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Introduction: The mid- to late- stages of large impact
structure formation involves multiple physical processes
over a wide range of rheological and thermal regimes
[1, 2, 3, 4, 5]. Crater formation simulations that im-
plement physical processes differently may form craters
broadly similar in morphology despite experiencing dis-
tinctly dissimilar intermediate stages.

At present, we have few standard metrics for inves-
tigating the mechanisms that are dominant at each stage
of crater formation and comparing them between studies.
While multi-physics codes are powerful tools for study-
ing the formation of impact craters, the interactions be-
tween multiple nonlinear processes can be difficult to un-
derstand and validate. While bulk features, such as final
diameter and depth-to-diameter ratio, provide a means of
comparison between codes and crater observations, they
are not sufficient to understand the physical response of
materials in the intermediate stages of crater formation.

The state of the art in impact cratering simulations
typically implements multiple physical processes and
regimes that are encountered at different times and loca-
tions during a cratering event. The cumulative effects of
traversing through these various physical processes de-
termines the simulated outcome of observable features.
The material’s thermodynamic and constitutive response
during crater formation influences multiple finer-scale
observable features, including the spatial distribution and
volume of melt, properties of the debris flows within the
crater and ejecta blankets, the temperature field, and the
distribution of large-scale faults and level of fragmenta-
tion [1]. Differences in the activation of these processes,
where each dominates, and for how long affects the ob-
servable features in ways that can be used to test and im-
prove the physical models. However, the interplay of dis-
tinct physical packages in the intermediate stages of the
simulation can vary between codes. Understanding these
effects is important for discriminating between physical
models that result in comparable final crater morpholo-
gies but generate different stresses, peak pressures, melt,
and bulk debris flows over time.

Here, we present preliminary work on developing a
new conceptual approach for probing the physical pro-
cesses that are active throughout impact crater simula-
tions. As the dominant physical processes and regimes
evolve, we track when each process is activated to gain
a 4D view of the event: a history that is resolved in
both space and time. We explore where different failure
regimes dominate throughout the cratering process. This
4D view of cratering will be used to inform future model
development, laboratory-based tests, and comparisons to

field observations.
A 4D understanding of impact cratering processes

enables more robust studies of individual impact craters
and impact crater populations. For example, a 4D view
can be used to identify key aspects of a material model
that controls the distribution and amount of melt gener-
ated. Then, the specific regimes could be isolated for
validation through laboratory experiments and for cross
code consistency as done in the MEMIN project [6].
Studies at this level of detail could be structured to ad-
dress open questions in planetary science ranging from
how much ground ice is melted during impact bombard-
ment on Mars to the spatial distribution of projectile iron
following late accretion impacts [7].

Methods: In our approach, we implement material
variables to track the activation of each implemented
physical regime throughout an impact cratering simula-
tion. We want to systematically record which physics
packages are called while the target material experiences
compression and deformation and the effects of varied
initial conditions.

Differences in intermediate steps of simulations run
with the same initial conditions have been observed
[8, 9]. These differences become more significant when
grid based hydrocodes and smooth particle hydrody-
namic (SPH) codes are compared [10]. Acknowledg-
ing this, we will observe differences in the ways SPH
and grid-based codes handle strength and failure. We
are interested in tracking when, where, and through what
mechanism melt forms, when which failure mechanisms
dominate in runs, and how this affects the ultimate crater
morphology.

Potential intermediate stage benchmarks include the
spatial distribution of yield strength at intermediate
times, onset time and location of terraces or rings, the up-
lift height of the central peak, and whether a debris flow
overtops the crater rim after the central peak collapses.

Though challenging to visualize and analyze, anima-
tions of the time evolution of regime activation and phys-
ical properties such as yield strength or fiction coefficient
provide modelers with additional intuition of cratering
mechanics and spatial maps of dominant processes. The
time history of deformation for Lagrangian tracer parti-
cles or SPH particles provide alternate views of the his-
tory of materials that begin and end in specific locations
of interest. These types of data can be compared between
codes and for extraction and comparison to experimental
studies and field observations.

For example, Figure 1 shows a 4D view of integrated
strain and friction coefficient throughout the formation
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of a complex impact crater. Through this, we observe the
regime changes experienced by target material and their
contribution to fault generation and melt formation and
flow. The evolution of the friction coefficient between
surfaces in cells that are actively failing provides insights
into which method of failure dominates at that location
and time. Failure in cells with a high friction coefficient
between surfaces (orange) is dominated by Byerlee’s law
while those with a low friction coefficient (blue) fail un-
der a strain-rate weakening model [1]. The material la-
beled with a friction coefficient of 1 (red) at 1s repre-
sents failure under the undamaged yield surface at the
location of the detached shock front. The radial zones of
localized strain are interpreted as faults that form as the
crater wall begins to collapse after the shock and exca-
vation flow have initially forced material outward from
the point of impact. The material dynamically weakens
as it experiences the high strain rates brought on dur-
ing crater formation. In showing how these properties
change with time, we can observe how the dominance of
different physical regimes throughout the cratering pro-
cess leads to observable physical phenomena.

Discussion: The planetary community uses models of
impact cratering mechanics combined with crater popu-
lation data as a powerful tool to study planetary surfaces.
For example, crater morphologies provide insights into
layering within planetary crusts as well as variations in
strength and bulk properties [11, 12, 13]. Quantifying
the amount of ground ice in different locations on the
surface of Mars is an example of an aspirational study
that could be illuminated by a deeper understanding of
cratering mechanics [14]. However, robust, high confi-
dence interpretations of observed crater features via nu-
merical studies requires firm validation of our modeling
techniques.

Improved metrics for benchmarking the intermedi-
ate stages of crater formation and understanding the in-
terplay of physical processes and material regimes will
improve the ability of the modeling community to an-
swer long standing questions related to cratering pro-
cesses. This work will also inform testing of existing
models, future development, and code comparisons. It
also provides a means to observe how changes in initial
conditions change the dominance of physical processes.
A 4D breakdown of crater simulations provide a means
for modelers to gain insight and intuition into the evolu-
tion of the mechanisms which dominate crater formation
through time.
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