhaps 
to those monolithic Near Earth Asteroids (NEAs) some 
tens of meters in size that spin very rapidly and can be 
assumed to be “large bare rocks” with “negative grav-
ity”.  Whereas it had once been assumed that asteroids 
smaller than some tens of km diameter would retain 
little regolith, it is increasingly apparent that regolith 
and megoregolith processes extend down to bodies 
only hundreds of meters in size, perhaps smaller.  Yet 
these processes are very different from those that per-
tain to the Moon, which is our chief prototype of re-
golith processes.  The NEAR Shoemaker spacecraft’s 
studies of Eros provide the best evidence to date about 
small-body cratering processes, as well as a warning 
that our theoretical understanding requires anchoring 
by direct observations. 

Eros: “Ponds”, Paucity of Small Craters, and 
Other Mysteries.  Although Eros is currently largely 
detached from interactions with main-belt asteroids in 
its Earth-approaching orbit, almost all of its cratering 
history must have occurred in the main belt, where it 
almost certainly lived for a long time and where the 
impact rate is orders-of-magnitude greater than in its 
present environment.  Thus NEAR Shoemaker’s year-
long orbital studies of Eros should be representative of 
asteroidal cratering processes for medium-small (tens 
of km) asteroids generally – with the caveat that small 
bodies are made of many different materials, ranging 
from metal to whatever comets are made of, and we 
already have indications from NEAR Shoemaker’s 

flyby of Mathilde that responses to impacts on such 
bodies may be very different from what is observed on 
rocky Eros. 

As viewed from a distance, the saturated crater 
fields on Eros look similar to those on Ida and, indeed, 
on the Moon itself.  It is at smaller scales, never before 
studied for asteroids, where Eros’ appearance diverted 
dramatically from expectations based on modest ex-
trapolations from our lunar experience.  Flat, level 
“ponds” are common on Eros and were certainly not 
expected.  Most striking, however, is the virtual ab-
sence of small-scale (cm to meters) craters and the 
dominance of rocks and boulders on the surface.  Ap-
parently many of the larger boulders were distributed 
about Eros by the comparatively recent impact that 
produced the Shoemaker crater, providing insight to 
ejecta processes on small bodies.  But, assuming that 
Shoemaker didn’t form practically “yesterday”, the 
dearth of small craters is extremely puzzling.  Some 
researchers have attempted to explain the shortage by 
traditional geological processes; I will explain why 
these fail and we are being forced to turn to explana-
tions involving shortages of small projectiles in the 
asteroid belt (e.g. due to the Yarkovsky Effect). 

Even if projectile shortages help to explain the data, 
other non-lunar processes must be at work, as well.  
Mass-wasting processes are evident on large crater 
walls and the ponds reflect a still-not-understood depo-
sition or sedimentation process.  The boulder-strewn 
surfrace itself also serves to “armour” the surface 
against impacts.  The role of seismic shaking on small 
bodies also must play a major role, relatively unfamil-
iar for larger bodies.  I will summarize the observations 
of Eros that shed light on these various processes. 

Even Smaller Bodies.  An interest in sub-km scale 
bodies has developed in the context of imagining how a 
potentially dangerous NEA might be diverted.  Mean-
while, observational evidence concerning their general 
geophysical configurations has grown rapidly.  A sig-
nificant proportion of these bodies (~20%) appear to 
have satellites or be binary in nature, and most of the 
remainder exhibit properties consistent with being 
“rubble piles” of one form or another.  

Eros, with less than a millionth the mass of the 
Moon, turned out to be extremely non-lunar-like in its 
small-scale responses to impact cratering.  NEAs of the 
size being analyzed as prototypes for deflection are a 
millionth the mass of Eros.  We should not expect our 
insights from Eros, therefore, to be directly applicable 
to them.  And as we learn more about small asteroids 
and comets, we must expect to be surprised. 
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Introduction:  Impact crater collapse is the gravita-

tionally driven modification of the cavity generated 
during the early stages of an impact event. It is the last 
major stage in the formation of an impact crater and 
has the most profound influence on the final morphol-
ogy of the crater.  The aim of this paper is to summa-
rize the robust conclusions drawn from modeling crater 
collapse and highlight the questions that remain unan-
swered, particularly those that will require the collabo-
ration of modelers and observers to answer. 

Why do modeling?  Abstract computer simulations 
provide one of the only feasible methods for studying 
complex crater collapse.  There has been no direct ob-
servation of complex crater collapse in recorded his-
tory; large impact events are, perhaps fortunately, too 
infrequent.  In addition, the scale of experimental stud-
ies is somewhat inappropriate for drawing conclusions 
about the collapse of the largest craters in the Solar 
System.  The dominance of gravity in influencing the 
collapse stage of crater formation implies that the re-
sults of the small-scale laboratory collapse experiments 
cannot be extrapolated meaningfully to the scale of 
complex craters. Similarly, underground nuclear explo-
sions, although extremely valuable in elucidating the 
principal features of the excavation stage, are also not 
of an applicable scale. 

Modeling complex crater collapse: The funda-
mental procedure behind all numerical models of com-
plex crater collapse is the same.  First, the physical 
situation being simulated is simplified and divided into 
manageable portions, in which all properties are con-
stant.  In other words, a grid (mesh) of points and cells 
is defined to represent the geometry and material prop-
erties of the target.  Next, the effect of external and 
internal forces on each of these points and cells is de-
termined, assuming that these forces are constant dur-
ing a very short interval of time, known as the time 
step.  The mesh is then adjusted to account for the dis-
placements induced by the net effect of the calculated 
forces for the duration of the time step.  Repeating this 
process of calculating the forces acting on each cell 
and then adjusting the mesh allows the solution to be 
advanced in time until the end of the simulation. 

Impact crater collapse is controlled by the competi-
tion between the gravitational forces tending to close 
the excavated cavity and the inherent material strength 
properties of the post-shock target.  Thus, to simulate 
crater collapse, a detailed knowledge of the strength 
and rheologic behavior of the collapsing material is 
required.  This is the fundamental difficulty in simulat-
ing complex crater collapse: numerous studies [for 

example, 1-7] have concluded that crater collapse con-
trolled by the well-understood standard strength mod-
els for rock materials does not involve any uplift of 
material from beneath the crater floor, which precludes 
the formation of a central peak, peak ring, or external 
rings; or the slumping of the transient crater walls, 
which precludes formation of terraces and significant 
widening of the crater.  In other words, to reproduce 
the observed morphologies of complex craters, col-
lapse requires significant, but temporary, weakening of 
the target material beneath the crater floor. 

Several processes act during an impact event that 
might help explain the transient weakening associated 
with crater collapse.   These include wholesale fractur-
ing of the target, bulking (the decrease in density asso-
ciated with the fracturing of a material and the move-
ment of broken rock debris), acoustic fluidization (the 
reduction in ambient overburden pressure due to the 
presence of high-frequency vibrations remnant from 
the initial impact), melt production, thermal softening 
(the reduction in strength of material close to its melt-
ing temperature) and shear melting in regions of strain 
localization (pseudotachylite formation).  Most, if not 
all, of these processes have been implemented and 
tested in numerical models of complex crater collapse; 
however, the relative importance of each mechanism is 
still poorly constrained.  Thus, there is little agreement 
on the nature of this weakening. 

Results:  The impact modeling community is in 
strong consensus about the need for increased mobility 
of the target rocks surrounding large craters. Recent 
modeling work has constrained the required effects of 
the target weakening mechanism associated with com-
plex crater collapse [6,7,8,9].  The weakening mecha-
nism must: (1) Reduce the strength of the target mate-
rial surrounding the crater by an order of magnitude or 
more; (2) weaken the target material surrounding the 
crater sufficiently for a volume of material at least 
equal to the crater volume to flow during collapse; and 
(3) in the case of peak-ring craters, mobilize this mate-
rial enough such that during collapse the central uplift 
may overshoot the target surface, which implies an 
effective viscosity for the collapsing material less than 
~109 Pa s for craters less than ~200 km in diameter. 

There is also close agreement between the different 
modeling groups on the details of the collapse flow.  
Figure 1 illustrates the current paradigm for complex 
crater formation derived from recent modeling work 
[6,7,8,9].  Regardless of the weakening mechanism, 
simulation results support the observation that central 
peaks are the result of uplift of material originally well 

Workshop on Impact Cratering (2003) 8037.pdf



MODELING COMPLEX CRATER COLLAPSE:  G. S. Collins and E. Turtle 

 

below the crater floor, and that peak-rings are the result 
of uplift and collapse of the central region.  Figure 2 
illustrates the subsurface structure of a generic peak 
ring crater, as inferred from various numerical simula-
tions of complex crater collapse [7]. 

 

fluidized zone

shock wave

release wave
fractured zone

(a)

(d)

(c)

(b)

 
Figure 1 Illustration depicting the current paradigm for how a com-
plex crater collapses to produce its final morphology.  (a) During the 
early stages of the impact the outward propagation of the shock 
wave and subsequent release wave comprehensively fractures a large 
region of the target (stippled) and initiates the excavation of the 
crater. (b) A weakened, mobile region of the target surrounding the 
crater (grey) enables the onset of collapse, in the form of uplift be-
low the crater and slumping of the walls. The extent of this fluidized 
region decays with time, effectively freezing the crater morphology 
in place.  In small craters the collapse is frozen before the central 
uplift gets too high: a central peak crater is formed. (c and d) In 
large impacts, however, the uplift overshoots the target surface be-
fore collapsing back down and out to generate a peak ring. 

B
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Figure 2 Illustration depicting the subsurface structure of a generic 
peak ring crater as derived from our simulation results.  The dashed 
lines labeled A-D refer to possible stages in the erosion of an ini-
tially fresh crater. Note that the vertical scale has been exaggerated; 
the illustration has an aspect ratio of 1:2. Thus, the pre-impact 
thickness of the stratigraphic layers is on the order of D/20, where D 
is the final crater diameter. 
 

Models of crater collapse have also elucidated the 
mechanism responsible for the formation of multiple 
concentric scarps around large impact structures [9].  
Simulations based on the ring-tectonic theory [10] have 
demonstrated that inward flow of a low-viscosity layer 
(with effective viscosities comparable to that of the 
weakened material within the transient crater) is an 
effective way of forming rings around large craters.  
The mechanism responsible for this low-viscosity be-
havior and the degree to which it is controlled by the 
target structure and composition, or the impact process 
itself, are still not well understood. 

Conclusion:  Impact modeling has produced a ro-
bust paradigm for how complex craters must collapse.  
However, current models do not provide a complete 
explanation for why large impact craters collapse in 
this manner. Developing a complete model for the col-
lapse of large impact craters will, therefore, require 
close collaboration between impact modelers, and 
observers.  More work needs to be done to: (1) under-
stand better each potential target weakening mecha-
nism; and (2) establish under what conditions each 
mechanism may be important—does field evidence 
support one or more weakening mechanism?  Collabo-
ration should also concentrate on the testing and refin-
ing of numerical models of peak-ring and external-ring 
formation based on geological observation, geophysi-
cal data and drill cores. 

References: [1] Dent, B. (1973), EOS, 54, 1207. 
[2] Melosh, H. J. (1977) Impact and explosion crater-
ing. 1245-1260. [3] McKinnon, W. B. (1978) Proc. 
LPSC IX, 3965-3973. [4] Melosh, H. J. (1989), Impact 
cratering. [5] O'Keefe, J. D. & Ahrens, T. J. (1993) 
JGR, 98, 17001-17028. [6] Melosh, H. J. and Ivanov, 
B. A. (1999) Ann. Rev. Earth Planet. Sci., 27, 385-415. 
[7] Collins, G. S., et al. (2002) Icarus, 157, 24-33. [8] 
O'Keefe, J. D. & Ahrens, T. J. (1999) JGR, 104, E11, 
27091-27104 [9] Turtle, E.P., (1998) Ph.D. Thesis, 
Univ. of Arizona. [10] Melosh, H. J. & McKinnon, W. 
B. (1978) Geophys. Res. Lett. 5, 985-988. 
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Introduction:  SALES 2 and Tekton are two nu-

merical tools that have been used to simulate complex 
crater collapse [1,2].  SALES 2 is a hydrocode capable 
of modeling the dynamic collapse of large impact cra-
ters.  It has been successfully applied to the problem of 
central peak and peak-ring formation [1].  Tekton is a 
finite-element code designed to be applied to a wide 
range of tectonic problems, where displacements are 
relatively small and the dynamics are less important.  It 
has been used extensively to simulate the relaxation of 
large craters and the formation of exterior rings in 
multi-ring basins [2].  Here we apply both techniques 
to the collapse of the Silverpit crater, to compare and 
contrast their capabilities.  

Silverpit crater:  The Silverpit crater is a recently 
discovered, 60-65 Myr old complex crater, which lies 
buried beneath the North Sea, about 150 km east of 
Britain [3].  High-resolution images of Silverpit’s sub-
surface structure, provided by three-dimensional seis-
mic reflection data, reveal an inner-crater morphology 
similar to that expected for a 5-8 km diameter terres-
trial crater.  The crater walls show evidence of terrace-
style slumping and there is a distinct central uplift, 
which may have produced a central peak in the pristine 
crater morphology.  However, Silverpit is not a typical 
5-km diameter terrestrial crater, because it exhibits 
multiple, concentric rings outside the main cavity.  
External concentric rings are normally associated with 
much larger impact structures, for example Chicxulub 
on Earth, or Orientale on the Moon.  Furthermore, ex-
ternal rings associated with large impacts on the terres-
trial planets and moons are widely-spaced, predomi-
nantly inwardly-facing, asymmetric scarps.  However, 
the seismic data show that the external rings at Silver-
pit represent closely-spaced, concentric fault-bound 
graben, with both inwardly and outwardly facing fault-
scarps [3].  This type of multi-ring structure is directly 
analogous to the Valhalla-type multi-ring basins found 
on the icy satellites.  Thus, the presence and style of the 
multiple rings at Silverpit is surprising given both the 
size of the crater and its planetary setting. 

The mechanics of Valhalla-type multi-ring basin 
formation:  Theoretical and numerical modeling of 
multi-ring craters [2,4] suggests that external ring for-
mation is a consequence of the basal drag exerted on a 
brittle, elastic surface layer by a more mobile substrate 
as it flows inwards to compensate for the absence of 
mass in the excavated crater.  This model has been 
further constrained for Valhalla-type multi-ring basins.  
The formation of closely-spaced, concentric fault-

bound graben, appears to require that the elastic upper 
layer be thin and that the mobile substrate be confined 
to a relatively thin layer [5,6,7].  This rheologic situa-
tion is easily explained in the context of the icy satel-
lites; however, the presence of a thin highly mobile 
layer just below the surface is not a common occur-
rence on rocky bodies in the Solar System.  In the case 
of the apparently unique Silverpit structure, it has been 
suggested that the mobile subsurface layer was caused 
by the presence of overpressured chalk layers at depth 
that acted as detachments and expedited bulk inward 
flow of a thin subsurface layer [3]. 

Numerical Simulations:  We have begun to test 
the proposed model for the formation of the Silverpit 
crater using two contrasting yet complementary nu-
merical tools:  SALES 2 and Tekton.  In both cases, we 
simulate the gravity-driven collapse of a bowl-shaped 
transient crater, 1-km deep and 3-km in diameter.  We 
model the target to a radial distance of 20 km and a 
vertical depth of 10 km to avoid boundary effects.  Our 
models consist of three, originally-horizontal layers, 
deformed using the Z-model approximation of the ex-
cavation flow.  The top two layers are assigned appro-
priate rheologic parameters to represent the brittle up-
per chalk layer and the lower mobile chalk layer at 
Silverpit.  The bottom layer occupies the remainder of 
the mesh.  We simulate the inner-crater collapse using 
the acoustic fluidization model for complex crater col-
lapse, where a fluidized region surrounding the tran-
sient crater facilitates slumping of the crater wall and 
uplift of the crater floor [for example 1,2].  We define 
the viscosity of the acoustically fluidized region to be 
the same as the viscosity of the mobile chalk layer. 

Results: Results from our preliminary simulations 
suggest that the brittle upper layer must be ~1-km thick 
in order to reproduce the observed fault patterns and 
the central uplift.  We will present the results of our 
models and the implications for both Silverpit and the 
two modeling methods. 
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APPLICATION OF ADAPTIVE MESH REFINEMENT TO THE SIMULATION OF IMPACTS IN
COMPLEX GEOMETRIES AND HETEROGEOUS MATERIALS. D. A. Crawford1 and O. S. Barnouin-Jha2,
1Sandia National Laboratories, MS 0836, P. O. Box 5800, Albuquerque, NM 87185 (dacrawf@sandia.gov), 2The
Johns Hopkins University Applied Physics Laboratory, Johns Hopkins Rd., Laurel, MD 20723.

Introduction: Adaptive mesh refinement (AMR) has
been used for improving computational resolution on hyper-
bolic problems when resources are limited [1-2]. For a ma-
ture Eulerian multi-material shock-physics code like CTH
[3], adaptivity is considered a natural next step in code de-
velopment [4]. Recent work has demonstrated the utility of
AMR for studying shock processes in 2-D heterogeneous
targets for planetary impact applications [5]. In this study,
even more complex targets such as a pre-fractured 433 Eros
are being simulated with 3-D AMR (Fig. 1).

FIGURE 1. AMR CTH simulation of a 2-km dunite asteroid
striking Eros at 5 km/s. Eros was constructed of thousands of
random dunite spheres and tetrahedra (ρ=3.32 g/cc, Cs=6.65
km/s) with a tuff matrix and surface regolith (ρ=1.83, Cs=1.6
km/s. The density of dunite is comparable to an ordinary chon-
drite, the best meteoritic candidate for Eros [6]. The final den-
sity of the asteroid is 2.7g/cc similar to that measured by the
NEAR spacecraft [e.g., 7]. The shape of Eros shown was ob-
tained from data acquired by the NEAR Laser Rangefinder
(shape model No. 393) [8]. In this cutaway view, color repre-
sents pressure.

Discussion: Adaptive mesh refinement allows us to
maintain sufficient resolution across important features, such
as the projectile or target grains, yet maintain computational
efficiency. A minimum of 20-40 zones across the projectile
or target grains is a requirement that has been demonstrated
in many studies [e.g., 9]. Prior to AMR, such resolution has
only been available for 3-D problems running on the largest
parallel computers. With AMR, these calculations can be run
on a small cluster of workstations. On large parallel com-
puters, extraordinary resolution and dramatic improvements
in problem scaling can be achieved (Fig. 2).

Putting together a good AMR calculation requires an art-
istry beyond that normally required for traditional “flat
mesh” simulations. Indicators for determining regions of the
mesh to target for refinement and unrefinement must be de-
veloped. CTH allows up to 20 refinement indicators con-
structed of operators (such as gradient magnitude) and data-
base variables (such as pressure, density or material volume

fraction). In this presentation, we will demonstrate adaptive
mesh refinement strategies for several planetary impact ap-
plications with an emphasis on understanding shock proc-
esses in heterogeneous materials.

We believe that the use of AMR should significantly im-
prove our understanding of the cratering process because
one-to-one realistic simulations of laboratory impacts are
now possible even on relatively small workstations. Where
once it was difficult to run a laboratory scale simulation to
completion, AMR puts it within reach. AMR allows more
parameter studies that can be run for much longer periods of
time than was previously possible. By comparing such inves-
tigations with, for example, topographic information on the
shape of craters seen on planets and asteroids, additional
insights into the cratering process are within reach.

FIGURE 2. Highly oblique impact of ¼” spherical aluminum
projectile onto aluminum half-space target. Level 7 adaptive mesh
(equal to 160 cells across the projectile diameter) is shown. Block
outlines are shown. Color represents pressure. This calculation ran
15 times faster than a comparable resolution non-AMR run.
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Canada is well endowed with impact craters formed in crystalline rocks with 
relatively homogeneous physical properties. Representative craters are listed below. They 
exhibit all the main morphological-structural variations with crater size seen in craters on 
other rocky planets, from small simple bowl to large peak and ring forms. They 
demonstrate that form is not dependent on variations in the physical properties of the 
target material, though such variations may be important modifiers.  

Lacking stratigraphy, analysis is based largely on the imprint of shock melting 
and metamorphism, to give insights into the mechanics of crater formation.  Attention is 
directed to the limit of initial brecciation due to shock wave reverberations and its 
position of relative to level of shock metamorphism, and the distribution of shocked 
target that lies in the para-autochthone outside the limit of breccia development.  In 
addition the form and distribution of late stage shears and breccias formed by late stage 
movements is important. 

Simple craters, exemplified by Brent (D=3.8km) allow direct comparison with 
models and experimental data. Results of interest include: 
 The central pool of impact melt and underlying breccia at the base of the crater fill is 

interpreted as the remnant of the transient crater lining;   
 the overlying main mass of breccias filling the final apparent crater results from late-

stage slumping of large slabs bounded by a primary shear surface that conforms to a 
sphere segment of radius, rs .2dtc, where dtc is the transient crater depth; 

 The foot of the primary shear intersects above the GPL at the centre of the melt pool 
and the rapid emplacement of slumped slabs produces further brecciation while 
suppressing any tendency for the centre to rise. 

In the autochthonous breccias below the melt and in the underlying para-
allochthone below the breccia limit, shock metamorphism weakens with depth.  The 
apparent attenuation of the shock pulse can be compared with experimentally derived 
rates of attenuation in the far field of P~R-2  (Borg, 1972) and, with due attention to low 
attenuation in the near field (Ahrens and O'Keefe, 1977), used to give a measure of 
displacements down axis.  From this analysis estimates of the size of a nominal bolide of 
given velocity, the volume of impact melt and the energy released on impact can also be 
derived.  

In larger complex craters (e.g. Charlevoix, D=54km, a representative, moderately 
eroded, peak-ring structure) apparent rates of shock attenuation measured radially form 
the centre in exposed para-autochthonous rocks is low, P~R-0.3, near the centre but 
changes towards the margin to P~R-3.  The inflection point marks the change from uplift 
of deep material in the centre to subsidence of near-surface material at the margins. 
 

Workshop on Impact Cratering (2003) 8052.pdf



 2 

The maximum shock pressure, P, derived from the mean level of shock 
metamorphism in the para-autochthone of simple craters such as Brent, that is, at the 
down-axis limit of brecciation, is <10 GPa.   This contrasts with maximum shock 
pressures >10GPa in the uplifted para-autochthone at the centre of larger complex craters 
e.g. Charlevoix.  The general relationship observed indicates that P increases with 
increasing crater diameter, such that P = 3.5 D0.5, where P (in GPa) is the maximum 
observed shock pressure in the para-autochthone and D (km) is the final crater diameter.  
This can also be expressed in terms of impact energy, E (J), as P= 2.6 x 10-2 E0.14, with E 
derived from D by the relation D=2.75 x 10-5 E0.294  (after Dence, 2002).  The reason for this 
progressive weakening of brecciation due to shock wave action relative to shock metamorphism 
requires further study. 

This result implies that, with increasing size, compression of the para-
authochthone below the Breccia limit plays an increasingly larger role in contributing to 
the full depth of the transient crater which, in turn, appears to determine the radius of the 
primary shear. It follows that, where the rate of relaxation of the para-authochthone is 
more rapid than the propagation of the primary shear from the rim towards the centre, the 
shear surface projects below the Breccia limit and uplift in the centre is unimpeded by 
material slumping from the rim.   

 
Representative Canadian Shield impact craters 

 
Name   Type    Diameter (km) 
 
Brent   Simple     3.8 
Deep Bay  Flat-floored 
   Central peak    9.5 
Clearwater Eaxt Central peak    20 
Clearwater West Peak ring    32 
Charlevoix  Peak ring    54 
Manicouagan  Peak ring     80 
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