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ABSTRACT 

The Polar areas of Mars are home to exotic seasonal processes with no terrestrial 
counterparts. Seasonal features such as spots, fans and spiders have been hypothesised, 
first by Kieffer, to originate from eruption of gas and dust as the seasonal CO2 layer 
sublimate. Over the years, observations and computational models have provided 
sufficient support to this hypothesis, which is today commonly accepted.  
 
With the arrival of the Colour and Stereo Surface Imaging System (CaSSIS) onboard 
ExoMars TGO, high-resolution images, with exceptional colour coverage in four filters, 
provided new insights on the seasonal features observed in the south polar area of Mars. 
A variety of new morphologies of spots were identified and led to the definition of an 
extended classification. I established a putative evolution model based on the Kieffer 
model and the orbital observations from CaSSIS.  
 
To complement the orbital data and better understand parts of the model, I led 
experimental campaigns in the goal of answering some open questions regarding these 
seasonal phenomena, their origins and evolution over time. I present in this thesis my 
contributions to the understanding of the circum-polar processes. 
 
Keywords: Mars, polar seasonal processes, CO2 ice, surface analogues, CaSSIS 
 

ACKNOWLEDGEMENTS 

I would like to thank my advisors Nicolas Thomas and Antoine Pommerol for their 
support in the last four years. For giving me a chance to work on this incredible mission, 
and allowed me to set foot in space sciences.  
 
I would like to thank Sylvain Douté and Christoph Mordasini for kindly accepting to 
judge the quality of this work.  
 
Merci à Clémence et Romain, pour votre aide précieuse et vos conseils.  
 
My warmest thanks to Miguel and Matt for their constant help and patience with my 
poor coding skills. Thanks to my fellow PIGs (and honorary PIGs) for these past years 
filled with sometimes questionable discussions.  
 
A special mention to my dear friends across the world: Elaine, Ami, Diana, Cho-Hyun, 
Mayu, Yiwei for allowing me to escape reality in your letters. Furry mention to Mira, 
Inky, Ezzy, Chubby, Haru, Sully, Jimmy and Sally for making my way home much nicer 
(and longer than intended).  
 
  



 

 

vii 

CONTENTS 

CHAPTER 1 GENERAL INTRODUCTION ................................................................................ 10 
1.1 THE RED PLANET .............................................................................................................. 10 

1.1.1 From Earth-based to remote sensing observations ..................................... 10 
1.1.2 General characteristics on climate and surface properties ......................... 14 

1.2 POLES OF MARS ................................................................................................................. 17 
1.3 SEASONAL FEATURES IN THE MARTIAN POLES ................................................................ 19 

1.3.1 Dark Spots and Fans ........................................................................................ 19 
1.3.2 Araneiform Terrains ....................................................................................... 22 

1.4 KIEFFER MODEL ................................................................................................................ 24 
1.5 STATE OF THE ART ON EXPERIMENTAL INVESTIGATIONS OF POLAR PROCESSES ON MARS
 27 
1.6 KEY OBJECTIVES AND OUTLINE OF THE THESIS ................................................................ 35 

CHAPTER 2 THE COLOUR AND STEREO SURFACE IMAGING SYSTEM ................................. 36 
2.1 INSTRUMENT ...................................................................................................................... 36 
2.2 OPERATIONS ...................................................................................................................... 39 

2.2.1 Targets suggestion database (CaST) .............................................................. 39 
2.2.2 Planning tool (PLAN-C) ................................................................................. 40 
2.2.3 Stereo imaging .................................................................................................. 43 
2.2.4 Challenges and improvements ....................................................................... 43 

2.3 SOUTHERN SPRING SPECIAL ACQUISITION CAMPAIGN (2022) ....................................... 46 

CHAPTER 3 ICELAB FACILITY IN BERN ................................................................................. 54 
3.1 EXPERIMENTAL SETUPS, INSTRUMENTS AND DEVICES ................................................... 54 

3.1.1 The Simulation Chamber for Imaging the Temporal Evolution of 
Analogue Sample (SCITEAS) ........................................................................................ 54 

3.1.1.a. SCITEAS-1 ......................................................................................... 54 
3.1.1.b. SCITEAS-2 ......................................................................................... 55 

3.1.2 Side View Setup (SVS) .................................................................................... 57 
3.1.3 The Mobile Hyperspectral Imaging System (MoHIS) ................................ 58 
3.1.4 Optical Coherence Tomography of Planetary Ultracold Samples 
(OCTOPUS) ..................................................................................................................... 59 
3.1.5 Sun simulator ................................................................................................... 60 
3.1.6 Filter Wheel and CaSSIS filters ...................................................................... 62 
3.1.7 Calibration material: diffuse reflectance targets .......................................... 63 

3.2 ANALOGUES FOR MARTIAN SURFACE MATERIAL ............................................................ 63 
3.2.1 Mars Global Simulant (MGS-1) ..................................................................... 63 
3.2.2 Pure CO2 ice slab / gas ..................................................................................... 65 

3.3 DATA PROCESSING ............................................................................................................ 67 
3.3.1 DN to reflectance values ................................................................................. 67 
3.3.2 Colour composite images ............................................................................... 68 
3.3.3 Hyperspectral Calibration .............................................................................. 68 

CHAPTER 4 SEASONAL SOUTHERN CIRCUM-POLAR SPOTS AND ARANEIFORMS OBSERVED 
WITH CASSIS 68 



 
 

 

viii 

4.1 INTRODUCTION ................................................................................................................. 68 
4.1.1 Context .............................................................................................................. 68 
4.1.2 The Colour and Stereo Surface Imaging System ......................................... 70 

4.2 METHODS AND DATASETS ................................................................................................ 71 
4.2.1 Study regions and Image datasets .................................................................. 71 

4.2.1.a. Dune Spots ......................................................................................... 74 
4.2.1.b. Araneiform Terrain ........................................................................... 74 

4.2.2 Classification of spots ...................................................................................... 74 
4.2.3 Image acquisition and data extraction .......................................................... 74 

4.3 RESULTS AND INTERPRETATION ....................................................................................... 78 
4.3.1 Temporal evolution of spots .......................................................................... 78 
4.3.1 Seasonal comparison ....................................................................................... 86 
4.3.2 Diffuse atmospheric features .......................................................................... 94 

4.4 CONCLUSIONS AND DISCUSSION ...................................................................................... 98 

CHAPTER 5 EXPERIMENTAL INVESTIGATIONS OF SURFACE ICE-DUST INTERACTIONS .. 101 
5.1 SELF-CLEANING SIMULATIONS ....................................................................................... 101 

5.1.1 Experimental protocol and data acquisition ............................................. 101 
5.1.1.a. Setup configuration ......................................................................... 101 
5.1.1.b. Sample preparation ......................................................................... 102 
5.1.1.c. Acquisition protocol and data processing ....................................... 104 

5.1.2 Results ............................................................................................................. 104 
5.1.2.a. Monitoring surface evolution and reflectance changes ................. 104 
5.1.2.b. Quantifying the sinking surface ...................................................... 108 
5.1.2.c. Spectral analysis with MoHIS ......................................................... 110 

5.2 H2O AND CO2 FROST CONDENSATION SIMULATIONS ................................................ 112 
5.2.1 Experimental protocol and data acquisition ............................................. 112 

5.2.1.a. Setup configuration ......................................................................... 112 
5.2.1.b. Sample preparation ......................................................................... 113 
5.2.1.c. Acquisition protocol ......................................................................... 113 

5.2.2 Results ............................................................................................................. 114 
5.2.2.a. H2O Frost .......................................................................................... 114 
5.2.2.b. CO2 ice layer ..................................................................................... 123 

5.3 APPLICABILITY TO MARTIAN ORBITAL DATA ............................................................... 127 

CHAPTER 6 CONCLUSIONS AND PERSPECTIVES ................................................................ 132 
A SUPPLEMENTARY FIGURES FOR CHAPTER 4 .................................................................. 139 
B SUPPORTING MATERIAL FOR EXPERIMENTATIONS ...................................................... 142 
C MOHIS CALIBRATION ................................................................................................... 154 
D OUTREACH CONTRIBUTIONS ........................................................................................ 157 
E STUDENT PROJECTS ........................................................................................................ 158 
LIST OF TABLES ......................................................................................................................... 161 
LIST OF FIGURES ........................................................................................................................ 162 
BIBLIOGRAPHY .......................................................................................................................... 172 
 
 



9 
 

 



 
 

 

10 

Chapter 1 GENERAL INTRODUCTION 

1.1 THE RED PLANET  

1.1.1 From Earth-based to remote sensing observations 
Mars, fourth planet of our solar system and the seventh largest, is a terrestrial planet that 
has been observed by astronomers on Earth for millennia. The first records of its 
observation date back to Egyptian astronomers in the second millennium BCE. The 
astronomical ceilings of Seti I (ca. 1300 BCE) and Ramesseum (ca. 1250 BCE) show 
early inscriptions of Mars in retrograde motion (Pogo, 1930; Parker, 1974). Its reddish 
hue inspired the name, Her Desher, meaning the Red One. Other civilizations (Chinese, 
Babylonians and Greeks) recorded their findings (Zezong, 1981; Ciyuan, 1988; Jones, 
2004; de Jong and Hunger, 2020) and had their respective name for the planet, such as 
Huo Xing, Nergal, and as commonly used today, Mars.  
 
Telescopic observations of Mars, first by Galileo in 1610, set in motion better 
descriptions of the planet during the following centuries. In 1659, Huygens states that 
the rotation of Mars seems similar to Earth, meaning that a day is of equivalent duration 
on Mars and Earth. Additionally, he estimated the size of Mars being around 60% of the 
size of Earth. Cassini measured the rotation period during the opposition1 in 1666 and 
found a period of 24 hours 40 minutes. In 1784, Herschel measured a rotation period of 
24h39m21s and an axial tilt of 28°42’, both close to the present-day values of 24h39m35s 
and 25°11’, respectively. The similar obliquities of Earth and Mars suggest that seasons 
may be similar as well. In 1841, Beer and Mädler establish the first geographical map of 
Mars, however the nomenclature in Schiaparelli’s map from 1877 is retained and is still 
in use today  (Flammarion, 1892). The discovery of “canals”, network of straight lines, 
by Schiaparelli in 1877 provoked controversial theories about irrigation systems built by 
Martian civilization; but was later proven an optical illusion by Cerulli (1898) and 
Antoniadi (1909). 
 
Through the years, the maps and knowledge of Mars evolved following the advance of 
technology and the numerous spacecraft missions returning higher quality data. 
Mariner 4 was the first successful mission to capture Mars from space in 1965 by 
making its closest flyby on 15 July, and confirmed the non-existence of canals. Since 
then, more than 20 orbiters and landers combined have successfully helped study the 
Red Planet, 13 of which are still active today. Table 1.1 gives an overview of all space 
missions to Mars.  
 
 
 
 
 

 
1 Opposition and conjunction terms refer to when Earth and Mars are, respectively, the closest to 
and the furthest from each other. The terms are relative to the aligned position with the Sun.  
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The Martian surface has been observed at different spatial resolution with the arrival of 
high-resolution imagers in the past decades. Each imagers brought an innovative 
element to the exploration of the Martian surface. Theses imagers are presented below 
and Table 1.1 shows the comparison of each imagers’ capabilities. 
 
 

Camera Scale  
(m/px) # Colours SNRy Swath  

width 
Colour  
swath 

% Mars  
coveragea 

% Colour  
coveragea 

% Stereo  
coveragea 

CaSSIS 4.5 4 >150 9.5 km 9.5 km 3% 3% 1.5% 
HiRISE 0.3 3 >150 6 km 1.2 km 0.5% 0.10% <0.05% 
MOC 1.5g 1 <50 3 km None ~ 1%b 0% <<1% 

HRSC-SRC 2.3* 1 <50 2.3 km None <<1%  0% 0% 
HRSC-SRC 12-50 4** <50 50-250 km 50-250 km ~20% ~20% ~20% 

CTX 6 1 <50 30 km None 30% 0 <5% 
HiRIC 2.5-10 5 >100x  9 km 9 km - - - 

MoRIC 100u RGB >50x 401 km 401 km  - -  - 
Table 1.1 : Comparison of the imaging capabilities of high-resolution imaging systems onboard Mars orbiter 
satellites. Notes:  acumulative over 1MY,  b∼ 0.1% at <3 m/pixel,  gmaximum possible,  ydark region at full 
resolution, broadest bandpass, 45° illumination, x30° illumination and ground albedo of 0.2, uresolution [m], 
*out of focus, **different photometric angles and atmospheric path length for each colour. Adapted from 
Thomas et al. (2017). 

 
 

• Mars Orbiter Camera (MOC) on Mars Global Surveyor (Malin et al., 1992) 
imaged the surface from 1997 until 2006, with a resolution up to 1.5m/pixel. The 
polar sun-synchronous orbit allowed the mapping of high latitudes seasonal 
deposits and their evolution throughout the years. From these high latitude 
observations, MOC made the first discovery of dark spots (see section 1.3.1) in 
areas where CO2 ice was present and were introduced by Kieffer as geyser-type 
deposits (see section 1.4). 
 

 
• High Resolution Stereo Camera (HRSC) – Super Resolution Camera (HRSC-

SRC) on Mars Express (Neukum and Jaumann, 2004) provides data since 2003 
and acquired the first stereos images. The large areal coverage and the four filters 
allow an extended colour and stereo coverage of the Martian surface.  
 

 
• High Resolution Imaging Science Experiment (HiRISE) and Context Camera 

(CTX) on Mars Reconnaissance Orbiter have been in Mars orbit since 2006 
(McEwen et al., 2007; Malin et al., 2007). HiRISE provides the highest scale of 
the Mars imager fleet with 30 centimetres per pixel being possible. The output 
images have dimensions of 6km x 60km at best and the availability of three 
filters (blue-green, red and near infrared) allow a small colour coverage. CTX 
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provides a larger context for the other instruments onboard MRO from large 
swath (30km-wide) grayscale images with spatial scale of 6m/pixel. The sun-
synchronous polar orbit of MRO, like MGS, provides a good coverage of the 
polar regions. Additionally, the repeatability of imaging a specific area over 
several orbits allows stereo imaging from HiRISE, however separated by a few 
sols.  

 
 

• Colour and Stereo Surface Imaging System (CaSSIS) on ExoMars Trace Gas 
Orbiter (Thomas et al. 2017) was the newest imager orbiting Mars. It entered 
prime mission in April 2018 and is a key component of this thesis. The non-
heliosynchronicity of TGO allows CaSSIS to observe the same region with 
various illumination conditions, however the inclination of the spacecraft orbit 
limits the observations to 75° latitudes. The availability of four filters with higher 
sensitivity to frost/ice and clouds is another key advantage allowing description 
of the colour variation as well as potential mineralogy diversity of the surface. 
The nearly instantaneous stereo capability is also an advantage as it allows 
imaging of momentary active processes such as dust devils.  
 
 

• High Resolution Imaging Camera (HiRIC, Meng et al., 2021) and Moderated 
Resolution Imaging Camera (MoRIC, Yu et al., 2020) are two main payloads on 
the Tianwen-1 orbiter (Zhou et al., 2021). HiRIC comprises of two CMOS 
detectors and three CCD detectors acquiring in 5 filters (R,G,B,P and NIR), 
while MoRIC acquires in RGB. The aim of these camera is to image in detail 
using HiRIC and globally using MoRIC to construct a digital global topographic 
map (Li et al. 2022). 
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Overview of Mars Missions 

Mission Name Mission Type Mission 
Start Mission End 

Mars 1960A/B Flyby 1960 failed 
Sputnik 22 Flyby 1962 failed 

Mars 1 Flyby 1962 failed  
Sputnik 24 Lander 1962 failed 
Mariner 3 Flyby 1964 failed 
Mariner 4 Flyby 1964 1965 

Zond 2 Flyby 1694 failed 
Mariner 6/7 Flyby 1969  1969  

Mars 1969A/B Orbiter 1969 failed 
Mariner 8 Flyby 1971 failed 

Kosmos 419 Orbiter/Lander 1971 failed 
Mars 2/3 Orbiter 1971 1972 
Mariner 9 Orbiter 1971 1972 

Mars 4 Flyby 1973 failed 
Mars 5 Orbiter 1973 1974 

Mars 6/7 Flyby 1973 1974 
Viking 1 Orbiter/Lander 1975 1980/82 
Viking 2 Orbiter/Lander 1975 1978/80 

Phobos 1/2 Orbiter/Lander/Rover 1988 failed 
Mars Observer Orbiter 1992 failed 

Mars Global Surveyor Orbiter 1996 2006 
Mars 96 Orbiter/Landers 1996 failed 

Mars Pathfinder Lander/Rover 1996 1997 
Nozomi Orbiter 1998 failed 

Mars Climate Orbiter Orbiter 1998 failed 
Mars Polar Lander Lander 1999 failed 

Mars Odyssey Orbiter 2001 active 
Mars Express Orbiter 2003 active 

Spirit Rover 2003 active 
Opportunity Rover 2003 active 

Mars Reconnaissance Orbiter Orbiter 2005 active 
Phoenix Lander/Rover 2007 2008 

Yinghuo-1/Fobos-Grunt Orbiter 2011 failed 
Mars Science Laboratory Rover 2011 active 

Mars Orbiter Mission Orbiter 2013 active 
MAVEN Orbiter 2013 active 

ExoMars 2016 Orbiter 2016 active 
Insight Lander 2018 active 

Emirates Mars Mission Orbiter 2020 active 
Tianwen-1 Orbiter/Lander/Rover 2020 active 
Mars 2020 Rover/Helicopter 2020 active 

Table	1.2	 :	Overview	of	all	missions	 to	Mars,	with	 their	 respective	names,	 types	and	start-end	 timelines.	Highlighted	 in	
green	are	the	currently	active	missions,	in	red	the	failed	missions.		
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1.1.2 General characteristics on climate and surface properties 
It is inferred that Mars, like all objects in the Solar system, was formed around 4.5 
billion years ago from the collapse of the protoplanetary nebula. Mars is almost half the 
radius of Earth (RM = 3394km) however the surface relief is much more variable. The 
global topography, ranging from -8km (bottom of Hellas Basin) to +21km (top of 
Olympus Mons), shows a strong dichotomy between the northern and southern 
hemispheres. The northern lowlands have little cratering and thus a younger age 
estimated to the Hesperian period (3.7-2.9 Ma), while the southern highlands show 
extensive cratering thus older dated to the Noachian period between 4.1-3.7 Ma (Tanaka 
et al., 2014; USGS, 2002).  
 
Although a day on Mars (named “sol”) is almost equivalent to a day on Earth, the 
Martian year is twice as long (669 Earth days). The two rocky bodies share similar 
obliquities implying similar seasons. As on Earth and that, the sun insulation varies 
depending on latitude, creating an important seasonal variation at high latitudes of 
Mars. The obliquity and eccentricity of Mars are subject to fast changes on geological 
timescales and plots of these two parameters show important variations and cycles 
(Laskar et al., 2002, 2004), which can affect climatic properties such as the stability of 
water ice in the first metres of the Martian subsurface. The distinctive orbits of Mars and 
Earth also provide a strong difference in solar flux reaching the surface, on average 
respectively 587 W/m2 and 1361 W/m2 (Carr, 2006).  
 
 

 
Figure 1.1 : Evolution of the obliquity, eccentricity and insolation of Mars. Taken from Laskar et al. (2004)i. 
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The difference in elevation (-2km to +3.5 km), the atmospheric dynamics and the 
eccentricity play a role in the climate variations observed between the Northern and 
Southern Polar Regions. Even though Mars has a cold and dry climate, its atmosphere is 
the most similar to Earth in the solar system in spite of all the differences. Mars has a 
thin atmosphere composed primarily of Carbon Dioxide (95%) and small amounts of 
Nitrogen (2.6%), Argon (1.9%) and Oxygen (0.16%). The surface pressure ranges from 4 
to 10 mbar (~ 169 times less than Earth) and the temperatures, slightly cooler overall, 
range from 120K to 293K. This combination of temperature and pressure suggests that 
atmospheric conditions on the Martian surface can only reach the triple point of water 
for very short periods and only locally. Thus, water exists at the surface only in solid 
form (ice layer or frost) with no liquid form unless brines can form to depress the 
melting point (Haberle et al., 2001). These atmospheric conditions are suitable for 
condensation of atmospheric CO2 onto the surface, especially in the polar areas where 
the temperatures can drop to 140K. The local energy balance controls the sublimation 
and condensation of CO2 onto the Martian surface. Up to a third of the atmosphere 
condenses at the poles every winter changing subsequently the atmospheric pressure in 
yearly cycles (Carr, 2006; Bell, 2008; Haberle et al., 2017). Although a large portion of 
water is found in the polar caps as perennial ice or in the hydrated minerals, a small 
percentage is available in the atmosphere in form of water vapour. Several spacecrafts 
and instruments provided measurements of water vapour in the Martian atmosphere 
such as TES (Smith, 2002) and CRISM (Smith et al., 2009) which showed inter-annual 
variability, a yearly seasonal trend and an asymmetry in abundances between the two 
hemispheres (Montmessin et al., 2017). Maltagliati et al. (2011) used SPICAM2 solar 
occultation observations to show that the northern polar region contains more water 
vapour than previously thought and to a supersaturation level, although globally the 
amount corresponds to only a few precipitable microns. Water and CO2 condense 
respectively around 198K and 145K (Ingersoll, 1970; James et al., 1992; Piqueux et al., 
2016; Montmessin et al., 2017). Table 1.3 details some key parameters for Mars and 
Earth (Carr, 2006). 
 
 

 
2 Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars on Mars 
Express 
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Table 1.3 : Comparison of key parameters for Mars and Earth. 

 

 
Figure 1.2: Martian seasons and respective solar longitudes (Ls) for the southern hemisphere. 
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1.2 POLES OF MARS 
Huygens and Cassini3 made the first observations of the Martian polar caps in the mid-
1600s. Maraldi started to observe Mars during its opposition phase between 1672 and 
1719 and noticed that the southern cap is not centred at the pole. First referred to as 
white bright features, it was only in the late 1700s  that the variation of the southern 
polar caps was noted by Herschel (1784), suggesting seasonal dependencies and leading 
to an analogy to the polar caps on Earth. The waxing and waning (advance and retreat) 
of the caps over a Martian year hinted the direct effect of atmosphere-surface 
interactions. 
 
The composition of the polar caps was extensively debated for several decades in the 20th 
century. The general belief was that the caps were made of water ice like on Earth 
(Kuiper, 1952), however Leighton and Murray (1966) argued that CO2 was probably the 
main component of the polar caps and that the atmospheric pressure varied seasonally 
due to the growth and shrinking of the caps. The Mariner flyby provided infrared 
spectrometry and confirmed the presence of CO2 ice in these regions (Herr and 
Pimentel, 1969; Larson and Fink, 1972). The Viking orbiters later showed that during 
summertime when the seasonal caps retreat, a residual water cap is exposed in the North 
(Kieffer et al., 1976; Farmer et al., 1976) and a CO2 layer remains in the South (Kieffer, 
1979).  
 
The polar caps consist of permanent and seasonal deposits. The bulk of the caps is 
mainly composed of water ice as layered deposits of Amazonian age, resulting from the 
accumulation of water ice and dust through repeated deposition over time. They were 
first identified from Mariner and Viking imagery and were later studied with radar echo 
sounding techniques using the Mars Advance Radar for Subsurface and Ionospheric 
Sounding (MARSIS) on Mars Express (Fishbaugh and Head, 2005; Plaut et al., 2007). 
Figure 1.3 shows a MOLA map of both Polar Regions with MOC summer images 
overlays (top) and geological units (bottom).    
 
The north polar layered deposits (NPLD) are a 3km-thick stratified sequence extending 
from the pole to ~73°N (Kolb and Tanaka, 2001) with a volume of ~1.2-1.7  106 km3 and 
an area of  1.04 106 km2 (Zuber et al., 1998). The south polar layered deposits (SPLD) 
consist of a 3.7km-thick stratigraphic sequence with an estimated volume of 2 106 km3 
extending over an area of 1.4 106 km2, and a surface age of ~10-100Ma (Herkenhoff and 
Plaut, 2000; Koutnik et al., 2002). On top of these southern deposits, a permanent layer 
of CO2 sustained through summer (Kieffer, 1979; Paige et al., 1990; Byrne and Ingersoll, 
2003) and differs from the seasonal CO2 deposits. The seasonal ice deposits consist of a 
≤1m-thick layer of CO2 ice extending to a latitude of 44° in the South and ≤1.5m-thick 
layer extending to 50° in the North form during the respective autumn/winter seasons. 
These sublime in spring/summer (Kieffer et al., 2000; Kieffer and Titus, 2001). In winter, 
condensed atmospheric CO2 is initially in frost form but later transforms into a 
polycrystalline slab ice with particular properties (Matsuo and Heki, 2009).  
 

 
3 Cassini (1740) published a book on Mars and his findings 
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Figure 1.3 : (Top row) MOLA Basemaps of southern polar region Planum Australe (left) and northern polar 
region Planum Boreum (right) of Mars with MOC wide angle images overlays taken during Martian 
summer, respectively in 17 April 2000 (South) and 13 March 1999 (North). (Bottom row) MOLA Basemaps 
with polar geological units (information taken from USGS Geological map of Mars). Credits: 
NASA/JPL/MSSS. 

 
In 1997, Mars Global Surveyor (MGS) provided a systematic mapping of the surface and 
thanks to a quasi-polar orbit, high-resolution images from MOC and spectral from the 
Thermal Emission Spectrometer (TES) gave excellent coverage of the polar regions of 
Mars. The surface temperatures were monitored and a “Cryptic” region was identified 
as a low albedo (<0.3) low temperature (<160K) terrain in the polar regions of Mars 
(Kieffer et al., 2000; Kieffer and Titus, 2001; Piqueux et al., 2003; Benson and James, 
2005). The boundaries of this cryptic region have been observed by Piqueux et al. (2003) 
at different times of the season and show that it is spatially irregular (Figure 1.4). The 
low albedo is a result of a dark regolith seen through a translucent layer of CO2 ice that 
explains the low temperatures. Titus et al. (2008) showed the absence of a 25µm band 
indicating that the cryptic region must be composed of either a CO2 ice slab, dirty CO2 
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ice or coarse-grained frost. However, Langevin et al. (2006) used near-infrared imaging 
spectroscopy and showed that the cryptic region exhibits weak signature of CO2.  
  
 

 
Figure 1.4: Boundaries of the cryptic region at its extent (dashed) and during late spring (solid). Taken from 
Piqueux et al. (2003)ii.  

A variety of features have been observed inside this cryptic region, in the polar regions 
of Mars and are presented in section 1.3. 

1.3 SEASONAL FEATURES IN THE MARTIAN POLES 

1.3.1 Dark Spots and Fans 
During spring, the polar areas of Mars are home to exotic features. Dark spots and fans 
have been imaged on various occasions first by MOC (Malin et al., 1998; Malin and 
Edgett, 2001; Zuber, 2003) and then in more detail by HiRISE (Gardin et al., 2010; 
Hansen et al., 2010a, 2013, 2019; Pommerol et al., 2010, 2011, 2013). These structures 
are found during springtime or late winter, in areas where seasonal ice covers the 
surface. In the southern polar region, numerous images show the presence of spots and 
fans, notably where the substrate present topographic weak points. It is inferred that 
draping of seasonal ice over topography leads to weak points in the slab. It is common 
to see spots and fans associated with cracks or eroded surfaces as well as on dunes where 
the substrate consists of unconsolidated sand. Two main morphologies are of note. The 
dark blotches, where only dark material is present in a circular shape and the "fried eggs" 
when the dark spots are paired with a brighter halo (Kieffer, 2000; Kieffer et al., 2000, 
2006; Piqueux et al., 2003; Titus et al., 1998, 2007, Becerra et al., 2015). These bright 
deposits have been confirmed to be CO2 by CRISM analysis and have been hypothesised 
to come from adiabatic expansion and related to cooling of CO2 vents (Titus et al., 2007). 
Thomas et al. (2010) suggested that when the pressure is locally raised the equilibrium 
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vapour pressure is exceeded for the ambient temperature and condensation occurs. 
Attempts to model such processes quantitatively have shown that dust drag on the gas is 
needed to reach supersaturation and condensation. Alternatively, the bright haloes all 
seem to originate from previous depositions of dark dust at the surface leading to the 
hypothesis that the bright haloes are caused by the sinking of the dust deposits into the 
ice (Pommerol et al., 2011). 
 
Malin and Edgett (2001) noted the appearance of dark spots on the dunes of the north 
polar erg during springtime. The northern and southern winter are significantly 
different that there are variations in the seasonal processes and some features occur 
predominantly in a specific hemisphere. Although both hemispheres show the presence 
of sublimation features, the density and location may be strongly affected by the local 
dynamics. In the northern high latitudes, spots sublimation features are mainly found 
on dunes (Hansen et al., 2011, 2013; Pilorget et al., 2011; Portyankina et al., 2013; 
Pommerol et al., 2013). 
 
Figure 1.5 shows a mosaic of images from MOC and HiRISE of spots and fans in the 
southern polar region of Mars with a variety of morphologies and sizes. In panel A, 
centred dark spots with light-toned haloes (“fried eggs”) are visible in-between a field of 
polygons and spiders at the bottom left. The structures vary in size from tens of metres 
to 100m-diameter. In panel B and C, the fan morphologies differ and show that, wide 
dark fans with occasional bright haloes are alongside polygons (panel B) and, narrow 
and long dark fans appear on polar layers deposits for which the topography seem to 
play a role in the positioning of the fans (panel C). Panels D, E and F depict dunes with 
various spot and fan structures. The teardrop-shaped spots in Figure 1.5.D show a 
dominant NW-SE orientation. The metres to 100m sized features cover the dune surface 
somehow fully yet the size distribution shows no particular correlation to topography. 
Panel E shows tiny spots and fans of a few metres scale and 50-100m dark flow features 
with bright haloes originating mainly from crest points or slope faces. Panel F, like 
panels A and B, shows polygonal cracks in the vicinity of dark spots, here in between 
two fields of spots with haloes. 
 
Efforts to map these features have led to crowd-sourcing projects – Planet Four (Aye et 
al., 2018) and Planet Four : Terrains (Schwamb et al., 2016, 2018), for which volunteers 
review HiRISE images in order to identify and classify features from available options. 
This dataset, bigger than necessary due to multiple entries of the same feature, is 
reduced by combining and weighting the marked structures to produce a catalogue. 
With the arrival of CaSSIS and its multi-filter imaging, new morphologies of spots have 
been determined for which a new classification was suggested. These observations and 
the classification are presented in Chapter 4.  
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Figure 1.5 : Examples of MOC (top row) and HiRISE (bottom row) images of dark spots and fans in the 
southern polar area of Mars. Additionally, panels A, B and F show typical polygonal cracks. Each panel 
information is reported in the table indicating the corresponding ID, acquisition time, coordinates, and 
Martian parameters. Image credits: NASA/JPL/MSSS & NASA/JPL-Caltech/UArizona. 


































































































































































































































































































































