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Introduction: The most basic type for a small im-
pact crater is a circular bowl depression surrounded by 
an elevated rim and an ejecta blanket with inverse lay-
ering, secondary impact craters and long-reaching thin 
ray deposits. In the case of larger impact craters and 
basins this picture is more complicated by a central 
uplift and internal rings, respectively. The main appear-
ance of the impact craters on the Martian surface de-
pends on the size, mass, velocity, type, and impact an-
gle of the projectile and on the amount of the impact 
energy delivered into the surface bedrock [1]. 

In nature, however, there are hardly any two totally 
identical impact craters or basins. Any deviation from 
the circular or regular crater shape has a reason and, in 
many cases, this reason relates either to the bedrock 
geology or to active geological processes. This fact can 
be utilized in identifying some of the characteristics and 
development phases of the Martian geological envi-
ronment, which has not only interacted in the impact 
event but also influenced in the subsequent impact cra-
ter modification. Every deviation from the regular cra-
ter form is based on a reason, which may also be a geo-
logical one. The best known examples are the rampart 
craters with their characteristic ejecta blanket and high 
or wide central peak which all tell us something of the 
Martian wet or permafrost-rich environment in the past 
[2].This and other impact crater modifications can be 
found to provide crucial information of the local sur-
face geology, bedrock properties and, more generally, 
of the geological evolution phases of the area studied 
[3,4]. 

 
Figure 1. Polygonal craters near Isidis Basin, A. with four straight 
sides THEMIS I00983005, 1,5 km x 1,5 km; B. with hexagonal shape 
THEMIS I01747003, 30 km x 30 km. 
 

Straight crater walls: The bedrock properties have 
resulted in additional effects during the immediate im-
pact event by producing small polygonal impact craters 
(Fig. 1). The linear rim segments are partly controlled 
by the bedrock fractures, lineaments or zones of weak-
nesses because the excavation of the crater progresses 
more easily along a plane of weakness than in other 
directions [i.e. 1,5]. On Mars, there are numerous Bar-

ringer-type simple craters with linear crater rim seg-
ments which, in spite of the huge amount of energy 
released in the impact, indicate bedrock tectonics, espe-
cially if studied systematically [6]. 

In the case of the larger complex craters the share of 
the post-impact rim modifications is far more common 
and also controlled in a more straightforward way by 
the tectonic bedrock properties. The massive rim 
slumpings have a clear tectonic control, which can also 
be studied statistically to infer the fractures in the target 
bedrocks. Collapses of the rim take place along planes 
of weakness in the target [1]. The dominant areal frac-
ture directions can thus be directly measured from the 
orientations of the straight rim segments in complex 
polygonal craters (Fig. 2; [6]). 

 
Figure 2. Percentages of rim strike directions of polygonal craters 
SW from Isidis (2°N-14°S, 272°W-288°W), n=173. 
 

Crater erosion and age: In principle, it is well es-
tablished how relative ages of a series of certain impact 
crater with similar diameters can be defined and util-
ized in estimating geological events and properties 
within limited study areas. At first, all Martian erosion 
processes decrease the observability of individual crater 
details thus slowly destroying the crater itself towards 
and beyond the recognition limit (Fig. 3, from A to D). 
Within a single geological unit the disappearance rate 
can be estimated to be the same for similar-size craters 
and can therefore be used to determine qualitatively the 
effects of various geological processes involved as well 
as the relative ages of the appropriate impact craters 
and their immediate environments.   

 

 
Figure 3. Labou Vallis enters to several impact craters and forms a 
lake chain. The craters have prominently smooth interiors and distinct 
inlet/outlet channels. Notice the gradual disappearance of crater de-
tails (A-D). Fragment of THEMIS I02277010, 32 km x 80 km. 
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It can also be observed how the increasing surface 
age increases the number of visible impact craters and 
thus also the amount of impact erosion within the Mar-
tian highlands. This may lead up to the situation where 
the saturation number of craters is reached with a cer-
tain diameter and the continuing impact flux moves this 
saturation diameter into the direction of larger craters 
along the time. Due to the effective erosional-
sedimentational processes on Mars, only part of this 
saturation can be observed on the highland units where 
it can be further used to estimate the lower limits of the 
effects of various-type erosion rates.   

On the other hand, it is very easy to define the areas 
with a lack of large impact craters or where they are 
totally missing. The diameters of the largest or smallest 
impact craters still possible to be identified as such 
provide us with some important details of the effectiv-
ity - and sometimes also of the type - of the re-
surfacing processes present [7]. 

It is thus critically important to understand the ef-
fects of any really important geological agent in each of 
the different Martian environmental sub-units because 
this environment-depended factor may have strongly 
effected the history of impact craters in a particular 
location [4]. Some of the processes may still effect to 
the present crater modification [cf. 8,9].  

Fluvially modified craters: Many of the studied 
craters found from within the greater Hellas Basin area, 
for example, have undergone substantial fluvial proc-
esses (Fig. 3). If the surviving geological features of the 
studied impact craters are preserved well enough, the 
share of this fluvial erosion-sedimentation cycle in 
modifying the craters can be recognized and utilized in 
studying the water-related history of Mars. In many 
cases we can take an optimistic view of our ability to 
identify traces of fluvial processes because many such 
Martian impact craters are preserved rather well due to 
their relative youth and/or partly due to the relative 
dryness of the more present Mars.  

 
Figure 4. Image shows Reull Vallis cutting through an eroded crater. 
Image is a fragment of THEMIS I01657002, 31 km x 60 km. The 
detail of a sapping side channel is part of V01657003, 6 km x 6 km.  

 

In some cases, the major outflow channels have cut 
across the craters and surface units without any signifi-
cant indication of effects to the crater structures. It can 
be seen how a deep erosion channel curves across the 
eroded low-rim crater with an otherwise smooth inte-
rior (Fig. 4). An interesting detail is seen on the crater 

floor beside the main channel where the numerous 
small sapping-type channels indicate the existence of 
layered interior material and previous ground-liquid 
flows along some interlayer surfaces.   

The abundance of layered units on the crater floors 
can be seen in some MOC and THEMIS-VIS images. 
The etched terraces and deposits reveal parallel hori-
zontal layers (Fig. 3). This kind of layering may have 
been caused by several sedimentation processes but in 
the cases where there are adjoining large-to-medium 
size flow channels flowing into the crater, a realistic 
reason for the observed layering could be the existence 
of flow-related sedimentation. This is particularly obvi-
ous in the cases where there have been several sedi-
ment-feeding channels, smooth crater interior, and an 
additional outflow channel representing the site and 
time when the ponded flow material finally broke its 
way through the lowest or weakest part of the rim after 
a short or a lengthy period of reservoir time (Fig. 3). 
These cases show, that the effectivity and period of 
time of Martian fluvial activity have been large and 
long enough, respectively, for substantial amount of 
sedimentation at least in certain areas. 

 
Figure 5. Delta-like structure at the end of a channel entering impact 
crater through a wide U shape opening in the crater rim east of Man-
gala Valles. Fragment of THEMIS V02540002, 5 km x 8 km. 
 

Slightly closer to the present or within the locations 
with less water activity, there are impact craters with 
smaller eroded rim channels as seen from numerous 
craters locating on the western highlands of the greater 
Hellas area. Their interior slopes have numerous fluvial 
channels varying in length from 10 to a few tens of 
kilometers only. The one-to-a-few kilometer wide 
channels originate either from the upper rim area or 
from the surrounding highlands. The floors of such 
craters display a relative smoothness. This, together 
with the fact that the flows have eroded an amount of 
rim material and moved it downslope, most probably 
indicates the existence of sedimentated flow-related 
floor material representing the period of time of larger 
fluvial activity. In certain places there are later delta- or 
apron-type masses in the channel ends on the top of the 
smoother interior sediments indicating the effects of the 
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later flow units with lesser amount of liquid material 
(Fig. 5).  

Many craters are modified by still more recent flu-
vial processes. Snow or a liquid material have been 
proposed to have been important in deforming layered 
crater rims in certain poleward-looking locations [cf. 
8,9]. Such flow features typically begin from within 
alcove depressions with seasonal snow or source wells, 
resulting in lengthy channel-like down-slope erosion, 
and ending in apron-like cumulation pilings. 

Crater sedimentation: In addition to the erosion 
effects of the channels flowing through the crater, they 
may also deposit material into the craters. This is espe-
cially true when many of the craters described above 
have been temporary water reservoirs during the period 
of time when the inflow has partially filled them and 
before the water level rise has given way to the outflow 
channel formation. Depending on the amount of water 
and erosion and also on the repeated occurrence of the 
inflow involved, this lacustric phase has resulted in 
layered sediments on the crater floor. This process 
smoothens the crater interiors and may create deep wa-
ter-saturated layered materials for the subsequent per-
mafrost formation. The existing permafrost may further 
add debris apron type mass movements inside the crater 
rims.  

Together with the decreasing inflow into the crater 
its sedimentation effect also diminishes. The final phase 
which still carries some amount of solid material to 
deposit just in front of the inflow channel is seen as a 
delta formation (Fig. 5; see also [10]). In some cases a 
wider and thinner delta layering may be visible, possi-
bly due to a stronger final inflow pulse. In places we 
can identify a smaller and more local triangle-like delta 
piling which may have formed into the mouth of a 
smaller and/or steep-sloping inflow channel.  

 
Figure 6. A. Example of mantled craters within high latitudes. Notice 
the gradual change and disappearance of crater topography. Fragment 
of MOC E0500602, 3 km x 3 km. B. Dissected mantle material on the 
bottom of a crater next to the central peak. Crater is located in the 
highlands south of Hellas Basin. Fragment of THEMIS V01209003, 
10 km x 10 km. 
 

The eolian activity may also have filled the craters. 
The deposits of wind-blown materials may consist of 
rather even layers (Fig. 6a) of dust particles or dust-ice 
aggregates which, due to their small size and low den-
sity, are easily transported by Martian winds and 
storms. Many craters may have served as a previous 

deposition traps for this material as seen from the now-
exposed horizontal sedimentary layers (Fig. 6b) even in 
craters which do not have any recognizable inflow 
channel at all.  

The importance of an eolian process in changing the 
crater is still more visual in the cases where we are able 
to identify dune fields within the crater floors. These 
dune fields may differ in size and importance. They 
may also differ in ages beginning from the more an-
cient paleodunes to the present still-moving dunes (Fig. 
7a). Being the most surficial units, the dune fields may 
cover previous formations, structures and layers but 
also they may, in places, have been effected by other 
geological crater-modifying processes.  

Volcano-tectonic effects on impact craters: For 
some of the impact craters the proximity of a volcano 
emphasizes the importance of the crater location in 
identifying its post-impact modification. It is known 
from numerous planetary, also Martian, craters that the 
formation of a large crater has generated new or re-
opened old fractures in the bedrock and thus opened 
trespassing channels for magmas to erupt onto or in-
trude into the planet's crust. 

 
Figure 7. A. Pit depressions and paleodunes on the floor of Rabe 
Crater. Part of THEMIS I02471002, 30 km x  30 km. B. Possible 
pyroclastic layering within a crater north of Hadriaca Patera. Frag-
ment of MOC M0303051, 0.8 km x 0.8 km. 
 

There are also plenty of impact craters which have 
been partially buried by pyroclastic deposits (Fig. 7b). 
The low Martian gravity and atmosphere pressure have 
favoured the explosion-type volcanic eruptions which 
have been very effective to spread various types of vol-
canic pumices, scoriae and tephra over wide areas 
around these patera-type volcanoes. The approximate 
depth range of the pyroclastic deposits in various dis-
tances from appropriate volcanoes can be estimated 
from the amount of the impact craters fill related to the 
actual numbers for depth-diameter ratios of impact cra-
ters inferred for different crater sizes in the Martian 
environment.   

In the close vicinity of a volcano the pyroclastic 
layer depth may exceed the height of the highest crater 
rim, a situation  which allows only the minimum de-
posit depth estimation using the depth-diameter ratios 
of impact craters. This may also be very true when es-
timating the lava depths within volcanic planitiae. 
Lavas which have renewed the whole surface by cover-
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ing all the impact craters beyond identification may be 
much thicker than required to cover just the crater rim 
peaks (cf. Tharsis). Some other Martian environments, 
however, display graphically impact crater rim rings 
partially covered by lava flows. This allows us to esti-
mate the depth of these lavas and thus the total amount 
of extrusives or, if the period of time is inferred, the 
extrusion rate.  

There are, however, some certain areas on Mars 
where even totally lava-covered impact craters can be 
utilized in studying the local geology. Hesperia Planum 
has a very complex network of tectonic structures con-
sisting of compressional wrinkle ridges. These linear 
structures were generated along previous zones of 
weaknesses or sub-lava hill crests during the surface 
shortening of the large lava-covered area [11]. There 
are also a high number of circular wrinkle ridges which 
must have a connection to the lava-covered topography, 
too. An explanation for their formation involves the 
existence of a previous impact craters. The extruding 
lavas have covered these craters totally but the lava 
thickness is deeper over crater floors and other depres-
sions and thinner over the crater rims. During the sink-
ing or areal shortening tectonic phase the compres-
sional forces break the lava cover most easily in places 
where it is thinnest, i.e. over the buried impact crater 
rims. The existence of lava-preceeding loose surface 
material or breccia layer increases the incompatibility 
between this and the later lava coverage. A more 
straightforward connection between tectonic bedrock 
directions and wrinkle ridges locating within the floors 
of some impact craters has also been found [12]. 

Glacial features in impact craters: There are nu-
merous U-shape openings through the impact crater 
rims. Some of them do not have any indication of a 
fluvial channel and another ones have such a very mi-
nor channel only which is unable to explain the erosion 
required to make the U-valley (Fig. 5). The U-shape 
valleys have a distinct topography and, on terrestrial 
glacial environments, they are known to have formed 
by glacial movements.   

There are also strange pit depressions [13], which 
decorate some of the impact crater interiors, especially 
on the highlands to the west of Hellas Basin (Fig. 7a). 
The geological processes involved in formation of these 
identified angular depressions in the crater interiors are 
still unknown but might involve events related to sub-
limation and melting of the sediment- or dust-buried ice 
blocks or permafrost layers. There may also have been 
some other still-unknown geological processes in-
volved.  

Even if we do not see any clear evidences of the 
present glaciation processes on the Martian surface 
except the two polar caps and possibly the adjoining 
mantle-terrain areas the above-mentioned observables 
may increase our understanding of the ancient ice-rich 
phases of Mars. These crater-modifying topographies 

have to be studied together with the facts that there has 
been plenty of water in Mars, large-scale climate and 
temperature variations, and large variations in the direc-
tion of the rotational axis of Mars. Each of these facts, 
together with the observed existence of definitive steep-
slope mesas or tuyas [14], possible glacial-related for-
mations on the mountain slopes [15], and the crater-
related U-valleys and pit depressions described, con-
tribute to the evidences of the possible existence of 
previous Martian glaciations, which may have taken 
place varying in their location or time or both. We 
have, however, to look for further additional evidences 
of various types of glacial crater modifications before 
we can conclude for sure that this has also been the 
case on Mars.  

Conclusion: Many of Martian impact craters may 
provide us with evidence of the bedrocks or active geo-
logical processes involved in the cratered surface units. 
We only have to read the story right by interpreting the 
peculiar impact crater details correctly, by putting the 
topographic surface formations of modified impact 
craters into their right environmental context, or by 
investigating the diversity of studied crater phenomena 
using various statistical approaches.   

It is difficult to draw geologically sound conclu-
sions based only on a small number of impact craters 
and their structures. We usually need to study a wider 
area with several or numerous impact craters in order to 
gain a deeper insight of what geological events may 
have been involved in the evolution of this particular 
area. Studies of modified impact craters and their de-
tails then become more important either in providing 
the additional supporting details required in confirming 
the evolving ideas of the areal geological phases and 
their importance or, on the other hand, in giving a first 
hint or suggestive peculiar surface expression of a geo-
logical process the presence of which has been previ-
ously mostly neglected or misunderstood within a par-
ticular Martian area.  

The study calls for new creative approaches in util-
izing the Martian impact crater realm in order to under-
stand and investigate its geological phases, epochs and 
processes in a more detailed and complete way, and to 
improve the ideas of Martian global and areal geologi-
cal development. 
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