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Introduction:  We present here results from a study of 
how the appearance of small Martian craters changes with 
decreasing  impact  angle.  Until  recently,  the  coverage  of 
high-resolution Mars imagery has been inadequate to survey 
and examine craters < 5 km in diameter.  The large swaths 
and high coverage area of the Mars Express High Resolution 
Stereo Camera (HRSC) at a resolution of ~10m now make it 
possible  to  conduct  comprehensive  surveys  of  smaller 
craters. There have been several studies on how ejecta plan-
forms of larger craters (> 5 km diameter) change with impact 
angle on the moon,Venus, and Mars [1,2,3], but the 1 – 5 km 
diameter range is particularly interesting because it spans the 
onset of rampart ejecta and may have a substantial percent-
age of secondary craters.  

The cumulative distribution of impactor angles is
P = sin2θ (1)

where P is the percent of craters impacting lower than angle 
θ with respect to horizontal [4].   This equation can be used 
to infer the impact angles of certain planforms when  the per-
cent  of  impacts  with  each  ejecta  shape  is  known.  These 
angles can then be compared to lab studies of [5] and to pre-
vious work [3] on large Martian craters. 

Data:  The data used consists of map projected nadir im-
ages  available  from the  Mars  Express  HRSC.  The  survey 
utilized images through orbit 3160. Supplemental  THEMIS 
and MOC images were analyzed using JMARS software. 

Method:  The maps available through HRSC view were 
analyzed systematically from 5°S to 55°N in an easterly dir-
ection. Craters 1 – 5 km in diameter with preserved ejecta 
were noted and cross referenced in JMARS to be examined 
with THEMIS day and night IR imagery and high resolution 
MOC  or  THEMIS  Vis  images  if  available.  Craters  were 
logged into a spreadsheet with coordinates,  swath number, 
and a short description. Four hundred and fifty-one HRSC 
map-projected image swaths were viewed. After all swaths 
were viewed, each crater was again brought up, and  labeled 
under a series of categories including rim shape, ejecta plan-
form, type, and confidence of categorization. The “type” cat-
egory is new compared to the previous work on larger craters 
[3] and accounts for the variety of preservation conditions of 
ejecta  blankets.   For  example,  some are  highly  visible  in 
THEMIS IR (Fig. 1h) while others have unusual surface tex-
tures (Fig. 1f,g). We note that the craters in this study are not 
a comprehensive catalog of all craters in the northern hemi-
sphere, but only of those with preserved ejecta blankets or a 
unique rim.

After categorizing the craters, the progression of impact 
angle was determined through geologic interpretation. (Fig. 
1).  Comparisons  with  laboratory  craters  [5],  and  larger 
craters [3] were inferred using Eqn. 1 in a manner analogous 
to previous studies [2,3]. We also assessed possible correla-
tions between  ejecta shape, type, confidence and rim shape. 

Discussion:    It appears that the angle of impact needed 
to create different planforms for  <5 km craters is roughly 
similar  to  those in  the  lab and larger  craters  on Mars,  al-
though more oblique impact ejecta planforms form at higher 
angles with smaller craters.  Many ejecta blankets appeared 
to have experienced a variety of erosional and depositional 

post-impact processes.  However, the shapes and categories 
of the ejecta planforms seemed mostly independent of these 
processes.  So far we have not identified clear correlations of 
ejecta types to region, but some types may have a strong cor-
relation to erosional processes. 

An uprange forbidden zone was found with craters ran-
ging from circular with otherwise symmetric ejecta to ellipt-
ical with a butterfly-shaped ejecta planform. As with the lar-
ger craters we interpret a progression from the former to the 
latter as a decrease in impact angle. In agreement with the 
discussion of [3] on the planform progression, some of the 
craters have ejecta concentrated in a crossrange direction but 
without  a  well-developed  forbidden zone;  it  is  difficult  to 
evaluate  where these craters  fit  in  the  sequence of impact 
angles. 

In this smaller size range there are a number of craters 
that  appear  to  result  from  multiple  simultaneous  impacts 
(e.g., Fig. 1a,b).  Possible causes for these craters include im-
pactor decapitation, an isolated cluster of distal secondaries, 
breakup of an impactor in the atmosphere, and breakup be-
fore arrival at Mars. Some of these craters have such odd ap-
pearances that  it  is  difficult  to reconcile  them with any of 
these mechanisms [e.g., figure 1d].

            
Conclusion: The forms for 1 �  5 km craters on Mars are 

generally comparable to the lab results in experimental im-
pacts and larger Martian craters. Ejecta types have no strong 
correlation to region but may correlate with post-crater 
erosion. There are unusual multiple-impact forms that are 
not observable in larger forms.
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Table 1. Classification and related calculated impact angle for

1-5 km craters compared to lab results [5] and to D>5

Angle Lab D>5
Butterfly 17 0.10 15-22° 5° 7-12°
Forbidden Z. 16 0.20 22-30° 20° 12-17°
Cross Range 10 0.26 27-34° 30° 15-21°
Offset 32 0.45 38-46° 45° 31-37°
Symmetric 93 1.00

results [3].  C. Fract represents the cumulative fraction. 

                     Cratersaters C. Fract
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Figure 1. Images illustrate the inferred progression
from lowest to highest angle of impact.
a. Crater string. Raised butterfly. (41.6N/279.5E)

b. String or multiple impact. (0.7N/76E)

c. Doublet, textured butterfly. (36.2N/287.5E)

d. elliptical, textured butterfly ejecta (35N/99E)

e. Elliptical, preserved rampart (30.9N/276.1E)

f. Circular, textured forbidden zone (39.2N/77.6E)

g. Circular, raised, forbidden zone. (1.2N/207.2E)

h. elliptical, infrared cross range. (13.4N/157.2E)

i. Circular, infrared forbidden zone. (46.5N/323.7E)

j. Circular, visible ray, symmetric (6.9N/331E)
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