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 Objective:  This study involves analyzing small 
modified craters on lineated terrain in the northern and 
southern hemispheres of Mars to determine their origin 
and the nature of the target material. The structures are 
small (50m-500m diameter), circular, presumably im-
pact features that contain central layered deposits and 
mounds as well as collapsed crater rims and single an 
multiple inner rings.  These traits are possibly related 
to the presence of ice deposited during high obliquity 
[2].   

 
Fig. 1. Index map of MOC and THEMIS images examined 
in this study. 
 Background:  Dramatic changes in climate occur 
on Mars because of the obliquity changes.  According 
to Mustard et al. [1], if the obliquity exceeds 30o, the 
ice at the north and south poles becomes very unstable 
and relocates by sublimation to the mid to high lati-
tudes.  The last Martian Ice Age caused primary ice 
deposits to locate to the 30o-60o latitude bands as a 
result of Mars’s 35o obliquity.  Under current obliquity 
conditions, the ice is not stable and is being removed 
by sublimation.   

Observations: 
Evidence of Ice-Bearing Target Materials The modi-
fied craters occur on lineated terrain, which is inter-
preted to originally consist of glacier ice or a mixture 
of rock and ice which is partly or completely deflated 
due to sublimation of the ice component (Figure3a, I, 
II)[1].  Lineated terrain is commonly located at the 
foot of debris aprons at the floor of glacial valleys and 
gullies.  The lineations are usually parallel to the val-
ley walls.  An example observed in the southern hemi-
sphere provides additional evidence that ice plays a 
major role in the modification of small impact craters.  
Although this study was mainly confined to Ismenius 
Lacus in the northern hemisphere, we observed fea-
tures identical to those located in Ismenius Lacus in 

the southern hemisphere (38oS) (Fig. 2.).  Obvious 
characteristics of the target materials on the large cra-
ter floor included evidence of ice flow and deflation.  
A modified crater located on this material is shown in 
Figure 2 (inset) with a characteristic collapsed crater 
rim and central mound.  This example strengthens the 
case for the role of sub-surface ice in post impact 
modification. 

 
Fig. 2. This Mars 
Express image 
shows two large 
ice-filled craters 
in the 38o south-
ern latitude band.  
The retreating 
edges of the floor 
material are 
evidence of sub-
surface ice defla-
tion. The floor 
deposit contains a 
modified impact 
crater similar to 
those in Ismenius 
Lacus. 

 Crater Modification  Most of the circular features 
have single inner rings however a handful have one or 
more inner rings.  These inner rings appear within the 
collapsed crater rim and around the central mound 
(Fig. 3a, IV).  All modified impacts contain collapsed 
crater rims (Fig. 3a, V).   

Fig. 3.  This THEMIS im-
age (left) compares a fresh 
bowl-like impact crater 
(above) with an older modi-
fied impact structure (be-
low). 
 
 All modified impacts 
contain central mounds 
which are variable in size 
and relief (Figure3a, VI).  

The modified impacts range from 50m to 500m in di-
ameter (Fig. 3a, VII). We documented up to eleven 
categories of circular structures but four types seem to 
be the most common (Fig. 4).  All categories were 
classified by certain characteristics of the impacts (in-
ner rings, central mounds, etc.).  The impacts differ in 
these characteristics presumably because of the differ-
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ent amounts of sub-surface volatiles in the target pre-
sent during impact as well as different amounts of 
post-impact deposition.  

Fig. 4.  The THEMIS 
images (left) classify the 
four most common 
modified impact struc-
tures. Single Inner Ring 
with Central Mound 
(SIRCM) (4a), Multiple 
Inner Rings with Central 
Mound (MIRCM) (4b), 
No Inner Ring with Cen-
tral Mound (NIRCM) 
(4c), and No Inner Ring 
with Convex Central 

Mound (NIRCCM) (4d). 
 Modeling:  Images acquired from MOC and 
THEMIS were thoroughly examined leading to the 
observation of modified circular features on lineated 
terrain ranging from approximately 50m to a maxi-
mum of 500m in diameter.   

Numerical Model Numerical experiments simulated 
crater formation in an ice-rich target, followed by bur-
ial and loss of volatiles on Ismenius Lacus in conjunc-
tion with previous observations.  Select layers were 
used to simulate sediment and volatile deposition.  
Some trials included different ratios of ice in the crater 
fill as well as in the sub-surface.  To produce an accu-
rate sublimation effect, layers of ice were deleted.  The 
resulting profiles reproduced the characteristics of the 
modified circular features in Ismenius Lacus. 

 
Fig. 5. Numerical simula-
tion of the three major se-
quences involved in ice-
altered impact formation.  
The first figure shows a 
fresh bowl-shaped crater.  
The blue layers represent 
the sub-surface ice deposits.  
This simulation represents a 
relatively low fraction of 
sub-surface ice.  The sec-
ond image represents the 
process in which the crater 
is filled in with debris.  The 
third figure is the conclud-
ing phase, after the ice sub-
limates. 
 Physical Model  A controlled physical model was 
fabricated using medium grain surface soil, represent-
ing Martian crust, and frozen CO2, simulating sub-
surface ice deflation.  The physical model coincided 
with the numerical model.  A volatile-rich (frozen 
CO2) surface was established followed by the fabrica-
tion of a bowl-shaped crater.  The crater was then 
filled in with sediments and set in the sun for sublima-

tion.  This experiment was repeated with different cra-
ter fill sediment/ice and surface sediment/ice ratios.  
The product looked similar to those features located in 
Ismenius Lacus. 

Fig. 6. These structures are the products of the Physical 
Model.  The image on the left was the product of an ice-rich 
subsurface and no ice in the crater fill.  The image on the 
right had a smaller amount of ice in the sub-surface and no 
ice in the crater fill. 
 

 Discussion and Conclusions:  Based on observa-
tions and research, we assume that the formation of the 
features began when the Martian surface was impacted 
in the last ice age and the resulting crater penetrated 
several meters of dust and ice.  After their formation, 
they gradually filled back in with new layers of sedi-
ment and volatiles.  As the tilt changed back to a less 
dramatic and current obliquity of approximately 22o-
26o, the ice sublimated.  The layers and central mounds 
observed today suggest crater deposition of sediments 
and ice followed by sub-surface ice deflation and sur-
face collapse over the past several million years. 
 

Fig. 7. Com-
parison of pos-
sible pingo 
(left) [6] and 
modified crater 
on lineated 
terrain (right). 
 

 An alternative pingo process to form the structures 
seems less likely and involves a larger scale impact 
((>1km) Fig. 7) deep enough to tap a massive water 
deposit thus causing it to freeze and swell to form a 
mound [6].  This is not realistic for smaller impacts 
(<500m) because they are not deep enough to tap mas-
sive water deposits required for pingo formation.  Ad-
ditional constraints on the crater modification process 
will require high resolution topographic information 
on these small structures from the HighRISE camera. 
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8105. [4] Costard F. and Dollfus A. (1987). LPS XVIII, 
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