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Introduction:  The Mars Science Laboratory 
(MSL) reached Mars on August 6, 2012.  Shortly be-
fore crossing the atmospheric interface – which marks 
the beginning of the entry, descent, and landing (EDL) 
phase of the mission – the spacecraft ejected two piec-
es of tungsten ballast, each weighing 75 kg.  Collec-
tively, these ballast are called the Cruise Balance Mass 
Device (CBMD).  Unlike the rovers, the CBMD did 
not benefit from a sky-crane enabled soft touchdown 
with the surface, and they proceeded on an intersect 
course with the Red Planet.  Unlike impacts that 
formed the innumerable other craters on Mars, for 
which we do not know the speed, angle, and material 
properties of the impactor, we can estimate these 
things for the CBMD.  Because an impact crater shape 
is due to both impactor and target properties, research-
ers typically have to make assumptions about either the 
impactor or target to infer properties about the other.  
For this case, however, we do know the impactor 
properties, enabling us to infer accurate target proper-
ties by careful examination of the crater and its ejecta.  
This also enables us to help calibrate the impact mod-
els for oblique impact angles, and provide a known 
data point at impact energies beyond those available in 
lab-based impact experiments.   

Unexpectedly, however, MRO images revealed not 
just two new craters, but four fresh craters between 4-5 
m diameter, and a strewn field of numerous smaller 
craters, see image below.  We assume that two of the 
larger craters resulted from the CBMD, and the re-
maining large craters and numerous smaller ones re-
sulted from a disrupted cruise stage, since no other 
candidate new craters have been found over a 50-km 
wide region. 

Taking into account differences in the separation 
procedure for the Cruise Stage, and for CMDB and 
their dramatically different aerodynamic behavior dur-
ing the atmospheric passage, the coincidence of impact 
sites is astonishing. Here we briefly describe the 
CBMD, the craters formed, and initial interpretation of 
the Martian surface at the impact sites.   

CBMD and Impact Conditions:  The CBMD are 
75 kg, roughly wedge-shaped objects.  They were 
ejected from the aeroshell with ≥ 1.5 m/s speed, about 
5 min prior to entry.  To estimate impact location, we 
ran  simulations (using Satellite Tool Kit, or STK) of 
the CBMD trajectory from the point of release to im-
pact.  For this initial analysis, we utilized simplifica-
tions and considered a few cases, including various 
combinations of drag, ejection speed and ejection ori-
entation of the CBMD relative to MSL. 

Depending on whether the mean ejection angle of 
the CBMD was ±z (up or down), or ±y (left or right) to 
the direction of motion, for a 1.8 m/s ejection speed, 
the pair of simulated impacts can be as close together 
as ~160 m or as far apart as ~ 1 km, similar but slightly 
more constrained than the predicted separations found 
in [1].  Table 1 lists the distances between each of the 
four “large” craters relative to one another.  Based on 
the STK simulations, crater A is too distant from the 
others to be one of the CBMD impacts, leaving craters 
B, C, and D as candidate craters caused by the CBMD. 

Impact Conditions.  Although our rough, initial 
simulations cannot exactly match the observed impact 
sites, some of the cases are within a few km, a small 
enough difference that the impact speed and angle of 
our simulations should approximate the actual impact 
conditions.  The best match case impacts with at least 
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~4 km/s and 80.6 deg (from vertical), highly oblique 
impacts. 

 
Table 1: Distance in km between four largest, fresh 
craters.  Two are from the CBMD, and the remain-
ing two are mostly likely from the cruise stage. 

   A  B  C  D 

A     3.58  3.68  4.62 

B        0.28  1.05 
C           1.05 

 
Observed Craters: All four craters are resolved in 

HiRISE images well enough to evaluate aspects of the 
crater – and especially ejecta – morphology.  Perplex-
ingly, the four largest craters are all somewhat ellipti-
cal and similar in size, about 4-5 m diameter, so we 
cannot use size alone to distinguish the CBMD im-
pacts from cruise stage impacts.  All four craters also 
display ejecta patterns associated with oblique impacts, 
with zones of exclusion uprange from the crater. 

Closer examination reveals other features: craters 
B, C, and D all have associated small, scatter-shot 
spots near them, which would otherwise be indicative 
of a debris field impact.  Curiously, crater A does not 
have such a feature, yet according to the trajectory 
simulations it is too distant to be one of the CBMD 
impact pair. 

Estimated Craters and Target Properties:  For 
the moment we assume that craters B, C, and D repre-
sent the most likely candidates for the CBMD impacts.  
We used the Keith Holsapple web tool [1] to estimate 
crater size, using the known properties of the CBMD, 
and different material types for the martian surface.   

First we mention some caveats associated with this 
initial analysis.  At these very oblique impact angles, 
the resulting crater size is very sensitive to the impact 
angle.  Also crater size in general is a strong function 
of impact velocity, and currently impact velocity is the 
largest uncertainty in our estimate of crater size.  (We 
are using an approximate drag coefficient, and a sim-
plified atmospheric model, both of which affect the 
estimated impact velocity.), 

An additional problem is the low (9o to 10o to the 
horizont) impact angle – the local topography may 
add/detract 1o to 2o, further changing the cratering effi-
ciency. 

With these caveats in mind, and using a 4.0 km/s 
impact ~ 80 deg from vertical, martian gravity, and 
material properties of lunar regolith, the crater-tool-
estimated diameter is 5.4 m; dry soil results in a 3.4 m 
crater; dry sand results in a 7.0 m crater.  (All dimen-
sions of observed and estimated crater diameters are 
for the rim diameter.)  While mechanical similarity 

between the lunar regolith and martian surface has 
been assumed to compare cratering rates (e.g. [2]) be-
tween the two bodies, the recent extensive in-situ data 
from the several Mars rovers suggests the martian sur-
face is typically more unlike the Moon than like the 
Moon.  We will refine the impact parameters of speed 
and angle, and will provide more detailed analysis at 
the meeting, as well as analysis of the cratering by 
cruise stage fragments.   
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Figure 2: Zoom images of all four of the larger cra-
ters, found in HiRISE images ESP_029245_1755 
and ESP_029601_1755.  Crater D falls outside the 
center color strip of its image, so is gray-scale only.  
Grouping craters by similar ejecta patterns pairs 
craters A/D and B/C, which would be consistent 
with the prediction that crater A must be from the 
cruise stage, and thus craters B and C are the 
CBMD impacts.  However, craters B and especially 
crater C (as well as D) have scattershot features 
around them, which is indicative of a strewn field 
from a disrupted impactor, suggesting they are 
from the cruise stage.  Further refinement of the 
CBMD trajectories from ejection to impact, and 
modeling of the cruise stage, will resolve the uncer-
tainty of which craters are the CBMD impact sites, 
and thus enable determination of the mechanical 
properties of the surface. 
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