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Introduction The retreat of the walls of the South 

Pole Swiss Cheese features is interpreted by [1] as a 
manifestation of the disequilibrium between the peren-
nial cap and the atmosphere suggesting that Mars is 
undergoing climate change. [2] propose that recent 
albedo changes may have forced the climate and result 
in a global warming of Mars. A clear understanding of 
the mass balance history of the cap and the knowledge 
of the rates at which the cap is growing or contracting 
at the present time is crucial to any attempt to deter-
mine present and past climatic conditions. Ideally, the 
question of the stability of the current perennial cap 
should be assessed by comparing the mass of the cap 
over several years. However, current data do not pro-
vide information on mass or volumes. Here, we focus 
on mapping and documenting the changes of the areal 
CO2 ice distribution in the South Polar Region and 
discuss them in terms of possible volume or mass 
changes.  
 

Method We have compared the areal distribution 
of the South cap based on late summer images taken 
by Mariner 9, Viking camera, MOC and THEMIS to 
study the long term lateral evolution of the shape of 
the cap and to identify regions of deposition and re-
gions of erosion. We have highlighted and mapped the 
regions of expansion and the regions of contraction 
(Figure 1). 
We also define the patchiness as the relative propor-
tion of dark soil versus bright CO2 ice at the pixel scale 
(Figure 2). Changes in patchiness may indicate the 
deposition or the removal of a layer of CO2 frost if 
bare soil is visible at some point and if the surface is 
being covered with CO2 ice (or vice versa). The 
patchiness is not a direct indication of the thickness of 
the cap, although thickness and patchiness are likely to 
be related due to the continuous nature of CO2 ice 
condensation and sublimation. We have defined three 
types of surfaces based on their apparent patchiness. 
The limits are obviously gradational and our ability to 
distinguish them is only approximate: (1) Patchy Cap 
Surfaces. These terrains are characterized by surfaces 
where the soil is more abundant than the CO2 ice. (2) 
Discontinuous Cap Surfaces. This type of surface cor-
responds to terrains that still display dark soil underly-
ing the perennial ice but the CO2 does not form mesas 
and buttes but a continuous to sub-continuous unit. (3) 
Continuous Cap Surfaces. In this case, the CO2 cover-
age is nearly complete and the surface is homogene-
ously bright. 

 
Figure 1 Expansion and contraction of the South perennial 
cap between 1972 and 1977 (top) and 1977 and 2004 (bot-
tom). 
 

Results The shape of the edges of the cap between 
1972 and 1977 underwent significant expansion in 17 
locations (Figure 1) with an estimated total surface 
area of ~600 km².  
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Figure 2 Maps of the apparent dark soil to bright perennial CO2 ice ratio (patchiness) within the perennial cap in 1972, 1977 
and 2004. We define three types of surfaces: patchy, discontinuous and continuous. 
 
Most of these patches have continued to survive until 
the present and they can therefore be considered at 
parts of the current perennial cap. No region of con-
traction is identified between 1972 and 1977. By 1977, 
the situation was very different. As pointed out by [3], 
some regions of the cap are much less patchy than in 
1972. No patchy units are identified in 1977, although 
there is still a substantial region mapped as discontinu-
ous, especially close to the geographic pole, and along 
dark lanes (Figure 2). Some discontinuous regions 
correlate well with the 1972 patchy terrains, suggest-
ing that those places have experienced detectable CO2 
accumulation since 1972. Similarly, numerous regions 
mapped as discontinuous in 1972 appear to have in-
creased in ice cover and/or thickness to become con-
tinuous in 1977. 
During the Viking-MGS (1977-1999) time period, the 
cap experienced contraction as well as expansion. Nine 
places where the cap has contracted (i.e. transitioned 
from a CO2 covered terrain in 1977 to a water ice cov-
ered or bare soil terrain in 1999) are identified. They 
represent a total surface of ~300 km2. Contraction gen-
erally occurs at the edge of the cap, but not always. It 
seems that the ice within the few troughs equatorward 
of -87°N has contracted. Twelve major places show 
noticeable expansion of the area occupied by CO2 in 
the late summer between 1977 and 1999. Collectively, 
these regions represent a surface of ~320 km². Like 
contraction, expansion primarily occurs at the edge of 
the cap. The cap’s patchiness appears nearly identical 
from 1977 through the MGS era. It is mostly mapped 
as continuous. The patchier parts are associated with 
the edges of dark lanes inside the cap. The largest unit 
mapped as discontinuous, around 0°E, correlates with 
a region already mapped as such in 1977. 
Between 1999 and 2004, three southern martian sum-
mer cap has been observed by MOC wide angle and 
THEMIS. Over this period of time, no significant con-

traction or expansion has been observed. No signifi-
cant change of patchiness of the cap is observed be-
tween 1977 and the 1999 cap and later. 
 

Interpretation Changes of the cap area are identi-
fied because they result in expansion or contraction. 
There is no data in the vertical dimension indicating 
the volumes of ice involved, so expansion and contrac-
tion can only be interpreted in terms of lateral erosion 
or deposition of CO2 at the periphery of the cap.  Net 
expansion of the cap is observed between 1972 and 
1977. Net expansion means that the overall surface 
covered by CO2 frost has increased over time and a 
new layer of CO2 condenses from the atmosphere on 
bare soil. It cannot be determined if the cap gains mass 
when expansion is observed because the volumes are 
unknown. Localized expansion is also observed be-
tween 1977 and 1999 but the total surface area of the 
regions of contraction is similar. As a result the overall 
surface area of the cap was the same in 1977 and 1999. 
The observation of two large events of expansion 
shows that lateral deposition of CO2 ice is possible. 
The contraction of several regions of the cap is ob-
served between 1977 and 1999. Contraction means 
that the surface covered by CO2 frost has decreased 
over time. Wherever contraction is observed, the local 
mass budget of the CO2 ice is negative. Again, because 
the volumes of the units removed are unknown, at the 
cap scale, the mass budget cannot be evaluated. How-
ever, the observation of contracting regions in the re-
cent past confirms that large-scale lateral erosion hap-
pened. 

Changes in patchiness are different from contrac-
tion and expansion because they concern the interior of 
the cap, not the periphery, and they indicate vertical 
variations of carbon dioxide ice distribution. The ab-
sence of change in patchiness cannot be interpreted: 
vertical deposition and erosion might occur on thick 
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CO2 layers without reaching bare soil and remain un-
detected. When the cap evolves from patchy to con-
tinuous, a layer of CO2 is deposited and covers more 
bare soil. The thickness of the layer cannot be deter-
mined, only a new vertical layer can be detected. Be-
tween 1972 and 1977, the patchiness decreases signifi-
cantly indicating the deposition of a layer of CO2 on 
the cap. After 1977, the patchiness does not appear to 
evolve. Whether the veneer has thickened, thinned, or 
remained the same cannot be directly determined. An 
important point here is that the vertical deposition of 
CO2 frost can happen at the regional scale as observed 
between 1972 and 1977. 
The perennial cap is made of a series of stratigraphic 
layers of CO2 [4]. Occasionally, regional events of 
erosion may remove one or several layers as it might 
have happened in 1894 [5]. In 1969, one layer of CO2 
may have been regionally removed and favored the 

sublimation of unusually high amounts of water ice. 
The comparison between Mariner 9 and Viking images 
suggest that after such an event, the cap recovers part 
or all of its lost mass by deposition at its periphery (net 
expansion) and vertical deposition of CO2 (patchiness 
decrease). Lateral erosion at the meter scale also oc-
curs, as first reported by [1] and also sometimes at a 
much larger scale (1977-1999). The absence of large 
changes between 1999 and 2004 may indicate that the 
perennial cap is back to a steady state in which its 
mass is roughly stable. Migration of CO2 within the 
cap might be possible but is undetectable because data 
lack the vertical dimension. Therefore, the retreat of 
the walls is not a sufficient observation to conclude 
that the cap is losing mass. The current estimations of 
the sublimation rates suggest that the cap is losing 
mass and will be entirely removed in a few martian 
decades or more [1] [4]. 

 

 
Figure 3 3 areas (-84.4°N 327.1°E, -84.1°N 319.4°N and -85.0°N 336.6°E)  with different evolution. A (Mariner 
9 196B02/27 Ls 343), B (Viking 390B61 Ls 332) and C (THEMIS I17562001 Ls 332) are an example of contrac-
tion; D (Mariner 9 Mariner 9 227B03/13 Ls 350), E (Viking 390B63 Ls 332), F (THEMIS I17787014, I17762012, 
I17712014 Ls 342, 341, 339) are an example of migration of ice and G (Viking 390B61 Ls 332) and H (THEMIS 
I17861013, I17786014, I17736016, I17624010, Ls 345, 342, 340, 335) an example of contraction. 
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 Yet, the Mariner 9 images (1972) show  a cap that is 
much more eroded than in 2004. Figure 3 illustrates 
the complex behavior of the CO2 ice between 1972, 
1977 and 2004. Three representative regions are 
shown during three different summers. In the first se-
ries (Figure 3A, B, C), a portion of the cap is being 
permanently removed (arrow). The contraction in this 
area is suggestive of mass loss or CO2 migration out-
side the field of view. Figure 3D, E, F shows a region 
where the cap is being eroded and where some CO2 is 
being deposited (upper and lower arrows). Without 
knowledge of the volumes, the mass balance cannot be 
determined, but this series shows that migration of 
CO2 ice occurs at short spatial scale. Figure 3G and H 
shows a portion of the cap expanding. The observation 
of this region may lead to the conclusion that the cap is 
gaining mass and or that CO2 ice is coming from a 
place experiencing erosion at the same time. The ob-
servation of each region is suggestive of a different 
and opposite evolution, involving deposition, erosion 
and re-distribution of CO2 ice. One cannot conclude 
that the cap is losing mass by looking at the cap with-
out accurate mass balance estimates. Dust storms have 
been proposed to contribute this variability because 
they have a regional and global influence on the en-
ergy budget of the surface and the atmosphere, on the 
albedo of the regions where dust is deposited and on 
the concentration of suspended dust from which frost 
crystals nucleate in the fall [6]. Models by [7] indicate 
that atmospheric and surface dust deposition should 
enhance the sublimation rate of the caps. However, 
dust storms of all magnitudes occurring over a wide 
range of locations and seasons have been documented 
[6] and their influence on the polar environment has 
not been shown to be determinant [8] [9]. The local-
ized erosion and deposition may be associated with 
local weather conditions whose unpredictable variabil-
ity cannot be linked with global or regional climatic 
patterns. 
The south perennial cap can provide information on 
climatic change only if mass balances can be deter-
mined. This is not the case with present datasets. The 
actual volume of the perennial cap can be evaluated 
knowing its surface (88000 km2) and thickness (<10 
m) [4]. Even if the cap were to be entirely eroded and 
transferred to the atmosphere through a global subli-
mation process, the net increase of the atmospheric 
pressure would only be on the order of 0.36 mbar [10]. 
The mean pressure of Mars is 5.2 mbar [11] so the 
polar reservoir of carbon dioxide represents only 7% 
of the actual atmospheric pressure. The carbon dioxide 
trapped in the polar region is the only identified reser-
voir of CO2 besides the atmospheric one. Disseminated 
carbonate occurs in minor amounts in the martian dust 
[12] but cannot exchange with the atmosphere. There-

fore, gaseous carbon dioxide cannot be accounted for a 
hypothetical enhanced greenhouse effect in Mars re-
cent history. 
 

Conclusion Observations suggest that the cap has 
experienced major changes and local adjustments 
within its history. In 1894 and 1969, one or several 
layers of CO2 may have been removed from the cap 
whereas between 1972 and 1977, one or more layers 
may have been deposited. Between these events, the 
local distribution of CO2 has been modified by local 
erosion and deposition on the cap. Because mass budg-
ets cannot be presently calculated, the meter-scale re-
treat of the walls of the erosional features in the cap is 
not a sufficient observation to conclude that the cap is 
losing mass on the long term and that Mars is ex-
periencing climate change. Carbon dioxide may rede-
posit elsewhere on the cap as observed between 1972 
and 1977. Vertical changes of the thickness of the cap 
compensating the wall retreat would be under the reso-
lution of MOC or HiRISE. 
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