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ABSTRACT

This work covers the dominant aspects of landforms and processes related to the cold-climate (periglacial) and
hyperarid environment of Mars and relates the knowledge obtained from terrestrial research to possible Martian
analogue landforms. Among the plethora of landforms related to cold-climate environments and subsurface
permafrost on Mars, those features have been investigated in detail that are related to the creep of ice and
debris at the Martian dichotomy escarpment and the southern-hemispheric impact basins, especially Hellas
Planitia, and which have been described controversially as either glacial or periglacial in nature. Structures
related to seasonal freeze-thaw cycles on Mars which are generally known as thermal contraction polygons
form a second major focus of this work. Research presented on this topic focuses on the northern hemispheric
Utopia Planitia area and the south-polar cap of Mars. This work was carried out on the basis of observational and
geomorphometrical analyses by utilizing imaging-sensor and topographic data in order to address questions
regarding the history, development, and current state of cold-climate landforms on Mars.

This work provides new insights with respect to age, composition, source of debris and ice, and the deforma-
tional and degradational history of lobate debris aprons and similar landforms. It is shown that processes which
led to creep of debris and ice at the northern hemispheric dichotomy boundary are transitional in nature and are
not easily categorized using standard definitions commonly used in terrestrial research. Processes facilitating
creep of debris and ice are related to thermokarstic disintegration of permafrost-rich highland terrain coupled
with a more recent mantling deposit that is currently disintegrating. These processes are likely the response to
cyclic climatic changes in Martian history on a global scale and are related to changes in the configuration of
orbital parameters of Mars. Characteristics of recent disintegration processes are observed throughout all study
areas in the northern and southern hemisphere and indicate post-emplacement modifications that might have
led to rock-glacier formation under cold-climatic conditions. Transitional cryospheric morphologies covering
the glacial and periglacial domain appear to exist on Mars with debris-ice transport systems containing mostly
small amounts of blocky debris and large volumes of ice. Age-determinations for several key regions show that
the latest activity phases were approximately 50-100 Ma ago. For one area at the Martian dichotomy boundary,
much younger ages of <o0.1 Ma suggest even geologically recent activity.

The south polar cap as part of the Martian cryopshere, is not only seasonally active with respect to sublimation
and deposition of carbon dioxide ice but also to seasonal development of thermal contraction cracks, similar to
those observed in terrestrial periglacial environments. It is shown for the first time by direct observations that
frost cracking does occur seasonally but that formation of ice wedges is unlikely. The configuration of water-
and carbon dioxide ice seems to be comparable to terrestrial periglacial landscapes consisting of subsurface
permafrost bodies and a surficial seasonally active layer.






KURZFASSUNG

In der vorliegenden Arbeit werden wesentliche Oberflaichenformen und Prozesse des Mars behandelt, die aus
dem hyperariden Frostklima resultieren. Dazu werden die Beobachtungen in Zusammenhang mit Erkenntnis-
sen aus terrestrischen Untersuchungen dhnlicher Klimardume gebracht. Im Vordergrund stehen dabei Prozesse
und Landschaftsformen, die mit dem Kriechen von Eis und Lockergestein verkniipft sind und geographisch
an die Ubergangszone vom siidlichen Hochland zur nérdlichen Tiefebene und die grolen Einschlagsbecken
der Siidhemisphire gebunden sind. Bis heute werden derartige Morphologien kontrovers als glaziale (glazi-
gene) bzw. periglaziale Formen diskutiert. Dariiber hinaus werden Strukturen im Bereich um Utopia Planitia
und der siidpolaren Umgebung untersucht, die mit saisonalen Frostzyklen und der Bildung von thermalen
Spannungsrissen in Verbindung gebracht werden. Grundlage der Arbeit bilden Bilddaten aller wichtigen Or-
biter Missionen sowie geomorphometrische Untersuchungen auf Basis von Topographiedaten des Mars. Die
Untersuchungen liefern neue Erkenntnisse und Antworten auf Fragen zur Herkunft, Entwicklung und dem
derzeitigen Zustand kalt-klimatischer Morphologien.

Bei den eisreichen Schutttransportsystemen stehen das Alter der Kriechformen, die Zusammensetzung, die
Herkunft von Eis- und Gesteinsmaterial sowie das Auftreten von Degradations- und Deformationserschein-
ungen im Vordergrund. Der wesentliche Entstehungsprozess beinhaltet Hangprozesse in Form von Massenbe-
wegungen sowie anschliessender Thermokarstdegradation und die damit verbundene Zerlegung permafrost-
reichen Hochlandmaterials. Jiingere, eisreiche atmosphérische Ablagerungen iiberdecken alte Morphologien
und unterliegen derzeit einem weitraumigen Desintegrationsprozess. Neben Hinweisen auf Permafrostdegra-
dation werden in lokale Studien Massenbewegungen diskutiert, die einen Ubergang von schuttreichen Lawinen
zu blockgletscher-dhnlichen Formen dokumentieren und eine eindeutige Zuordnung zu glazialen oder peri-
glazialen Systemen iiber den direkten terrestrischen Vergleich nicht zulassen. Es zeigt sich im Rahmen dieser
Arbeit, dass diese Prozesse moglicherweise in enger Verbindung mit Variationen orbitaler Parameter des Mars
stehen, welche eine zyklische Verdnderung des Klimas und eine Umverlagerung von Volatilen verursachen.
In Bezug auf die Bildung thermaler Spannungsrisse wird im Rahmen dieser Arbeit gezeigt, dass das siidpo-
lare Umfeld des Mars nicht nur unter dem Einfluss saisonaler Sublimation und Ablagerung von Kohlendiox-
ideis steht, sondern dass durch die saisonalen Temperaturschwankungen Oberflichenstrukturen ausgebildet
werden, die mit Frostspaltenbildung in periglazialen Gebieten der Erde vergleichbar sind. Erstmalig kon-
nen iiber hochauflosende Bilddaten jahrliche Veranderungen und die Ausbildung von Kontraktionsrissen de-
tailiert dokumentiert und untersucht werden. Eine Ausbildung von Eiskeilen wird derzeit ausgeschlossen. Die
geschichteten Ablagerung von Wasser- und Kohlendioxideis im Bereich der residualen Stidpolkappe des Mars
sind mit einem typischen Untergrundprofil terrestrischer Periglazialraume vergleichbar, in dem eisreicher Per-
mafrost von einer jahrlichen Auftauschicht tiberlagert ist.

vii






CONTENTS

Introduction and Overview
11 Scopeand Focus . . . . . ..
12 Organisationof Thesis . . . . ... ... . .

Background Theory on Terrestrial and Martian Permafrost and Periglacial Environments

Definitions and Background of Periglacial and Permafrost Environments

2.1 Terrestrial Periglacial Environments . . . . ... ... ... ... ... ... . . ..
211 Controlling Factors of the Periglacial Domain . . . .. ...................
2.1.2  Climatic Zonality and Distribution . . . ... ......... ... . ...........
2.1.3  Periglacial and Glacial Environments . . . .. ........................
2.1.4  Terrestrial Permafrost Environments . . . . . .. . . . ..

2.2 Martian Permafrostand GroundIce . ... ... ... ... ... ... . ... ... .. . . . ...

2.3  Selectionof Landforms . . . . . . . ... e

Landforms Indicative of Creep of Debris and Ice
3.1 Terrestrial Rock Glaciers . . . . . . . . . . e
3.1.1  Definitions and Classifications . . . . . . . . . .. . .
3.1.2  Rock-Glacier Origin and Composition . . . . .. ......... ... ..........
3.1.3  Global Distribution of Rock Glaciers . ... ... .. ... ... . . . ... .. ...
3..4 Rock Glaciers Properties . . . . .. ... .. ... ..
3.1.4.1 Movement of Rock Glaciers . ... ... ... ... ... ... .
3.1.4.2 Microrelief and Textural Properties . . . . ... .................
3.1.4.3 Rock-Glacier Geomorphometry . . . .. ........ ... ... ... ...,
3.1.5 Summarizing Comments . . . . ... .. ... ..
3.2 Martian Landforms related to the Creep of Iceand Debris . . . . ... ...............
3.2.1  Lobate Debris Aprons and Associated Landforms . . . . . .................
3.2.1.1 Shape and Characteristics . . . . . . . ... ... .. ... . ... ..
3.2.1.2 Distribution and Occurrences . . . . . . .. .o v i v v i
Excursion: The Martian Dichotomy Boundary . . . .. ................ ...
3.2.1.3 Natureand Origin . . . .. ... ... ... .. . .
3.2.1.4  Debris-Apron Degradation . . . . ... ...... .. ... ... ........
3.2.1.5 AgeEstimates . . . .. ... ... ...
3.2.1.6 Source of DebrisandIce . . ... .. ... .. . . ... . ...
3.2.1.7  Examples of Transitional Morphologies . . . . ... ...............

ix

o \© NN



3.21.8  DeformationandRheology . . . .. ...... ... .. ... ... ... 50

Excursion: The Cross-Section Profile of Ice Sheets . . . . .. ... ... ... ....... 53

3.2.2 Viscous Flow Features . . . . . . . . . . . . . . . . e 55

3.2.3  Fan-Shaped Deposits . . . . . . .. ... ... 56

3.2.4  Summarizing Comments . . . . . .. ... e 59

4 Thermal Contraction Polygons and Formation of Polygonal Fracture Patterns 61
4.1 Terrestrial Polygonsand Landforms . . . . . ... ... ... o o 61
4.1.1 Frost-Cracking Process . . . . . . . .. .. i 62

412  Wedge-Formation . . . ... ..... ... ... .. ... 65

413  Development of Networks . . . ... ... ... .. ... . . ... 66

4.2 Martian Polygonal Patterns Indicative of Thermal Contraction Processes . . . . .. ... .... 68
4.21  Separationof Landforms . .. ... ... ... .. .. 68

4.2.2  General Characteristics . . . . . . . . . . o i i e 68

4.2.3  Global Distribution of Polygons . . ... ... . ... ... ... ... .. ... . 69

4.2.3.1 Mid-Latitudes . . . . . .. .. . e 69

4.23.2 SouthPolar Area . . . . . . . . . . e 73

4.2.4 Implications for Ground-Ice . . . . ... ... ... ... .. ... 73

5 Pingo Landforms and Frost Mounds 75
5.1 Terrestrial Landforms . . . . . . . . . . e 75
5.1.1 Theories on Formationand Types . . . . ... ..... .. ... .. ... .. ....... 75

5.1.1.1 Open-System Pingos. . . . .. .. ... ... ... ... .. 75

5.1.1.2 Closed-system pingos . . . . . ... ... ... 77

5.1.2  Pingo Degradationand Decay . .. ... ... ... ... .. ....... .. ... ... 79

5.2 Martian Candidate Landforms . . . . . . . . . . . . e 80

53 ConcludingRemarks . . ... ... ... .. 84

I Methods and Approaches in Data Analysis 85
6 Instrument Data and Data Processing 87
6.1 General OVEIVIEW . . . . o v v it et e e e e e e 87

6.2 Data Processing Packages and Tailored Software . . . ... ............... ... ... 88

6.3 DataProcessingand DataUsage . . . . . .. ... ... 90
6.3.1  Viking Orbiter (VO)Data . . . ... ... ... .. . . .. . 91

6.3.2  Mars Global Surveyor Instruments . . . .. .......... .. ... . . ... 93

6.3.2.1 Mars Orbiter Camera (MOC) Data . . . .. ... ... .. ... ........ 94

6.3.2.2  Mars Orbiter Laser Altimeter MOLA)Data . . . . ... ............ 95

6.3.2.3 Thermal Emission Spectrometer (TES) Data . . . . ... ............ 96

6.3.3 Mars Odyssey Instrument Data . . ... ........ ... ............... 97

6.3.3.1 Thermal Emission Imaging Spectrometer (THEMIS) Data. . . . . ... ... 97

6.3.3.2  Gamma-Ray Spectrometer (GRS)Data . . . .. ................. 99

6.3.4 High-Resolution Stereo Camera (HRSC)Data . . . . .. .................. 99

6.3.5 Landsat Enhanced Thematic Mapper (ETM) . . . .. .. ... ... ... ... ...... 100



7 Data Analysis and Methods for Data Interpretation 101
71 Selectionand Fusionof Data . . . . . . . . . . . . e 101
72 Geomorphologic and Geologic Mapping . . . . . . . . .. ... ... 102
73 Geomorphometric Methods . . . . .. ... ... . L 103
74  Chronostratigraphic Methods . . . . . ... ... .. ... ... ... 104
III Investigations of Key Areas 107
8 Seasonal Variations of Polygonal Thermal Contraction Crack Patterns in a South Polar Trough, Mars 109
8.1 Introduction . . . . . . . . . . e 109
82 Background. ... ... .. ... 110
8.3 DataSource and Processing . . . . ... ... .. ... 114
831 MOCImageData . ... .. ... ... ... .. . .. 114
83.2 THEMISand TESData . .. . . . . . . . . . e 115
8.4 Observations . . . . . . . . . . . . e 116
8.41  Topographic and Morphologic Settings . . . . .. ...................... 117
8.4.2 Seasonal Observations . . . . . . . . . . . . i i e e 117
8.4.3  Characterization of Polygonal Pattern . . . . . ... ... ... ....... ... . ... 119
8.5 Discussion and Implications . . . . . ... ... .. 121
8.6 Model for Polygon Formation . . .. ... ...... .. .. . ... ... 124
8.7 ConcluSions . . . . . . . . e 127
8.8 Unpublished Supplement . . . . .. .. ... . 127

9 Cold-Climate Modification of Martian Landscapes: A Case Study of a Spatulate Debris Landform in
the Hellas Montes Region, Mars 131
9.1 Introduction . . . . . . . . .. e 131
9.2 Background . . . . . ... 133
9.3 Debris-Tongue Characteristics . . . . . ... ... ... ... ... ... . 135
9.3.1  General Settingsand Shape . . . . ... ... L 135
9.3.2  Textural Properties . . . . . . . . .. .. 137
9.3.3 Marginsand Frontal Terminus . . . .. ... ... ... ... ... ... .. . .. 139
9.4 Interpretation. . . . . . . . . . .. 141
9.4.1  Style of Emplacement and Microrelief . . . . . . ... ... ... .. o oL 141
9.42 Source Areaand Origin . . . ... ... ... .. .. 143
9.43 Sequenceof Events . . . . . . .. . ... 149
9.5 Summaryand Conclusions . . . . . .. ... L 151
10 Current State and Disintegration of Rock-Glacier Landforms in Tempe Terra, Mars 155
101 Introduction and Background . . . ... ... L 155
10.2 Geologic Settings . . . . . . .. 157
10.3 ODbservations . . . . . . . . o e 158
10.4 Geomorphometry . . . . . . . . ... 163
10.5 Discussionand Conclusions . . . . . . . . . . . 167

xi



11 Lineated Valley Fill at the Martian Dichotomy Boundary: Nature and Degradation 171

1.1 Introduction and Background . . . ... ... o oL 171
1.2 Dataand Methods . . . . . . . . . e 173
1.3 General Settings . . . . . .. L 173
11.4 Characteristicsand Morphology . . . . . . . . . . ... 174
1.5 Discussion . . . . . . e e e e e e e e e 175
1.6 Conclusions . . . . . . . . . e e 182

12 Geomorphic Evidence for Former Lobate Debris Aprons at Low Latitudes on Mars: Indicators of the

Martian Paleoclimate 183
121 Introduction and Background . . . . ... ... o oL 183
122 Geologic Settings . . . . . . . . o 187
12.3 Morphology and Distribution . . . .. ...... ... .. 188
12.4 DiISCUSSION . . . . . . e e e e e 190
125 Conclusions . . ... .. .. 193

13 Deposition and Degradation of a Volatile-Rich Layer in Utopia Planitia, and Implications for Climate

History on Mars 197
13.1 Introduction and Background . . . ... ... L 197
13.2 Permafrost Degradation and Thermokarst . . . . ... ... ... .. .............. 199
13.3 Methods . . . . . . . . e 203
13.4 Results . . . . . .. e 203
13.4.1  Morphology of Landforms . . . ... ...... ... ... . 203

13.4.2 Distribution of degradation . . . . . ... ... L 205

13.5 DiScussion . . . . . ... e 207
13.6 Conclusions . . . . . . . ... e 211

14 Summary of Results 213
Abbreviations, Symbols, Units 255

LisT OF FIGURES

2.1 Selected climate zones of the Képpen-Geiger classification . ... ... ... ... ........ 10
2.2 Permafrost terminology and definitions . . . .. ... ... ... oL 13
2.3 Nomenclature of structural features in terrestrial permafrost . . ... ... .. ... ... .... 14
2.4 Distribution of continuous to isolated permafroston Earth . . . . ... ........ ... ... 15
2.5 Idealized vertical profiles of the Martiancrust . . . . . . .. ... ... .. ... ... ..., .. 16
2.6  Theoretic cross-section profile of the Martian crust. . . . . ... ... .. ... .. ........ 17
2.7  Phase diagram for water and carbondioxide . . . . . ... ... ... Lo oo oL 19

xii



3.1
3.2
33
3-4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
3.26

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11

5.1
5.2
5.3
5.4
5.5

Terrestrial protalus landforms . . . ... ... ... . L 22

Terrestrial rock glacier landforms . . . .. ... ... . L 23
Debris-ice systems in mountainous areas including terminology and alternative terms . . . . . 26
Rockglaciermodels . . . . .. ... ... 27
Locations of world-wide study areas of main terrestrial rock glacier research . . . . .. ... .. 29
Creep relationships for frozensoils . . . .. ... ... .. ... oL 31
Type locations of debris aprons and related landforms in northern Arabia Terra . . . . . . . .. 34
Approximate locations of areas with high densities of occurrences of flow features . . . . . . .. 36
Terrain softening as visible at impactcraters . . . . . . ... ... ... o oL 38
Degradation landforms at the Fretted Terrain (FT) . . . . .. .. ... ........ ... .... 39
Two-stage model of debris apron and lineated valley fill formation . . . . ... .......... 40
Sample MOC-NA scene and overview map of a debris apron in Deuteronilus Mensae . . . . . 41
Distribution and flow of water in a terrestrial rock glacier and a Martian debris apron . . . . . 42
Equatorial Martian landforms similar to terrestrial rock glaciers and protalus features . . . . . 43
Tongue-shaped feature on the floor of Valles Marineris . . . .................... 44
Advance of dissection in mantled terrain, MOC-NA scene FHAo1450 . . . . . .. ... ... .. 45
Crater-size frequency distribution measurements on debrisaprons. . . . ... ... ... .. .. 47
Model for debris apron formation . . . . . . ... 48
Hour-glass-shaped flow in crater east of the Hellas Planitia impactbasin . . ..... ... ... 49
Theoretic profiles of debris aprons and symbols used for derivation of flow rheology . . .. .. 51
Lobate debris aprons in Deuteronilus Mensae and topographic profiles . . . ... ... ... .. 54
Examples of viscous flow features . . . . .. ... .. 55
Tharsis volcanic rise with outlines of occurrences of so-called fan-shaped deposits . . . . . .. 57
Arsia Mons and Pavonis Mons fan-shaped deposits . . . . .. ... . ... ... .. ... ... 58
Creep-related landforms at the western scarp of Olympus Mons . . . ... ............ 59
Debris-filled elongated trough at western ArsiaMons . . . . . . . ... ... ... L. 60
Samples of terrestrial polygonal terrain in periglacial areas of Canada and Siberia . . . . . . .. 62
Temperature T (°C) vs. coeflicient of linear thermal expansion ¢ (1/K) . .. ... ... ..... 63
Terrestrial ice wedges and polygonal terrain . . . . . ... ... ... ... ... o L. 64
Fracturing process and subsequent formation of stratified icewedges . . .. ... ... ... .. 65
Development of epi-, syn-, and anti-syngenetic ice wedges in terrestrial permafrost . . . . . . . 66
Nomenclature of polygonal network patterns . . . . .. ............ .. ... ...... 67
Polygonal network trench observed at Viking Lander 2 landing site . . .. ... ... ... ... 69
MOC-image samples and types of polygons in Martian mid latitudes . . . ... ... ... ... 70
Global distribution of Martian small-scale polygons . . . ... ................... 71
Iso-density representation of the distribution of south-polar polygons . . . . ... ... ... .. 72
MOC-image samples and types of polygons in the south polararea . ... ... ... ...... 74
Examples of terrestrial pingos . . . . . ... ... L 76
Development of hydrologically open- and closed-system pingos . . . . .............. 78
Cross-profileof afossilpingo . . . ... ... ... . .. 79
Heights and areas of terrestrial pingos and possible Martian analogues . . ....... ... .. 80
Locations of discussed pingo landformsonMars . . . ... ... ... ... ..o oL 81

xiii



5.6 Putative pingo landformsonMars. . . . . . ... L 82

5.7  MOC-NA cPROTO scene Ri12/03203 covering an area of the Athabasca Valles . . . . . ... .. 83
6.1 General workflow of data search, acquisition, processing and preparation for evaluation . . .. 89
6.2 Histograms of image resolutions versus amount ofimages . . . . . ... .............. 90
6.3 Global distribution of Viking Vidicon VIS-A and -Bframes . . . . . ... ...... ... .. .. 92
6.4 Processingof Viking Orbiterdata . . ... ..... ... ... ... ... ... .. . . L. 93
6.5 Processingof MOC-NAandWA data. . .. ...... ... ... ... 94
6.6 Processing and analysis of MOLA pre-gridded and altimetry profiles . . .. ... ..... ... 95
6.7 Interpolated global MOLA topographicmap . . ... ........................ 96
6.8 Processing and analysis of THEMIS IR/VIS data using USGS/ISIS environment . . . . . . . .. 97
6.9 Global THEMIS-VIScoverage . . . . ... ... ... ..., 98
6.10 HRSC coverage up to orbit 3354 as of August, 2006 . . . . . . ... ... ... ... 100
71  Martian chronologymodel . . . ... ... ... L 105
7.2 Stratigraphic column and model ages of systemsonMars . . . ... ..... ... .. ...... 106
8.1 Overview map of the south polar cap and thestudyarea . . . . .. ............. .. ... 110
8.2 Examples of characteristic polygonal terrain located in the Martian mid-latitudes . . . . . . . . 111
8.3 'Three overlapping MOC-NA image scenes at location A crossing a south polar trough which

is incised into the residual cap at 281.4°Eand 87.0°S . . . . . ... ..o oL 112
8.4 Composition of MOC-image examples for locationB . . . . . ............. ... ... 13

8.5 Mars Orbiter Laser Altimeter derived topographic map of the south polar trough (SPT) and
contour lines with an interval of someters . . . . . . ... .. .. .. ... ... . 115

8.6 Characterization of Martian south polar environment in terms of surface temperature and

brightness temperature . . . . .. ... ... 118
8.7  Brightness temperature (BTR) of the SPT on the basis of THEMIS image I08814007BTR located

at-87.0° Nand 253.9  E. . . . . . . . e 119
8.8  Years and Seasons of image acquisition of MOCimages . . . ... ................. 120

8.9 Topographic profile as obtained by the Mars Orbiter Laser Altimeter for MOC-NA image M12/00730 121
8.10 Scene of the central SPT as imaged in MOC Mo9/04839 taken during late spring-time . . . . . 122
8.11 Comparison of high-resolution scenes taken from summer-time MOC-NA images M12/00730

and B11/03905 . . . o o o e e e 123
8.12 Sketch maps of surface features and polygonal crack patterns in MOC-NA Mi2/00730 (a) and

E11/03905 (b) scenes of location A . . . . . . . . .. 125
8.13 Three-layer-model for seasonal changes in the SPT during one Martian year starting in summer 126
8.14 Examples of mapped and categorized polygonal patterns at the south-polar region at latitudes

south of 75°S . . . . L L e 128
8.15 Stereographic projection of the south polar cap south of 75°S with all occurrences of polygonal

features that were categorized . . . ... ... ... ... 129

9.1 Anaglyph image of the Centauri and western Hellas Montes assemblages showing the debris
tongue in context with adjacent debris aprons and other landforms . . ... ... .. ... ... 132

9.2 Color-coded MOLA-based topography superimposed on HRSC nadir scene of orbit 2510 . . . 133

9.3 MEX-HRSC nadir scene from orbit 0506 showing spatulate debris tongue (dt) and adjacent area 134

xiv



9.4

95

9.6
9.7
9.8
9.9
9.10
9.11
9.12
9.13
9.14
9.15

10.1
10.2
10.3
10.4
10.5
10.6

10.7

10.8
10.9
10.10
10.11

11.1
11.2
11.3
11.4
11.5
11.6

11.7

12.1
12.2
12.3
12.4
12.5
12.6

12.7

Laser-altimetry based shaded relief map and topographic profiles of the debris tongue and ad-
JACENT Areas . . . . . . .. e
Detailed ridge-and-furrow pattern and textural properties as derived from MOC mosaic image
data covering the spatulate debristongue . . . . . ... ... . o Lo oo oL
High resolution MOC scenes (a-f) of characteristic surface textures of the debris tongue . . . .
Eroded elongated knobs parallel to the western debris-tongue margin . . . . . ... ... ....
Examples of terrestrial volcanically derived debris avalanches . . . . .. ...... .. ... ...
Remnant knobs as possible source for debris tongue . . . ... ... ... ... . o0 0oL
Putative degraded caldera in eastern Hellas Planitia and source of various landslide units
HRSC scenes from putative volcanic construct . . . ... ... ... ... .. ... ... .. ...
Geomorphic map of the studyarea . ... ... ... ... ... ... ... ... . . . . . ...
Profiles as obtained by individual MOLA tracks . . . . . ... ... ... ........ .. ....
Morphometric values for impact craterson Mars . . . . . ... ... ... L.
Geomorphic map of the Hellas Montes/Centauri Montes region . . . .. .............

Study area in the Tempe Terra/Mareotis Fossae region (Viking MDIM-2.1on MOLA) . . . ..
Geologic units of the Tempe Terraarea . . . . . . . . . .. i
MOC sample scenes of the dichotomy boundary . . . . ............ .. ... ......
Sample scenes of HRSC in orbit 1440 covering the easternmost studyarea . ........ ...
Sample scenes of HRSC in orbit 1462 covering the central lowlands of Tempe Terra . . . . . . .
Sample scenes of HRSC in orbit 1528 and schematic maps covering lobate debris aprons of the
westernmost study area . . . . ... ...
Absolute crater-model ages derived for debris-apron surfaces of the central and eastern part of
thestudyarea. . . . . . . . .. .
Wiremesh-model representation of lobate debrisaprons . . . . . ... ... ............
Plot of derived ratios between volumes and areas of remnant massifs and debris aprons
MOLA-based topographic profiles across debris aprons and along fretted channel . . . . . . ..
Normalized mean directions of debris aprons lengths and volume ratios in Tempe Terra . . . .

Fretted terrain of the southern Deuteronilus Mensaearea . . . . ... ...............
Topography of the Deuteronilus Mensae depression . . . ... ...................
MOC-NA image samples of the Deuteronilus Mensae depression . . ... ... .........
Crater-size frequency measurements in the Deuteronilus Mensae depression . . . . ... .. ..
MOC-NA image mosaic (5 m/px) covering the Deuteronilus Mensae depression . . ... ...
Geomorphic map of surface and albedo units as mosaicked in figure11.5 . . ... ... ... ..
Comparison of MOC scenes covering Deuteronilus Mensae and typical impact craters in Utopia
Planitia . . . . . . .

Topographic depressions around mesas and along the base of linear topographic scarps

Location mapsof studyareas . . . .. ....... ... . ... ... ..
Detailed maps of a part of the study area in sinusoidal projection. . . . ... ... ... ... ..
Comparison between area of former and modern lobate debrisapron . . . ... ... ... ...
Map of study area in northern Kasei Valles . . . . . ... ......... ... .. ... ......
Global distribution of modern and intact lobate debrisaprons . . . .. ... ... ........
Examples of topographic depressions enclosing small knobsand mesas . . . . ... ... ....

Xv



12.8 Crater-size frequency plot and isochrones of measurementarea . .................
12.9 Details of the contact between moats and mesa-embaying material . ... ... ... ......
12.10 Schematic model of landscape genesis . . . . . . .. .. ... o L

13.1 Location of study area in the western Utopia Planitiaarea . . . . ... ...............
13.2  Suggested terrestrial analogue for a degrading volatile-rich frozen mantle deposit . . . . . . ..
13.3 Examples of landforms in western Utopia Planitia, asymmetric despressions . . . . . ... ...
13.4 Examples of landforms in western Utopia Planitia, scalloped depressions and polygons . . . . .
13.5 MOLA transects across a depression . . . . . .. ... ...t
13.6 High Resolution Imaging Science Experiment image scene . . ... ... ... ... .......
13.7 Latitude-dependent degradation features in western Utopia Planitia . . . . ... ... ... ...
13.8 GIS-based map of topographic depressions in mantling material . . . . ... ... ... .. ...
13.9 Measurement results . . . . . . ... e e
13.10 Wind direction, wind speed, and surface temperatures over a full Martianyear . ... ... ..
13.11  Schematic model for landscape genesis in western Utopia Planitia . . .. ... ..........

14.1 Chronology of processes related to creep of ice and debris and formation of contraction poly-
gonsand pingo landforms . . . ... ..

LisT OF TABLES

2.1 Selected climate zones with relevance to periglacial environments . . . ... ... ... ... ..

3.1 Rock-glacier nomenclature and types as defined by various authors . .. ... ... .......
3.2 Relationship of rock glacier source areas to surface areas of rock glaciers . . .. ... ......

5.1 Characteristics of frost mounds in hydrologically open and closed systems . . . . . . ... ...

6.1  Cartographic reference frames for data used inthiswork . . .. ........ ... .. ... .
6.2 Relevant imaging instruments and achievements . . . ... ........... ... . ... ...

8.1  Original MOC-NA image characteristicsatlocation A . . . . . .. .................
9.1 References to image data covering the Martian debris tongue.. . . . . ... ... ... ... ...

111 MOC-NA scenes used for generation of image mosaic covering the Deuteronilus Mensae de-
PIESSION . . . v vttt e e e e e

XVi



