Impact Cratering

Occurrence of Impact Craters

Impact cratering has become recognized as an important geologic process in the solar system
The study of craters began with attempts to understand the large rimmed depressions seen on the
Moon. Numerous theories were proposed to account for these strange features, including: a)
bursting gas bubbles in molten lunar crust, b) geyser-like fountains, ¢) mud volcanoes, d)
collapse features, €) modified versions of terrestrial volcanoes, and f) high velocity impacts of
material from space. Controversy over the two most likely origins - volcanic vs impact - raged
into the early 1960s. The matter was not resolved in favor of impact until we landed on the Moon
and actually explored some craters.

The Moon is obviously covered with craters, but through the middle of the 20th century, only a
few features on Earth, such as Meteor Crater in Arizona, were recognized as likely impact
features because meteorites were found in and around them. The recognition and intense study of
impact craters on the Earth began with the advent of the space age and the discovery in 1960 of
coesite and stishovite at Meteor Crater. Coesite and stishovite are high-density forms of quartz
that can only be formed by the high pressures created in high-velocity impacts. Since then, over
one hundred impact structures have been recognized on Earth.

Images returned from spacecraft sent to explore the planets show that impact craters exist on
almost all solid surfaces in the solar system. Impact craters are the dominant surface features on
most of the planets. Subsequent studies have shown that cratering played important rolls in the
formation of the Earth and planets, the formation of the Moon, the shaping of the surfaces of all
the planets, and possibly in the evolution of life.

Crater Forms and Structures

Craters exhibit a variety of forms or morphologies. Comparisons of craters throughout the solar
system reveal a few generalities: 1) with a few exceptions, the same morphologies are seen on all
of the planets; 2) most craters can be grouped into just three morphological classes (A, B, and E
below); 3) crater morphologies change in a consistent manner with increasing crater diameter,
and 4) the transition diameters between different morphologic classes differ from planet to planet
and appear to correlate with surface gravity and composition of crust. In order of increasing
diameter, the basic morphological types are:

A. Simple Craters: smooth, bowl-shaped interiors

B. Complex Craters: flat floors, terraced (collapsed)
walls, central peaks

C. Central Peak Basins: same as complex crater with additional Meteor Crater in northern Arizona
ring of little peaks around large central peak is an example of a simple crater.

D. Peak Ring Basins: terraced walls, flat floors,
complete ring of massive peaks on floor, no central peak

E. Multiring Basins: main rim is inward facing scarp, flat floor with two or more concentric rings
of peaks; "bull's eye" effect.



The subsurface structures of impact craters have been established
by geologic field studies of terrestrial impacts and by analysis of
laboratory impacts (see Simple vs. Complex Crater Formation
diagrams on page 4). The cross-section of a crater is a circular
depression below the regional mean ground surface surrounded by
: acircular rim - a ridge of material above the mean surface. The rim
Is asymmetric: a steep slope faces the crater center and a shallow
Sl : slope faces away. The shallow outer slope consists of a layer of
The lunar crater “Daedalus” is an loose broken material called breccia overlying the pre-impact
example of a complex crater. ground surface. The breccia is thick at the rim and thins away from
the crater, eventually breaking into radial strands and ending altogether. The breccia was thrown
out of the crater and the entire layer is called the ejecta blanket. The material in the ejecta blanket
exhibits inverted stratigraphy, that is, the layer that was deepest in the ground before ejection is
now on top, while the original surface layer is at the bottom. The ground underneath the ejecta
blanket is uplifted progressively higher towards the rim, so that the rim itself consists of an
uplifted section of material in the original order capped by the overturned ejecta. The overturned
ejecta connect smoothly onto the uplifted material under the rim in a hinge.

In simple craters, the floor is underlain by a lens-shaped deposit of broken material known as the
breccia lens. In complex craters, layers of material originally underneath the material thrown
onto the ejecta blanket have been raised up into a central uplift capped by a central peak or peak
ring(s). The rim of complex craters consist of inward-facing terraces that have slipped
downward. The hinge under the original rim has been lost in the terrace formation.

The basic shapes of both craters and the surrounding ejecta blankets is circular. An old (several
hundred years) argument against the impact origin of craters is that most craters are very nearly
circular, yet the impactors (projectile or "bullet™ that formed the crater) had to hit the surface
from all angles, suggesting that most craters should be elliptical. However, a little
experimentation shows that craters remain circular down to impact angles within about 5-10° of
horizontal. Ejecta blankets become noticeably asymmetric below impact angles of about 30°.

The Impact Process

The basic process of impact crater formation has been extensively studied by laboratory impacts
and computer simulations. The process is usually divided into three phases: the compression
phase, the excavation phase, and the modification phase.

Compression Phase

During this phase, the impactor's energy is transferred to the target surface. It begins with the
initial contact between impactor and target surface and ends when the shock wave progressing
through the impactor has reflected off the back as a rarefaction and has moved back through the
impactor to the point of contact between the impactor and surface. At this time, the impactor and
target surface are moving together. Thus the impactor cannot give any more energy to the target,
and energy transfer from the impactor to the target is complete. The impactor explodes, ejecting
material radially upwards and outwards. During this phase, a high energy shock progresses into
the target, fracturing and heating the material. The duration of the compression phase is on the
order of a few seconds for a 10 km impactor.



Excavation Phase

During this phase, the transient crater is formed by the cratering flow field. The cratering flow
field is established, by the outgoing shock wave, and is initially radial to the point of impact. The
field is deflected toward the surface by rarefactions from the surface. Thus streamlines in the
flow field become concave upward toward the surface. Material flows along the streamlines
forming an approximately parabola-shaped transient crater. Part of the volume of the

transient crater is formed by excavation of material thrown over the rim (the ejecta blanket), and
part by downward and outward displacement of the floor (forming the upraised rim). The
duration of this phase is just a few minutes for a 10 km impactor.

Modification Phase

During this phase, the transient crater is modified into the final observed crater. Modification is
driven by the rebound of the transient crater floor, collapse of the upraised rim, and by the fall
back of ejected material. For small craters, modification is limited to flowing of debris fragments
down the transient crater wall to form the breccia lens on the transient crater floor. This process
results in a final crater with smooth sides and floor in a bowl shape; a "simple™ crater (example:
Meteor Crater, AZ). If the rebound motions are sufficiently energetic, fragmented material
within the transient crater behaves as a fluid for a short time and the crater collapses like a crater
in water. The floor rebounds to a central peak, and the rim collapses. The final crater in this case
has terraced walls, a central peak, and a flat floor of melt and fragmental debris: a “complex™
crater. For increasingly larger craters, the rebound motions become relatively more fluid, and
multiring craters form (the exact mechanisms for producing the rings is disputed). This phase
lasts about the same amount of time as the excavation phase (milliseconds for laboratory scale
craters, minutes for 100 km size craters).
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