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a b s t r a c t

The mid- and high-latitudes of Mars are covered by a smooth young mantle that is interpreted as an

atmospherically derived air-fall deposit of ice and dust related to recent climate changes. In order to

determine relative and absolute ages of this surface unit within the southern hemisphere, a systematic

survey of all available HiRISE and CTX images in the Malea Planum region from 55–601S latitude and

50–701E longitude was performed and the distribution and the morphology of small impact craters on

the mantle deposit were investigated. Using crater size-frequency measurements, we derived absolute

model ages of �3–5 Ma for the surface of the mantle, immediately south of the Hellas basin rim.

Morphologic observations of the mantle, its fresh appearance, very low number of craters, and

superposition on older units support this very young Amazonian age. Nearly all observed craters on

the smooth mantle in Malea Planum are small and show signs of erosion, evidence for the ongoing

modification of the ice–dust mantle. However, this modification has not been strong enough to reset

the surface age. Compared to the ice–dust mantle at higher latitudes in the northern and southern

hemisphere, the surface of the mantle in Malea Planum is older and thus has been relatively stable

during obliquity changes in the last �3–5 Ma. This is consistent with the hypothesis that the ice–dust

mantle is a complex surface deposit of different layers, that shows a strong latitude dependence in

morphology and has been deposited and degraded at different times in martian history.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. The ice–dust mantle and the Martian climate

The mid- and high-latitudes of Mars are covered by a young,
layered ice–dust mantle that varies in thickness and is usually
independent of local geology, topography, and elevation (Mustard
et al., 2001). In particular, the mantle at high latitudes (4601) is
continuous and extensively covered by patterned ground, except
where it is interrupted by polar cap outliers, dunes, or steep
slopes. However, the uppermost meters of this mantle occur in
patches that are surrounded by degraded terrain, which exposes
deeper layers of the mantle (e.g., Schon et al., 2009). At mid-
latitudes, from 301–601, the ice–dust mantle shows extensive
signs of erosion, and is referred to as dissected mantle terrain
(Mustard et al., 2001). Milliken and Mustard (2003) characterized
three different erosional styles that range from localized complete
removal, which is most extensive at lowest latitudes, to knobby
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and wavy dissection and scalloped terrain at higher latitudes
(Milliken and Mustard, 2003). The knobby and wavy dissection is
characterized by areas of smooth intact mantle adjacent to areas
of incomplete removal of the mantle. The scalloped terrain is not
spatially extensive but concentrated in certain areas, like Utopia
Planitia in the northern hemisphere and Malea Planum in the
southern hemisphere, and is characterized by the degradation of
large portions of the mantle (e.g., Lefort et al., 2010; Zanetti et al.,
2010). The latitudes below 7301 of Mars are essentially
unmantled (Milliken and Mustard, 2003). Different distribution
and emplacement mechanisms have been proposed for the ice–
dust mantle (e.g., Mellon and Jakosky, 1995; Head et al., 2003;
Mellon et al., 2004, 2008). Investigations by Schon et al. (2009)
indicate that among the proposed models, the atmospheric
deposition of ice and dust during obliquity excursions is most
consistent with the observed data.

Unlike Earth, Mars has experienced dramatic shifts in obliquity
during its geologic history. Models of the obliquity for the last 10 Ma
are well constrained (Laskar et al., 2004), and can be used for precise
palaeoclimate studies (Mischna et al., 2003; Levrard et al., 2004;
Forget et al., 2006; Schorghofer, 2007). The models show that
�5 Ma ago, Mars moved from a phase of high mean obliquity
(�357101) to lower mean obliquity (�257101). This resulted in
the migration of H2O to the poles from low- and mid-latitude ice
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deposits (Levrard et al., 2004). Despite lower mean obliquity in the
recent past, Mars still experienced numerous short duration cycles
of higher obliquity values (4301) during the last 5 Ma (Laskar et al.,
2002, 2004). During these phases the insolation on the polar region
increases and water vapor is released, leading to the deposition of a
mixture of ice and dust in the mid- and high-latitudes in both
hemispheres (Head et al., 2003; Mischna et al., 2003; Levrard et al.,
2004; Forget et al., 2006). This is a rapid process and a period of
�40 ka is considered to be long enough to deposit a meter thick
ice–dust mantle (Head et al., 2003). During phases of lower
obliquity, the water–ice in the lower latitudes becomes unstable,
sublimes back into the atmosphere, and retreats to the poles. Pure
ice mantles can come and go without leaving any trace. However if
ice is mixed with dust, a protective lag deposit can form and the
further degradation of the mantle is then controlled by the stability
of ground ice (Mellon and Jakosky, 1995; Schorghofer and
Aharonson, 2005; Mellon et al., 2004; Schorghofer, 2007). Thus a
protective lag deposit allows patches of the ice–dust mantle to exist
at latitudes where near-surface ice is unstable under current
obliquity conditions (Byrne et al., 2009).

The obliquity cycles of Mars thus lead to the repeated
emplacement and degradation of layers of the ice–dust mantle
over million year time scales (Mustard et al., 2001; Kreslavsky
and Head, 2002; Head et al., 2003; Kostama et al., 2006). The ice–
dust mantle is older than the last obliquity excursion 0.4–2.1 Ma
ago (Head et al., 2003; Kreslavsky and Head, 2002) and it consists
of different layers that form a complex surface deposit (Mustard
et al., 2001; Kreslavsky and Head, 2002; Kostama et al., 2006;
Schon et al., 2009). Under current obliquity conditions (�251)
ground ice is unstable at latitudes below �501 (Mellon et al.,
2004; Schorghofer and Aharonson, 2005), leading to the extensive
removal and degradation of the ice–dust mantle in the low- and
mid-latitudes in both hemispheres if the protective lag deposit is
removed.
1.2. Geologic context of Malea Planum

The study region is located at 55–601S latitude and 50–701E
longitude and encompasses the northern highlands of Malea
Planum, a large, flat, volcanic plain located at the southern rim
of the Hellas basin (Fig. 1). It is part of the Circum-Hellas Volcanic
Province (Greeley et al., 2007; Williams et al., 2009, 2010) and
consists of several volcanic units of late Noachian and Hesperian
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Fig. 1. (a) MOLA shaded relief map of Hellas Planitia and Malea Planum on Mars. White

the image footprints for HiRISE (solid white boxes) and CTX (black boxes).
age, including the major volcanic structures Peneus, Malea,
Pityusa, and Amphitrites Paterae (Tanaka et al., 2002; Plescia,
2003; Williams et al., 2009, 2010). Amphitrites Patera and Peneus
Patera are both interpreted to consist of pyroclastic material
(Tanaka and Leonard, 1995; Williams et al., 2008). Amphitrites
is a low relief shield whereas Peneus does not show a clear shield
structure (Tanaka and Leonard, 1995; Williams et al., 2008). Both
paterae are surrounded by the ridged plains in the south and the
channels of Axius Valles in the north (Tanaka and Leonard, 1995).

A dominant feature at the southern margin of the study region
is Barnard crater, a central ring impact crater about 130 km in
diameter. The topographically highest features in the study region
are parts of the crater rim of Barnard crater (�2.2 km) and the
rim of Amphitrites Patera (�1.9 km). North of Amphitrites Patera
the terrain slopes towards Hellas at about 1.2–1.51 and wrinkle
ridges with a relief of several hundred meters extend across the
plains in radial patterns around the paterae (Tanaka and Leonard,
1995; Plescia, 2003, 2004; Williams et al., 2008). Shield-like
deposits around the patera at the northern edges of Malea Planum
have been observed by Greeley and Guest (1987). These deposits
have scarps and ridges trending toward Hellas Planitia, inter-
preted to be the result of the modification of low viscosity lava
flows by fluvial channeling (Greeley and Guest, 1987).
1.3. The ice–dust mantle in Malea Planum

Under present atmospheric conditions the mantle in Malea
Planum is undergoing degradation when the protective lag
deposit is removed (e.g., Lefort et al., 2010; Zanetti et al., 2010).
From Gamma Ray Spectrometer measurements (GRS) �6 to
Z20 wt% water ice are within a meter of the surface (Feldman
et al, 2002, 2004) and ice stability models (Boynton et al., 2002;
Mellon et al., 2004; Chamberlain and Boynton, 2007) predict
ground ice to be stable in the shallow subsurface below depths of
�10s of centimeters. In addition, martian climate models suggest
that high concentrations of ice are found at greater depth (Levrard
et al., 2004). In Malea Planum the ice–dust mantle is draped over
the local topography throughout the study region and is inter-
preted to consist of continuous smooth patches and degraded
terrain (Fig. 2). Zanetti et al. (2010) found that in places the
surface of the mantle shows a texture similar to the basketball
terrain, which has been described in the northern hemisphere
above 601 (Malin and Edgett, 2001; Kreslavsky and Head, 2002;
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Fig. 2. Smooth mantle and degradation features at (a) CTX and at (b) HiRISE

resolution. The uppermost part of the mantle forms a smooth terrain and shows a

clear boundary to the degraded terrain. Only the smooth terrain was mapped,

excluding the degraded and scalloped terrain from our measurements. The dark

streaks in the image are dust devil tracks. North is up in both images (CTX image:

P08_004274_1221; HiRISE image: ESP_014005_1225).
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Head et al., 2003). In addition, features interpreted to be small
sublimation polygons and/or thermal contraction cracks, as
well as scalloped terrain, which in the southern hemisphere is
concentrated in Malea Planum, have been observed (Marchant
and Head, 2007; Zanetti et al., 2010). Scallops exhibit an N–S
asymmetric profile with a steep pole-facing scarp, and a gentle
equator-facing slope. Their shape ranges from highly elongated to
almost circular. They are rimless and shallow and are tens of
meters to a few kilometers large (Milliken and Mustard, 2003;
Morgenstern et al., 2007; Lefort et al., 2010; Soare et al., 2007;
Zanetti et al., 2010). Scalloped depressions are thought to form in
areas with thick mantle deposits when ice from the ice–dust
mantle sublimes (Milliken and Mustard, 2003; Plescia, 2003;
Morgenstern et al., 2007; Zanetti et al., 2010). Scallop forma-
tion is suggested to start from small cracks, which presumably
form due to thermal contraction of the depositional mantle
(Morgenstern et al., 2007; Lefort et al., 2010; Zanetti et al.,
2010). In this scenario asymmetrical depressions form during
periods of low to moderate obliquity (o301), which then grow
retrogressively in equatorward direction during phases of high
obliquity (4401), by the destabilization of the pole-facing slope
(Lefort et al., 2009, 2010; Ulrich et al., 2010). Scallop growth thus
requires obliquity variations, the presence of subsurface ground-
ice, and a removal process for the protective lag deposit. This
removal can be achieved, for example, by dust devils, strong
slope winds related to the Hellas basin, and/or the formation of
small impact craters (Siili et al., 1999; Mustard et al., 2001;
Zanetti et al., 2010). Scallops are found within continuous patches
of the smooth mantle and they can coalesce to form large
irregularly-shaped scalloped terrain (Milliken and Mustard,
2003; Lefort et al., 2010; Zanetti et al., 2010).

The thickness of the ice–dust mantle in Malea Planum varies
considerably. A distinct boundary, where mantle thickness
increases coincides with the onset of the slope of the Hellas basin
north of �581S (Zanetti et al., 2010). Thick deposits that cover
larger topographic features are found close to the rim of the
Hellas basin. While the plains of Malea Planum are covered by a
thinner mantle, isolated thick patches of mantle terrain occur
south of �581S. Quantitative estimates by Zanetti et al. (2010)
using crater diameter/rim height geometry ratios and depth
measurements of scallops revealed that the mantle is at least
5 m thicker at the wall of the Hellas basin than on the highlands
of Malea Planum. Thick deposits of the ice–dust mantle often
completely cover any given crater, leading to an underestimation
of the thickness (Zanetti et al., 2010). Depth measurements of the
scallops using individual MOLA points indicate an average depth
of 10–20 m. Since the observed scallops do not erode the entire
mantle, but excavate a deeper layer of the ice–dust mantle; this
value is also considered a minimum estimate (Zanetti et al.,
2010). The average thickness of the mantle deposit in our study
region is estimated to be �25 m (Zanetti et al., 2010). In this
paper, we combine morphologic observations with our newly
derived absolute model surface ages to constrain the modification
of the ice–dust mantle in Malea Planum and relate it to other ice–
dust mantle deposits in the northern and southern hemisphere.
2. Methods

2.1. Image data

We investigated all available Context Camera (CTX, �5 m/pxl)
(Malin et al., 2007) and High Resolution Imaging Science Experi-
ment (HiRISE, �0.25–0.5 m/pxl) (McEwen et al., 2007) images as
released until January 2011 of the Malea Planum region. We
focused our analysis on the images that contain large, homo-
geneously appearing, patches of smooth mantle (45 km2), not
considering areas of degraded and heavily scalloped terrain
(Table 1). The smooth mantle unit was mapped and its area was
calculated using ESRI ArcGISTM software. All primary craters on
the smooth mantle unit were measured with the Cratertools plug-
in for ESRI ArcGISTM (Kneissl et al., in press). The crater counts
were imported into Craterstats (Michael and Neukum, 2010) in
which model ages were calculated using the production function
of Neukum et al. (2001) and the chronology function of Hartmann
and Neukum (2001). The crater morphologies were investigated
using HiRISE images and compared to the different classes of
crater degradation on the ice–dust mantle described by Maine
et al. (2010).

2.2. Crater size frequency distributions and model ages

Crater size-frequency distribution measurements are a well
established technique to determine relative and absolute surface
ages using remote sensing images. Relative ages can be deter-
mined on the basis of stratigraphic relationships, state of erosion
and frequency and size of impact craters (e.g., Hartmann, 1973;
Hartmann and Neukum, 2001; Hartmann, 2005). The crater
production function for the Moon is well constrained and chron-
ology models have been developed for the Moon on the basis of
the Apollo sample radiometric ages. Using scaling laws these
models were adapted for Mars (e.g., Hartmann and Neukum,
2001; Ivanov, 2001; Neukum et al., 2001). To derive absolute
model ages for the smooth mantle unit in Malea Planum we fitted
the production function (Ivanov, 2001; Neukum et al., 2001) to



Table 1
Summary of parameters for each individual HiRISE and CTX images used in this study.

Image identification Center latitude
[1]

Center longitude,
E [1]

Image resolution
[cm/pxl]

Smooth mantle
area [km2]

# Craters
[Ø450 m]

Crater density
[Ø450 m/km2]

HiRISE
PSP_003232_1220 �57.7 59.2 49.7 60.86 6 0.099

PSP_004168_1220 �57.9 65.5 24.9 69.22 3 0.043

PSP_004340_1235 �56.2 50.2 25.2 6.44 0 0.000

PSP_005421_1215 �58.1 58.2 25.2 16.99 1 0.059

PSP_005632_1225 �57.3 54.3 51.4 26.51 4 0.151

PSP_005698_1225 �57.0 51.3 26.8 33.81 0 0.000

ESP_013952_1225 �57.1 54.5 24.9 23.38 4 0.171

ESP_014005_1225 �57.1 51.1 26.7 41.35 2 0.048
P

278.57
P

20 0.071

CTX
P04_002731_1209 �59.19 57.21 500 38.49 1 0.026

P08_004274_1221 �58.01 51.46 501 253.66 6 0.024

P13_006212_1202 �59.83 61.51 503 1121.68 15 0.013

P16_007227_1236 �56.43 67.35 501 3340.04 37 0.011

P16_007438_1238 �56.34 65.75 498 3774.85 127 0.034

B04_011328_1215 �58.56 54.55 499 192.36 34 0.177

B07_012462_1219 �58.18 54.98 499 101.50 19 0.187
P

8822.57
P

239 0.067
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the measured crater size-frequency distribution of the measured
surface unit and used the chronology model of Hartmann and
Neukum (2001) and Ivanov (2001). While generally considered
robust, there are several sources that introduce errors to our
absolute model ages: (i) The scaling of crater diameters for
impacts of the same-sized projectiles on the Moon and other
planetary bodies, which is dependent, for example, on gravity,
impact velocities, and target strengths (Ivanov, 2001). Ivanov
(2001) calculated that compared to the Moon, the impact crater
number on Mars does not differ more than 750% from the crater
number in the same diameter bin. The more frequent asteroid
impacts on Mars do not result in a significantly higher cratering
rate because the higher gravity and lower impact velocities result
in smaller crater sizes on Mars. Ivanov (2001) found that the
cratering rate Mars/Moon ratio is of the order of 0.6–1.2, depend-
ing on the steepness of the N(D) distribution. Hartmann and
Neukum (2001) discussed several factors influencing the repeat-
ability and accuracy of crater counts on Mars and concluded that
ages can be determined with an accuracy of about 5–20%, not
counting the uncertainties in the crater production rate on Mars
relative to the Moon. The present day impact cratering rate on
Mars has been estimated by Malin et al. (2006) using Mars Orbiter
Camera (MOC) images and by Daubar et al. (2010) using CTX and
HiRISE images. They are in excellent agreement with the produc-
tion function of Hartmann and Neukum (2001). (ii) The influence
of the martian atmosphere on the formation of small craters is
difficult to assess and could introduce errors in the absolute
surface age particularly for small craters (e.g., Chappelow and
Sharpton, 2005). (iii) The role of secondary impact craters for age
determinations on terrestrial planets has been discussed in detail
(e.g., McEwen and Bierhaus, 2006). Hartmann et al. (2008) and
Werner et al. (2009) demonstrated that the assumption that most
of the small impact craters on Mars are secondary craters is not
supported by the observed data. Using reasonable predictions of
the crater size-frequency distribution of secondary craters for a
key case (Cerberus plains, Mars), Werner et al. (2009) showed
that the effect of secondary impact cratering on the model crater
retention age is less than the statistical uncertainty. This is
especially true for young surfaces that started to accumulate
craters long after the large impacts that created distal secondary
craters (Kreslavsky, 2009). Clusters of small craters, otherwise
considered as clear indicators of secondary cratering, can also
form by the atmospheric break-up of small meteoroids (Ivanov
et al., 2008, 2009). In our analyses, we paid particular attention to
avoid areas showing any signs of secondary craters, thus further
minimizing this source of error, and note that there are no recent
large impact craters, which might be a source for secondary
projectiles.
3. The ice–dust mantle and crater size-frequency
measurements

3.1. Morphologic observations

In order to investigate the development of the ice–dust mantle
in Malea Planum, we combined morphologic observations of the
mantle itself and its superposed impact craters with crater size-
frequency measurements. The mantle in Malea Planum appears to
be unusually thick (�25 m) for mid-latitudes and shows a high
abundance of scalloped terrain (Lefort et al., 2010; Zanetti et al.,
2010). Its thickness is most likely related to its position at the
southern rim of the Hellas basin. The regional smooth slope and
the local atmospheric conditions could have provided a favorable
place to accumulate a thick mantle deposit (Zanetti et al., 2010).
Alternatively, it is also plausible that the mantle has been
preferentially preserved in this region (Zanetti et al., 2010).

Scallops are abundant in Malea Planum and their formation in
this region might be related to the effective removal of the
protective lag deposit by dust devils and strong slope winds that
are related to the Hellas basin (Zanetti et al., 2010). In some areas
the scalloped depressions coalesce to form large areas of
degraded terrain. The area within this degraded terrain lacks
impact craters, hindering the determination of reliable age
estimations using crater statistics for these interstitial regions.
The lack of impact craters is partially due to the fact that craters
were removed during the erosional process that formed the
degraded terrain. The formation of the scalloped terrain in Malea
Planum either occurred during obliquity cycles within the last
5 Ma (Zanetti et al., 2010) or could be related to obliquity
variations in the last 10 Ma (Ulrich et al., 2010). Since it was not
possible to further constrain the timing of scallop formation in
Malea Planum, no information about the timing of the emplace-
ment and modification of the ice–dust mantle can be inferred
from these features.
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3.2. Crater degradation

Craters on the smooth ice–dust mantle undergo rapid erosion
related to the modification of the ice–dust mantle (e.g., Banks
et al., 2010; Maine et al., 2010). Maine et al. (2010) distinguished
three different classes of impact craters: (i) newly formed craters
that show bright exposed water ice, a raised rim, and an ejecta
blanket, (ii) relatively fresh bowl-shaped craters that exhibit a
strong topography and a sharp break in slope, and (iii) craters that
have a shallow topography and are not strictly bowl-shaped.
These classes form a continuous sequence of crater degradation
that can be observed in high-resolution HiRISE images. The
different stages of crater degradation observed in Malea Planum
are shown in Fig. 3. In our study area we did not identify any fresh
craters (class 1) and no ejecta blankets were observed. At the
latitudes of our study area, this is expected as exposed ice is
unstable and will quickly sublime (Dundas and Byrne, 2010).
Young impact craters on Mars are often associated with rays that
are typically dark (e.g., Malin et al., 2006; Golombek et al., 2010).
However, the absence of crater rays is not conclusive as the
production of rays is heavily dependent on local geology (e.g.,
Malin et al., 2006; Golombek et al., 2010). We identified only
8 craters with raised rims. The other observed craters on the ice–
dust mantle are all degraded to some extent (class 2 and 3). The
fast erosion of craters shows that the mantle undergoes degrada-
tion where the protective lag deposit is removed. The main
processes of crater modification on the ice–dust mantle are
Fig. 3. Crater morphologies on the ice–dust mantle, north is up in all images; (a, b) re

craters at HiRISE resolution (PSP_003232_1220). (e, f) Small degraded craters at HiR

identification forming a scallop-like feature (PSP_005632_1225). (h) Typical scalloped

degraded crater in image (g).
accumulation of ice and dust, the sublimation of ice, mass
wasting, and aeolian processes (e.g., Banks et al., 2010). After
impact, the insolation on the crater walls leads to the sublimation
of ice and the accumulation of lag deposits that eventually slump
down into the crater. This infill and softening of the crater occurs
over a longer timescale than ejecta obliteration, but still quickly
in geologic terms (Banks et al., 2010). In addition, craters can also
be traps for eolian deposits. Another process of crater degradation
is the subsequent deposition of ice and dust that fills the crater.
The detection of these smooth craters can be subjective, as it
depends on illumination conditions, image quality, and other
competing features such as small scallops. In some cases craters
are not filled, but have initiated the erosion of the surrounding
ice–dust mantle. Since scalloped depressions can begin to form
once the protective dust cover of the ice–dust mantle has been
removed, it is possible that the erosion of small craters can lead to
the formation of scallops (Zanetti et al., 2010). We observed
several scallops that looked similar to circular impact craters
and are located within extensive patches of otherwise still intact
mantle (Fig. 3).

3.3. Crater size-frequency measurements

Patches of the smooth upper mantle unit with a total area of
8823 km2 in CTX and 280 km2 in HiRISE were mapped, excluding
all areas of degraded and scalloped terrain (Fig. 2). Some HiRISE
images are located within CTX images leading to an overlap of
latively fresh craters at CTX resolution (P08_004274_1221). (c, d) Relatively fresh

ISE resolution (ESP_013952_1225). (g) Degraded crater past the point of secure

depression found in the study region (PSP_005632_1225) as a comparison for the



Fig. 4. Crater size-frequency measurements for the smooth mantle, obtained from CTX and HiRISE images.
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�90 km2. We were able to observe craters as small as �5 m
(using HiRISE images with maximum resolution 0.25 m/pxl).
Craters smaller than �5 m cannot confidently be distinguished
from small-scale erosional features of the ice–dust mantle even in
HiRISE images in our study region. The density of craters 450 m
in diameter varies throughout the different images from 0.011 to
0.187 km�2 (Table 1). The average crater density is 0.071 km�2

for the HiRISE images and 0.067 km�2 for the CTX images. No
latitudinal trend in age has been observed within the study
region. Only three small clusters of impact craters were observed,
potentially secondary craters, and were excluded from further
analysis. Using the crater statistics we determined a crater
retention age of �3–5 Ma for the uppermost part of the ice–
dust mantle in Malea Planum (Fig. 4). The crater size-frequency
measurements for both CTX and HiRISE produced the same model
ages. The erosion of small craters is also observed in the crater
count plots. In CTX and HiRISE the crater curve bends to the left at
crater diameters of �50 m, indicating a lack of craters below that
size, despite the fact that the image resolution is good enough to
detect even smaller craters. Using crater depth/diameter ratios of
0.2 (Melosh, 1989; Strom et al., 1992), the depth of a crater with a
diameter 50 m is roughly estimated to be �10 m. The loss of
craters of this size on the ice–dust mantle is either related to the
ongoing degradation of the mantle since its emplacement at least
�3–5 Ma ago and/or to phases of deposition of the ice–dust
mantle thick enough to obscure craters with diameters smaller
than 50 m in diameter during the most recent obliquity excur-
sions 0.4 and 2.1 Ma.
4. Discussion

4.1. Surface age interpretation

The present extent of the ice–dust mantle on Mars is the result
of repeated episodes of deposition and degradation (Kreslavsky
and Head, 2002; Head et al., 2003). Thus, our derived crater
retention age is either connected to (i) the deposition of the
mantle in Malea Planum, and/or (ii) to the degradation of an
already present ice–dust mantle in Malea Planum that ceased
�3–5 Ma ago and was extensive enough to completely reset the
surface age. The high mean obliquity of Mars (�357101)
before�5 Ma caused the ice–dust mantle to be stable in low-
and mid-latitudes (e.g., Head et al., 2003; Levrard et al., 2004;
Forget et al., 2006). Despite the lower mean obliquity since
�5 Ma, Mars experienced numerous short duration cycles of
higher obliquity values (4301), that led to the deposition of the
ice–dust mantle in the mid- and high-latitudes (e.g., Head et al.,
2003; Levrard et al., 2004; Forget et al., 2006). In this context, our
derived surface age is more likely connected to the abundant
deposition of the ice–dust mantle in Malea Planum �3–5 Ma ago,
than to a wide spread degradation event before that time. The
smooth and homogenous surface of the ice–dust mantle also
points towards a deposition event. However, based on our crater
retention ages and morphologic observations it is not possible to
exclude the degradation scenario. An additional problem when
interpreting the development of the ice–dust mantle is that no
information can be inferred about its extent and thickness before
the last emplacement. This means, that it is not possible to
determine if the ice–dust mantle has been deposited on the
bedrock or on an already present older ice–dust mantle deposit.
4.2. The ice–dust mantle in Malea Planum in a global context

The occurrence of the ice–dust mantle in the 30–551 latitude
bands in both hemispheres has been related to the most recent
depositional phases 0.4–2 Ma ago (Head et al., 2003). Above 601
the mantle is widely covered by polygonal patterns, which have
been interpreted as sublimation polygons and/or thermal con-
traction cracks and are not found at lower latitudes (Head et al.,
2003; Milliken and Mustard, 2003; Mangold, 2005; Kostama et al.,
2006; Mellon, et al., 2008). This patterned ground is similar in
both hemispheres despite the very different underlying local
geology (Kreslavsky et al., 2010). A latitudinal trend for the
surface age of the ice–dust mantle in the northern lowlands from
young ages at high latitudes to older ages at lower latitudes has
been proposed by Kostama et al. (2006), based on the spatial
distribution of small craters and the mantle texture. They derived
a mean crater retention age of �0.1 Ma for latitudes4501N, but
also found several images for latitudeso701N that show a higher
crater retention age of �2 Ma.
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The modeled surface ages of �3–5 Ma and morphologic
observations of the ice–dust mantle in Malea Planum (55–601S)
suggest that the mantle in this region has been relatively stable
during the last obliquity excursions, which affected the mid- and
high-latitudes in both hemispheres. Since �3–5 Ma, modification
of the ice–dust mantle has occurred, but only the uppermost few
meters of the mantle have been affected leading to the erosion of
craters o50 m in diameter. In addition to the degradation of the
mantle, the loss of craters can also be related to the deposition of
the ice–dust mantle 0.4 and 2 Ma ago (Head et al., 2003). Even
more recent erosion of small fresh craters has been observed
by Kreslavsky et al. (2010). Based on small fresh craters
(5 moDo50 m) they derived a surface age of the ice–dust
mantle of �10–40 ka for the high-latitudes in the southern
hemisphere (60–701S). They found that the relative density of
fresh craters in the northern hemisphere is at least an order of
magnitude lower than in the southern hemisphere and attribute
this difference to the deposition of the ice–dust mantle for high
latitudes in response to the change of season of the perihelion.
Fresh craters in the north were obliterated by the deposition
�1 ka ago, and in the south �20 ka ago when the perihelion
season was reversed (Kreslavsky et al., 2010). The same process
might also have contributed to the obliteration of small fresh
craters in our study region in Malea Planum.
5. Conclusions

Using crater size-frequency distribution measurements we
derived an absolute model surface age of �3–5 Ma for the
ice–dust mantle in Malea Planum. The interpretation of this
surface age is complicated by the fact that the ice–dust mantle
on Mars has a complex geologic history, reflecting different
phases of emplacement and degradation. Based on our morpho-
logic observations and stability models of the ice–dust mantle
during that time frame, the derived surface age is more likely
related to the last major depositional phase than to a wide spread
degradation event. Since �3–5 Ma periods of mantle deposition
and degradation have affected the upper meters of the mantle
deposit in the study region, obliterating small craters o50 m in
diameter and partially eroding larger craters. This loss of craters
on the ice–dust mantle is either related to the ongoing degrada-
tion of the mantle since its emplacement and/or to phases of
deposition of the ice–dust mantle thick enough to obscure small
craters during the most recent obliquity excursions 0.4 and
2.1 Ma ago. In comparison to the ice–dust mantle in other regions
at mid- and high-latitudes on Mars, which have been heavily
influenced by these most recent obliquity excursions, the mantle
in Malea Planum has been relatively stable and retained its
surface age.
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