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Abstract. The understanding of body-body collisions in the solar system is essential
for explaining the development of all terrestrial planets and other solid celestial
bodies. Therefore, hyper-velocity impact experiments were conducted at the ErnstMach Institute in Freiburg. The experiments were undertaken within the MEMIN
project in which a light gas canon was used to impact different sedimentary stone
targets. The achieved velocities reach up to seven kilometers per second. Among other
targets, sandstone was used and these results will be presented.
To examine the sub-crater damage we used ultrasonic transit time tomography.
Individual cross-sections were taken in different depths below the crater. The reduced
velocity can be taken as a measure for the damage which is caused by the impact. The
reconstruction was done using the SIRT algorithm. The observed damaged zones
show a good correlation with projectile size and velocity. Also the degree of the
damage varies with the impact energy.
More information can be found in other papers of the MEMIN group, and a part
of the following article is based on earlier publications one by Moser et al. [2013a;
2013b].

Introduction
The generation and growth of fractures during a hypervelocity impact and the propagation of
elastic-plastic waves are not yet sufficiently investigated. Hypervelocity impact experiments
are limited in terms of the data that can be recorded and the characterization of processes
during impact since the process of deterioration is a highly dynamic one. Several nondestructive testing methods have been used to characterize ongoing processes such as the
generation, propagation of shock waves, their attenuation into elastic waves, and permanent
modifications in the target material caused by an impact. During an impact event a shock
wave is generated that propagates through a target material. Due to compression of the
material a great part of the initial impact energy is converted into plastic deformation. Thus,
the shock wave attenuates with distance and eventually turns into elastic waves. In a former
paper [Moser et al. 2013b], we presented measurements of the elastic waves radiated during
impact experiments in form of acoustic emissions to determine material parameters, to study
the compressional wave propagation in the target, to quantify fracturing in the target, as well
as to localize the impact point with high precision.
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1. The MEMIN project
In the frame of the project “MEMIN” (multidisciplinary experimental and modeling impact
crater research network) sponsored by the German Science Foundation (Deutsche
Forschungsgemeinschaft DFG), laboratory impact experiments have been carried out to
generate impact crater structures on the decimeter scale [Kenkmann et al. 2011, Poelchau et
al. 2013, Moser et al. 2013a, Lexow et al. 2013, Hoerth et al. 2013]. The purpose of the
experiments was to simulate meteorite impacts and to compare the results of laboratory
cratering under controlled conditions to existing terrestrial meteorite craters. Body-to-body
collisions are a common feature of our universe and other galaxies and craters are an
expression of these collisions. To learn more about these collisions gives insight into the
formation of galaxies and their metamorphism.
The geophysical signature of terrestrial craters is a prominent feature that shaped the
Earth’s surface. As a matter of fact, a large number of crater structures were identified only
due to the discovery of geophysical anomalies. This is because most impact craters on Earth
are either heavily eroded or not directly recognizable by their surface expression (typical
impact crater morphology). They are often buried by sediments and are therefore not directly
accessible through geological inspections. For this reason, geophysical studies either in the
field or on the lab scale are essential for the exploration of impact structures. Shock-induced
damage and cracking beneath craters, if combined with other constraints, such as crater
dimension, physical properties of target and projectile obtained from field mapping, could
provide important information about the impact conditions. In some cases for heavily eroded
or buried terrestrial craters it may be the only way to reconstruct the size of an event.
Meteorite impact processes have been analyzed during the MEMIN project to address
different aspects such as the resulting crater morphology and morphometry, the crushing of
pore space in the target material by the generated shock wave and the reconstruction of the
ejecta [Buhl et al. 2013, Ebert et al. 2013, Sommer et al. 2013, Dufresne et al. 2013, and
Kowitz et al. 2013].
2. Experimental setup
Hyper-velocity impact experiments were carried out at the facilities of the Ernst-MachInstitute (EMI) in Freiburg, Germany, using a two stage light gas gun. An overview of the
experimental setup is given in Poelchau et al. [2013]. In the present paper we evaluate one
of these experiments with the lab code “A3-5124”. For the experiments sandstone (Seeberger
Sandstein) was chosen. The target has an edge-length of 200 mm and was impacted by a 2.5
mm steel projectile. The projectile was accelerated to an impact velocity of 5000 m/s
resulting in a kinetic energy of around 838 J. The sandstone is a well‐sorted fluviatile deposit
of the Upper Norian‐Rhaetian stage of the Upper Triassic and commonly used as a dimension
stone. A specific stratigraphic layer (“layer 3”) was chosen as target material due to its high
quarzitic content and small grain sizes. The sandstone target has a density of 2.05 ± 0.04
g/cm3 and a porosity of 23.1 ± 0.5 % [Poelchau et al. 2013]. Kenkmann et al. [2011] measured
an elastic modulus of 14.8 ± 1.4 GPa for dry sandstone. For the impact experiments the x-y
plane (z = 0 cm) is the impact surface. Z is positive underneath the crater surface. The crater
midpoint in experiment A3-5124 has the coordinates x = 11.6 cm, y = 10.5 cm, z = 1.15 cm.
The shape of the crater rim is asymmetric with 6.5 cm diameter in x direction and 6 cm in y
direction. The deepest point of the crater is 1.15 cm in z direction. Detailed information about
the crater structure is given in Dufresne et al. [2013].
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3. Ultrasound measurements
Besides ultrasound several other non-destructive testing (NDT) methods have been applied
to investigate the targets including Micro-CT scanning and modal analysis [Moser et al.
2013a]. Ultrasound in through-transmission was used as one of the major NDT methods in
former studies since a shock-induced damage on rock materials leads to a significant change
of its ability to conduct sound waves, which has in turn a major effect on the propagation of
the seismic energy [Pilkington and Grieve 1992, Ahrens and Rubin 1993, Xia and Ahrens
2001, Ai and Ahrens 2004 a/b, Ai and Ahrens 2005, Ai 2006]. The nature and degree of
fracturing (complete brecciation or localized major faults) caused by an impact event
determines the change in seismic velocities: If two materials have the same porosity and bulk
density, but one contains a larger number of microcracks as opposed to a few large fractures,
seismic particle displacements are small enough that the smaller fracture will lead to a great
decrease in observed velocities [Pilkington and Grieve 1992].
The aim of US tomography is to measure the damage zone and fractures underneath
the impact crater [Ai and Ahrens 2004a] (Fig. 1). Fractures and flaws are formed through
strong plastic deformation and are distributed more or less hemispherically in the subsurface
of the crater [e.g. Polanskey and Ahrens 1990, Ai 2006, Kenkmann et al. 2011 and 2013,
Buhl et al. 2013]. The through-transmission ultrasound technique was used to characterize
the interior of the target rock before and after the impact experiment as described by Xia and
Ahrens [2001], Ai and Ahrens [2005] and Ai [2006].

Fig. 1. Left: Deteriorated area underneath the crater floor determined by thin sections [Buhl et al. 2013]
(left) and microfracturing as measured in former experiments by Polanskey and Ahrens [1990] (right)

3.1 Ultrasound Tomography
To limit the amount of individual measurements and data a fan beam tomography setup was
used as depicted in Fig. 2, left. This allows to reconstruct an object from its projections. To
enable also for a frequency analysis (that is not described in the following) point contact
transducers of the piezoelectric type with high-fidelity frequency transfer functions
(KRNBB-PC) have been used (Fig. 2, right). As coupling agent surf wax was used throughout
the receiving surface. In order to estimate the extent of the damage zone, all measurements
were carried out in sections of the target (sandstone cube) parallel to the crater surface as
shown in Fig. 2 (right). In this figure the receiver array is represented that is attached at one
side of the cube opposite to the emitter positions. The self-made holder allowed to install the
receivers in brackets of 22 mm spacing. Since the sensors have a very sensitive tip enabling
for a point contact coupling it had to be ensured that these tips are not damaged due to an
uncontrolled mounting process. This was gathered by a little windows inside the holder to
allow for a visual control of mounting.
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Fig. 2. Raypath of a typical tomographic fan beam experiment (left) and the setup for the according
experiments using broadband point-contact transducers

The emitter (Fig. 3) was attached opposite to the receivers starting at one corner (see red
circle at the left most bottom part of Fig. 2, left) and moving it stepwise from left to right in
intervals of 5 mm. Since the travelpath was comparably long for such a highly attenuating
material like sandstone a strong pulse is needed. The Geotron emitter (type UPG-D) have
been used throughout the experiments and was coupled using ultrasound gel.

Fig. 3. Piezoelectric point-contact Geotron emitter

The frequency of the emitted ultrasonic pulses was set to 350 kHz while for each raypath
twenty individual measurements have been used. The according data were stacked together
to optimize the signal-to-noise ratio. The twenty pulses were generated automatically by an
Arduino micro controller.
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4. Results
The following results were obtained at two different sandstone targets. The first had a crater
eccentrically shifted approximately 15 mm out of the geometric center. Moreover does the
shape of the crater not exhibit a full radial symmetry. In Fig. 4 (upper left) one can see the
surface of the target and the crater. The circular marks are caused by sensors being attached
during the impact experiment. The corresponding results of the tomography are depicted in
Fig. 4, right. P-wave velocities between 2200 and 3200 m/s have been determined in a depth
of 20 mm underneath the crater. Lowest velocities are measured – as expected –
approximately in the center of the picture. However, a clear shift according to the
eccentrically impact position can be observed. This nicely corresponds to the visual
observation. If this is compared to an undisturbed region of the cube 170 mm underneath the
crater (Fig. 4, buttom) the difference is obvious.

Depth 170 mm
Fig. 4. Visible crater in the sandstone target used for the US tomography measurements (upper left) and
ultrasound velocity measurements using compressional waves (upper right) what is compared to an
ultrasound measurement in the non-deteriorated part (lower right at 170 mm underneath the crater surface)

To get a more localized insight into the depth dependent change of velocities a subset of
the data from another specimen receiving a more centralized impact have been analyzed.
These data a displayed in Fig. 5 starting from 20 mm underneath the top surface (crater
ground) to the opposite side (bottom). This represents stepwise slices in z-direction with
increasing depth. The depth of the slices measured from top are 20, 30, 50, 60, 100 mm. On
the left side the depth level is indicated by red lines in the cross section.
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Depth 20 mm

Depth 30 mm

Depth 50 mm

Depth 60 mm

Depth 100 mm

Fig. 5. Depth dependent velocity profile of the crater
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Fig. 5 exhibit that the area of the zone of low-velocities is significantly decreasing with depth
indicating a reduction of the deterioration in the sandstone. This deterioration disappears
approximately at a depth of 100 mm, where the velocity contrast is at a range of a few 100 m/s
only (2700-2900 m/s). The precision of the measurements is of a similar range due to picking
errors. Since the determining of the onset of the ultrasound signals – and therefore the wave
velocities – is very time consuming if the onset is picked manually it was done automatically
using Akaike’s Information Criterion (AIC). The AIC-picker as described in Kurz et al.
[2005] uses the envelope of the signal as defined by a Hilbert transform and the global
minimum of the AIC function that defines the onset point of the signal.
The tomographic inversion was done using the software REFLEX-W that allows for
a reconstruction of the velocity pattern of the subsurface [Sandmeier 2008]. It is based on the
automatic iterative adaptation of synthetic travel times (calculated by raytracing techniques
and forward modelling) to observed travel times using an inversion algorithm called
Simultaneous Iterative Reconstruction Technique (SIRT) [Kak and Slaney 2001]. The rays
are calculated using a finite difference approximation of the eikonal equation for determining
first arrivals. SIRT takes into account the existence of different wave types and no limitations
concerning the complexity of the medium is given. The method is applied here, because there
is no need for approximations concerning the complexity of the object.
5. Conclusions
Usually are tomographic 3D inversions of ultrasound data obtained in heterogeneous
materials a complex and time consuming task. Even considering that not a full 3D measuring
setup was realized during the described experiments it have to be stated that the described
measurements were done in a very efficient way allowing for high-resolution data of the
interior of stone targets in meteoritic experiments. Several of such experiments have been
conducted in the frame of the MEMIN project using targets out of different materials
including marble, limestone, quartzite and tuff. The here described data were obtained at a
sandstone target with 200 mm side length. They prove that there is a significant extension of
the deterioration zone underneath the visible crater – in this experiment down to 100 mm.
The automatic data processing tools that were further developed and applied are the AIC
automatic picker and the SIRT algorithm. An even more detailed analysis of such data could
be obtained using a full 3D tomography, evaluating frequency data in addition and comparing
the results with numerical simulations [Güldemeister et al. 2013a and 2013b].
However, there are some drawbacks of the technique. For the applied tomographic
procedure, the specimen are relatively small what lead to size effects and boundary problems.
The low-velocity zones at the left and right edges of the specimen (Fig. 5, first three graphs
on the right) are difficult to be investigated with such a setup, since their position is relatively
close to the impact crater deteriorations. A separation of both effects is challenging.
In addition, impacts of relatively low energy (up to approximately 1200 kJ) can be
evaluated only. Larger impact energies lead to spalling of the outer sides of the cubes caused
by tensile forces of the shock wave. These effects can spoil the described techniques.
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