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Abstract: This study is concerned with the effect of temperature on the 

topography of the near-equatorial trough of Coprates Chasma. One of the outstanding 

questions concerning the evolution of the Valles Marineris troughs, and of equatorial 

landforms in general, concerns the possible presence of ground ice and its role in 

landscape evolution.  Over geologic time, surface heat (by its effect on the rheology 

and stability of ice-rich lithic materials) may be a factor in the evolution and 

morphology of the trough walls by controlling the distribution of ground ice. 

Therefore, this study aims to determine whether the expected surface temperature 

difference between the north and south walls of Coprates Chasma, by its influence on 

the stability and rheology of ice-rich frozen ground, results in a measurable difference 

in trough wall stability, slope angle, and surface roughness. 

To determine whether temperature is a factor, systematic variations in 

topographic parameters with predicted mean annual surface temperature, location 

(latitude and longitude), and trough geometry (wall height, rim elevation, and trough 

width) were sought, as were differences in topographic parameters (slope angle, 

curvature, and surface area ratio) between the north and south walls of Coprates 

Chasma. Trough geometry and topographic parameters were measured from a Digital 

Terrain Model built using data from the 1/64 degree Mars Orbiter Laser Altimeter 

(MOLA) gridded topography. A total of 256 topographic profiles were made at 



 

 

various locations across the trough of Coprates Chasma from rim to rim. Slope angles 

and surface roughness values were calculated from these profiles, and then related to 

calculated surface temperature, location, and trough geometry parameters using 

correlations and graphical techniques. Statistical comparisons of differences in 

topographic and other parameters between the north and south walls were made. 

The results show that the predicted mean annual surface temperature varies 

from 202-212 K along the north wall and from 216-218 K on the south wall. The 

surface temperature for the north wall decreases from west to east along the trough, 

meaning that the temperature differential between the two walls increases from ~7.5 

K at the western end of the trough to ~11.5 K at the eastern end, and averages 9.7 K. 

The north and south walls have average slope angles of 22.4º ± 0.3º (95 % CI) and 

21.1º ± 0.4º respectively, with the north wall being steeper by 1.3º ± 0.5º, a 

statistically significant difference and representing 10 % of the range in trough wall 

slope angles measured. Because the ranges of slope angle are similar for both walls, 

and but the temperature range differs, slope angle decreases as a function of 

temperature at ~6° of slope per K for the south wall, compared with ~1° per K for the 

north wall.  

Slope angle is highly correlated with mean surface temperature for both walls, 

and the difference in slope angle between the two walls for all the profiles is 

correlated most highly with the surface temperature differential between the two 

walls. Correlations of slope angle and slope angle difference with location or trough 

geometry factors are weaker or insignificant. In addition, the pattern of slope angle 

variation along the trough is not associated with known or suspected faulting patterns. 

Furthermore, the slope angle asymmetry is not due to an asymmetric graben geometry 

for the trough as there is no tilt on the floor across the trough. Rock mass strength 



 

 

differences between the walls are unlikely given that layering in the walls appears to 

be horizontal. All these results combine to suggest that it is temperature differentials, 

rather than location or trough geometric factors, that have produced the systematic, 

trough-averaged difference in slope angle between the two walls. The results are 

consistent with a differential presence and depth of ground ice within the north and 

south walls. The depth to the ice table is calculated to be shallower underneath the 

north wall by a few tens to 100 meters, and the cryosphere deeper by 1 km; the ice 

table is also predicted to be colder underneath the north wall. Given the known 

increase in the strength and resistance of ice to deformation with decreasing 

temperature, the north wall is considered to be more stable and stronger, and therefore 

can maintain steeper slope angles on average than the south wall. 
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CHAPTER 1: STATEMENT OF RESEARCH PROBLEM 

AND RATIONALE 

 

Valles Marineris is a system of large troughs in the equatorial region of Mars. 

The entire system extends for over 4,000 km from west to east, with individual 

troughs measuring up to 11 km deep, 250 km wide, and over 1,000 km long. The 

origin and evolution of these troughs has been the subject of scientific study since 

their identification by Mariner 9 imagery in 1971. Many processes have been 

hypothesized to explain various aspects of the formation and geometry of the troughs, 

including tectonic, collapse, and erosional mechanisms (e.g. Sharp, 1973; Blasius et 

al., 1977; McCauley, 1978; Tanaka and Golombek, 1988; Schultz, 1991; Jernsletten, 

1998a,b). This study focuses on possible surface heat-related, orientation- and 

latitude-dependent variations in the morphology of the walls of Coprates Chasma, one 

of the larger troughs and located in the eastern part of the Valles Marineris. This 

premise is based on the assumption that over geologically significant periods of time, 

surface heat variations should have an effect on the evolution of slopes, through their 

effect on the presence and/or differential activity of temperature-dependent surface 

and shallow sub-surface processes, including ice-related processes. 

The key question addressed in this study is whether temperature-dependent 

processes have caused differences in trough wall slope angle and surface roughness 

between the north and south walls of Coprates Chasma. This trough trends roughly 

west-east, and as it is located in the southern hemisphere of Mars, the south walls 

should be warmer than the north walls given the predicted differential in solar 

incidence. Many processes with confirmed, or suspected, roles in Martian landscape 
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(and slope) evolution are known to be temperature-dependent, with many of these 

related to the absence/presence of ground ice, and the ice content of the regolith 

(Jernsletten, 1998a,b, 2002a, 2003, 2004a,b). Suspected temperature-dependent 

physical and weathering processes on Mars include frost riving, oxidation, hydration, 

and carbonation (Gooding et al., 1992). Temperature-dependent slope processes 

include the creep of rock/ice regolith, the growth and creep of ice-filled rock joints, 

the formation and movement of rock glaciers and debris flows, and the formation and 

behavior of landslides (Squyres, 1978; Carr, 1981; Squyres, 1989; Lucchitta et al., 

1992; Whalley and Azizi, 2003). Sublimation of ground ice, a temperature-dependent 

process, has occurred in the equatorial regions in the past (Clifford and Hillel, 1983), 

and is likely to have influenced the erodability of slope-forming host materials (e.g. 

Peulvast et al., 2001). 

 The ways in which these processes operate are, to a large degree, understood 

through the quantified understanding of Earth analogs. For example, the rates of creep 

in frozen ground on Earth are known to vary as functions of temperature (Andersland 

and Ladanyi, 1994), ice content (Andersland et al., 1978), and particulate properties 

(e.g. Bourbonnais and Ladanyi, 1985a,b); and rock glaciers have their genesis and 

movement controlled largely by temperature and ice content (Whalley and Azizi, 

1994). Moreover, the presence or absence of these processes, and the rates at which 

they operate, are known to be associated with variations in topography (including 

slope angle). On Earth, these processes are also indicators of slope stability, with 

unstable slopes exhibiting evidence of active erosion processes and mass wasting. 

Given that variations in insolation (resulting from aspect or latitude 

differences) received by different slopes on Mars are expected to drive variations in 

temperature-dependent processes, topographic expressions of such differences should 
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be related to aspect and latitude. The working hypothesis in this study, therefore, is 

that temperature-dependent processes should cause detectable, systematic differences 

in topographic parameters (including slope angle and surface roughness) between the 

north and south walls of Coprates Chasma, and that the differences should be greater 

with increasing latitude (as there is expected to be a temperature difference gradient 

with latitude). The north (“cooler”) walls are hypothesized to be steeper and 

smoother, on average, than the south (“warmer”) walls in Coprates Chasma, given the 

calculated temperature differential. 

The main aim of this study, therefore, is to determine whether spatial 

variations in the topography of equatorial trough walls are related to the differential 

operation of temperature-dependent (ice-related) processes. In order to achieve this 

aim, the two objectives of the research are to ascertain whether significant variation 

exists in selected topographic parameters between the north and south walls of 

Coprates Chasma, and to determine whether the variation in the topographic 

characteristics can be explained in terms of differences in ice-related processes driven 

by surface heat differentials. 
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CHAPTER 2: GEOLOGY OF VALLES MARINERIS 

 

2.1 MARTIAN CHRONOLOGY 

Counts of impact craters of different sizes have been used to establish a 

relative timeline for Mars. Typically, impact craters with diameters greater than 

specific sizes (2 km, 5 km, 16 km) have been counted over regions of 1 million km
2
, 

establishing a relative age for each region. Three main epochs have been established 

and are in common use in Mars studies: the Noachian epoch (4.6 - 3.7 billion years 

ago), the Hesperian epoch (3.7 - 3.0 billion years ago.), and the Amazonian epoch (3.0 

billion years ago to the present). 

Table  2.1 describes each epoch and its sub-epochs (early, middle, late) in more 

detail. Note that the Hesperian epoch does not have a defined middle Hesperian sub-

epoch. The table lists the crater counts for diameters greater than 2 km, 5 km, and 16 

km, respectively associated with each epoch and sub-epoch. Events associated with 

each epoch and sub-epoch are also described briefly in Table  2.1. The events listed 

are major defining geologic, tectonic, volcanic, impact, erosional, and water-related 

events (Hartmann and Neukum, 2001; Tanaka et al., 1992; Jakosky and Phillips, 

2001; Zuber, 2001; McKee, 2003). 
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Epoch 
Billions 

of years 
ago 

Craters per million square-

km: 
Event 

  >2km >5km >16km  

Early 

Noachian 
4.6  -  3.92   200+ 

•  Oldest exposed rocks formed. 

•  Major impact basins formed. 

•  If some scientists are to be believed, bacteria may have lived at this 

time. The controversial Martian meteorite ALH 84001, which holds 
possible fossilized microbes, dates from this epoch. 

•  Impacts probably ejected a majority of the early atmosphere into 
space, while at the same time bringing volatiles from space to Mars. 

Middle 

Noachian 
3.92 - 3.85  400+ 

100 - 

200 

•  Mars’s magnetic field may have turned off, allowing the solar wind 

to remove atmospheric gas, including about two-thirds of the water. 
Combined with impact-ejected gas, about 99 percent of the atmosphere 
was lost to space. 

•  About a quarter of today’s planet was resurfaced in this epoch, 

mostly by volcanism, impacts, and flowing water. Erosion rates in the 
Noachian era were 1,000 times greater than in later times and are 
similar to those found in dry regions on Earth. 

•  Volcanism was active in the highlands. 

•  Cratered plateau surface was created.  

•  Volcanism formed most of the huge (about 6.5 million square- 
kilometers), elevated (about 10km) Tharsis region.  

Late 

Noachian 
3.85 - 3.70  

200 - 

400 
25 - 100 

•  Number of impacts decreased. 

•  Highland volcanism decreased. 

Early 

Hesperian 
3.7  -  3.6 

750 – 
1,200 

125 - 
200 

<25 
•  Ridged plains formed around the Tharsis region. 

•  Valles Marineris canyon formed. 

Late 

Hesperian 
3.6  -  3.0 

400 - 

700 

67 - 

125 
 

•  Layered material was deposited in Valles Marineris, probably by 

lake sediments. 

•  Lava filled the northern plains.  

•  Large river channels formed. 

•  As the planet cooled, V-shaped valleys thought to have been formed 
by water began to carve “U” shapes into the terrain, suggesting 
moving ice as the cause. Much of the low- elevation northern plains 

material may have been carried there by outflowing water from the 
southern highlands. Ridges and knobs in the northern plains may have 
been formed by ice-related mechanisms. 

Early 

Amazonian 
3.0  -  1.7 

150 - 
400 

25 - 67  

•  Formation of Olympus Mons, the largest volcano in the solar 
system, began. 

•  Valles Marineris’s layered material was eroded greatly. 

•  Northern plains were largely eroded. 

Middle 
Amazonian 

1.7  -  0.4 
40 - 
150 

<25  
•  Tharsis volcanism decreased. 

•  More channels formed. 

Late 

Amazonian 
0.4  -  
present 

<40   

•  Most recent eruptions from Olympus Mons. 

•  Northern plains volcanism decreased. 

•  Water appears to have altered minerals in a Martian meteorite as 
recently as 670 million years ago, and the Mars Global Surveyor 
orbiting spacecraft has snapped pictures of gullies that suggest water 

has flowed on Mars in recent times.  
Table  2.1. Martian Chronology Based on Crater Counts. 

                  (Adapted from McKee, 2003; after: Hartman and Neukum, 2001; 

                   Jakosky and Phillips, 2001; Zuber, 2001; Tanaka et al., 1992) 

 

Because the method of counting impact craters of various sizes establishes 

relative ages only, individual specific ages listed in Table  2.1 can be inaccurate by as 

much as a factor of 2. Nonetheless, this chronology has been contributed to by many 

workers, and its relative timescale is fairly well established, and in common use in 

Mars studies. Additional knowledge of Martian geology, studies of meteorites thought 
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to have originated on Mars, and new spacecraft data continues to improve the 

fidelity of the Martian chronology (Hartmann and Neukum, 2001; Tanaka et al., 

1992). 

 

2.2 PHYSIOGRAPHY OF VALLES MARINERIS AND COPRATES CHASMA 

2.2.1 The Trough System 

Figure  2.1 shows a global map of Mars’ major features, and Figure  2.2 shows 

a map of Valles Marineris, again with major geomorphic and geographic features 

labeled. The large equatorial troughs on Mars extend about 4000 km west to east from 

the Tharsis Rise (Figure  2.1). Situated at the western end of this system of troughs is 

Noctis Labyrinthus; further to the east are the linear troughs, wide depressions, and 

pitted chains of Valles Marineris (Figure  2.2); and at the far eastern end are wide 

troughs that gradually make a transition into outflow channels, near the confluence of 

Ganges Chasma and Capri Chasma (Lucchitta et al., 1992). The widths of these 

troughs range from about 100 km in Coprates Chasma to approximately 600 km at the 

confluence of Candor Chasma, Melas Chasma, Ius Chasma, and Coprates Chasma 

(Lucchitta et al., 1992). 

The network of troughs is interconnected save for a few: Hebes Chasma, 

which extends from 0º to 2º south in latitude and is entirely enclosed with no outlet in 

any direction; and Echus Chasma and Juventae Chasma, both of which open to the 

north. 
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Figure  2.1. Global Map of Mars. 

                    (Modified from Eötvös Loránd University, 2001)
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 The system of troughs is generally described as being grouped into segments 

each of which has distinctive characteristics. The westernmost of these segments is 

the Noctis Labyrinthus area. Located on the northern and northeastern flanks of a 

regional high centered on Syria Planum (Lucchitta et al., 1992), this network of 

interconnected troughs divides the area into a mosaic of separated blocks. The troughs 

are narrower and less connected in the west, and widen and display greater 

connectivity further east. A rectangular topographic pattern is formed by the many 

long, deep troughs, pits, and pitted chains in the area. The widths of these troughs 

range from 3 to 20 km, their depths range from 1 to 2 km, and their pattern appears to 

follow structural trends. 

 The central troughs of Valles Marineris are oriented nearly west-east 

(Jernsletten, 1998a,b, 2002a, 2003, 2004a,b), and comprise a broad, deep trough that 

splits into two segments to the east (Figure  2.2). These two segments are Tithonium 

Chasma and Ius Chasma, and the bottoms of these troughs are covered with landslide 

debris. The troughs are paralleled by shallow grabens and chain craters (catenae) 

located mostly to the north of the troughs. 

 In the central part of Valles Marineris, the troughs trend more northwest to 

southeast, and are more fully interconnected. Ophir Chasma in this area contains 

extensive, thick irregularly-shaped floor deposits. Landslide deposits are common, 

even abundant, on the north walls of Ophir Chasma and western Candor Chasma. The 

north-central confluence of Valles Marineris is extensively covered by thick, layered 

interior deposits. 
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                              Figure  2.2. Geomorphologic Map of Valles Marineris Region. 

                                                  1) Trough edge, ridge; 2) Lower escarpment, bluff; 3) Impact crater; 4) Impact crater with lobate 

                                                  ejecta; 5) Closed depressions; 6) Chaotic terrain; 7) Landslides; 8) Faults; 9) Wrinkle ridges 

                                                  (Adapted from Peulvast et al., 2001)
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 The southern walls of Echus Chasma, Juventae Chasma, and Hebes Chasma 

trend generally parallel to the major troughs in Valles Marineris, and may be 

structurally controlled. Hebes Chasma is shaped in plan view like an irregular ellipse, 

with irregularities due to the abundance of very large landslide scarps in the trough. 

This trough is up to 8 km deep, it is entirely closed, and its origin is a topic of 

contention. Hebes Chasma also has a central mesa, which rises to an elevation of 6 km 

above the floor of the trough.  

 At the eastern end of Coprates Chasma, at its confluence with Capri Chasma, 

there is a dramatic change in the physiography of the Valles Marineris system. The 

walls of Capri Chasma are only 3 km to 5 km high, and the floor of this part of the 

trough system is covered with small mesas and chaotic terrain (consisting of dense 

distributions of irregular knobs and hills). Further east (at about 44º west longitude) 

the troughs merge with streamlined smooth-floored depressions, and eventually 

transition into the Simud outflow channels, which extend north across the equator 

through Simud Vallis. In Capri Chasma there is a low-lying tableland densely covered 

with ancient craters of diameters up to 25 km. It has been suggested that this mesa is a 

down-dropped plateau segment (Lucchitta et al., 1992). Ganges Chasma has a 

southern arm that contains large down-dropped blocks of fractured plateau material. 

The interior of Ganges Chasma contains large areas of chaotic hills and a central mesa 

that consists of well-defined layered deposits. 

 

2.2.2 Coprates Chasma 

 Coprates Chasma is the longest and deepest of the many large, nearly linear 

troughs in the Valles Marineris region (Figure  2.1). It extends from 53º to 71º west in 

longitude, and from 10º to 18º south in latitude. The trough is about 1000 km long, 
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and ranges in depth from 6 km to over 10.5 km with an average depth of 8 km 

(Jernsletten, 1998a,b, 2002a, 2003, 2004a,b). At its western end, Coprates Chasma 

consists of two parallel troughs, with the southern arm being narrower than the 

northern, and which follow the extension of the pitted chains that are located to the 

south of Coprates Chasma along most of its length. 

The floor of Coprates Chasma is considerably smoother than troughs further 

west. Interior layered deposits and landslide deposits are not common other than at the 

western end of the trough, near its confluence with Melas Chasma. While the 

surrounding plains decrease in elevation from west to east, the floor of Coprates 

Chasma retains fairly uniform elevation, thereby bringing about a decrease in the 

depth of the trough (i.e., the height of the trough walls) from approximately 10 km in 

the western parts of the trough to about 6 km in the far eastern parts. 

 

2.3 GEOLOGY AND STRATIGRAPHY OF VALLES MARINERIS AND 

COPRATES CHASMA 

 While any discussion of the composition of units within the Valles Marineris 

trough system remains conjectural, their relative ages and the sequence of 

emplacement have been established to a reasonable degree of confidence through 

superpositional principles. In order of decreasing age, major stratigraphic units 

include trough wall rock (which is the same as the shallow crust of the surrounding 

areas), interior layered deposits, landslide deposits, irregular floor deposits, fractured 

floor material, and surficial deposits (Lucchitta et al., 1992). Figure  2.3 shows a 

geologic map of the Valles Marineris region of Mars, Table  2.2 shows the legend for 

the geologic map, and Figure  2.4 shows correlation of geologic map units. 
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Figure  2.3. Geologic Map of Valles Marineris Region, Mars. 

                    (Extensively modified from Scott and Tanaka, 1986)
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 Unit Name Age 
Map 
Unit 

Description 

Basement 
complex 

30 Htl Tempe terra formation 

Chaotic material 10 Ach 
Channel-system materials 
channel materials 

Cratered unit 30 HNu Highly deformed terrain materials 

Floor member 40 cb Impact crater material 

Hilly unit 30 Hchp Channel-system materials 

Layered member 20 Npl1 Plateau sequence 

Lower member 20 Nb Highly deformed terrain materials 

Member 5 10 As 
Surficial materials, eolian and 
dune materials 

Older channel 
material 

20 Nf Highly deformed terrain materials 

Older flood-plain 
material 

10 Aa5 
Lowland terrane materials northern 
plains assemblage arcadia formation 

Older fractured 
material 

20 Nplh Plateau sequence 

Partly buried 30 Hr Materials throughout map area 

Ridged plains 
material 

40 v Highly deformed terrain materials 

Ridged unit 30 Hch Channel-system materials 

Slide material 30 Hpl3 Plateau sequence 

Smooth unit 10 Amu 
Lowland terrane materials northern 
plains assemblage arcadia formation 

Subdued cratered 
unit 

20 Npl2 Plateau sequence 

Undivided 
material 

30 Hcht Channel-system materials 

Upper member 30 Hf Highly deformed terrain materials 

Volcano 
(highland) 

10 Avf 
Plateau and high-plains assemblage, 
Valles Marineris interior deposits 

Younger channel 
material 

30 Hvl 
Plateau and high-plains assemblage, 
Valles Marineris interior deposits 

 

Younger 
fractured material 

20 Nplr Plateau sequence 

Table  2.2. Geologic Map Legend. 

                  (Created from GIS tabular data from Scott and Tanaka, 1986) 
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Figure  2.4. Correlation of Geologic Map Units. 

                    (Adapted from Scott and Tanaka, 1986) 
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2.3.1 Trough Wall Rock 

The wall rock unit is probably the most relevant stratigraphic unit (in the 

context of this study) within the interior of Valles Marineris, including within 

Coprates Chasma (Figure  2.3). This unit is the most extensive unit in the troughs and 

is exposed in many different settings within them. It also features in ridges that 

protrude into the troughs (erosional remnants of the surrounding plateaus), in 

mountainous areas within the troughs, and in ridges and mesas interior to the troughs. 

An example is the large parallel-trending ridge that runs for almost 200 km in the 

center of Coprates Chasma towards its far eastern end. Figure  2.5a shows this central 

ridge, and Figure  2.5b shows a close-up of the same ridge. 

 

a. Context image                                                                  b. Central ridge close-up 

            
Figure  2.5. Coprates Chasma Spur-and-Gully Morphology. 

                    b. This close-up is centered at 14.5° south, 55.8° west; 

                    image covers an area of approximately 9.8 km by 17.3 km; north is up 

                    (MOC images courtesy of NASA/JPL/Malin Space Science Systems) 

 

Large landslides are characteristic of some wall rock sections (particularly in 

Ius, Ophir, and Hebes Chasma) (Lucchitta, 1979), whereas a spur-and-gully 

morphology characterizes other sections, including much of the walls of Coprates 
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Chasma. The crests of wall rock ridges that extend from the adjacent plateau into 

the troughs are delineated by collections of dense faults. These fault zones appear to 

be more competent than the wall rock units themselves, possibly due to dike 

intrusions into the faulted areas and/or lithification of the faults. Figure  2.5 illustrates 

the wall rock unit spur-and-gully morphology. 

In the upper parts of the trough walls there is generally a steep slope extending 

from the edge of the plateau downwards about 1 km in elevation. Horizontal layers in 

this slope section are identified by their differing albedos, with protruding and 

indented layers indicating variable resistance (Lucchitta, 1979). Many of these layered 

units are extensive, and can be traced along trough wall for hundreds of kilometers 

and over most of the chasmata. The units may constitute the exposed edges of lavas 

that resurfaced Lunae Planum, Syria Planum, and Sinai Planum (Lucchitta, 1979), and 

are interpreted as consisting mostly of mafic volcanic rock, probably basalts (Greeley 

and Spudis, 1981; Tanaka, 1986). However, the units are probably only around 400-

600 m thick (e.g. Davis and Golombek, 1990), and therefore only the upper half of the 

steep slope of the chasmata is underlain by this material. Treiman et al. (1995) 

attributed a diagenetic origin to these upper-most layers. They argued that the lateral 

extent of the layers (covering the Valles Marineris and beyond), their continuity, and 

their near-constant thickness and depth below ground surface (independent of the 

elevation and age of the plateau surface) are consistent with a diagenetic origin. 

However, the diagenetic hypothesis requires a much denser Martian atmosphere at the 

time of diagenesis (broadly constrained as no older than upper Hesperian, < 1.8 Ga) 

than is the case at present (Treiman et al., 1995). 

Until recently, the lower parts of the trough walls (those parts below the 1-km-

long steep upper slope) were regarded as comprising impact breccia and fractured 
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bedrock (Carr, 1981; Lucchitta et al., 1992), as layering did not appear to 

characterize these units. The megaregolith had been estimated to be from 2 to 3 km 

thick (Woronow, 1988) up to as much as 10 km thick (Carr, 1986), and theorized to 

be underlain by a highly porous and permeable fractured basement (Clifford, 1993; 

MacKinnon and Tanaka, 1989; Clifford, 1981, 1984). The uniform morphology of the 

trough walls of Valles Marineris had been interpreted to imply that either the 

megaregolith is thick, or alternatively that the transition from the megaregolith to the 

fractured basement is gradual and results in rocks that are uniformly competent 

(Lucchitta et al., 1992). 

However, more recent observations of deep layering within the walls of Valles 

Marineris using the MOC (McEwen and Malin, 1998; Figure  2.5 here) suggest that 

the rocks comprising the wall rock are volcanic in origin, rather than megabreccia 

sitting on top of fractured bedrock. The wall rock appears to consist of layers 5-50 m 

thick, extending at least 5 km below the surface of the surrounding plateau. The 

evidence for a volcanic origin is multiple, and includes similarities in outcrop 

morphology to terrestrial flood basalts, and their proximity to volcanic lavas that form 

the surrounding plateau surface (McEwen and Malin, 1998). Although McEwen and 

Malin (1998) did identify a small area of fractured bedrock, over 90 % of the lower 

wall along the whole of the 4,000 km span of Valles Marineris comprised rock that 

was predominantly layered in appearance. It was inferred that the layers were Upper 

Noachian or Lower Hesperian (3.1-4.2 b.y.), given that they are overlain by Lower 

Hesperian material but are unmodified by heavy bombardment. Since that volcanic 

interpretation, further observations (by Malin and Edgett, 2000) have indicated that 

the wall rock units are characterized by a more heterogeneous stratigraphy than was 
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apparent in the earlier MOC work. The layers may be a mixture of lavas, intrusive 

magma, and, possibly, sedimentary rocks (Williams and Paige, 2002). 

 

2.3.2 Interior Layered Deposits 

The interior layered deposits are quite different from the wall rock units. 

Interior layered deposits are present in most of the central and northern troughs within 

Valles Marineris, and in Eos and Capri Chasmata. The layered deposits are thickest in 

Hebes Chasma (where the central mesa, or ridge, reaches elevations of more than 6 

km above the surrounding trough floor; Jernsletten, 2002b), in Ophir Chasma, and in 

portions of Candor Chasma. The interior layered deposits gradually thin southwards 

from Candor and Ophir Chasmata towards Melas Chasma. Their total volume within 

the central troughs of Valles Marineris is estimated to be about 1.3 x 10
5
 km

3
 

(Lucchitta et al., 1992). Although interior layered deposits share similar settings and 

locations, and are most often regarded as being a distinct type of unit, the layers vary 

significantly in color, albedo, thickness, and competence, and they may well be of 

quite diverse origins (Lucchitta et al., 1992; Malin and Edgett, 2000; Nedell et al., 

1987; Geissler et al., 1993). 
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Figure  2.6. Interior Layered Deposits in East Candor Chasma. 

                    Viking Orbiter 1 images 608A75 and 647A55; 

                    orthorectified stereo-pair produced for this study; 

                    center of image is at 65.3º west longitude, 9.5º south latitude 

                    (Source images courtesy of NASA/JPL) 

                    (Adapted from Jernsletten, 2002b) 

 

The interior layered deposits occur in different forms in different parts of 

Valles Marineris. They form or occupy benches adjacent to the south walls in Ophir, 

East Candor (Figure  2.6; Jernsletten, 2002b), and Melas Chasmata, but form 

freestanding tablelands (mesas) in western Candor and Hebes Chasmata (Figure  2.7; 

Jernsletten, 2002b), and the smaller tablelands that are more isolated from the trough 

walls in Juventae, Ganges (Figure  2.8; Jernsletten 2002b), and western Tithonium 

Chasmata. In Eos Chasma, there is a wide central plateau that appears to be capped by 

such layered deposits. The various mesas, tablelands, and benches formed by the 

interior layered deposits rise to elevations that locally are less than 500 m below the 

elevations of adjacent plateau areas, and have elevations above the trough floors as 

high as 6 km (Lucchitta et al., 1992; Jernsletten, 2002b). 
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Figure  2.7. Central Mesa in Hebes Chasma. 

                    Viking Orbiter 1 images 645A60 and 682A27; 

                    orthorectified stereo-pair produced for this study; 

                    center of image is at 77.5º west longitude, 0º latitude (equator) 

                    (Source images courtesy of NASA/JPL) 

                    (Adapted from Jernsletten, 2002b) 

 

 

Murchie et al. (2000) observed spectral variations suggest the presence of at 

least four broadly defined surface material components; dust, pyroxene-containing 

rock and sand, one or more crystalline ferric minerals, and a water-bearing phase. Of 

particular interest here are the characteristics of the interior layered deposits in Valles 

Marineris. These materials show distinctive spectral properties, with an enhanced 3-

µm H2O band and pyroxene absorption bands, implying a mineralogy different from 

that of the surrounding highlands (Murchie et al., 2000). The spectral properties of 

these interior layered deposits are most consistent with an origin involving volcanism 

restricted to the interior of the chasmata. 
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Figure  2.8. Interior Layered Deposits in Ganges Chasma. 

                    Viking Orbiter 1 images 610A13 and 649A59; 

                    orthorectified stereo-pair produced for this study; 

                    center of image is at 49.5º west longitude, 8.0º south latitude 

                    (Source images courtesy of NASA/JPL) 

                    (Adapted from Jernsletten, 2002b) 

 

Although the interior layered deposits show distinctive spectral properties that 

are consistent with a volcanic origin restricted to the interior of the troughs (Murchie 

et al., 2000), many other workers suggest a sedimentary origin for the interior deposits 

(Nedell et al., 1987; Malin and Edgett, 2000). Some units in West Candor Chasma 

have unusual spectral characteristics that are consistent with aqueous or hydrothermal 

alteration of the interior deposits (Geissler et al., 1993). 

2.3.3 Landslides 

Landslide deposits are extensive in Valles Marineris, but are most abundant in 

Hebes, Ius, and Ophir Chasmata (Figure  2.9). However, landslides occur quite 

frequently in other parts of Valles Marineris, mostly in the north walls of the troughs. 
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The scarps of these landslides are often very large, and typically display a curved 

shape, although some are straight. The latter is especially the case when the slide 

scarps are long and where they run parallel to grabens on the plateau or along the 

extensions of faults. Several of these large landslides occur along the north wall of 

Ophir Chasma, and are shown in Figure  2.9, with the largest landslides shown just to 

the east of the center of the image. 

Landslide scarps in the Valles Marineris region reach heights of up to 5 km, 

and are usually covered by talus with a smooth appearance. Where landslides have 

occurred, the lower parts of the trough walls are buried by landslide deposits to depths 

of several km, and individual landslides can reach volumes that exceed 1000 km
3
 

(Lucchitta et al., 1992). Figure  2.10 shows the toe of a large landslide in Ganges 

Chasma. The upper surface of this landslide displays a linear grooved and ridged 

pattern, a result of shear as the landslide mass of rock and debris moved across the 

underlying surface. Dark, smooth deposits (likely dark-colored sand dunes) can be 

seen lapping up against the toe of the landslide, which indicates that considerable time 

has passed since the landslide happened. Notice also the numerous small impact 

craters on the landslide surface, another indication of its age. Some large landslides in 

the Valles Marineris region have traveled distances of up to about 100 km 

(Jernsletten, 1998a,b). 
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Figure  2.9. Large Landslides Along North Wall of Ophir Chasma. 

                   Image is 236 km by 236 km; 

                   center of image is at 72.2º west longitude, 4.1º south latitude 

                   (U. S. Geological Survey Mars Digital Image Mosaic [MDIM]) 

 



 

 

24

 
Figure  2.10. Toe of Large Landslide in Ganges Chasma. 

                      Mars Orbiter Camera image No. MOC2-295; 

                      center of image is at 44.4º west longitude, 8.0º south latitude; 

                      context image in upper left corner 

                      (Image courtesy of NASA/JPL/Malin Space Science Systems) 
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Figure  2.11. Small Landslides on South Wall of Melas Chasma. 

                      Mars Orbiter Camera image No. MOC2-230; 

                      Image is 3 km wide and 8.2 km tall; 

                      center of image is at 74.4º west longitude, 10.1º south latitude 

                      (Image courtesy of NASA/JPL/Malin Space Science Systems) 

 

Small landslides that do not produce readily apparent failure scarps produce 

deposits that take the form of smooth aprons, pronounced ridges at the edges of the 

slide deposits, or deposits that have hummocked surfaces over their full extent. Figure 

 2.11 shows numerous small landslides on the south wall of Melas Chasma, forming 

the dark fan-shaped deposits with apparently smooth surfaces seen near the middle of 

the image. 
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2.3.4 Trough Floor Materials 

 
Figure  2.12. Floor Deposits in Parallel Trough South of Coprates Chasma. 

                      Mars Orbiter Camera image No. MOC2-420; 

                      center of image is at 60.1º west longitude, 15.2º south latitude 

                      (Image courtesy of NASA/JPL/Malin Space Science Systems) 

 

 Figure  2.12 shows light-toned, layered, sedimentary rock outcrops exposed on 

the floor of a trough that parallels Coprates Chasma to the south of the main trough. 
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a. Dunes and ripples                                          b. Buttes and dark, smooth deposits 

  
Figure  2.13. Floor Deposits in Melas Chasma. 

                      a. Mars Orbiter Camera (MOC) image No. MOC2-104, 3 km by 4.4 km; 

                      b. MOC image No. MOC2-336, centered at 75.1º west, 11.4º south 

                      (Images courtesy of NASA/JPL/Malin Space Science Systems) 

 

 Dark sand dunes on the floor of Melas Chasma are shown in Figure  2.13a. 

These sand dunes are spaced 55 to 60 meters apart, and dominate the floor of this 

portion of the trough. Smaller ripples are also visible between some of the dunes, 

indicating a possible currently active aeolian environment. Figure  2.13b shows dark-

toned buttes of possible sedimentary rock in southern Melas Chasma. These buttes are 

remnants of a layer or sequence of layers that once covered this area. 
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a. Context image                                                 b. Layered floor deposits 

   
Figure  2.14. Layered Floor Deposits in Far Western Candor Chasma. 

                      Right image is 1.5 km wide, 2.9 km tall; 

                      Mars Orbiter Camera image No. FHA-01278; 

                      context image Mars Orbiter Camera image No. FHA-01275 

                      (Images courtesy of NASA/JPL/Malin Space Science Systems) 

 

Extensively layered floor deposits in the far western part of Candor Chasma 

are shown in Figure  2.14. There are over 100 beds in this area, and each has about the 

same thickness (estimated to be about 10 meters). Each layer has a relatively smooth 

upper surface, and each is hard enough to form steep cliffs at its margins. The uniform 

pattern seen here (beds of similar properties and thickness repeated many times) 

suggests that the deposition of materials that made the layers was interrupted at 

regular or episodic intervals. Patterns like this, when found on Earth, usually indicate 

the presence of sediment deposited in dynamic, energetic, underwater environments. 

On Mars, these same patterns could very well indicate that the materials were 

deposited in a lake or shallow sea. Alternatively, the deposits could have been 

emplaced within a crater lake that existed prior to the exhumation of the trough. 
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a. Context image 

 

b. Subframe A close-up                        c. Subframe B close-up 

   
Figure  2.15. Floor Deposits in Hebes Chasma. 

                      Both close-up images are 2.3 km wide, 3.6 km tall; 

                      Mars Orbiter Camera image No. 3506, 

                      subframe A centered at 76.03° west, 0.66° south, 

                      subframe B centered at 76.00° west, 0.80° south; 

                      (Images courtesy of NASA/JPL/Malin Space Science Systems) 

                      Context image Viking Orbiter 1 image no. 645A60; 

                      center of image is at 77.5º west longitude, 0º latitude (equator) 

                      (Image courtesy of NASA/JPL) 

 

 The floor deposits within Hebes Chasma are complex, displaying an 

intermingling of sand dunes and landslide debris; this is illustrated in Figure  2.15. 

Shown in Figure  2.15a are small hills composed of landslide debris from the north 

wall of Hebes Chasma. Superposed on the debris are two sets of dunes; some dunes 
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have crests that run generally east to west, and another, darker set of dunes with 

crests than run roughly north to south. Figure  2.15b shows additional dark (low 

albedo) sand dunes on the floor of Hebes Chasma. The sand in these dark dunes is 

thought to have been derived from basaltic rock, as observed on Earth for very dark 

sands. 

 

2.4 STRUCTURAL AND GEOPHYSICAL CHARACTERISTICS OF VALLES 

MARINERIS 

The major structural trend in the Valles Marineris region is radial to the center 

of the Tharsis Rise (McCauley et al., 1972; Masson, 1977), and is expressed in the 

main boundary faults of the troughs, in the surrounding sub-parallel grabens. 

Perpendicular to this trend, on the surrounding plateau, lie wrinkle ridges resulting 

from Tharsis stress patterns (e.g. Watters and Maxwell, 1986; Zuber and Aist, 1990). 

Other faults and lineations, both in the troughs and on the surrounding plateau areas, 

run at angles to these two trends. The wrinkle ridges probably formed first, followed 

by the grabens, and the Valles Marineris either simultaneously with, or just after, the 

grabens (Watters and Maxwell, 1983, 1986; Schultz, 1989). 

The boundary faults that run along the trough walls are conspicuous by their 

traces inferred from spurs cut into triangular facets (Spencer, 1984) and straight wall 

segments running either side of landslide re-entrants (Lucchitta et al., 1992). Faults 

sub-parallel to the boundary faults are evident inside the major troughs, forming 

subsidiary troughs in places (Lucchitta and Bertolini, 1989). Trough floors and 

interior deposits are displaced in some areas by counter-trend faults to form offset 

mesa surfaces (Lucchitta, 1990). Some landslides exhibit fault traces within them, 
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signifying that tectonic activity continued after the formation of the landslides and 

the troughs into which they have fallen (Lucchitta, 1979). Many of these faults can be 

seen in the trough walls, and are most common in the Noctis Labyrinthus area and the 

western part of Candor Chasma (Carr, 1981). Carr (1981) states that most of the faults 

dip near vertical, which is unexpected given the usual 60º dip of normal faults, but 

Davis and Golombek (1990) found faults with 60º dips using photoclinometry. This 

apparent disagreement is possibly caused by the difference in methods used to 

calculate the fault dips, Carr (1981) relying on stratigraphic and morphologic 

relationships. 

The void constituting the Valles Marineris is not isostatically compensated 

(Phillips and Lambeck, 1980; Tanaka et al., 1986). Topographic rises near some 

trough edges may indicate partial isostatic adjustment (Lucchitta et al., 1992).  

 

2.5 ORIGIN AND EVOLUTION OF THE TROUGHS 

The mechanism(s) of formation and subsequent evolution of the troughs is 

controversial. Schultz (1991) makes a valid point, which is that the diversity of trough 

types/morphologies may reflect differing processes that were dominant in some 

troughs but subordinate in others. This most likely explains the distinctions between 

the “closed troughs” and those that are open. However, the tectonic model (as 

outlined below) is probably the most reasonable for the large, open troughs given the 

evidence for boundary faults along trough margins including the cliff-type walls and 

triangular faceted spurs (e.g. Blasius et al., 1977) and for downdropped portions of 

plateau caprock now residing on the floors of such troughs (e.g. Lucchitta et al., 

1992). However, other processes have certainly been involved in the evolution of the 
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troughs subsequent to their genesis by faulting (Jernsletten, 1998a,b, 2002a, 2003, 

2004a,b). Large sections of the walls have endured collapse, resulting in huge 

landslides, and other parts show evidence of gullying.  

Mechanisms responsible for the formation of the troughs can be divided into 

three “end-member” categories of tectonic, erosional, and collapse processes 

(Lucchitta et al., 1992). Valles Marineris is located on the flanks of, and lies radial to, 

the Tharsis Rise. On this basis, some researchers have inferred that the troughs are 

related to a tensional tectonic stress regime associated with the rise, manifest as large 

grabens or rifts (Sharp, 1973; Blasius et al., 1977). However, the sources of the stress 

and the exact pattern (and timing) of strain accommodation across the region remain 

contentious. Wise et al. (1979) and Plescia and Saunders (1982) attributed the 

grabens’ formation to structural uplift of the Tharsis Rise. Stress models however 

require a two-stage process of stress and strain accommodation (Willemann and 

Turcotte, 1982; Sleep and Phillips, 1985; Phillips et al., 1990). Models of isostatic 

adjustment can explain trough development in terms of the production of 

circumferential stress regime in the western part of the Valles Marineris. However, 

tensional stresses in the eastern parts require lithospheric loading. Stress models thus 

require different parts of the Valles Marineris trough system to have opened up at 

different times (Lucchitta et al., 1992). In addition, the size of the grabens (troughs) 

suggests that the strain has been accommodated in a localized fashion, rather than by 

distributed shear, which would have produced more numerous and shallower fault 

structures (Lucchitta et al., 1992). Sufficiently deep and localized strain patterns 

required to produce troughs of the size found in the Valles Marineris may have been 

favored, for example, by the presence of subsurface aquifers (Carr, 1981). 
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The troughs (grabens) have also been explained in terms of rifting that 

aborted soon after its commencement (Hartmann, 1973; Blasius et al., 1977; 

Schonfeld, 1979). Although the size of the grabens, and their position on the crest of 

an elongated bulge, supports a rifting hypothesis, many other features of the trough 

system are at variance with such a mechanism. In comparison with terrestrial rifts, the 

Valles Marineris differ as they have faults that are more widely-spaced and steep fault 

planes, possess blunt trough ends, and are bounded by cross faults  (Lucchitta et al., 

1992). Moreover, the troughs of the Valles Marineris do not appear to contain 

extensive syn-rifting volcanism (e.g. Witbeck et al., 1991) that is characteristic of 

many terrestrial rift systems. However, the planetary rifting hypothesis cannot be 

entirely ruled out, as differences in lithospheric properties between Earth and Mars 

may explain some of the apparent dissimilarities of the Valles Marineris to terrestrial 

rifts, and the possibility of the occurrence of volcanism in the troughs remains 

contentious. 

Various erosional origins for the troughs have been proposed, including those 

involving thermokarst processes and fluvial processes. A thermokarstic origin 

(McCauley et al., 1972) involves the widening and deepening of pre-existing sub-

parallel grabens by the melting of large amounts of ground ice; these small troughs 

subsequently harbored lakes and, by processes contributing to headward erosion 

(McCauley, 1978), became enlarged by what could best be described as “trough 

capture”. Outflow channels led excess water away from the enlarging trough system. 

Although thermokarst probably contributed to the formation of pits, chains, and some 

troughs in the Noctis Labryrinthus region (e.g. Sharp, 1973; Tanaka and Davis, 1988), 

it is unlikely to have been a significant mechanism in the formation of the major 

troughs of the Valles Marineris. The major problem with the thermokarst proposal 
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concerns the amount of ground ice required to be present in the equatorial region 

(Lucchitta et al., 1992). The suggestion by Spencer and Croft (1986) and Spencer and 

Fanale (1990), amongst others, that the troughs were formed by the dissolution of 

carbonates, is unlikely given the absence of any spectral evidence (Blaney and 

McCord, 1990). 

The morphological transition along the Valles Marineris, from individual pits 

to coalesced chains of pits to troughs has been interpreted by some as showing that 

the troughs represent collapse features (e.g. Tanaka and Golombek, 1988; Davis and 

Golombek, 1990). However, a problem with such a hypothesis is the need to identify 

a mechanism by which sub-surface voids for the collapse of materials are created. 

McCauley et al. (1972), Sharp (1973), and Schonfeld (1979) all suggested that 

withdrawal of sub-surface magma from the trough areas into the Tharsis rise region 

may have caused such voids. An alternative suggested by Tanaka and Golombek 

(1988) is that subsurface voids were formed by the opening of tension fractures, 

although the size of the major troughs demands that erosion and/or rifting are 

additionally required to explain their origin. Moreover, detailed studies of the 

morphology of the pit chains and their apparent transition into troughs indicate that 

these features are structurally and morphologically distinct (e.g. Masson, 1985; 

Schultz, 1989; Lucchitta et al., 1990) and may well not be related in terms of a 

common genesis. 
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CHAPTER 3: WATER ON MARS 

 

3.1 INVENTORY OF H2O 

Determining whether ground ice and sub-cryosphere liquid water are factors in 

surface and subsurface processes in the large troughs (or anywhere else on Mars) 

depends not only on an estimate of the thickness of the cryosphere, but also on 

estimates of the water and ice content of the Martian crust. Geologic, geomorphic, and 

instrumental data show that there is certainly water on Mars, including in the 

atmosphere, on the surface, and in the megaregolith and crust (Farmer, 1976; Farmer 

and Doms, 1979; Carr, 1979, 1986, 1987, 1996; Clifford, 1984, 1987, 1993; Squyres 

and Carr, 1984, 1986; Lucchitta, 1986, 1993; Squyres, 1989; Squyres et al., 1992; 

Jakosky et al., 1992, 1995, 1997; Mellon and Jakosky, 1993, 1995; Mellon et al., 

1997; Burgdorf et al., 2000; Smith et al., 1999, 2000; Carr and Malin, 2000; Johnson 

et al., 2000; Peulvast et al., 2001; Boynton et al., 2002; Mischna et al., 2003; 

Jernsletten, 2004b). 

 

3.1.1 Current Inventory 

Current atmospheric temperature and pressure conditions preclude the 

existence of liquid water on the surface of Mars. Surface temperatures range from 150 

K at the winter pole to an average daily of 215 K at the equator, with a diurnal range 

from 170 – 290 K at low latitudes. 

The existence of water vapor on Mars was first shown by Earth-based 

telescopic observations in the 1960s. Small amounts of water vapor have been 

measured in the Martian atmosphere by both the Viking Mars Atmospheric Water 
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Detector (MAWD) (Farmer et al., 1976), and more recently by the European Space 

Agency’s (ESA’s) Infrared Space Observatory (ISO) (Burgdorf et al., 2000). Based 

on infrared spectra of Mars taken with the two complementary spectrometers on the 

ISO, estimates of the water vapor vertical distribution on Mars of a total column 

density of 12 ± 3.5 pr µm have been derived (Burgdorf et al., 2000). In addition, H2O 

ice clouds have been detected using ground-based instruments in the near infrared, 

and have been able to be discriminated from CO2 ice clouds and surface water ice 

deposits by Bell et al. (1996). 

There is instrumentally measured evidence for water ice at the northern pole. 

Water vapor observations of the northern summer ice cap by Farmer et al. (1976) 

using the Viking MAWD, indicated that the atmosphere above the pole was saturated 

with respect to a surface reservoir of water ice. This, along with measurements of 

brightness temperatures of up to 205 K of the polar surface (Farmer et al., 1976), 

which exceed the sublimation temperature of CO2 of 148 K, confirmed the 

composition of the northern perennial ice cap as consisting of water ice. Although 

surface temperatures over the southern cap in excess of 148 K were not observed 

(Kieffer et al., 1976), the southern cap is likely to contain some water ice given that it 

should act as a cold trap for atmospheric water (Jakosky and Farmer, 1982). In 

addition, some water ice must be in the southern cap as the cap’s height (3 km) is too 

great to be composed entirely of CO2, because the strength of CO2 ice under ambient 

conditions is sufficient only to maintain a cap height of around 1 km (Durham et al., 

1999; Nye et al., 2000). 
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3.1.2 Past Inventories 

Evidence of transient periods of surface water includes valley networks and 

outflow channels interpreted as resulting from water erosion. Most of the valley 

networks are located in the uplands, and are characterized by branching and 

downstream tributary convergence (Carr, 1981). Some 99 % of the networks are cut 

into Noachian units and are thus limited to the southern highlands (the remaining 1 % 

are found on the flanks of Hesperian- and Amazonian-age shield volcanoes) (Scott 

and Dohm, 1992; Carr, 1995). Whether these valleys are reasonable analogs to 

terrestrial river valleys remains a point of contention (Carr, 1996). Certainly they 

represent surface drainage of some sort. However, the lack of tributaries on some 

valleys, and the appearance of ridges either in mid-channel or as levee-like features 

bordering the channels, suggest that the features are channels rather than fluvial 

valleys within which there was a smaller river (Carr, 1996). The networks have been 

interpreted by some workers (e.g. Craddock and Howard, 2002) as having been cut by 

fluvial action resulting from precipitation and runoff (in a former wetter, warmer 

climate), based on morphology and drainage density data. Discussion has also 

centered on the relative importance of runoff and groundwater sapping in the 

formation of the valleys (e.g. Carr, 1981; Gulick and Baker, 1990; Craddock and 

Maxwell, 1993). Carr (1995) and Goldspiel and Squyres (2000) favor erosion by 

groundwater sapping (in combination with mass wasting) as the most likely 

mechanism of formation. Another plausible explanation is that the channels result 

from water released by hydrothermal activity associated with impacts (Newsom, 

1988; Segura et al., 2002). However, whatever the precise mechanism of their 

formation, the valleys still provide firm evidence for the presence of liquid water. 
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Outflow channels (Sharp and Malin, 1975) occur in several areas on Mars 

including around the Chryse basin, the eastern part of Hellas Basin, in Elysium 

Planitia, and the western and southern extremities of Amazonis Planitia. They are 

characterized by large incised channels measuring hundreds of kilometers long and 

tens of kilometers wide, and up to a kilometer deep (Baker et al., 1992), and contain 

braided stream features and anastomizing forms. They are sourced from areas of 

disrupted, chaotic terrain, and although there are some apparent regional differences 

in morphology (e.g. Carr, 1996), the channels are interpreted as forming as a result of 

catastrophic floods (Carr, 1981; Baker, 1982). The floods could have originated from 

the release of subcryosphere groundwater under high artesian pressure (Carr, 1979). A 

further possibility, for the channel that originates from the Valles Marineris, involves 

the catastrophic draining from lakes inferred to have occupied the troughs (McCauley, 

1978; Robinson and Tanaka, 1990). However, the current evidence for lacustrine 

deposits in the chasmata is equivocal (Malin and Edgett, 2000). 

 A final line of evidence for liquid water on Mars concerns arguments for the 

existence of former large water bodies in the northern plains. Apparent strandlines in 

the northern plains have been interpreted as resulting from the previous existence of 

large lakes or seas formed by discharges from the outflow channels (Parker et al., 

1989, 1993; Scott et al., 1995; Head et al., 1998). These bodies of water may have 

covered extensive areas of the surface; Parker et al. (1993) controversially proposed 

the existence of a north polar ocean covering up to one third of the planet’s surface. 

However, Carr and Head (2003) have since disputed the interpretation of the apparent 

strandlines, concluding that the elevations and geologic relations of many of the 

features do not support such an origin. Most of the features exhibit significant 

variations in elevation along their exposure (from hundreds to thousands of meters, 
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although some of this variation could be due to post-emplacement epeirogenic 

warping), as measured using MOLA data, and many of the contacts are volcanic or 

erosional.  

Carr and Head (2003) do, however, cite the presence of the Vastitas Borealis 

Formation, a veneer material of Upper Hesperian age that covers parts of the northern 

plains, as support for significant former water bodies deposited from large floods. The 

formation is similar in age to the outflow channels; it crops out at the ends of the 

outflow channels, and exhibits features (detected using MOC images) such as 

curvilinear troughs and ridges interpreted to represent the remains of the basal melting 

of an ice sheet. The ice sheet is hypothesized to have formed by the rapid freezing 

(over a few thousand years) of flood water from outflow channels, its subsequent 

sublimation leaving the Vastitas Borealis Formation as a residue (Kreslavsky and 

Head, 2002; Carr and Head, 2003).  

A separate but related line of argument supporting the former existence of 

large ice-covered water bodies in the northern plains involves the hydraulic conditions 

required to explain the formation of the outflow channels that filled them (Clifford 

and Parker, 1999, 2001). The high elevations of the outflow channel source regions 

(about 4 km above the bottom of the northern plains) constrain the minimum 

elevation of the global water table at the time the channels formed in the Late 

Hesperian (assuming that the channels were formed by the sudden release of 

groundwater from below the cryosphere; Carr, 1979). A global-scale groundwater 

system would have been able to be confined by the presence of a cryosphere, which 

would likely have existed during the Late Hesperian given the temperature and 

geothermal conditions that existed at that time. However, a cryosphere would not 

have existed under the higher geothermal flux that characterized the Early Noachian. 
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Under such conditions an elevated groundwater system would not have been able to 

be contained, and the water would instead have been held in an ice-covered ocean 

several kilometers deep (Clifford and Parker, 2001).  

Several lines of evidence point to the former or current presence of ground ice. 

A variety of surface morphologic features have been interpreted to indicate ground ice 

by analogy with cold-climate features found on Earth. These have included creeping 

debris flows, “softened” terrain, thermokarst features, and patterned ground (e.g. Carr, 

1986; Squyres, 1989; Costard and Kargel, 1995; Malin and Edgett, 2000). Rampart 

craters have also been associated with ground ice (e.g. Squyres et al., 1992; Baratoux 

et al., 2001), based on the sizes and appearance of the lobate ejecta blankets around 

some craters. The relatively low viscosity of the impacted regolith needed to produce 

such features was probably provided by the presence of subsurface ice or 

groundwater, although caution should be taken in such interpretations as the 

measurements apply strictly to the rheology of the ejecta and may be less directly 

applicable to estimating the original ice/water content of the impacted host regolith.  

As Clifford (2003) has pointed out, geomorphic interpretations of surface 

features assumed to reflect the distribution of ground ice are not unique. Furthermore, 

the information that such features provide about the volatile content of the crust may 

be millions or billions of years old. Therefore, these features are not necessarily 

reliable indicators of the past or present existence of ground ice and groundwater. 

The most recent instrumental measurements of the presence and distribution of 

water ice are those of the Mars Global Surveyor (MGS) Gamma Ray Spectrometer 

(GRS), which has provided data on the spatial variation in induced neutron and 

gamma-ray fluxes. These data have been interpreted in terms of the likely presence of 

ground ice within a few tens of centimeters of the surface at latitudes poleward of 
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~60º (e.g. Feldman et al., 2002; Richardson et al., 2003; Mitrofanov et al., 2002, 

2003). 

 

3.1.3 Discrepancies Between Currently Observed Reservoir and Estimated 

Global Inventory 

Three reservoirs of water have been observed and measured directly – 

atmospheric water vapor (e.g. Farmer et al., 1976), atmospheric water ice (Bell et al., 

1996), and the north pole perennial cap (Smith et al., 1999). Measurements of the 

water vapor column abundance from Viking MAWD instrumentation and the MGS 

TES reveal that water vapor abundance is generally < 15 pr µm, although it reaches a 

maximum of almost 100 pr µm near the north pole during summer (Farmer and Doms, 

1979; Smith et al., 2000). The measurements indicate that the atmosphere contains the 

equivalent of 1-2 km
3
 of water ice. This corresponds to a global equivalent layer of 

10
-5

 m (Table  3.1). 

New high-resolution data from the Mares Global Surveyor (MGS) Mars 

Orbiter Laser Altimeter (MOLA) have enabled detailed topographic profiles of the 

north and south polar caps to be generated (Zuber et al., 1998; Smith et al., 1999; 

Fishbaugh and Head, 2001). The profiles indicate that the amount of water ice 

contained in the polar caps are probably the equivalent of a global layer of water some 

20-30 meters deep (Smith et al., 1999). However, this volume estimate assumed that 

the bases of the ice caps are flat. In reality, the bases are more likely to have roots, 

proportional in depth to the caps’ heights and the ratio of the bulk density of the ice to 

that of the crust, as a result of subsidence of the underlying crust due to the weight of 

the caps (Johnson et al., 2000). Therefore, the water volume estimates assuming a flat 

base are minima. 
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H2O Reservoir Global Equivalent Layer (m) 

Atmosphere
1
 10

-5
 

Perennial ice caps
2,3,4

 20-30 

Subsurface (cryosphere, deep groundwater)
2,5

 500-1000 

Total 520-1030 

Table  3.1. Estimates for Major H2O Reservoirs and Total Present-Day Inventory 

                   of Water on Mars. 

                   (Sources: 
1
Farmer and Doms, 1979; 

2
Carr, 1987; 

3
Smith et al., 1999; 

                   
4
Johnson et al., 2000; 

5
Clifford, 1993) 

 

Estimates of the inventory of water for the Noachian and Hesperian rely on 

geomorphic and theoretical evidence. Clifford and Parker (1999, 2001) argue for 

substantial reservoirs of both ground ice and ground water. The cryosphere, during the 

Late Hesperian, could have stored a global equivalent layer of water of ~230-740 m, 

based on calculations using a pore volume capacity model. The amount of sub-

cryosphere groundwater needed to have saturated the crust (globally) up to the 

maximum elevation of the source regions of the circum-Chryse outflow channels is 

equivalent to a global layer ~320-640 m deep (Clifford and Parker, 2001). Together 

these reservoirs suggest a minimum global inventory of ~550-1400 m of water for the 

late Hesperian as no account is taken of other possible reservoirs such as polar ice 

caps or oceans at the time of peak outflow channel activity. This upper limit of 1400 

m accords with the maximum amount of water and ice able to be stored in the crust 

under the 50 % porosity model of Clifford (1993). 

Carr (1987) estimated the amount of groundwater in the crust in the Chryse 

area based on the amount of water erosion inferred from outflow channel geometry. 

The outflow channels around the Chryse basin have removed a volume of about 4 x 

10
6
 km

3
 of material. Assuming a maximum theoretical sediment load of 40 %, the 

minimum water volume to have flowed through the channels is 6 x 10
6
 km

3
, or an 
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equivalent global water layer of 40 m. However, the 40 % sediment load used is a 

maximum, and Clifford and Parker (2001) suggested that if more realistic values (by 

analogy with terrestrial examples) were used, then the minimum volume of water 

involved could be up to an order of magnitude higher. If groundwater had also existed 

in the remainder of the planet (in addition to the area drained by the circum-Chryse 

outflow channels), as seems entirely reasonable, then the global inventory of 

groundwater would have been about 10 times the 40 m layer (assuming the 40 % 

sediment load), or 400 m (Carr, 1996). 

Although there is reasonably widespread agreement about the former existence 

of an early ocean in the area of the northern plains during the Noachian, the volume of 

water estimated to have been involved is still contentious (Parker et al., 1989, 1993; 

Edgett and Parker, 1997; Clifford and Parker, 2001; Carr and Head, 2003). Clifford 

and Parker (2001) argued that even if the early Noachian was cold (similar to the 

present), and some of the water was stored as ground ice, some 470-1200 m of liquid 

water would have been present either super- or sub-surface. Assuming that the crust 

was saturated and that a state of hydrostatic equilibrium existed, then around 30 % of 

that water (140-360 m) would have resided on the surface as primordial ocean. Carr 

and Head (2003) estimated a global equivalent layer for the early ocean emplaced by 

the circum-Chryse outflow channels of ~160 m, based on the exposure and their 

interpretation of the Vastitas Borealis Formation. This equates to a sediment load of 

14 % for the floods that came from the outflow channels, based on Carr’s (1987) 

estimate of the eroded volume around the Chryse Basin. 

 The size of the global water inventory as at the Late Hesperian (~550-1400 m) 

is much greater than that currently observed on Mars (30-60 m). Potential loss 

mechanisms since the Hesperian include atmospheric loss and weathering. Kass 
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(2001) estimated that a global equivalent layer of 50 m of water has been lost to 

space since the end of the Noachian, by processes including solar wind pick-up and 

dissociative recombination of oxygen and hydrogen. However, this amount 

constitutes only a small percentage (5-10 %) of the disparity between the currently 

observed and inferred past inventories: the bulk of the difference must be made up by 

sub-surface storage of both water and ice. One possibility is that, under the conditions 

of a cold climate, much of the water that sublimed from the early ocean could have re-

entered the global aquifer system by basal melting of polar caps that themselves had 

been formed from cold-trapping of atmospheric water (Clifford, 1987, 1993). Under 

such a scenario, drainage of the meltwater into the ground creates a gradient in the 

hydraulic head when then drives the groundwater equatorward from the poles 

(Clifford, 1993). Much of this groundwater is now probably stored in the cryosphere 

as ice. Clifford and Parker (2001) envisaged a cryosphere that deepened with time 

since the late Hesperian, due to decreased crust heat flow, and which depleted the 

initial inventory of groundwater. Part of the sub-surface inventory could be contained 

within massive lenticular ice deposits underlying a veneer of dust and sediment in the 

northern plains (Clifford and Parker, 2001).  

 

3.2 THE CRYOSPHERE 

3.2.1 Theoretical Extent of the Cryosphere 

3.2.1.1 Depth of the Cryosphere 

The cryosphere of Mars is defined as the parts of the crust in which the 

temperature lies permanently below the freezing point of water. Assuming a freezing 

point of 273 K for (solute-free) water, this condition is fulfilled anywhere on Mars at 
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or below the surface (ignoring diurnal skin temperature fluctuations), and 

constitutes the definition of the upper limit of the cryosphere. Because there have 

been no measurements of either the geothermal heat flux of Mars or the thermal 

conductivity of the Martian crust, the depth to the bottom of the cryosphere can not be 

calculated with any great degree of certainty (Clifford, 1993). The depth to the base of 

the cryosphere (z) can be estimated using the steady state one-dimensional heat 

conduction equation: 
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   Equation  3.1 

 

 

where K is the thermal conductivity of the Martian crust, Tmp is the melting 

point of ground ice, Tms is the (latitude-dependent) mean annual surface temperature, 

and Qg is the value of the geothermal heat flux. Nominal values cited for Mars are Qg 

= 30 mW m
-2

, K = 2.0 W m
-1

 K
-1

, and Tmp = 252 K (Clifford, 1993). 

Estimates of the average geothermal heat flux for Mars range from 15-25 mW 

m
-2

 (Solomon and Head, 1990) to 45 mW m
-2

 (Toksöz et al., 1978), although others 

tend to center on a narrower range of 30-35 mW m
-2

 (e.g. Fanale, 1976; Turcotte et 

al., 1979; Stevenson et al., 1983). Clifford (1993) used an average of 30 mW m
-2

 for 

Equation  3.1 after reviewing estimates of the geothermal heat flux. Estimates for the 

heat flux are derived from several different approaches. Parameterization models (e.g. 

Stevenson et al., 1983) track the heat flow from the mantle over time, using 

parameters that describe such properties as the extent of core solidification, the 

cooling of the core, the size and composition of the core, the mantle viscosity and 

thermal diffusivity, and the temperature difference across the mantle (e.g. Schubert et 
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al., 1992). Estimates independent of thermal models include those from Solomon 

and Head (1990) who estimated heat flux from estimates of lithospheric and mantle 

properties as interpreted from SNC meteorite composition. 

 Values of thermal conductivity measured for typical Earth materials vary 

greatly, ranging from as low as 0.30 W m
-1

 K
-1

 for a completely dry sandy soil with 

40 % porosity to as high as 2.92 W m
-1

 K
-1

 for clay minerals (Williams and Smith, 

1989, p. 90). Clifford (1993) used a value of k = 2.0 W m
-1

 K
-1

 having reviewed the 

thermal conductivities of frozen soil and basalt as measured by numerous 

investigators (from whose studies the average frozen soil conductivity was 1.66 W m
-

1
 K

-1
 (range 0.10-4.00) and the average basalt conductivity was 2.06 W m

-1
 K

-1
 (range 

0.09-5.40)). Frozen soil and basalt constitute the most likely analog materials 

comprising the near-surface and upper crust of Mars. The thermal conductivity of ice 

exhibits a marked dependence on temperature, and it is likely that higher values of K 

(Equation  3.1) will characterize the polar areas, and lower values the equatorial areas 

(Clifford and Parker, 2001). 

 Figure  3.1 shows the approximate depths to the base of the cryosphere 

calculated within the likely ranges of thermal parameters, using Equation  3.1. The 

figure shows several models of the thickness of the Martian cryosphere (adapted from 

tabular data, Clifford, 1993). In this graph incidence angle is a function of latitude. It 

can be seen that the simple model plotted on the graph fits the nominal Clifford 

(1993) model quite well from the equator up to latitudes of about 45º, while it does 

not fit so well at higher latitudes. This is due to the fact that at higher latitudes the 

mean annual surface temperature on Mars is not a simple function of latitude, but 

depends strongly also on the annual global CO2 cycle in the Martian atmosphere 

(Clifford, 1993). The simple model ignores terms in the surface heat balance equation 
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(Equation  6.1) related to the latent heat capacity of the CO2 atmosphere. Instead it 

uses the simplified form of Equation  6.2, Equation  6.3, and Equation  6.4 to calculate 

the Tms values input to Equation  3.1. 

 

 
Figure  3.1. Calculated Possible Depths to the Base of the Martian Cryosphere. 

                    The thermal model used Equation  3.1, with the following parameters: 

                    Minimum: Qg = 45 mW m
-2

, K = 1.0 W m
-1

 K
-1

, and Tmp = 210 K; 

                    Nominal: Qg = 30 mW m
-2

, K = 2.0 W m
-1

 K
-1

, and Tmp = 252 K; 

                    Maximum: Qg = 15 mW m
-2

, K = 3.0 W m
-1

 K
-1

, and Tmp = 273 K 

                    (Adapted from tabular data, Clifford, 1993) 

 

The depth to the base of the cryosphere will be strongly influenced by the 

column-averaged conductivity of the crust. There are four main factors that control 

the thermal conductivity of frozen ground on Earth: the bulk density of the subsurface 

material (soil, rock, ground ice); the degree to which the pore space is saturated with 

air or ice; the characteristics of soil and/or rock particles; and the temperature 

(Squyres et al., 1992). Thermal conductivity increases with an increasing degree of 

ice saturation and with bulk density, given that the thermal conductivities of the ice 

and rock are higher than air or water. 
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The effects of temperature and particle size on thermal conductivity relate 

to the unfrozen adsorbed water content of frozen ground. As ground freezes, the pore 

space is increasingly filled with ice, the space occupied by the remaining liquid water 

is constricted, and the temperature required for its freezing becomes progressively 

lower. As liquid water has lower thermal conductivity than ice, this contributes to 

temperature dependence in the thermal conductivity of frozen ground. Particle size 

strongly influences the amount of adsorbed water a soil has the capacity to store due 

to the relationship between particle size and surface area. The effect of unfrozen 

adsorbed water on thermal conductivity is observed to be a function mostly of the clay 

content in a soil, as adsorption is dependent on surface area which increases with 

decreasing particle size and is therefore at a maximum for clay-sized particles 

(Williams and Smith, 1989; Squyres et al., 1992). 

The temperature dependence of the thermal conductivity of frozen ground is 

also a function of the thermal conductivity of water ice, which increases with 

decreasing temperature. The thermal conductivity of ice is 2.25 W m
-1

 K
-1

 at 273 K, 

and increases to 4.42 W m
-1

 K
-1

 at a temperature of 160 K (Squyres et al., 1992). 

 The temperature at which water freezes or ice melts is a major control on the 

depth to the base of the cryosphere. This temperature is 273 K for completely fresh 

water at a pressure of one Earth atmosphere, but it can be depressed by both pressure 

and salt content. Of these, salt content is by far the dominant factor, and the effect of 

pressure is relatively minor, at approximately 7.43 x 10
-8

 K Pa
-1

 (Squyres et al., 1992). 

The three most common potent freezing point depressing salts on Earth, and by 

inference, on Mars, are NaCl (sodium chloride), MgCl2 (magnesium chloride), and 

CaCl2 (calcium chloride). A eutectic solution (a solution that freezes and thaws 

without changing temperature) of NaCl in water has a freezing point of 252 K, the 



 

 

49

eutectic solution of MgCl2 has a freezing point of 238 K, and the eutectic CaCl2 

solution has a freezing point of 218 K. Eutectic solutions of complex salts can have 

freezing points that are even lower, down to 210 K in some cases (Squyres et al., 

1992). 

3.2.1.2 Depth to the Base of the Cryosphere in Valles Marineris 

As shown in Figure  3.2, the depth to the base of the cryosphere in Valles 

Marineris was calculated over Coprates Chasma profile number 200 (Jernsletten, 

2003, 2004a,b; ‘coprates200’, see Figure  6.4 for location) using Equation  3.1. 

Equation  6.2, Equation  6.3, and Equation  6.4 were used to calculate values for Tms 

along the topographic profile, based on latitude, slope angle, and slope aspect data. 

With nominal parameters (Qg = 30 mW m
-2

, K = 2.0 W m
-1

 K
-1

, and Tmp = 252 K; 

Clifford, 1993), this calculation gives a depth to the base of the cryosphere that varies 

from ~2.3 km in the south wall of the trough to ~3.6 km in the north wall (Jernsletten, 

2003, 2004a,b). Refer to section  3.2.1.1 for a more detailed discussion of the nature of 

the Martian cryosphere, and to section  6.3.2 for a discussion of the temperature 

calculations. 
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a. 8x vertical exaggeration 

 
 
b. No vertical exaggeration 

 
Figure  3.2. Coprates Chasma Profile Number 200 with Hypothetical Cryosphere. 
                    Calculated using Equation  3.1; Nominal values cited for Mars are 

                    Qg = 30 mW m
-2

, K = 2.0 W m
-1

 K
-1

, and Tmp = 252 K (Clifford, 1993); 

                    Tms was calculated using Equation  6.2, Equation  6.3, and Equation  6.4 

                    (Modified from Jernsletten, 2004a,b) 

 

3.2.2 Evolution of the Cryosphere and the Theoretical Basis for Believing that 

it is Ice-Rich 

The evolution of the cryosphere is tied to the thermal evolution of the Martian 

crust and to the response of the hydrologic system to a change to a cold climate 

(Clifford, 1993).  The early part of Mars’ thermal evolution was characterized by very 

high internal temperatures and a dynamically convective mantle, as a result of 

accretional heating and the formation of the core (Schubert et al., 1992). Over the first 

few hundred million years, the primordial interior heat was lost, radioactive heat 

production was reduced, and mantle convection slowed. This rapid interior cooling 
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lead to the formation and a thickening of an elastic lithosphere, and the 

differentiation of a crust (Schubert et al., 1992). Modeled cooling histories (an 

example of which is displayed as Figure  3.3) show that the reduction in heat flow 

during the first few 100 million years of Mars’ evolution was dramatic, and was 

followed by a more gradual cooling to reach current heat flows of ~30 mW m
-2

.  

 

 
Figure  3.3. Heat Flow from the Mantle over Time. 

                    (Adapted from Schubert et al., 1992) 

 

 Clifford (1993) and Clifford and Parker (2001) envisaged the initiation and 

downward movement from the surface over time of the cryospheric “freezing front”, 

in response to the declining heat flow generated by the planet and assuming 

temperatures similar to the cold Martian climate of today. Although the climate 

during the early and Noachian may have been relatively warm, and the global 

groundwater system therefore unconfined, a cold climate has almost certainly 

persisted since at least from the end of heavy bombardment (Haberle et al., 1994; 

Carr, 1999). The change to a cold climate coupled with the decline in crustal heat 

flow generated the downward propagation of the freezing front to yield an increase in 

the thickness of the cryosphere with time, as shown in Figure  3.4 for various sample 

latitudes. 
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Figure  3.4. Changes in the Depth of the Cryosphere over Time at Four Latitudes. 

                    Left hand diagram: for frozen ground. Right hand diagram: for ice. The 

                    calculations used a groundwater freezing temperature of 252 K (as the 

                    groundwater was assumed to be NaCl-saline), a thermal conductivity 

                    value for frozen ground of 2.0 W m-1 K-1, and a thermal conductivity 

                    value for ice as calculated using the expression of Ratcliffe (1962) 

                    (Adapted from Clifford and Parker, 2001) 

 

 The question of whether the cryosphere was, and is, ice-rich is a separate but 

related issue to that of the development of the cryosphere over time. Certainly, given 

the inferred size of the planet’s Noachian-Hesperian water inventory, and the 

geomorphic evidence supporting the presence of large volumes of groundwater 

(sections  3.1.2 and  3.1.3), there was a substantial volume of water in the crust prior to 

the development of the cryosphere. The freezing front of the developing cryosphere, it 

is argued by Clifford (1993) and Clifford and Parker (2001), both prevented this 

groundwater from communicating with the atmosphere, and also provided a sink for 

the groundwater inventory either by direct freezing at the front or by the freezing of 

water vapor originating from the warmer crust at depth. Clifford and Parker (2001) 

calculated the amount of water taken by the developing cryosphere from the 

groundwater inventory. The calculations, which assumed a thermal conductivity for 

frozen ground of 2.0 W m
-1

 K
-1

 and a heat flow pattern as shown in Figure  3.3, reveal 
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that for a porosity value for the crust at the surface of 50 % (and declining with 

depth), and a basal melting temperature of 273 K, the global equivalent layer of water 

in the cryosphere was ~400 m at 4Ga, ~750 m at 2 Ga, and ~1100 m at present. These 

values may be regarded as maxima, as other combinations of lower porosity and/or 

lower basal melting temperature produce smaller values, and, in addition, a substantial 

proportion of the total liquid water inventory may have been lying on the surface 

during the Noachian (Clifford and Parker, 2001). 

 The idea that the developing cryosphere was ice-rich is also consistent with 

other considerations. For example, Clifford and Parker (2001) have noted the apparent 

decline in activity of the circum-Chryse outflow channels in the Amazonian compared 

with the Hesperian. This may be explained in terms of the lowered inventory of 

groundwater available to be released through the channels as a result of a largening 

ice-rich cryosphere. In addition, the idea of a present-day cryosphere being ice rich is 

supported by the discrepancy between the observed and inferred water inventories 

(section  3.1.3). The large volume of water inferred to be subsurface must be contained 

as ice, or water, or both. Given the likely subsurface temperature conditions applying 

at present, the cryosphere has an extent as indicated in Figure  3.1. However, ice will 

only be present in those parts of the cryosphere at latitudes (poleward of ±40º) and 

depths where crustal temperatures are lower than the frost point temperature of 

atmospheric water vapor, ~198 K (Farmer and Doms, 1979). Such points in the 

cryosphere mark the “ice table”, the uppermost occurrence of ice in the cryosphere. 

Over time, ground ice has sublimed, leaving the cryosphere presently devoid of ice in 

equatorial regions to depths of some hundreds of meters (Clifford and Hillel, 1983). 

The equatorial regions have probably been desiccated to depths of 300-500 m since 

3.5 Ga, and latitudes of about 35º to depths of a few tens of meters (Clifford and 
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Hillel, 1983; Fanale et al., 1986). Further aspects of ground ice stability and 

distribution are discussed in the next section. 

 

3.3 STABILITY OF NEAR-SURFACE GROUND ICE ON MARS 

3.3.1 Theoretical Predictions of the Distribution of Ground Ice 

The stability of ground ice is a function of the temperature of the ground and 

the atmospheric vapor pressure of water at the surface. If the ground temperature is 

below the frost point, water in the pores of the regolith condenses and water vapor 

will diffuse into the regolith from the atmosphere. If, however, the ground 

temperature is warmer than the frost point, ground ice sublimes causing water vapor 

to diffuse out of the soil and in to the atmosphere. Controls on the thermodynamic 

stability of ground ice therefore include atmospheric water content, surface 

temperature, and the thermal and diffusive properties of the regolith. 

Viking MAWD data and ESA ISO infrared spectrometry data indicate that the 

current mean annual concentration of water vapor in the Martian atmosphere is 

around 10-12 pr µm  (Jakosky and Farmer, 1982; Sprague et al. 1996; Burgdorf et al., 

2000). The water content of the atmosphere bears on ground ice stability by its 

influence on the frost point temperature (the temperature at which the relative 

humidity of the atmosphere is 100 % and is thus in equilibrium with the presence of 

ground ice). A phase diagram (Figure  3.5) shows that the frost-point temperature is a 

function of the partial pressure of water vapor at the surface whereby higher pressures 

yield higher frost points. For example, for a well-mixed atmosphere containing 10 pr 

µm of water, the frost point temperature at the surface is 196 K, whereas for 12 pr µm 

of water, it is 198 K. 
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Figure  3.5. Phase Diagram for H2O and CO2. 

                    Frost point temperatures are defined by the intersection of water vapor 

                    isolines with the solid-gas phase boundary (examples given for 10 and 

                    100 pr µm) 

                    (Adapted from Carr, 1996) 

 

Spatial variations in mean temperature, therefore, provide a primary control on 

the distribution of ground ice. Daily mean surface temperatures at the equator are 

around 215 K, but temperatures vary diurnally from 160-180 K at night to a 

maximum of 260-280 K during the day (Carr, 1996, p. 13). Temperatures at high 

latitudes in winter drop to 150 K (the frost point of CO2), but reach 200 K at the north 

pole in summer (Carr, 1996, p. 14). The mean annual surface temperature ranges from 

around 154-218 K, varying according to latitude (e.g. Clifford, 1993). Geographic 

regions where ice should be stable have generally been defined in terms of those areas 

where the annual mean temperature is lower than the frost point temperature (Fanale, 

1976; Farmer and Doms, 1979; Mellon and Jakosky, 1993). Indirect effects of 

temperature include its influence on the vapor saturation density of the atmosphere, 

and its control on the rate of vapor diffusion from buried ground ice. 

The present-day geographic distribution of ground ice on Mars has been 

predicted by various theoretical thermal models of the Martian surface, which have 

calculated the depth at which ground ice is stable by estimating the depth at which the 
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mean annual temperature does not exceed the atmospheric frost point. Several early 

studies (Leighton and Murray, 1966; Fanale, 1976; Farmer and Doms, 1979) indicated 

that ground ice should be stable poleward of approximately ±45º latitude under 

present-day climatic conditions at depths below the skin depth for the annual wave 

(one meter) (Figure  3.6). In such regions, the mean annual water vapor content of the 

atmosphere is in equilibrium with subsurface ice. At latitudes lower than ~45º, the 

equilibrium vapor pressure of ice exceeds the mean annual vapor pressure of water 

(Clifford and Parker, 2001), and ice is therefore permanently unstable at these 

latitudes. 

 

 
Figure  3.6. The Depth below the Surface at which Ground Ice is Stable as a 

                    Function of Latitude. 

                    The hatched region at high latitude shows the region where ice is always 

                    stable at depths of up to 10 meters (at current climatic and orbital 

                    conditions). The shaded region at low latitudes shows the region where 

                    ice is always unstable. In between these regions, ice is unstable for part of 

                    the year. The model is based on a mean annual atmospheric vapor content 

                    of 10-12 pr µm, and its associated frost point temperature of 196-198 K 

                    (Adapted from Carr, 1996; after Farmer and Doms, 1979) 
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These earlier models of geographic patterns of ice stability used estimates 

of mean annual temperatures as related to latitude (insolation variations), but other 

controls on local surface temperature, such as the thermal inertia and albedo of 

surface materials, and the thermal conductivity and geothermal heat flow of the 

regolith, were essentially ignored. Subsequent models (e.g. Paige, 1992; Mellon and 

Jakosky, 1993) have attempted to refine predictions of ice distribution by using 

spatially variable values of such properties. 

Thermal inertia describes the property of a material to changes in heating, and 

is a function of three properties of the material comprising the top few centimeters of 

the ground, and is calculated as: 

 

 I = (kρc)
0.5

    Equation  3.2 

 

where k is the thermal conductivity of the material; ρ is the bulk density; and c is the 

specific heat capacity. Low thermal inertia surfaces heat and cool more quickly, and 

the temperature variations dampen more quickly with depth, than do high thermal 

inertia surfaces. For a given latitude, an area of high thermal inertia will be warmer 

and therefore provide conditions less well suited for ground ice than an area of low 

thermal inertia. The most recent thermal inertia data (Mellon et al., 2000) indicate 

values of up to 800 J m
-2

 K
-1

 s
-0.5

 in the troughs of Valles Marineris and the Hellas 

basin. Ground ice should be less stable in such areas, and more stable in low thermal 

inertia areas such as Tharsis and Elysium. 

Albedo controls in part the amount of solar energy that is absorbed by the 

surface.  High albedo surfaces reflect more energy and are cooler, and low albedo 

surfaces absorb more energy and are warmer. Albedo varies significantly according to 
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surface properties including composition, particle size, and slope. As albedo 

influences surface temperature, variations in albedo would be expected to affect the 

stability of ground ice, and four-fold variations in albedo have been measured on 

Mars (Paige et al., 1994). The models of ice stability of Mellon and Jakosky (1993, 

1995), have incorporated data concerning spatial variations in both albedo and 

thermal inertia in order to refine the broad pattern of ice stability already established 

by earlier models based on latitude-related temperature variation. Their results  

indicate that albedo and thermal inertia effects produce important second-order 

(“regional”) spatial variations in mean annual surface temperature and ice occurrence, 

with more perturbation occurring in the northern hemisphere than the southern. Paige 

(1992) performed a study similar to that of Farmer and Doms (1979) but additionally 

assessed the likely impact of this range of thermal properties observed for Mars. His 

results showed that the region of ice stability is closer to the equator and shallower for 

areas exhibiting low thermal inertia, and closer to the poles and deeper for areas of 

high thermal inertia. 

A final refinement to the temperature-based ice prediction models involves the 

diffusive and thermal properties of the regolith. Ground ice stability is influenced by 

the rate at which water molecules can diffuse through the regolith and ultimately 

reach the atmosphere (e.g. Squyres et al., 1992). The pertinent properties of the 

regolith include pore size, porosity, and subsurface thermal gradient. The influence of 

pore radius on diffusion is complex as it determines the relative importance of the two 

modes of diffusion processes at work—bulk molecular diffusion (when the ratio of 

pore radius to the mean free path of diffusing molecules exceeds 10, i.e. for large 

pores), and Knudsen diffusion (when the ratio < 0.1, i.e. for small pores). The 

effective diffusion coefficient of water vapor in regolith increases as a function of 
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pore radius up to a radius of about 10 µm (e.g. Clifford and Hillel, 1983; Mellon 

and Jakosky, 1993), above which the rate of diffusion is independent of pore size as 

the diffusion mode is entirely bulk molecular. Therefore, the stability of ground ice is 

favored by smaller regolith pore sizes. Given that pore size and shape distributions of 

the Martian regolith may be complex, the resulting diffusive flux of water vapor 

through materials with such distributions may exhibit significant variation (Clifford, 

1993; Mellon and Jakosky, 1993). 

Mellon and Jakosky (1995) modeled ground ice stability using various 

climatic and diffusion parameters including pore size and porosity. With all other 

parameters held constant, the sensitivity of the stability of ground ice to regolith pore 

radius variation (10 versus 1 µm) was shown to be small but significant. Intuitively, 

regolith with low total porosity will promote greater ice stability than that of high 

porosity as the rate of diffusion of water vapor is lower. In a homogeneous crust, 

porosity will not affect the rate at which the sublimation front propagates into the 

crust, although it does affect the cross-sectional area that is in diffusive 

communication in the atmosphere. The model of Mellon and Jakosky (1995), 

assuming a homogenous crust, indicated that the effect on ice stability is fairly small, 

even for a four-fold reduction in porosity from 40 to 10 %. 

The model just discussed is limited because the regolith properties of interest 

were assumed to be vertically homogeneous. Variations in regolith transport and 

thermal properties may vary on spatial scales ranging from thousands of meters to a 

millimeter. It seems likely that different permutations of the thermal and diffusive 

properties of the regolith (and crust), with different layers at depth being modeled as 

having different properties, can generate significant variations in the predicted 

distribution and depth of ground ice (Clifford, 1998, 2003). For example, Clifford 
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(1998) contemplated the effect of reduced diffusion at a shallow depth as the result 

of the presence of a low-permeability layer resulting from (for instance) a section of 

crust of lower porosity or lower thermal conductivity. The presence of such a low-

porosity layer (in an otherwise high-porosity crust) can substantially retard the 

sublimation of ice beneath the depth of the low porosity unit. In addition, compared 

with a vertically homogenous crust, the equilibrium depth for the survival of ground 

ice in the vicinity of a low-porosity unit is shallower. The equilibrium depth is 

independent of regolith temperature, but is, rather, a function of the diffusive 

differential which alters the dynamics between sublimation and diffusion. The effects 

become more complex when multiple low-permeability strata constitute the crustal 

section (Clifford, 1998). The conclusion drawn is that differences of up to several 

hundred meters in the depth of ground ice stability can result from vertical crustal 

inhomogeneities, and such variations in the thermal and diffusive properties of the 

crust therefore also have important effects on the geographic distribution of ground 

ice. Such effects are underestimated in models that assume a vertically homogeneous 

crust. 

 

3.3.2 Evolution of Near-Surface Ground Ice over Geologic Time 

The previous section discussed the theoretical distribution of present-day near-

surface ground ice, as predicted by models of the stability of ground ice as a function 

of spatial variations in mean annual temperature, in thermal inertia and albedo, and in 

regolith properties. This section examines the expected evolution of near-surface 

ground ice over time with respect to the effects of temporal variations in orbital 

parameters and climatic change. 
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Models of the origin and evolution (or demise) of ground ice (e.g. Clifford 

and Hillel, 1983; Fanale et al., 1986; Mellon and Jakosky, 1995) have shown that the 

geographic distribution of ice varies substantially over time in response to orbitally 

forced variations in temperature. Orbital variations affect ground ice dynamics by 

modifying temperature as a result of changes in insolation with latitude, and indirectly 

by affecting the sublimation of the water-ice polar cap (Toon et al., 1980). High 

obliquities are associated with higher mean annual temperatures at the poles, lower 

temperatures at the equator, and higher atmospheric water contents; and vice-versa for 

low obliquities. The changes in annual mean temperature for the upper few meters of 

the regolith between obliquities of 10º and 40º are around 4 K near the equator and 15 

K in mid-latitude regions (Mellon and Jakosky, 1995). The primary control on ice 

stability afforded by these orbital variations is the modification of frost point 

temperature by changes in temperature and atmospheric water vapor concentration 

(Fanale et al., 1986; Carr, 1996). 

The model for the long-term evolution of subsurface ice of Fanale et al. (1986) 

assumed an initially saturated regolith, and indicated that, under steady-state 

conditions similar to those that exist on Mars today, near-surface ground ice equator-

ward of 40º latitude would sublime, while above that latitude the regolith would 

contain permanent ice. Obliquity variations were then shown to influence the regolith 

mean annual temperature to varying extents depending on latitude, with the most 

marked effect being at the poles and negligible changes equatorward of 40º latitude.  

In a model that included, amongst other things, input on regolith transport and 

thermal properties, Mellon and Jakosky (1995) showed for a one-million-year 

climatic history that ground ice becomes globally stable at shallow depths at an 

obliquity of 32º or more. At the present-day obliquity of 25º, ground ice is predicted 
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to be restricted to regions pole-ward of about 40º, confirming earlier results. For 

lower obliquities, ground ice sublimes and the regolith is predicted to be desiccated to 

a depth of 2 m equator-ward of about 65º latitude. Given the climatic (orbitally 

forced) history of the past 1 million years used by Mellon and Jakosky (1995), ground 

ice equator-ward of about 30º has been stable about 20 % of the time, while near 60º 

latitude ground ice is stable 80 % of the time. However, how deep below the surface 

and how soon following an obliquity change ground ice is affected by the change is 

uncertain, given the lack of reliable knowledge of the properties of the Martian crust. 

 

3.3.3 Observational Evidence for the Present Distribution of Ground Ice 

Several types of geomorphic feature display morphologies and suggestive 

latitudinal dependencies that have been interpreted as evidence for the presence and 

influence of ground ice. The two features that would appear to provide the strongest 

evidence are rampart craters and terrain softening (Squyres et al., 1992). Such 

features, however, provide evidence of the past existence of ground ice, although are 

often taken to also reflect the present distribution. 

Rampart craters are craters that have a lobate ejecta sheet at their outer edge 

whose morphology is suggestive of the flow of a low-viscosity material. This 

morphology is very different from that of impact craters observed on the extremely 

dry Moon. Onset diameters (the diameters of the smallest craters that display such 

ejecta blankets) of these rampart craters have been used to estimate the depth to 

ground ice on Mars, based on the morphology of the rampart craters which has been 

inferred to show that their ejecta were deposited as mud flows resulting from the 

melting of ground ice during impact. The smallest size of a rampart crater in an area is 

a measure of how deep the ice was at the time of impact. The most comprehensive 
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study of these craters has been performed by Costard (1988a,b, 1989a,b) and 

Kuzmin et al. (1988a,b,c, 1989), the combined results of which measured 

morphometric parameters (including onset diameters) of thousands of craters. The 

geographic pattern of onset diameters is shown in Figure  3.7, and reveals that 

diameters are greatest (4-7 km) near the equator and least at latitudes of 50-60° 

(Squyres et al., 1992). The pattern supports the idea that ground ice is (or has been) 

present in all of these regions, but that the depth to the ice is greater in the equatorial 

regions than in the mid-latitudes. Kuzmin et al. (1988a,b,c, 1989) estimated the depths 

to the top of the ground ice as being ~400 m at the equator, ~250 m at 30° latitude, 

and ~150° m at 65 latitude. 

Terrain softening is a style of landscape degradation attributed to the creep of 

ice-laden near-surface regolith (Squyres and Carr, 1986). The process is discussed 

more fully in section  4.3.2. However, the most pertinent point here is that the 

phenomenon is most pronounced at latitudes of between 30-60°, but does not seem to 

be present at higher latitudes (as temperatures are too cold for significant creep to 

occur), nor at lower latitudes (taken as indicating the absence of near-surface ground 

ice). The lowest latitude where terrain softening is observed, ~ ± 30°, is closer to the 

equator than predictions of near-surface ice by theoretical thermal models (Figure  3.6) 

and than results of GRS studies (Figure  3.8). This may be because the creep processes 

that have caused the terrain softening are based at depths of several tens of meters 

below the surface. 
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Figure  3.7. The Geographic Distribution of Martian Rampart Crater Onset 

                    Diameters. 

                    Wider onset diameters are associated with greater depths to ground ice 

                    (Adapted from Squyres et al., 1992) 

 

Direct observations that constrain the current distribution of near-surface 

ground ice on Mars are now available. These data, from the Gamma Ray 

Spectrometer (GRS), have enabled modeled predictions concerning the stability and 

distribution of ground ice to begin to be tested (Boynton et al., 2002; Feldman et al., 

2002; Mitrofanov et al., 2002, 2003; Richardson et al., 2003). The GRS neutron 

spectrometer measures neutron fluxes sensitive to the distribution of hydrogen in the 

top meter of soil, with hydrogen-rich (high neutron flux) soil interpreted as indicating 

the presence of near-surface ground ice. The distribution of neutron fluxes as mapped 

by Feldman et al. (2002) and Boynton et al. (2002) was interpreted by those authors 

as indicating an ice-rich soil buried beneath a few tens of centimeters of dry 

(hydrogen-poor) soil, poleward of latitude ±60º. The resulting inferred geographic 

distribution of near-surface ground ice (Figure  3.8) shows similarities to the 



 

 

65

distribution predicted by theoretical models (cf: Figure  3.6) and by geomorphic 

evidence (cf: Figure  3.7). Richardson et al. (2003) have suggested that, as the GRS 

data imply water concentrations of as much as 70 % by volume, the water may be in 

the form of dust-covered sub-aerial ice sheets, rather than ground ice occupying pore 

space. 

In addition to the broad latitudinal pattern, there are some regions of low 

neutron flux in the equatorial regions (Feldman et al., 2002; Mitrofanov et al., 2002), 

in the Arabia (30° E, 10° N) and Memnonia (200° E, 15° S) regions; however, it is not 

clear whether this points to the presence of ice, or to chemically-bound water in the 

soil (Mitrofanov et al., 2002). 

 

 
Figure  3.8. Map of Epithermal Neutron Flux from the Neutron Spectrometer of 

                    the GRS. 

                    Low values of epithermal flux indicate high hydrogen concentration (8). 

                    Contours (in white) show the regions where water ice is predicted to be 

                    stable at 0.8 meters depth as predicted by the model of Mellon and 

                    Jakosky (1993) (note that no predictions were made poleward of 60° 

                    latitude as no thermal inertia data were available) 

                    (Adapted from Boynton et al., 2002) 
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CHAPTER 4: THE MECHANICAL AND RHEOLOGIC 

BEHAVIOR OF ROCK, ICE, AND ICE-RICH GEOLOGIC 

MATERIALS 

 

Various investigators have proposed that the subsurface of Mars is ice-rich, 

and that the upper Martian regolith has rheologic properties similar to those of frozen 

ground on Earth (Fanale, 1976; Carr and Schaber, 1977; Rossbacher and Judson, 

1981; Squyres et al., 1992; Clifford, 1993; Carr, 1996). For this reason, aspects of the 

rheology (the behavior of materials under stress) of terrestrial frozen ground are 

reviewed below, including the controls on the strength and deformation of frozen 

ground. The stability of rock slopes is also discussed in terms of the interactions 

between stress and the strength of slope-forming materials. The chapter includes a 

discussion about earth analogs for rheologic processes and the resulting features on 

Mars. The suspected role of rheologic processes in the evolution of the Martian 

landscape is also addressed. 

 

4.1 RHEOLOGIC BEHAVIOR OF MATERIALS: THEORY AND 

LABORATORY INVESTIGATIONS 

4.1.1 Introduction to Stress, Strain, and Strength 

 An introductory account of the basics of stress and strain and the relationship 

between them, and of material strength, is needed as a basis for understanding the 

rheology of frozen ground. Stress, σ, is a force per unit area (measured in N/m
2
 or Pa) 

that is transmitted through a material by inter-atomic force fields. Stresses transmitted 
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perpendicular to a surface are termed normal stresses, and those that are transmitted 

parallel to a surface are termed shear stresses. Normal stresses acting on a plane are 

referred to as compressive stresses (pushing) and tensile stresses (pulling). There are 

thus three ways of applying force to a material: by compression, by tension, and by 

shear. Stresses can be considered with respect to the surfaces of solids, or can be 

defined at any point within the material. In addition, they can also be considered in 

one, two, or three dimensions. In the situation of stress in three dimensions, three 

principal stresses can be identified as σ1, σ2, and σ3, being the maximum, 

intermediate, and minimum principal stresses respectively. The mean stress is equal to 

(σ1 + σ2 + σ3)/3. 

The result of stress in an elastic solid is strain, ε, or deformation of the solid. 

Strain, essentially, describes the changes in the distances that separate neighboring 

elements of the solid, and is defined as the change in length of a sample divided by its 

initial length. As with stress, strain can be divided into directional components: 

normal strain is equal to the ratio of the change in length of a solid to the original 

length, and shear strain is defined as half of the decrease in a right angle in a solid as 

it is deformed (Turcotte and Schubert, 1982). Under shear strain, a deforming solid 

may or may not undergo solid-body rotation; the former case is referred to as simple 

shear, and the latter as pure shear. Again, as with stress, there are principal axes of 

strain in a solid, these being the axes of maximum strain (ε1), intermediate (ε2), and 

minimum (ε3). Deformation can be expressed in the change in size of a solid, or the 

shape, or both, depending on the relative sizes of the directional components of the 

stresses acting on the solid. 

Accumulated strain can be measured as a mean, equal to (ε1 + ε2 + ε3)/3, or 

with respect to one or more of the dimensional axes of strain, εx, εy, and εz. The strain 



 

 

68

rate, έ, the strain per unit time, can be measured as a mean or with respect to one or 

more of the dimensional axes of strain. The strain rate can be expressed as the 

elongation of a line per unit time: 

 

 έ = ε/t = L-Lo/(Lot)    Equation  4.1 

 

where t is time; L is the final length; and Lo is the original length. Geologic strain 

rates are typically ~ 10
–12

 to 10
–15

 s
-1

 (Hobbs et al., 1976). 

An elastic solid responds immediately to an applied or removed stress, and 

strain therefore is time-independent and recoverable (the material regains its original 

dimensions immediately when the load is removed). Anelastic materials are also 

characterized by recoverable strain, but in a time-dependent manner; following the 

removal of an applied stress, such materials release a proportion of the strain 

immediately (an elastic response) followed by the slow release of strain over time in 

an exponential decay fashion. 

The basic relationship between stress and strain for an elastic material is 

provided by Hooke’s Law: 

 

 σ = Eε    Equation  4.2 

 

where E is the modulus of elasticity, a constant. E is a measure of elastic deformation, 

and describes the slope of the line when stress is plotted against strain. Its value is a 

function of the material and the type of stress. A higher value of E means the material 

is less easily deformed. For tensile and compressive stresses, it is called Young’s 

Modulus, E (the ratio of normal stress to normal strain); for shear stresses it is referred 

to as the shear modulus, S (the ratio of shear stress to shear strain). Another 
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deformation parameter is Poisson’s ratio, µ, which is defined as the ratio of the unit 

strain perpendicular and parallel to the applied stress: 

 

 µ = ε1/ε3    Equation  4.3 

 

Poisson’s ratio describes the ability of a solid to shorten parallel to σ1 without 

elongation in the σ3 direction, and can vary from 0 (compressible) to 0.5 

(incompressible). 

 Elastic and anelastic behavior involves strain that is recoverable. Permanent 

(non-recoverable) strain refers to the situation when a material remains in a strained 

state after the applied stress has been removed. Permanent strain is able to be 

accommodated by materials exhibiting either viscous or plastic behavior. In the case 

of the ideally viscous (Newtonian) material, the strain rate is related in a linear 

fashion to the applied stress: 

 

 σ = ηέ    Equation  4.4 

 

where η is the viscosity, a material property constant. Materials with little internal 

structure (e.g. water) have low viscosity and exhibit viscous behavior. Viscous 

behavior is not really observed in rocks, even at very high temperatures. For viscous 

deformation, no critical value of stress is needed to achieve strain. Plastic behavior, on 

the other hand, is characterized by deformation after a critical stress is achieved (and 

maintained), after which it deforms in a continuous manner. Below the critical stress 

value, no deformation takes place. Materials that behave elastically at lower stresses 

can behave plastically at higher stresses: the stress at the point where a material's 

behavior changes from elastic to plastic is the yield stress. Materials may deform 
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permanently by brittle behavior, where strain is accommodated by the development 

of discontinuities, or they may deform in a ductile manner, where the strain is 

accommodated smoothly throughout the whole of the deforming mass. Ductile 

materials exhibit elastic behavior for smaller stresses, and plastic behavior for stresses 

beyond the elastic limit, before rupture. 

Two types of experiments have been conducted to examine the ductile 

behavior of materials including soil, ice, frozen soil, and rock. One, the constant strain 

rate experiment, loads the specimen in such a manner as to ensure that the stress is 

allowed to vary to maintain a constant strain rate of the material. The other, the 

constant stress (or creep) experiment, allows the strain rate of the deforming material 

to vary in order to keep the applied stress constant. Conditions within the crust of 

Earth more closely resemble constant stress tests, because the differential stress within 

the crust does not change rapidly with time (Hobbs et al., 1976). In constant strain rate 

experiments, specimens first deform elastically and then pass through the elastic limit, 

after which stress is no longer proportional to strain. In constant stress experiments, 

the deformation starts at a high strain rate but decreases until the strain rate becomes a 

constant. After further time, the strain rate increases. Figure  4.1 shows the stages of 

creep behavior. The first part of the behavior, where strain rate starts high and 

decreases, is referred to as primary creep; the second part, characterized by constant 

strain rate, is termed secondary or steady-state creep; and the third part, in which the 

strain rate increases, is called tertiary creep (Figure  4.1). During steady state creep, 

the stress and strain rate are related in a power law: 

 

 έ = A exp-(Q/RT)σ
N
     Equation  4.5 
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where T is the absolute temperature; A is a temperature-dependent constant, the 

frequency factor; Q is a constant, the activation energy for creep; R is the universal 

gas constant; and N is the stress exponent, typically varying from 1-2 when σ is < 20 

MPa, and from 2-4 when 20 < σ < 200 MPa. The activation energy represents the 

energy barrier for an atom to move from its current position to one of lower energy. 

 The strength of a material represents its ability to resist deformation under 

stress. Accordingly, three types of strength are defined. Compressive strength is the 

resistance of a material to a compressive stress, and corresponds to the maximum 

compressive stress able to be sustained by a material, above which the material fails. 

Tensile strength corresponds to the maximum stress that is able to be sustained by a 

material in tension. Shear strength is the resistance of a material to shear stress, and is 

a function of cohesion and friction. The basic equation for the shear strength of a 

material (expressed as early as 1776 by Coulomb) is: 

 

 s = c + σtanφ    Equation  4.6 

 

where s is the shear strength at failure; c is material cohesion; and φ is the angle of 

internal friction of the material (and measures the resistance to shear offered by 

interparticle resistance and dilatancy). 

Typical compressive strengths of common rocks (e.g. granite, basalt) range 

from 150-300 MPa (Attewell and Farmer, 1976). Shear strengths are in the order of 

15-60 MPa. Most natural soils have shear strengths of less than 0.15 MPa (Selby, 

1982). Compressive and tensile strength measurements are usually done on 

unconfined samples. 

  



 

 

72

 
Figure  4.1. Strain vs. Time Creep Behavior. 

                    Creep phases (with time): 0  –  t1 (B) Primary creep; 

                    t1 (B)  –  t2 (C) Secondary creep; 

                    t2 (C)  –  t3 (D) Tertiary creep 

                    (Adapted from Williams and Smith, 1989) 

 

 

4.1.2 Rock Mechanics and Rheology 

Rocks can behave in both a brittle and ductile manner. Brittle behavior is when 

a rock deforms elastically (or almost so) until it fails by fracture. The transition 

between brittle and ductile (plastic) behavior is governed mainly by pressure, 

temperature, and strain rate (Turcotte and Schubert, 1982). In general terms, a rock 

behaves as a brittle material when confining pressure is lower, temperature is lower, 

and the strain rate is higher; the converse is true for ductile behavior. On Earth, 

deformation in the shallow crust (down to perhaps 10-15 km) is dominated by brittle 

processes, predominantly sliding on pre-existing discontinuities. A rock may exhibit 

elastic behavior, reach a yield stress, and then be deformed plastically if conditions 

are favorable for such ductile (creep) behavior. This behavior deformation can be 

described by the creep power law (Equation  4.5) with a strong dependence on 

temperature and a weak dependence on pressure. Creep in silicate rocks is likely to 

occur only at temperatures in excess of 570 K in geologic situations (Hobbs et al., 

1976). 
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4.1.2.1 The Mechanical Stability of Rock Masses 

Rock slope stability can be defined as the resistance of an inclined surface 

underlain by rock to failure by sliding, toppling, or otherwise collapsing (Kliche, 

1999). Slope failure is a function of factors grouped into two major categories: factors 

that contribute to an increased shear stress, and factors that contribute to low or 

reduced shear strength (Varnes, 1978). Factors that help increase shear stress include: 

the removal of lateral or basal support of the slope (e.g. by stream undercutting); the 

addition of weight to the slope (e.g. by accumulation of talus or other debris); change 

in slope by tectonic means (e.g. by regional tilting); and increases in pore water 

pressure. Factors contributing to low or reduced shear strength include: the inherent 

material properties of the rock mass, including its composition, structure (e.g. joints 

and other discontinuities), and layering; changes in shear strength due to changes in 

temperature, pore ice/water, and other factors as discussed; and changes in shear 

strength due to weathering and chemical and/or physical disintegration. 

 Rock masses can fail by translational movement along a flat plane (e.g. a joint 

or bedding plane), by rotation on a curved failure plane, by the movement of a wedge-

shaped volume of rock defined by the intersection of joint planes, or by toppling of 

rock from the top of the slope (Selby, 1982; Kliche, 1999). The stability of rock 

slopes with regard to any of these types of failure depends to a large extent upon the 

mass strength characteristics of the rock (Bieniawski, 1973; Hoek and Brown, 

1980a,b; Selby, 1980). The geotechnical literature concerning mining and rock 

engineering has long recognized that jointing (fractures and cracks) within the rock 

mass and other properties such as weathering and rock intact strength control the 

engineering strength of a rock and the stability of rock slopes. Rock mass strength 

classification schemes from the rock mechanics literature include those of Wickham 
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et al. (1972), Bieniawski (1973, 1989), and Barton et al. (1974). The Rock Mass 

Rating (RMR) system (Bieniawski, 1989) is probably the best known and most-used 

geomechanical classification system, and uses six parameters to classify the strength 

of a rock mass: the uniaxial compressive strength; the drill core rock quality 

designation; the spacing, condition, and orientation of discontinuities; and the 

groundwater conditions. The ratings are summated to give a total RMR value from 0-

100. A stronger rock mass is one characterized by higher compressive strength; higher 

rock quality designation; wider discontinuity spacing; rough, unseparated, and non-

continuous discontinuities; discontinuities dipping into the slope/wall; and no 

groundwater (Bieniawski, 1989). 

Another classification system in general use is the Geological Strength Index 

(GSI) system (Hoek, 1994; Hoek et al., 1995). The GSI takes into account the ability 

of rock pieces to slide and rotate with respect to each other under varying stress 

conditions, which is a function of the shape of rock pieces (as defined by 

discontinuity patterns) and of the characteristics of the surfaces at the discontinuities. 

The GSI involves an assessment of the spacing and configuration of the 

discontinuities, and the ways that the rock pieces interlock. The index is measured 

qualitatively on a scale of 0 to 100 (with lower values indicating progressively 

fractured, disintegrated rock) by referral to tables and diagrams that describe and 

illustrate “example” rock mass conditions, which correspond to particular values of 

the GSI. 

However, the significance to natural slopes (as opposed to engineering 

applications) of fundamental rock properties such as rock hardness, joint orientation, 

and joint spacing, was first quantified by Selby (1980). Selby (1980) developed the 

Rock Mass Strength (RMS) classification system for application to the form and 



 

 

75

erosional stability of natural slopes, by taking the parameters from the engineering-

based classifications that were most relevant to the erodability of rock in geomorphic 

situations. The method thus excluded parameters such as drill core rock quality 

designation. Importantly, the method has been shown to be a useful descriptor of rock 

mass strength and a predictor of slope angle and form in cold regions of Earth, 

including the Antarctic, and the New Zealand Southern Alps under present day glacial 

conditions (Augustinus, 1992, 1995), which would suggest that rock mass 

classification approaches have some relevant application to the stability of rock slopes 

on Mars. These studies and others (e.g. Moon and Selby, 1983)  have shown that the 

forms of rock slopes are closely related to (and controlled by) the mass strength of the 

rock comprising the slope material whereby rocks of a given mass strength are 

associated with particular slope angles. 

The classification scheme of Selby (1980, 1982) involved the measurement of 

seven variables to assess rock mass strength, being intact strength, weathering, the 

spacing, orientation, width, and continuity of joints, and presence of groundwater. In 

order to rate the strength of the rock mass on a scale from 25 to 100, a numerical 

rating is assigned to each variable. Each of these variables has a weighting that is 

related to the relative importance of that variable to the strength of the intact rock, and 

the total rock mass strength is the weighted sum of the ratings corresponding to the 

measured values of the individual variables. The weightings of each constituent 

variable to the total rock mass strength were intact strength (20), weathering (10), 

joint spacing (30), joint orientation (20), joint width (7), joint continuity (7), and 

groundwater (6). 

Rock mass strength classifications such as those outlined are useful for 

describing the condition of the rock mass. However, mechanical analyses of stability 



 

 

76

are required to properly quantify the failure of a rock mass. Many rock slope 

stability analyses require the use of the Mohr-Coulomb failure criterion, which has 

strength parameters of cohesion and friction angle. The Mohr-Coulomb criterion is 

defined as: 

 τ = c + σ’ntanφ    Equation  4.7 

 

where τ is the shear stress at failure; σ’n is the effective normal stress; c is the 

cohesion of the rock mass; and φ is the friction angle of the rock mass. The friction 

angle of a rock mass describes the frictional resistance along pre-existing 

discontinuities and the over-riding of asperities on the surfaces of these 

discontinuities. Cohesion is interpreted as the shear resistance of intact rock in the 

rock mass and the shear resistance (shearing through asperities) on the surface of 

discontinuities. 

The Mohr-Coulomb equation is a failure criterion that describes the 

relationship between the normal and shear stresses acting on a failure (or potential 

failure) surface within a rock or rock mass (Figure  4.2). The Mohr envelope (line A-

B, Figure  4.2) is a series of Mohr circles that represent the stress conditions applying 

at failure for a material. Such envelopes are generated by plotting shear versus normal 

stress at failure conditions as measured by performing multiple triaxial strength tests 

of a material in a laboratory. The envelope is the locus of points whose coordinates 

are defined by combinations of normal and shear stresses that cause a material to fail. 

These failure values, τf and σf (Figure  4.2), and the slope and intercept of the Mohr 

envelope, vary according to material type. 
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Figure  4.2. The Mohr Envelope. 

                    Annotated with terms defined and discussed in the text 

                    (Adapted from Kliche, 1999) 

 

For an individual joint surface with no cohesion,  the equation describing 

failure by movement along an existing discontinuity is a modification of the Coulomb 

failure criterion by removing cohesion and replacing the angle of internal friction with 

the angle of sliding friction (Byerlee’s Law): 

 

 σ = σ’ntanφf    Equation  4.8 

 

where φf is the angle of sliding friction. Byerlee’s law therefore states that the shear 

stress required to cause movement along an existing joint or fracture is equal to the 

coefficient of sliding friction (tanφf) multiplied by the normal stress. 

The Hoek-Brown Failure Criterion was introduced by Hoek and Brown 

(1980a,b), and is a method for estimating the strength of jointed rock masses, based 

on an evaluation of intact strength, of the way that blocks of rock are interlocked, and 

of the characteristics of the surfaces between the blocks. The method has since been 

modified and updated (e.g. Hoek, 1994; Hoek and Brown, 1997) to cover, for 
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example, its application to poor quality rock masses. The generalized, non-linear 

Hoek-Brown failure criterion for jointed rock masses is given by (Hoek et al., 1995): 

 

 σ’1 = σ’3 + σci {mb(σ’3/σci) + s}
a
    Equation  4.9 

 

 

where σ’1 and σ’3 are the maximum and minimum effective stresses 

respectively at failure; σci is the uniaxial compressive strength of intact rock; mb is the 

value of the Hoek-Brown constant for the rock mass; and s and a are constants whose 

values depend on the characteristics of the rock mass. For intact rock only (as 

opposed to the whole rock mass), s = 1 and a = 0.5, and Equation  4.9 simplifies to 

(Hoek and Brown, 1997): 

 

 σ’1 = σ’3 + σci {mi(σ’3/σci) +1}
0.5

    Equation  4.10 

 

where mi is the value of the Hoek-Brown constant for intact rock. The values of σci 

and mi can be determined using the results of a set of laboratory compressive strength 

tests on intact rock samples. 

To estimate the value of parameters mb, s, and a, the rock mass of interest must 

be classified using the GSI system To estimate these parameters, the following 

relations were proposed by Hoek et al. (1995): 

 

 mb = mi exp{(GSI-100)/28)}    Equation  4.11 

 

 s = exp{(GSI-100)/9)}    Equation  4.12 

 

and a = 0.5 
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There is no fundamental relationship between the constants in the failure 

criterion and the characteristics of the rock mass; the justification (Hoek, 1983) for 

using the criterion was the good agreement with observed rock fracture behavior. 

Methods exist to calculate “equivalent” cohesion and friction angles from the Hoek-

Brown criterion corresponding to the Mohr-Coulomb criterion, but their particulars 

are beyond the scope of this review. 

The Hoek-Brown failure criterion assumes an isotropic rock and isotropic rock 

mass behavior, and that the block size is small in comparison to the structure being 

analyzed, and hence should be applied only to rock masses that have a large number 

of closely spaced discontinuities (i.e. a heavily jointed rock mass) with similar 

discontinuity surface characteristics. If the rock mass contains only one or two sets of 

joints, or the block size is similar to that of the structure of interest, or if one set of the 

discontinuities is much weaker than the others, then the Hoek-Brown criterion is not 

applicable. In that case, the stability of the slope in question should be analyzed using 

failure mechanisms that involve either the Mohr-Coulomb criterion applied to 

discontinuities, or a limiting equilibrium analysis applied to the translational sliding, 

rotation, or other movement of blocks or wedges. 

At limiting equilibrium, the forces promoting or driving failure (the stresses) 

are just equal to the resisting forces (strength). The quotient of the resisting forces and 

the driving forces equals 1 at equilibrium, is greater than 1 when the slope is stable, 

and is less than 1 when the slope is unstable (has probably failed). Limiting 

equilibrium analysis can be applied to the case of planar failure (Kliche, 1999): 

 

 FS = (cA + WcosßtanΦ) / (Wsinß)    Equation  4.13
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where c = cohesion along the failure plane; A = area of the base of the plane; W = 

weight of the failure mass; ß is the dip of the failure plane; and Φ is the angle of 

internal friction for the failure plane. A similar analysis can be applied to rotational 

and wedge mode failures. For toppling, the driving forces are the horizontal weight 

component of the block and any forces from other blocks behind, and the resisting 

forces are the vertical weight component of the block and any forces from adjacent 

blocks in front. 

 

4.1.2.2 Relations Between Rock Properties and Slope Morphology 

 Table  4.1 reports typical rock properties for three common terrestrial rock 

types that are likely to be found Mars. The intact strength of a rock places an upper 

limit on the height of a slope able to be sustained by the material. Terzaghi (1943) 

developed a relation between the maximum height of a cliff and the compressive 

strength of the intact rock as: 

 

 Hc = σci/ρ     Equation  4.14 

 

 

where Hc is the critical height of a vertical cliff at which failure occurs; and ρ is the 

bulk density of the rock. The equation predicts vertical heights able to be sustained by 

basalt cliffs (using the data from Table  4.1) of several kilometers. As vertical slopes 

of this dimension do not exist, Terzaghi (1943) thus pointed out that the heights of 

cliffs are more dependent on the jointing characteristics of the whole rock mass, rather 

than just on its intact compressive strength, and that jointed rock masses as a result 

will support cliffs that are not so high or that have shallower slopes. 
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Rock 

Type 

Compressive 

Strength 

(MPa) 

Shear 

Strength 

(MPa) 

Cohesion 

(MPa) 

Friction 

Angle Φ 

(°) 

Bulk 

Density 

(Mg/m
3
) 

Porosity 

%  

Basalt 100-300 20-60 35-55 35-45 2.8-2.9 0.1-1.0 

Sandstone 20-170 8-40 10-30 35-45 2.0-2.6 5-25 

Shale 5-100 3-30 1-20 25-35 2.0-2.4 10-30 

Table  4.1. Typical Values of Rock Parameters. 

       (Data from Attewell and Farmer, 1976; Hoek and Bray, 1977, 1981) 

 

Alternative approaches therefore include defining the relations between slope 

angle or height and the rock mass strength. Research performed in Antarctica (Selby, 

1982) using the RMS classification showed that a close correspondence existed 

between hillslope inclinations and the rock mass ratings, with stronger rock masses 

supporting rock slopes of greater angle (Figure  4.3 ).  

 

 
Figure  4.3. Relationship between Rock Mass Strength and Slope Angle for 

                    Antarctic Slopes.  

                    (Adapted from Selby, 1982) 
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The failure criteria and rock property parameters, as outlined, indicate that 

rock parameters can be measured to indicate the stability of rock slopes, that 

particular rock types have characteristic values of such parameters, and therefore that 

the stability of slopes underlain by such rocks may be inferred from the rock type and 

condition. In addition, there are reasonably well defined relations between rock 

property parameters and slope morphologic parameters. Therefore, it may be possible 

to assess, using terrestrial field and laboratory data, the condition and stability of 

Martian rock slopes if some basic properties of the rocks underlying those slopes, and 

their morphology, can be measured. 

One example of such an application is the approach of Schultz (2002) to 

Martian slope stability. Schultz (2002) assigned values of the Rock Mass Rating, 

intact compressive strength (σci), and Hoek-Brown constant (mi) for “representative” 

rock masses. For example, bedded lava flows were assigned values of RMR = 75, σci 

= 200 MPa, and mi = 22. These and other values for different rock types were used to 

calculate values of cohesion and friction angle, which were then used to predict the 

strength of Martian trough slopes (of wallrock and interior deposits) consistent with 

the rock properties, as determined using a geomechanics analysis software program. 

The resultant values of predicted slope strength were compared to the heights and 

angles of the rock slopes, from which inferences were made concerning the rock mass 

properties and stability of the slopes. 

 

4.1.3 The Rheology of Ice 

The rheologic behavior of frozen ground largely depends on the pore ice 

within it (Andersland and Ladanyi, 1994). Under rapid loading, ice behaves elastically 

(to a point), while it behaves inelastically under sustained loading. Such sustained 
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loading induces shear stresses and strains, and the ice experiences continuous 

irreversible strain (Williams and Smith, 1989). Only very low shear stresses are 

required to cause ice to creep continuously in a fashion such as that shown in Figure  

4.1. The deformation is more rapid the nearer the temperature of the ice is to melting 

point (Jumikis, 1966). 

The strength of ice is a function of a wide range of factors. These include 

temperature, pressure, and strain rate, and the size, structure, and orientation of ice 

grains. The response of ice to applied stress varies from viscous to brittle, depending 

upon temperature and strain rate. Viscous behavior is exhibited with higher 

temperatures and lower strain rates. In permafrost soils, the deformation of ice is 

characterized by creep resulting primarily from the motions of dislocations (slippage 

along line defects within the ice) (Ashby and Frost, 1975) and follows a power law 

(Equation  4.5). 

The basic mechanical properties of normal ice are as follows. Young’s 

modulus of elasticity of ice between temperatures of 273 to 258 K is about 9,300 MPa 

parallel to the direction of freezing, and about 11,000 MPa perpendicular to it. 

Poisson’s ratio for ice is 0.380 at 268 K and 0.330 at 258 K (Jumikis, 1966). The 

compressive strength of ice varies according to ice structure, but an average value is 

2.45 MPa; and the tensile strength is around 0.6-1.1 MPa (Jumikis, 1966). The shear 

strength of ice is around 0.7 MPa. 

 Pore ice is generally of the polycrystalline variety with a random crystal 

orientation. When subjected to triaxial stress (varying stress in three dimensions), 

under high hydrostatic pressures (e.g. as at several km below the surface), this ice 

weakens and then eventually melts. However, its response to shear stresses under low 

hydrostatic conditions and at usual freezing temperatures (as at shallower depths), 
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pore ice exhibits ductile behavior at low strain rates and increasingly brittle 

behavior as the strain rate increases (Mellor, 1979; Andersland and Ladanyi, 1994). 

The rheologic behavior of ice varies according to temperature and applied 

shear stress, with different deformation modes characterizing different temperature-

stress fields. Ice deforms under low shear stresses (< 10
4
 Pa) by boundary diffusion 

creep (the movement of point defects along grain boundaries) up to temperatures of 

180 K (Figure  4.4), and by lattice diffusion creep (the movement of point defects 

within the lattice) for temperatures above and up to 273 K (Shoji and Higashi, 1978). 

At stress levels of 10
4
 Pa, deformation occurs by dislocation creep (the motion of 

dislocations or line defects along which slip has occurred) for temperatures 180-273 

K, and at temperatures down to 130 K for stresses of 10
5
 Pa. At even higher stresses, 

ice deforms by dislocation glide (the movement of dislocations along slide planes), 

and by fracture at around 10
7
 Pa. As stress is related to strain in a power relation 

(Equation  4.5), the strain rate declines dramatically with decreasing temperature 

(Figure  4.4). 

Goldsby and Kohlstedt (1997) examined aspects of the rheology of ice by 

compressive creep experiments using ice grain sizes of 3-200 µm, and subjecting the 

ice to stresses of 0.2-20 MPa and temperatures between 170 and 268 K, with resulting 

strain rates of between 10
-8

 and 10
-4

 s
-1

. They found that for any particular value of 

stress, ice with smaller grain sizes exhibited higher strain rates. They in fact argued 

that values of grain matrix diffusivities and estimates of grain boundary diffusivities 

imply that diffusion creep is probably not a significant deformation process in ice 

having a grain size > 100 µm. Their experimental observations also suggested that 

grain boundary sliding processes dominate over diffusion processes at medium and 

low stresses for ice grains down to 3 µm. 
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Figure  4.4. Map of the Deformation Mechanisms of Ice. 
                    As a function of temperature, applied stress, and strain rate 

                    (Adapted from Carr, 1996; after Shoji and Higashi, 1978) 

 

Glen's (1958) Flow Law has for a long time been widely accepted as the 

constitutive relation for ice when a shear stress acts on its basal plane. It regards ice as 

a plastic substance with a yield stress τ of 1 bar (Paterson, 1981): 

 

 έ = A τb
n
    Equation  4.15 

 

where έ is the strain rate; A is a temperature-dependent constant; τb is the basal 

shear stress; and n is a power law exponent (whose value is generally taken as 3; 

Paterson, 1981; Johnston, 1981). Therefore, the shear strain rate (flow velocity) is 

lower for colder ice as a function of A. A varies with temperature (Paterson, 1994), 

and is equal, for example, to 6.8 x 10
-15

 s
-1

 kPa
-3

 at 273 K, 4.9 x 10
-16

 at 263 K, 1.7 x 

10
-16 

at 253 K, and 5.1 x 10
-17

 at 243 K. The exponent n varies with the applied stress 

(Paterson, 1994), taking a value of 1 for Newtonian deformation, and 3 for non-

Newtonian deformation. Available evidence (e.g. Russell-Head and Budd, 1979) 

indicates that n=3 for most situations. 
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The basal shear stress τb in Equation  4.15 is calculated by: 

 

 τb = ρgh (sinα)    Equation  4.16 

 

where ρ is the average density of the rock glacier material; g is the acceleration due to 

gravity; h is the thickness of the rock glacier; and α is the surface slope. 

 

4.1.4 The Rheology of Ice-Rich Geologic Materials 

Frozen ground is defined as having a temperature below 273 K (Andersland 

and Ladanyi, 1994). Frozen soil is a system comprising four components: soil 

particles, water, ice, and air, with the latter three components being contained in the 

voids (Andersland and Ladanyi, 1994). Unfrozen water exists in soil pores in two 

states: adsorbed (the water film surrounding and strongly held to soil particles) and 

pore water (the water present in the remainder of the pore space). Adsorbed water can 

remain unfrozen even at very low temperatures, perhaps to temperatures as low as 163 

K for a frozen clay (Bourbonnais and Ladanyi, 1985b), although the amount that 

remains unfrozen is temperature- and solute-dependent, and also depends upon 

properties of the soil including particle size and clay type (Anderson and Tice, 1972; 

Smith and Tice, 1988). However, pore water freezes relatively easily (Anderson and 

Morgenstern, 1973). Unfrozen water is therefore a constituent of most, if not all, 

frozen ground; however, when ice fills most of the pore space, the mechanical 

properties and behavior of frozen ground correspond closely to those of ice 

(Andersland   and Ladanyi, 1994). Ice in frozen ground may be contained as coatings 

on individual soil particles, as pore ice, or as inclusions or lenses of various size. The 

freezing behavior of frozen ground (i.e., the water-ice phase composition of the 
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material) is a function of particle characteristics (size, composition, surface area), 

the presence of dissolved salts, and temperature (Anderson and Tice, 1972; 

Andersland and Ladanyi, 1994). 

The shear strength of frozen ground, as revealed by a number of studies (e.g. 

Goughnour and Andersland, 1968; Sayles, 1973; Ting, 1981; Ting et al., 1983), is a 

function of four mechanisms: ice matrix cohesion (pore ice strength); particle 

frictional resistance and dilatancy; adhesive ice bonds that resist dilatancy during 

shear; and synergistic effects between the material and the ice matrix that prevent soil 

skeleton collapse (Andersland and Ladanyi, 1994). However, the interactions between 

these are complex and not fully understood, and although the sources of frozen 

ground strength are known, the exact evaluation of their respective contributions is 

difficult. One way to examine this is through a failure mechanism graph, such as the 

one in Figure  4.5 which shows the compressive strength of frozen Ottawa sand versus 

percentage of sand at 266 K. The graph represents the relative contributions to 

strength afforded by ice strength and soil friction and skeleton strength. It shows that 

the strength of frozen sand attributable to inter-particle friction and dilatancy is 

significant only at sand fractions over 40 %; below this fraction, the strength of frozen 

sand is primarily a function of ice strength. 
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Figure  4.5. Compressive Strength of Frozen Ottawa Sand. 

                    Failure mechanism graph (at 266 K and a strain rate of 4.4 x 10
-4

 s
-1

) 

                    (Adapted from Andersland and Ladanyi, 1994; after Goughnour and 

                    Andersland, 1968; and Ting et al., 1983) 

 

The deformation of a frozen soil under an applied stress or load comprises two 

parts: an instantaneous component and a time-dependent component; both of these 

components contain a recoverable and a non-recoverable constituent of deformation 

(Andersland and Ladanyi, 1994). If the load is great enough, the frozen soil will 

exhibit a limiting strength. Although frozen ground can crack (fail) along sharp 

surfaces when loaded very rapidly during transient events, the more usual case 

involves low rates of stress or loading, under which conditions frozen ground deforms 

mostly in a ductile manner in the form of creep (Williams and Smith, 1989). The 

stages of creep of frozen ground follow the stages as illustrated in Figure  4.1, being 

the stages of primary, secondary (steady-state), and tertiary creep. For stresses that are 

lower than the long-term strength of the frozen ground, the second and third stages 

will probably not develop (Andersland and Ladanyi, 1994). Ice poor soils exhibit 

primary creep only, in contrast to ice-rich soils which display a short primary creep 

phase and an extended secondary creep phase (Figure  4.6). The tertiary phase may not 
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be reached by ice-rich soils, except at higher stress levels, at which the yield 

strength of the soil is exceeded. The secondary (steady state) creep phase has been 

found to be a reasonable model of observed material behavior in practical problems 

concerning frozen ground (Thompson and Sayles, 1972). 

 

 
Figure  4.6. Creep Curve Variations for Constant-Stress Creep Test. 
                    (Adapted from Andersland et al., 1978) 

 

The total strain in deforming frozen ground is the sum of an instantaneous 

strain, ε
(i)

, and a creep strain, ε
(c)

. The primary creep of frozen ground (and ice) in a 

state of constant stress can be described by the creep law (from Andersland et al., 

1978): 

 ε
(c)

 = Kσ
n
t
b
    Equation  4.17 

 

where K, n, and b are temperature-dependent material constants. The steady state 

creep strain is governed by the creep law (Hult, 1966): 

 

 έ
(c)

 = G(σ, T)    Equation  4.18 

 

where έ
(c)

 is the steady state (secondary) creep rate; and the function G(σ,T) is found 

by plotting the slope dε
(c)

/dt against the applied stress for various temperatures. The 



 

 

90

creep law can be rewritten in the form of a power expression (Hult, 1966; Ladanyi, 

1972): 

 

 έ
(c)

 = έc[σ/σc(T)]
n(T)

    Equation  4.19 

 

where έ
(c)

 is the creep rate; έc is the creep rate selected for the laboratory experiment 

(and for frozen soils is often taken as 10
-5

 min
-1

, Andersland et al., 1978); σc is the 

uniaxial stress for the selected creep rate; σc(T) and n(T) are temperature-dependent 

creep parameters. The equations for both primary and secondary creep emphasize the 

temperature-dependence of creep deformation. 

 

4.1.4.1 Factors Controlling the Strength and Deformation of Frozen Ground 

The rheologic behavior of frozen ground is influenced by many factors, the 

most important of which are temperature, ice content, and regolith properties (e.g. 

Andersland et al., 1978). These factors and their influence on the strength and 

deformation behavior of frozen ground are discussed below. 

The mechanical properties of frozen ground are affected by temperature in 

three ways. First, temperature is the main factor in determining the unfrozen water 

fraction in the ground. Second, the internal bonds in ice become stronger with lower 

temperatures. And third, at lower temperatures, an incremental increase in stress 

results in less thawing and a slower rate of water migration, which are important 

factors in stress redistribution (Williams and Smith, 1989). These factors combine to 

make frozen ground stronger at lower temperatures. 

Temperature affects the strength of frozen ground as assessed by various 

strength parameters. Young’s modulus of elasticity E measures the recoverable 
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component of deformation resulting from very short term loading. Tsytovich 

(1975) performed a number of experiments on three different frozen soils to 

determine the relationship between E and temperature. The data were modeled by 

empirical equations, one each for frozen sand, silt, and clay (Johnston, 1981), and are 

shown in Table  4.2. The data show that E increases with temperature for all the soils, 

and also that E for frozen sand increases more rapidly with decreasing temperature 

than it does for silt and clay. The modulus for ice is smaller than that of frozen sand or 

silt, but larger than that of clay. This is due to the larger amount of unfrozen water in 

the clay at these temperatures (Andersland and Ladanyi, 1994). 

 

Soil Type Grain size Water content % Equation
1
 

Frozen sand 0.05-0.25 mm 17-19 E = 500(1 + 4.2C) 

Frozen silt 0.005-0.05 mm 26-29 E = 400(1 + 3.5C) 

Frozen clay More than 50% < 0.005 mm 46-56 E = 500(1 + 0.46C) 

Table  4.2. Young’s Modulus Variation (MPa) with Temperature and Soil Type. 

                  For temperatures down to -10º C for sand and -5º C for silt and clay 

                  Notes: 1. C = number of º C below 0º C 

                  (Data from Johnston, 1981) 

 

The compressive strength of frozen ground increases with decreasing 

temperature. Jumikis (1966) reported results from Brennecke and Lohmeyer (1930) of 

a monotonic increase in compressive strength for a fine sand soil at 50 % saturation 

from 52 kg/cm
2
 at 263 K to 130 kg/cm

2
 at 248 K. In comparison, the corresponding 

strength values of a fine sand soil at 75 % saturation were 77 and 147 kg/cm
2
 

respectively, indicating that an increased moisture content serves to increase strength. 

Tsytovich (1960) assessed compressive strength for various types of frozen soils as a 

function of temperature. The results showed that sand, with a  water content of 16 %, 



 

 

92

increased in strength from 60-120 kg/cm
2
 between 273 and 263 K, whereas a clay 

with 46 % water content increased in strength from 0 to 45 kg/cm
2
. Clayey sand soils 

had results intermediate between the sand and the clay. The results of Sayles (1966) 

(Figure  4.7) used a much greater range of temperatures, and confirmed the earlier 

results in terms of the relative strengths of clay, silt, and sand at higher temperatures; 

however, at temperatures below 210 K, the sand exhibits a constant, limiting strength 

while the strengths of the clay and sandy silt continue to increase. 

 

 
Figure  4.7. Dependence on Temperature of Compressive Strength for Ice and 

                    Various Frozen Soils. 
                    (Adapted from Andersland et al., 1978; after Sayles, 1966) 

 

More recent data on the effect of temperature on the compressive strength of 

frozen sand and frozen clay have been provided by Bourbonnais and Ladanyi 

(1985a,b), and to a large extent confirm the pattern shown in Figure  4.7. Their results 
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show that for frozen sand, under strain rates of 3 x 10
-3

 to 3 x 10
-5

 s
-1

, strength 

increases markedly with decreasing temperature down to about 230 K, increases more 

gradually down to 170 K, and levels off at lower temperatures at a strength of around 

30 MPa. For clay, under strain rates of 2.6 x 10
-3

 to 9.2 x 10
-6

 s
-1

, the strength 

increased exponentially with decreasing temperature from 5 MPa at 258 K to 105 

MPa at 160 K. At temperatures below this, all water (even molecularly bound water) 

was frozen and the clay behaved in a brittle manner. 

Besides influencing the strength of frozen soils, temperature also to a large 

extent determines the rate of steady-state creep, via the factor exp-(Q/RT) (Equation  

4.5). The relation is one whereby the rate of creep decreases with decreasing 

temperature. Figure  4.8 shows how the creep rate varies with temperature for a sandy 

loam soil for temperatures between 268 K and 253 K. 

 

 
Figure  4.8. Variation of Creep Rate with Temperature for a Sandy Loam. 

                    (Adapted from Andersland et al., 1978; data from Vyalov et al., 1962) 

 

The effects of ice content on strength and deformation of frozen soils can be 

regarded as those effects concerning the proportion of ice as a proportion of soil pore 

volume, and those effects concerning the amount of ice compared with the amount of 

particles as a proportion of the total volume. Unfrozen water is present in pore spaces 
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even at temperatures well below 273 K (Bourbonnais and Ladanyi, 1985a) and 

therefore ice will not occupy the whole of the pore spaces. Also, the degree of ice 

saturation of the ground (the ratio of ice volume to soil-pore volume) may be limited 

by the total amount of water in the ground, so that pore spaces in frozen ground are 

not necessarily fully occupied by either ice or water. 

The relative proportions of ice and rock in frozen ground influence its 

rheology. For low proportions of rock particles, the particles are suspended, the 

properties of the ice control the material rheology, and a relatively lower strain rate is 

needed to produce deformation. However, as the proportion of rock particles 

increases, the manner in which the ice and particles come into contact determines 

whether the ice or the grains control rheology. For comminuted and disaggregated 

particulate rock/soil, the material is likely to be mobile (e.g. Haynes, 1978). For 

materials in which the rock pieces are larger and not disaggregated, the material is 

stronger and flows less readily. 

The effects both of the amount of particles as a proportion of total soil volume, 

and the degree of saturation, can be seen in Figure  4.9. For a sand-ice mixture, the 

particles make contact with each other at about 40 % sand by volume, at which point 

inter-particle friction begins to significantly increase the strength of the mixture 

(Goughnour and Andersland, 1968; Baker, 1979). The strength of the frozen sand is 

then a function of both the pore ice matrix and the soil skeleton, and continues to 

increase with increasing sand content to reach maximum of 6 MPa at 70 % sand (i.e., 

30 % ice) (Baker 1979). From there the strength declines with decreasing ice content 

below 30 %, and tends to the strength of a dry sand as ice content approaches zero 

(Figure  4.9). A similar pattern was found by Kaplar (1971) for fine sand, although the 
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maximum strength of the sand-ice mixture was attained at around 60 % sand by 

volume. 

 

 
Figure  4.9. Effect of Soil Particle Content and Total Moisture Content. 

                    Saturation level effect on compressive strength of a frozen fine sand 

                    at 261 K and a strain rate of 2.2 x 10
-6

 s
-1

 

                    (Adapted from Andersland and Ladanyi, 1994; after Baker, 1979) 

 

 The presence of dissolved salts generally acts to depress the freezing point of 

water, with the major rheologic consequence of this being to reduce the ice content of 

the ground and thereby cause a reduction in the strength of frozen ground and an 

increase its creep rate (Patterson and Smith, 1985; Ladanyi, 1989). Some salts, in 

particular the chlorides (NaCl, MgCl2, and CaCl2), cause marked depressions in 

freezing point. The depression effect can be measured by the eutectic temperature for 

the salt-H2O system (the lowest temperature at which the solution remains completely 

liquid). For the NaCl-H2O system, the eutectic temperature is 252 K at a 

concentration of NaCl of 23.3 % (beyond which the NaCl precipitates); for the CaCl2-

H2O system, the eutectic temperature is 222 K (Andersland and Landanyi, 1994). 

Some salts however (e.g. MgSO4) have little or no influence on depressing the 

freezing point. 
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Figure  4.10 displays the depression of the freezing point of soil water 

(containing dissolved salts) compared with pure water, as a function of free energy. 

At 273 K, ice and water normally coexist (i.e., they have equal free energies). 

However, if the free energy of water is reduced (e.g. by the presence of solutes), as 

indicated by the dashed line in Figure  4.10, the freezing point is depressed by a 

temperature ∆T.  

Figure  4.11 illustrates both the variation in compressive strength with 

temperature for the case of a frozen clayey silt soil, as well as the influence of salinity 

of the soil water on compressive strength. The figure shows that compressive strength 

increases as a linear function of decreasing temperature when the water contains no 

salt. It also shows that compressive strength is reduced by around 4 MPa for a salinity 

of 3 %, and that this reduction is constant for the range of temperatures displayed.  

 

 
Figure  4.10. Depression of Freezing Point. 

                      With free energy, salinity and temperature 

                      (Adapted from Williams and Smith, 1989) 

 



 

 

97

 
Figure  4.11. Compressive Strength Variation with Temperature and Salinity. 

                      (Adapted from Williams and Smith, 1989) 

 

 

4.2 TERRESTRIAL ANALOGS 

The features, processes, and dynamics of terrestrial frozen ground have been 

outlined above. They provide important analogs for the theoretical and observational 

studies of the ice-rich cryosphere (frozen ground) and rheologic characteristics of the 

surface and shallow sub-surface of Mars (Miller and Black, 2003; Ogawa et al., 

2003). 

 

4.2.1 Landslides 

Landslides encompass a range of rapid mass movement types, including 

translational slides, flows, slips, and falls, and involving materials of soil, rock, water, 

ice, and mixtures of some or all of these (Selby, 1982). The morphology of landslides 

is dependent upon the rheology of the material involved, and relations between the 

length, width, and depth of landslides have been used to discriminate between 

different types of process and material rheology (e.g. Crozier, 1973). More recent 

studies have become more sophisticated than measuring simple dimensional 
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morphometric variables. For example, Bulmer et al. (2000) quantified the 

topography and sedimentology of the Generals slide in Virginia, and in conjunction 

with a model, used the data to assess the rheologic characteristics of the flow. They 

used GPS techniques to construct basic morphometric measurements of landslide 

shape, topographic profiles of the landslide, and also measured slope angles, flood-

lines and boulder positions, and particle size distributions at various points. They used 

a general volumetric flow rate model of the form: 

 

 Q = uA = [(ghsinθ)/C]
k
A    Equation  4.20 

 

where Q is the volumetric flow rate; A is the cross-sectional area of the flow; g is 

gravity; θ is the underlying slope angle; h is the flow thickness; and C and k are 

empirically derived parameters, with C = 1/Fr (Froude number) when k = 0.5. Fr 

(which relates inertial to gravitational forces) was tracked with distance downstream 

from the top of the flow, and interpretations made from its variation. The results 

included an initially decreasing Fr that was interpreted as being due to the flow 

becoming less fluid as it picked up and entrained eroded material. 

 The significance of studies such as that of Bulmer et al. (2000) relates to the 

ability (or need) to quantify relations between the form of the mass movement and the 

rheology of the landslide (including the process of mass movement, the particulate 

composition of the material, and the fluidity of the flow). Once such relations are 

established, inferences for apparently similar features on Mars can be made. 
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4.2.2 Permafrost, Ground Ice, and Creep 

Approximately 25 % of Earth’s land surface, or 36.2 million km
2
, is underlain 

by permafrost (perennially frozen ground) (French, 1996), and includes the areas of 

permafrost in Antarctica (13.5 million km
2
), the former Soviet Union (11.0 million 

km
2
), and Canada (5.7 million km

2
). The coldest region on Earth, which also 

possesses the greatest thicknesses of permafrost (ground ice) observed, is the region 

of central Siberia (Frolov, 2003) where it is more than 1.4 km thick. In Canada it 

reaches 400 m thick, around 300 m in Alaska, and 110 m thick on the Tibetan plateau 

(French, 1996). These regions are characterized by mean annual air temperatures of -2 

to -12º C, dependent on locality. 

The amount of ground ice present in permafrost can vary from negligible 

amounts (for some igneous and metamorphic rocks) to considerable for 

unconsolidated regolith. The majority of ground ice is concentrated in the top 2-3 m 

of permafrost, generally around 50-70 % ice content, decreasing to around 40 % 

below that (Pollard and French, 1980). Although ice can be present in various forms 

including lenses of various dimension, pore ice generally comprises a substantial part 

of the upper few meters of permafrost, and below depths of 10 m is the dominant 

form of ground ice (Davis, 2001). In areas where ground ice occurs, creep is likely to 

occur given the discussion further above, and will occur at greater rates where ice 

content is higher and where temperatures are higher. Downslope movement of frozen 

ground occurs by creep driven by low topographic gradients. Natural rates of creep 

measured for frozen soils are 2.5-3.0 mm/yr (Savigny, 1980). 
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4.2.3 Rock Glaciers 

Rock glaciers (and debris-covered glaciers) and protalus ramparts are 

commonly observed features on Earth that contain mixtures of ice and rock debris. 

Figure  4.12 illustrates the basic concepts of ice-debris components terminology as 

applied in studies of these features on Earth. 

 

 
Figure  4.12. Debris-Ice Feature Terminology. 

                      (Adapted from Whalley and Azizi, 2003) 

 

Rock glaciers are tongue-shaped bodies composed of mixtures of poorly 

sorted, angular, blocky rock debris and ice (Barsch, 1988). Their motion involves slip, 

flow and/or creep deformation (Giardino and Vitek, 1988), which gives rise to their 

distinctive surface features and morphologies including ridges and furrows 

perpendicular to the direction of flow. Rock glaciers have been identified in most of 

Earth’s major mountain regions (Schweizer, 1968; Höllermann, 1983; Giardino et al., 

1987). They occur in both glacial and non-glacial areas (Giardino, 1983; Haeberli, 

1985). Their ages range from relict forms dating back to the end of the last glacial 
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period (e.g. Sandman and Ballantyne, 1996) through to features several hundred 

or thousand years old (Humlum, 1996; Calkin et al., 1998) to very young proto rock 

glaciers in the initial stages of formation. Currently active rock glaciers have been 

measured as typically moving at low velocities of between 0.1-1 m/yr (Barsch, 1992; 

Whalley and Martin, 1992). Figure  4.13 shows an aerial photograph of two typical 

rock glaciers in the Wrangell Mountains, Alaska. Referring to Figure  4.13, it can be 

seen that rock glacier “a” has a single lobe, and rock glacier “b” has a second lobe that 

appears to have advanced on top of another lobe that advanced at an earlier time 

(Whalley and Azizi, 2003). 

 

 
Figure  4.13. Typical Rock Glaciers in Wrangell Mountains, Alaska. 

                      (Adapted from Whalley and Azizi, 2003) 

 

Rock glacier movement is a function of the rock debris characteristics, ice 

content, and the geometry of the topography down which or along which it flows 

(Barsch, 1988). A rock glacier will typically flow down a valley and where the valley 

floor shallows in gradient and valley walls diverge, a decreased flow rate occurs, 

resulting in the development of surface ridges and furrows, along with a thickened 

toe. Debris aprons, lobate in shape, share this thickened toe geometry. They occur at 
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the base of escarpments from which they are fed material, flowing away from 

their source and are characterized by a topographically thick, convex-upward, 

morphology. 

It is through the ice:rock ratio that the mechanics and deformation of rock 

glaciers can be best understood. At one end of the spectrum is glacier ice, and at the 

other end, talus (composed of angular chunks of rock); in between are mixtures of 

various proportions of ice and rock. Ice has its deformation described by Equation  

4.15 (Glen’s law; Glen, 1958) (section  4.1.3). At the other end of the spectrum, ice-

free talus has its stability described by the Mohr-Coulomb equation (Equation  4.6). 

Talus has no cohesion, and therefore its resistance to shear is dependent upon its 

friction angle. The friction angle for dry talus is dependent upon particle size and 

angularity (Selby, 1982), but ranges between 35-45°.  This angle equates to the angle 

of repose for slopes formed of talus, above which the talus will be unstable and fail by 

mass movement. 

In between these two end-members are rock glaciers. Both Paterson (1994) 

and Whalley and Azizi (1994) were of the view that more data are needed concerning 

how the inclusion of rock particles affects the creep rate of ice. Mixtures with high 

ice:rock ratios are likely to have similar mobility to pure ice, as the particles interact 

little with each other. Hooke et al. (1972) found that the creep rate of ice-rock 

mixtures decreased in an exponential manner with increasing amounts of included 

debris for mixtures having > 20 % particles. The ice:rock ratio alters the exponent n in 

Glen’s law (Equation  4.15; Glen, 1958). For example, Colaprete and Jakosky (1998) 

used a relation n = 3-d, where d was the volume fraction of the included debris and 0 

< d < 0.5. When the ice:rock ratio increases such that the debris concentration exceeds 

~ 60 %, particles interact with each other and more likely start to behave like talus. 
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The ice:rock ratio therefore has been considered to be an important factor 

in deformation and movement, partly because most of the deformation will occur in 

the weakest material. The behavior of rock glaciers is likely to follow those displayed 

in Figure  4.6, whereby the more ice-rich mixtures are likely to reach steady-state 

creep, and ice-poor mixtures are likely to remain at the primary creep stage. However, 

the degree of segregation of the ice in the material is also important, and can show 

considerable variation according not only to the overall ice content, but also the actual 

configuration of rock debris and ice within the glacier (Figure  4.14). Barsch (1987), 

following the model of Wahrhaftig and Cox (1959), calculated the rock glacier basal 

shear stress, τb, using Equation  4.16. Because there is a density difference of between 

2.5 and 3 between ice and rock debris, the estimation of ρ, and therefore τb in 

Equation  4.16 are very dependent on an accurate assessment of the ice:rock content of 

the rock glacier.  

 

 
Figure  4.14. Relationships Between Ice and Debris in Rock Glaciers. 

                      (Adapted from Whalley and Azizi, 1994) 
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4.3 SUSPECTED ROLE OF RHEOLOGIC PROCESSES IN THE 

EVOLUTION OF THE MARTIAN LANDSCAPE 

4.3.1 Application to Martian Regolith and Upper Crust 

The rheologic processes of frozen ground as measured experimentally and as 

observed in cold regions on Earth have application to Mars if conditions favorable to 

their operation are found there. The major requirements are the presence of a porous 

regolith, and the presence of ground ice. The Martian crust has been heavily 

bombarded and terrestrial analogs of impact craters (e.g. Dence et al., 1977) and 

theoretical models of cratering processes (e.g. O’Keefe and Ahrens, 1981) have 

shown that such impacts create and disperse large volumes of ejected material and 

also substantially fracture the underlying and surrounding basement rock. The upper 

part of the Martian crust is likely to be a megaregolith, characterized by fractured, 

blocky, porous material (Figure  4.15), as inferred by analogy with the Moon where 

such a megaregolith has been predicted from seismic studies of its crustal properties 

(Toksöz, 1979; Binder and Lange, 1980). This megaregolith likely also contains 

interspersed volcanic flows, sedimentary deposits, and weathering products (Carr, 

1979). McEwen et al. (1999) reported detailed, horizontal layering in the Valles 

Marineris canyons, to depths of at least 8 km. Such layering is not inconsistent with 

the existence of a deep megaregolith comprising volcanic flows and sedimentary 

beds. 

Below the megaregolith lies highly fractured basement (Figure  4.15). At some 

point a depth of self-compaction is reached as the pressure exerted by the column of 

material above exceeds the structural strength of matrix of the rock at that point. 

Clifford (1981, 1987) modeled theoretical porosity profiles of the Martian crust based 
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on Binder and Lange’s (1980) lunar model. A model using a porosity of 20 % at 

the surface (as in the lunar model) predicted a self-compaction depth (at which 

porosity < 1 %) of 8.5 km, whereas a surface porosity of 50 % was modeled to 

produce a self-compaction depth of 11 km. The 50 % surface porosity model 

entertains the effect of physical and chemical weathering processes and large-scale ice 

segregation.  

The presence and stability of ground ice is discussed in detail in Chapter 3 of 

this thesis. The pertinent points of ground ice concerning the influence on the 

rheologic behavior of Martian crustal materials are as follows. First, the depth to the 

base of the Martian cryosphere gives an estimate of the depth of crust to which ice-

related deformation processes may be operating (~2.3 km at the equator increasing to 

~6.5 km at the poles) (section  3.2.1). Second, the Martian cryosphere is likely to be 

ice-rich (section  3.2.2). Therefore, Martian regolith likely has deformation behaviors 

that are strongly influenced by the rheology of ice. Fractured bedrock at depth, but 

still within the zone of the cryosphere, will have rheologic behavior controlled both 

by ice and by rock properties, but increasingly by rock properties with greater depth 

as fracturing and porosity decrease due to self-compaction (e.g. Squyres et al., 1992). 
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Figure  4.15. Idealized Structure with Depth of the Martian Crust. 

                      (Adapted from Clifford 1993; after Clifford, 1981, 1984) 

 

4.3.2 Creep Deformation: Terrain Softening 

 Several lines of morphologic evidence suggest that some areas of the Martian 

regolith have sustained creep deformation, as a result of deformation of interstitial ice. 

One of these is terrain softening, referred to by Squyres et al. (1992) as a style of 

landscape degradation that results from in situ viscous deformation of host material. 

The degradation has the effect of “softening” the topography of hills, craters, 

mountains, troughs, and valleys at various scales. Such softening tends to alter the 

crisp, angular lines of topographic expression to produce more rounded, smooth 

appearances as revealed by images of the Martian surface. Slope segments tend to be 

convex rather than concave, and breaks of slope tend to be less severe (Squyres, 

1989). Squyres (1989) showed that, in a series of finite-element models of the 

topographic evolution of a crater in a viscous material, that the thickness of the 

deforming layer, if it is to produce the appearance of softened terrain, must be shallow 

rather than deep. Alternative explanations of morphologic features ascribed to ice-
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induced creep have been offered by Squyres et al. (1992), including the action of 

eolian mantling, but do not appear to explain the exact distribution of softened terrain 

features as well as a creep-related origin. 

Terrain softening has been observed to affect wide areas on Mars between the 

latitudes of ~30º and 60º (north or south), where ground ice exists near the surface. 

However, at higher latitudes, the phenomenon becomes much less prevalent, probably 

due to the colder temperatures and therefore higher viscosities of sub-surface material 

found in those regions (Squyres and Carr, 1986; Squyres et al., 1992). As discussed 

previously, creep is temperature-dependent, and significant creep is not expected for 

latitudes greater than about 60º where the mean annual surface temperature is ~180 K. 

Mangold et al. (1999) attempted to deduce the ice content of Martian regolith 

using experimental determinations of the rheology of rock-ice mixtures with sand-

sized rock fractions ranging from 50-75 %. Using conditions pertaining to Martian 

permafrost at a depth of 1-2 km, their results indicated that for ice contents > 28 %, 

the mixtures had a behavior consistent with rock particles in suspension, while for 

fractions less than that, the ice-rock mixtures were brittle. This threshold was 

attributed to the interlocking of sand-sized particles at concentrations greater than 72 

%. Mangold et al. (1999) surmised that 28 % of ice is required in the ice-rock Martian 

regolith to depths of about 1 km to produce creep, and that such material must 

characterize the regions where processes related to creep, and especially “terrain 

softening”, occur. However, it is not clear from the work of Mangold et al. (1999) 

whether the regolith ice requirement applies to the regolith everywhere, or just to 

those landscape features that are observed to be affected by terrain softening. 
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4.3.3 Rock Glaciers 

Features with appearances and morphologies similar to terrestrial rock glaciers 

have been observed on Mars (Lucchitta, 1993; Degenhardt and Giardino, 1999; 

Mangold and Allemand, 2001; Whalley and Azizi, 2003; MacClune et al., 2003). 

They are common in the fretted terrain between latitudes 30-45º N and longitudes 

280-350º W (Carr, 1981), and have been observed in the Valles Marineris region of 

Mars (Rossi et al., 2000). These features have flow-like morphologies and are 

suspected to be formed by processes similar to those of terrestrial rock glaciers, and to 

deform by ice-related creep. The features are less likely to be analogs of terrestrial 

alpine glaciers as they lack some of the obvious characteristics such as transverse 

compression ridges and convex-upward profiles. 

Rock glaciers (also known as debris aprons) are commonly located at the 

bases of steep slopes and escarpments (e.g. Carr, 1981). They are characterized by 

convex topographic profiles, and exhibit surface lineations both parallel and normal to 

the assumed flow (Squyres 1978; Carr, 1981). Given the topographic position of these 

features (at the bases of steep slopes), their shapes, and the striations assumed to 

represent flow stresses, the most likely explanation is that deformation and viscous 

flow of ice-cemented material have occurred.  

Figure  4.16 shows examples of these flow-like features in the Candor Chasma 

area (central Valles Marineris region, refer to Figure  2.1 and Figure  2.2 for location). 

Feature “A” in this figure has the basic forms of a classical rock glacier (refer to 

Figure  4.16.b for an enlargement of the area of feature “A”), while feature “B” (see 

Figure  4.16.c) holds similarities to both simple ridge-like forms (protalus ramparts) 

and more complex systems of ridges similar in appearance to protalus lobes (Whalley 

and Azizi, 2003). Rossi et al. (2000) suggest an ice-driven creep process for the 
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formation of the rock glaciers, although they admit that the amount of ice involved 

in the process is poorly constrained. The flow-like features are young, based on the 

low density of cratering and the fact that the craters have been modified by the flows. 

For comparison with Figure  4.16, refer to Figure  4.12 for an illustration of the 

features of typical terrestrial rock glaciers, and refer to Figure  4.13 for an aerial 

photograph of two typical rock glaciers in the Wrangell Mountains, Alaska (plausible 

Mars analogs). 

 

a. Flow-like features in Candor Chasma 

 
 
b. Enlargement of feature A    c. Enlargement of feature B 

   
Figure  4.16. Two Possible Rock-Ice Systems in Candor Chasma. 

                      (Adapted from Whalley and Azizi, 2003; after Malin et al., 2000) 
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The relationships established in sections  4.1.3 and  4.1.4 have been used in 

studies of features suspected to be rock glaciers on Mars. One such study was by 

Mangold and Allemand (2001), who compared topographic profiles measured from 

suspected Martian rock glaciers with profiles calculated using rheologic laws. They 

calculated the basal stress by integrating Equation  4.16 over the length and thickness 

of the rock glacier profile (from Paterson, 1994): 

  

 τb = ρgH
2
/2L     Equation  4.21 

 

where H is the thickness of the rock glacier; L is its total length; and g is the constant 

of gravity for Mars = 3.7. Topographic profiles of the rock glaciers measured from 

MOLA data were consistent with those predicted by the calculations. Mangold and 

Allemand (2001) interpreted this as confirmation that the rock glaciers were indeed a 

result of the deformation of ice-rock mixtures. They also measured volumes of 

material in the features and deduced on account of the large volumes that the material 

was provided initially by landslides, not progressive rock fall at the foot of a scarp. 

Colaprete and Jakosky (1998) used an ice flow model for rock glaciers similar 

to Glen’s law (Glen, 1958) but accounting for rock particle fractions of up to 50 % by 

volume, in order to show how ice temperature, accumulation rate, and ice:rock ratios 

affected creep rates and the geometry (heights and lengths) of Martian rock glaciers. 

Their modeling indicated that such features as observed on Mars would need 

temperatures in excess of 220 K to flow sufficiently to produce the size of the 

features. The concluded that a warmer climate, by some 20-40 K higher than present 

in the mid-latitude regions (210 K), would be required to produce rock glaciers of the 

size observed. However, Colaprete and Jakosky (1998) assumed in their model that 
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the ice did not contain dissolved salts, which would act to depress the freezing 

point of ice, effectively increasing the creep rate. Although it is not known what 

proportion of dissolved salts may be contained in ice in the Martian regolith, more 

work is needed on this before accepting that rock glaciers on Mars require 

temperatures of 230-250 K to creep sufficiently to explain their current dimensions. 
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CHAPTER 5: STABILITY AND EVOLUTION OF VALLES 

MARINERIS TROUGH WALLS: PAST STUDIES 

 

5.1 PRESENT MORPHOLOGY AND STATE OF TROUGH WALLS 

The walls of the Valles Marineris troughs consist of wallrock topped by a cap 

rock (e.g. Lucchitta et al. 1992, 1994). Recent observations of the walls of the troughs 

using the MOC indicate that the vast majority of the wall rock (> 90 %) in the Valles 

Marineris consists of layers 5-50 m thick, extending at least 5 km below the surface of 

the surrounding plateau (McEwen and Malin, 1998). The layers may be primarily 

volcanic in origin, or a mixture of lavas, intrusive magma, and, possibly, sedimentary 

rocks (McEwen and Malin, 1998; Malin and Edgett, 2000; Williams and Paige, 2002). 

Spectral measurements of low albedo regions of Mars, obtained using TES, suggest 

basaltic compositions for such areas. The wallrock materials are characterized by low-

albedo spectra, and such a basaltic composition is therefore tentatively inferred for the 

wallrock materials (Bandfield et al., 2000). 

The most recent data from MOLA topography concerning trough wall 

geometry show that the steepest sections of wallrock achieve slope angles of 30-35º, 

although some wall slopes achieve gradients of around 12-15º (Phillips et al., 1998; 

Schultz, 2002). From these gradients, slope angle declines with decreasing elevation 

from the local plateau surface (Phillips et al., 1998). The heights of wall slopes are 

immense: slope heights measured by Schultz (2002) range from 1 to 8 km, and 

Peulvast et al. (2001) reports slopes of up to 11 km in height, similar to the maximum 

trough depth as shown by Lucchitta et al. (1994). Because of the geometry of trough 
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cross-profiles which show a curved transition between wall and floor (Phillips et 

al., 1998), the measurement of a slope height is partly dependent upon where the base 

of the wall is deemed to lie. 

The troughs most likely comprise large grabens or rifts formed within a 

tensional tectonic system resulting from stress and strain patterns associated with the 

formation of the Tharsis Rise (e.g. Sharp, 1973; Blasius et al., 1977; Schultz, 1991), 

and subsequently widened by erosion (e.g. Lucchitta et al., 1994). The trough walls 

therefore, under such an origin, represent the eroded remains of rift flanks or the 

footwalls of inward-dipping normal boundary faults (e.g. Schultz, 1991). The walls 

can be divided into two fundamental types based on morphology: those sections that 

exhibit spur-and-gully morphology, common in straight sections of troughs (e.g. 

along Coprates Chasma); and those sections that are characterized by landslide scars 

(especially frequent in Ius, Ophir, and Hebes Chasmata) (Lucchitta, 1979; Lucchitta et 

al., 1992).  Peulvast et al. (2001) further differentiated these slope segment types as 

shown in Figure  5.1.  

 



 

 

1
1
4

 
Figure  5.1. Major Wall Slope Types in Valles Marineris. 

                    1) Smooth talus slopes; 2) Spurs and gullies slopes; 3) Landslide deposits with hummocky material; 4) Landslide deposits with 

                    hummocky and fan-shaped materials; 5) Rotational slumps; 6) Aeolian flutes; 7) Chaotic terrain; 8) Slope gradient; 9) Crests 

                    (Adapted from Peulvast et al., 2001) 
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Figure  5.2. Structural Features of Western Coprates Chasma. 

                    Viking Orbiter 1 images 610A06 and 608A55; 

                    orthorectified stereo-pair produced for this study; 

                    center of image is at 62.4º west longitude, 12.8º south latitude 

                    (Source images courtesy of NASA/JPL) 

                    (Adapted from Jernsletten, 2004b) 

 

 Figure  5.2 shows some structural features of the western part of Coprates 

Chasma. Of note are the pitted chains in the lower part of the image that run together 

towards the west (to the left from the bottom center of the image) and form a trough 

in that direction. This progression is strongly suggestive of a genetic relationship 

between the pitted chains, and between the pitted chains and the trough (Banerdt et 
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al., 1992; Lucchitta et al., 1992). The surface at the base of the north wall of the 

trough that truncates the spur and gully morphology of the wall slopes has been 

inferred to be the surface expression of a bounding normal fault (Banerdt et al., 1992; 

Lucchitta et al., 1992). 

 Figure  5.3 shows the area of Coprates Chasma to the east of the area shown in 

Figure  5.2, in the central part of the trough. The three pitted chains parallel to the 

trough, which match those shown in Figure  5.2. Also of interest are the three shallow 

grabens running parallel to the trough and pitted chains further south (the 

southernmost of these runs through the scale bar in the image). The regular spacing 

and parallel trends of the pitted chains and shallow grabens to that of the main trough 

imply a close structural relationship, and presents a strong case for Coprates Chasma 

being a rift graben structure. Banerdt et al. (1992) also suggest that the regular spacing 

and parallel trend between the grabens and the pitted chains provides a clue to the 

formation of the pitted chains; essentially, tension cracks under the grabens provided 

the space needed for subsurface transport of material, thus allowing the pitted chains 

to form. 
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Figure  5.3. Structural Features of Central Coprates Chasma. 

                    Viking Orbiter 1 images 610A07 and 608A36; 

                    orthorectified stereo-pair produced for this study; 

                    center of image is at 58.8º west longitude, 14.5º south latitude 

                    (Source images courtesy of NASA/JPL) 

 

5.2 STUDIES OF TROUGH WALL STRENGTH AND FAILURE 

Aspects of the strength and stability of trough wall slopes have been examined 

by Clow et al. (1988), Phillips et al. (1998), and Schultz (2002). Clow et al. (1988) 

modeled wallrock slope stability and estimated (rather low) values of cohesion and 
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friction angle of 0.4 MPa and 20º respectively, for a slope in Ius Chasma. However, 

since then, it has been established that finely layered material underlies such slopes 

(not megaregolith), and the slope geometry was not accurate as the slope height and 

angle were overestimated (Schultz, 2002). 

Phillips et al. (1998) used a Mohr-Coulomb failure criterion approach to 

model the limiting equilibrium (see section  4.1.2) for numerous potential slip planes 

at different depths for an idealized slope (representing the north wall of Ius Chasma) 

of 30º angle and 7.5 km height that has not yet failed by landsliding. Their method 

involved calculating the limiting equilibrium in a similar fashion to Equation  4.13, 

except that they modeled the bases of potential landslides as being arcs (curved) 

rather than planar. They varied values of the parameters in the limiting equilibrium 

analysis (such as cohesion, friction angle, and depth to the shear surface) and 

calculated the value of the limiting equilibrium for hundreds of permutations of 

values. They rejected all permutations of values that indicated the slope had failed. 

Their results suggested that groundwater probably did not exist in the upper crust 

because the trough walls would have exhibited more landsliding than observed. 

 Schultz (2002) assessed the stability of rock slopes in various parts of the 

chasmata by applying a rock mass strength rating system in conjunction with 

topographic measurements from the Mars Orbiter Laser Altimeter. He found that wall 

rock is stronger than the interior deposits, as shown by RMR values of 50-65 and 30-

55 respectively (Figure  5.4) (the method used by Schultz (2002) to estimate the values 

is outlined in section  4.1.2.2). The values of rock strength are consistent with wall 

rock slopes being underlain by igneous rock, perhaps jointed basalt (Schultz, 2002). 

Landslides in the wall rock may have occurred as a result of seismicity along the 

faults that bound the troughs (Lucchitta, 1979; Schultz, 2002) (Figure  5.5). 
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Calculations indicated that a surface magnitude 3.6 Marsquake could trigger 

landslides of the wallrock within a distance of 10 km from the trough boundary fault, 

of which the wallrock constitutes the footwall. However, the interior deposits appear 

to have remained stable, in terms of mass movement activity, on account of their 

greater distance from these faults. Caruso (2003) further refined the analysis of 

seismic triggering by producing a map of seismic landslide probability, using as 

parameters distance from a fault, slope angle, and lithology. The areas of highest 

seismic landslide hazard levels coincided with the locations of existing landslides, 

thus supporting the hypothesis of seismic initiation of landsliding in Valles Marineris. 

 

 
Figure  5.4. Slope Heights and Angles in Valles Marineris. 

                    Compared to predicted strengths of rock slopes 

                    (Adapted from Schultz, 2002) 
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Figure  5.5. Representative Failure Surfaces for Dry Wallrock. 

                    Dashed (upper) curve; failure due to gravity alone. Bold (lower) curve; 

                    failure due to gravity plus near-field seismic ground acceleration caused 

                    by slip along adjacent normal fault (arrows). Note that slopes in wallrock 

                    and interior deposits are both stable against gravity-driven failure 

                    (Adapted from Schultz, 2002) 

 

Mège and Gatineau (2003) investigated the strength of the wallrock and its 

possible variation over time in the SW Valles Marineris area. Their results for the 

slopes measured across landslide scars (in Ius Chasma) and on sapping channel slopes 

(Louros Valles) showed that the mean slopes and distributions were similar, but the 

mean slope height of the landslide scars was 2.9 km compared with the 0.7 km of the 

sapping channels. By plotting slope height versus slope angle onto the diagram 

produced by Schultz (2002) (Schultz’s diagram is reproduced as Figure  5.4), Mège 

and Gatineau (2003) found that landslide slopes had inferred RMR values of between 

50-70, compared with between 20-60 for sapping channel slopes. The authors offered 

two explanations for the difference in RMR for the slope types. The first involved the 

possibility that the wallslopes formed first in fresh volcanic rocks, and characterized 

by failure by landsliding; subsequent desiccation or another process weakened the 

wall rock on which channel sapping became the predominant erosional mechanism. 
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The second explanation essentially involved a spatial variant of the first, whereby 

regional or local differences in rock strength control wall stability and the style of 

mass wasting, which seems reasonable as landslides and sapping channels occupy 

separate locations along trough walls (Mège and Gatineau, 2003).  

  

5.3 TROUGH WALL EROSIONAL PROCESSES 

Evidence for the role of volatiles in the erosion of the trough walls includes 

landslides whose morphologies are interpreted in terms of fluid flow (e.g. Lucchitta, 

1979, 1987); channels and tributary canyons suspected to be formed by sapping (e.g. 

Kochel and Piper, 1986; Davis and Golombek, 1990); rock glaciers (e.g. Rossi et al., 

2000; Whalley and Azizi, 2003); and rampart craters in the trough surrounds (Costard, 

1990; Peulvast et al., 2001). 

Landslides occur mainly in Ius, Ophir, and Hebes Chasmata, although they 

occur also in other troughs, mainly on their north walls (Lucchitta et al., 1992). Two 

large landslides occur on the north wall of Coprates Chasma at the west end of the 

trough (Lucchitta, 1979; Schultz, 1991). Many of the landslides are huge by Earth 

standards, with some individual examples exceeding 1000 km
3
 of material (Lucchitta, 

1979; McEwen, 1989), and forming scars of up to 5 km in height in the trough walls 

(Figure  5.5). Although the morphologies of landslides observed within Valles 

Marineris are similar in many respects to terrestrial examples (Lucchitta, 1979; 

Bulmer et al., 2000; Barnouin-Jha and Baloga, 2003), some features are difficult to 

explain. Most landslides exhibit transverse ridges as observed on the surfaces of 

terrestrial landslides, but some surfaces additionally have longitudinal grooves. 



122 

 

Landslide scars form re-entrants (Figure  5.6), most of which are curved. 

Straight re-entrants occur where the headscarps have been controlled by sub-parallel 

graben faults (Lucchitta, 1979). The headscarps are steep, and many are smooth and 

“fresh”, suggesting that post-failure erosion has been minimal on most headscarps. 

The landslide deposits themselves range from a few km
3
 to massive slides with 

volumes exceeding 1000 km
3
 (Lucchitta, 1979; McEwen, 1989), with a total volume 

of deposits in the Valles Marineris estimated at ~70,000 km
3
 (Lucchitta et al., 1994). 

 

 
Figure  5.6. Erosional Morphology of Wall Section in Ius Chasma. 

                    Features referred to in the text include: (A) Plateau surface; (B) Spur-

                    and-gully morphology in trough walls; (C) Tributary channel; (D) 

                    Parallel trough; (E) Landslide with slump blocks and curved re-entrant, 

                    confined by opposite trough wall; (F) Landslide lobe; (G) Fault scarp 

                    truncates spurs; (H) Fault scarps offset landslide along diagonal structural 

                    trend; (I) Tributary channel; (J) Trough floor deposit; (K) Tributary 

                    channel; (L) Groove in landslide 

                    (Adapted from Lucchitta, 1979) 
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Lucchitta (1979) reported runout distances (as measured from the head of the 

landslide to the toe) of up to 100 km. Runout distances, and the morphology of the 

landslides, appears to be partly due to the degree of confinement in the troughs 

(Lucchitta, 1979), with those landslides confined by existing features (including 

opposing trough walls) consisting primarily of slump blocks and with smaller aprons 

and lobes of material due to their shorter runout distances (Figure  5.6). The 

unconfined landslides have multiple debris lobes (Lucchitta, 1979) and much longer 

runouts than would be expected from a direct terrestrial analog. They also display 

longitudinal grooves, perhaps caused by different debris streams moving at high 

speeds, with motion facilitated by constituent material with low angles of internal 

friction and liquefied by water, and smooth surfaces over which to flow (Lucchitta, 

1979). Lucchitta (1979, 1987) therefore concluded on morphologic evidence that the 

landslides were huge, wet debris flows. Harrison and Grimm (2002, 2003a,b) 

produced a model for several landslides that considered four candidate rheologies 

(frictional, Bingham, acoustic fluidization, and general fluidization). The results for 

the large landslides in Ophir Chasma show a much closer fit between the modeled 

longitudinal profile and the observed profile for the general fluidization rheology than 

for any of the other candidate rheologies, supporting Lucchitta’s (1979, 1987) earlier 

rheologic inferences based on morphologic observations.  

Water to fluidize the landslides could have been in liquid form derived from 

groundwater, or as ice that was melted during or immediately prior to their 

occurrence. Groundwater could be contained at depth (perhaps 1-2 km) behind the 

trough walls, which when released by, for example, a seismic event (by fracturing of 

host rock or by pore water pressure changes), would have been available to liquefy 

and propel individual landslides (Lucchitta, 1979; Schultz, 2002). Given the 
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kilometers-scale scarp heights and lateral extents of the re-entrant scars into the 

surrounding plateau surface, groundwater at inferred depths could easily have been 

involved in the landslides. Alternatively, events such as impacts or geothermal 

activity may have been factors in initiating volatile redistribution or phase changes, 

thereby providing potential landslides with a water source from melted ground ice. 

However, dry landsliding processes have been suggested by some 

investigators. McEwen (1989) measured the ratio between the height of drop and the 

length of runout for more than 20 Martian landslides, and plotted them against 

landslide volume. His results had a best-fit regression slope that was parallel to 

terrestrial dry-rock avalanche data (Scheidegger, 1973) (although the y-intercepts of 

the terrestrial and Martian data differed because of the gravity differential). In 

addition, McEwen (1989) measured flow front heights from which he estimated yield 

strengths for the material at 10
-2

 to 10
-1

 MPa, which are higher than those of wet 

debris flows (10
-4

 MPa) and similar to those of terrestrial dry rock avalanches. 

Acoustic fluidization of dry materials has been considered by Barnouin-Jha and 

Baloga (2003) as a likely flow rheology for some Martian landslides within Coprates 

and Ganges Chasmata. These landslides appear to flow less efficiently than volatile-

rich mass movements observed on Earth. These landslide runouts fit within a larger 

cloud of data for mass movements on Earth, indicating that dryness, rather than 

gravity, is the cause for the inefficiency of the runouts. Their behavior appears to be 

comparable to very dry volcanic and non-volcanic rock avalanches (Barnouin-Jha and 

Baloga, 2003). 

The age of the landslides is uncertain. Given the freshness of most of the 

landslide headscarps, they are relatively young and formed at a similar time. Lucchitta 

(1979) calculated a crater count on the surfaces of landslides in Ius and Tithonium of 
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570 ± 130 craters ≥1 km per 10
6
 km

2
, making them contemporaneous with Tharsis 

volcanism (Scott and Tanaka, 1986). More recent crater data measured by Quantin et 

al. (2003) show that the landslides have multiple ages, ranging from 1-2 Giga years to 

100 Million years. The landslide ages are clustered, suggesting a relationship to 

distinct, reproducible events such as crater impacts or Marsquakes. 

Many parts of the Valles Marineris trough walls not affected by landsliding 

are characterized by spur-and-gully morphology (Figure  5.6). Most sections of the 

walls of Coprates Chasma are defined by this morphology, as clearly shown in Figure  

5.2. The walls have spurs and gullies with widths of 15-30 km and slopes of up to 30° 

(Peulvast et al., 2001). Some of the spurs are cut by faults, leaving series of 

triangulated spur facets in some troughs including along the north wall of Coprates 

Chasma. The age and erosional origin of the spur-and-gully morphology are 

enigmatic. Gullying is indicative of erosion most probably either by water or by 

interstitial ice (Lucchitta, 1979). Lucchitta et al. (1992) likened the morphology of the 

spur-and-gully walls to that found on scarps in alpine or desert environments on 

Earth. Alternatively, they are also suggestive of the morphology of the walls of 

submarine canyons. The formation of spurs and gullies would appear to predate the 

landslides, as they are not observed on young surfaces including landslide headscarps 

and fault scarps, and the landslides where they occur obliterate spur-and-gully 

morphology (Lucchitta et al., 1992; Peulvast et al., 2001). Either the spur-and-gully 

morphology relates to a former different climate, or is the result of a subaqueous 

erosional environment, or is still forming now but its rate of development has been so 

slow as to not yet be expressed on the youngest surfaces.  

Tributary channels cut into the trough walls in some locations (Figure  5.6), 

and occur as solitary valleys or, on the south wall of Ius Chasma, as dense networks 
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(Lucchitta, 1979; Davis and Golombek, 1990). The channels range from 30 to over 

100 km long and up to 10 km wide. Their cross-profiles are generally v-shaped, and 

exhibit average slopes of 28°, and longitudinal gradients range from 2-6° (Davis and 

Golombek, 1990). It has been suggested that sapping processes are responsible for the 

initiation and subsequent growth of tributary channels (e.g. Kochel and Piper, 1986), 

an origin supported by the existence of theater-shaped valley heads (Davis and 

Golombek, 1990). Valley floors contain various deposits exhibiting hummocky, 

lobate, or streaked morphologies, suggesting erosion by rock glaciers (Lucchitta, 

1979). A majority of the channel mouths enter the troughs at depths of between 2-3 

km, possibly reflecting an erosional discontinuity, perhaps the base of the cryosphere 

(Davis and Golombek, 1990). Tributary networks of the canyons are poorly 

developed (Lucchitta, 1979) (Figure  5.6), which indicates that the canyons are 

immature features whose further evolution was prevented by climatic change. 

In terms of the large-scale erosion of the chasmata, it would appear that there 

has been a marked amount of backwasting of the trough walls subsequent to their 

formation through structural means. There is evidence of both ancient and recent 

instability of the trough walls, in the form of large landslide scarps and deposits, a few 

of which appear to be ancient, but most of which are quite young (Lucchitta, 1979; 

Lucchitta et al., 1992). Both Schultz (1989) and Lucchitta et al. (1994) have argued 

that the troughs have been widened substantially since their initial formation. 

Lucchitta et al. (1994) used areal and volumetric calculations of trough 

topography, the results of which indicated that the troughs have been widened by 

erosion by an average of about one-third their original widths. Schultz (1991) noted 

the difference between the structural width of the Coprates trough as measured near 
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its western limit (12.3 S, 68 W) of ~60 km and the erosional width in that vicinity of 

~100 km.  

However, the varying widths of the troughs, both among the troughs and 

within individual troughs, show that differential widening by erosion has taken place. 

Spatial differences in the volatile content of rock may have produced these variations 

in the amount of erosional widening of portions of the troughs. Peulvast et al. (2001) 

examined the characteristics of rampart craters in the vicinity of the Valles Marineris. 

From the crater data they calculated “ejecta mobility” values for the material 

surrounding the troughs, which they inferred to represent variations in the erodability 

of trough wall rock. They found a loose correlation between high values of ejecta 

mobility (i.e., representing rock with high ice content) and areas of greatest trough 

widening (the central Valles Marineris). They deduced that widening of the troughs 

by erosion was most marked in areas where ground ice was formerly present, and 

where the presence of this ice (or maybe water) had reduced the shear strength of 

materials into which these walls were eroding. Peulvast et al. (2001) also argued that 

and argued that the presence of volatiles would favor erosional processes such as wet 

debris flows. Trough walls with lesser amounts of wall retreat were interpreted as 

having volatile-poor cryospheres due, probably, to being less porous. However, the 

patterns produced (Figure  5.7) are not well constrained, and they are also limited from 

the inference that the properties of the rock already eroded by the widening troughs 

are able to be deduced from those of the rock yet to be eroded. 
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Figure  5.7. Ejecta Mobility of Rampart Craters in the Valles Marineris Region. 

                    Higher values of ejecta mobility are interpreted as representing areas of 

                    material that is more volatile-rich than other areas and therefore more 

                    susceptible to erosion 

                    (Adapted from Peulvast et al., 2001) 
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CHAPTER 6: RESEARCH QUESTIONS AND METHOD 

 

6.1 RESEARCH QUESTION 

One of the outstanding questions concerning the evolution of the Valles 

Marineris troughs, and of equatorial features in general, concerns the role of volatiles 

(versus the role of dry processes). Evidence for (and against) such processes has been 

reviewed in previous chapters, and it is clear that no consensus has yet been reached, 

hence the motive for this study, which examines the effect of host rock volatile 

content on the topography and erosional stability of trough walls. 

In this thesis, therefore, I ask whether the expected surface temperature 

difference between the north and south walls of Coprates Chasma, and its influence 

on the stability and rheology of ice-rich frozen ground, result in a measurable 

difference in trough wall stability, slope, and surface roughness. 

 

6.2 HYPOTHESES 

The two hypotheses to be tested in this thesis are: 

1. The colder mean annual temperature characteristic of the north wall of the 

trough (vs. the south) should, on average, exhibit steeper slopes and lower surface 

roughness if ice-related processes have influenced the evolution of the trough. 

2. Because the difference in temperature between the two walls at the eastern 

end of the trough is greater than at the western end (due to the gradient in latitude), 

the difference in slope angle and roughness between the south and north walls should 

increase from west to east along the trough. 
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6.3 APPROACH 

The hypotheses are tested by: (1) establishing the pattern of predicted 

temperature variation between and along the north and south walls; (2) given the 

predicted temperature pattern, defining the expected distribution of ground ice in the 

two walls; (3) defining the theoretical effects of ice-related processes on wall stability 

and topography; (4) measuring topographic parameters of trough walls that should 

reflect possible variation in ice-related processes, including slope and surface 

roughness; (5) testing the relations between topographic variables and temperature or 

temperature-related variables (incidence, latitude, aspect); and (6) controlling or 

otherwise accounting for other potential influences on topography. 

 

6.3.1 Data Required for Testing of the Hypothesis 

6.3.1.1 Characteristics and quality of the MOLA data set 

The Mars Orbiter Laser Altimeter (MOLA) is one of the instruments on the 

Mars Global Surveyor (MGS) spacecraft that was launched in December 1997, and 

which still orbits Mars. MGS orbits in a polar orbit, and MOLA is pointed in the nadir 

direction for most data recording, although it has the capability of pointing a few 

degrees off nadir. The instrument measures precise nadir distance to the surface of 

Mars, and surface elevation is calculated from this measurement and data precisely 

describing the orbit of the MGS spacecraft. Subtracting the nadir altitude (distance) 

from the spacecraft’s distance to the center of the planet gives the distance of the 

surface from the center of the planet. When a reference model (datum) is subtracted 

from the distance of the surface from the center of the planet, the result is elevation 
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relative to that datum. The MOLA data has a ±30 cm vertical accuracy, ~150 m spot 

size, and ~330 m along-track spacing (along orbital track). 

The basic dataset for this study is the 1/64 degree gridded MOLA elevation 

dataset (named MOLA85All for the purpose of this study). The datum for the 1/64 

degree gridded MOLA data dataset is a spherical model assuming the a-, b-, and c-

axes of Mars to all be 3,396,000 meters, and the data are projected in a simple 

cylindrical projection. Roughly 500 million individual MOLA shots form the global 

Mars elevation data, data coverage density varies with latitude (high at poles, lower at 

equator). Certain areas along equator were targeted for denser coverage, Valles 

Marineris being one of these (Figure  6.1). 
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Figure  6.1. MOLA Coverage in the Valles Marineris Region. 

                    MOLA tracks 2001-2054 

                    (Data courtesy of the MOLA science team)
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6.3.1.2 Translation and conversion of MOLA topographic data 

I imported the 1/64 degree gridded MOLA elevation dataset into a GIS 

environment. A segment of these data extending 40º west to 85º west by 5º north to 

20º south was used in the profiling study of Coprates Chasma. 

 

6.3.1.3 Topographic parameters measured 

Values of several topographic parameters were calculated from the MOLA 

elevation dataset. Slope angle and slope aspect were calculated from the elevation 

grid; curvature (a measure of the roughness of a surface) was calculated from the 

slope grid; and surface area ratio (another measure of surface roughness) was 

calculated from the elevation grid. 

Two of these parameters (slope angle and slope aspect) were used to help 

calculate β (Equation  6.4). Three of the parameters (slope angle, curvature, and 

surface area ratio) were used as topographic measures expected to reflect variations in 

temperature-related processes. These three parameters have been used and 

recommended in previous studies concerning geomorphometry and for measuring the 

response of landforms to the processes that formed them (e.g. Evans, 1979, 1980; 

Davis and Golombek, 1990; Schultz, 2002). In addition, measurements were also 

made of the surrounding plateau (trough rim) elevation, trough width, and trough wall 

height, which together with slope aspect, were regarded as parameters likely to 

influence differences or variations in slope angle and surface roughness between, or 

along each of, the north and south walls. 
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6.3.2 Temperature Differences Between the North and South Walls of 

Coprates Chasma 

Temporal (diurnal, seasonal, annual, and longer) variations in temperature on 

Mars are generally calculated using the surface energy balance equation: 
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where S0 is the solar constant at 1 AU, R is the mean distance of Mars from the sun, 

Ab is the bolometric albedo, i is the local incidence angle of sunlight, k is the thermal 

conductivity of the regolith, Fa is the downward component of atmospheric radiation, 

L is the latent heat of CO2 sublimation, m is the mass of CO2 condensate per unit area, 

ε is the surface emissivity, and σ is the Stephan-Boltzmann constant (Kieffer et al., 

1977; Clifford, 1993). 

 Equatorward of ~45º latitude it is reasonable to assume that the latent heat of 

CO2 sublimation is not a factor, given the average annual surface temperatures at 

these latitudes, so the CO2 latent heat part of the equation can be ignored for these 

latitudes. Assuming nominal thermal parameters (Clifford, 1993), Equation  6.1 can be 

greatly simplified to provide an equation for estimating the mean annual surface 

temperature, as used in this study: 

 

 Tms = 64 K cos i + 154 K   Equation  6.2 

 

Equation  6.2 is essentially an interpolation of the minimum (154 K) and 

maximum (218 K) mean annual surface temperatures calculated for Mars by Clifford 

(1993). Equation  6.2 is not a true closed-form solution of Equation  6.1, but provides a 
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useful tool for interpretation of results from this study,. The local incidence angle, i,  

depends on latitude, slope angle, and the orientation of the surface (its slope aspect). 

Incidence angle as defined here is the angle between the incident sunlight and the 

normal to the planet’s surface at that particular latitude. Thus, the local incidence 

angle for a given point on the surface is the absolute value of its latitude, l, minus the 

north-south component of its slope, β, or 

 

 i = abs (l - β)   Equation  6.3 

 

and where 

 β = s cos a   Equation  6.4 

 

where s is the steepest gradient slope, and a is the aspect (bearing, orientation) of that 

steepest gradient slope (Figure  6.2). Steepest gradient slope is the magnitude of the 

gradient and  slope aspect is the azimuth of the gradient. Equation  6.2, Equation  6.3, 

and Equation  6.4 were used for the calculation of the relevant mean surface 

temperature parameters in this study. 
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Figure  6.2. Steepest Gradient Slope and Aspect on Coprates Chasma North Wall. 

                   Arrow on trough wall points in direction of steepest gradient; 

                   slope angle is calculated in this direction; 

                   slope aspect is the horizontal direction (bearing) of the arrow; 

                   refer to Figure  6.4 for the location of this trough wall cutout 

 

As an illustration of the magnitude and direction of temperature variations and 

differences between the south and north walls in Coprates Chasma, Equation  6.2 was 

used to calculate theoretical surface temperatures for both the walls at each of three 

locations along Coprates Chasma (positioned near the western end of the trough, in its 

central region, and near the eastern end, respectively; Table  6.1). The trough is 

geographically aligned such that its eastern end is 4° further south than its western 

end. The opposing aspects of the south and north walls lead to marked differences in 

incidence between the two walls. Tms for the south wall increases from west to east by 

just over 1 K, but the temperature of the north wall decreases by 3 K in the same 

direction. The effect of aspect is seen by the differentials for each location, with the 

Tms of the south wall being warmer than the north wall by 12 K, 14 K, and 16 K at the 

western, central, and eastern parts of the trough respectively. 
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North / South Wall 
Latitude (°S) 

North / South Wall 
Longitude (°W) 

North Wall 
Incidence 

South Wall 
Incidence 

North Wall Mean Annual 
Surface Temperature (K) 

South Wall Mean Annual 
Surface Temperature (K) 

Difference 
(North - South) 

10.25 / 12.00 70 (western end) 39.36º 17.11º 203.5 K 215.2 K -11.7 K 

12.25 / 14.00 62 (central) 41.36º 15.11º 202.0 K 215.8 K -13.8 K 

14.25 / 16.00 54 (eastern end) 43.36º 13.11º 200.5 K 216.3 K -15.8 K 

Table  6.1. Incidence and Mean Annual Surface Temperature Values for Three 

                  Pairs of Locations Along Coprates Chasma. 

                  First row of data are for a location near the western end of the trough; 

                  the second row for a location in the central part of the trough; and the third 

                  row for a location near the eastern end of the trough. Calculated with  all 

                  slope angles (assumed) = 30º, north wall slope aspects = 194º, and  south 

                  wall slope aspects = 14º; incidence angle = angle away from  vertical. 

                  Mean annual surface temperatures were calculated using  Equation  6.2; 

                  local incidence angles of sunlight were calculated using  Equation  6.3. 

 

6.3.3 Consequences of Temperature Differences for Dissimilar Ground Ice 

Distribution Between the South and North walls of Coprates Chasma 

Insolation differences between the south and north walls of Coprates Chasma 

are therefore predicted to cause differences in Tms between the two walls. The 

differences are also expected to cause differences in subsurface temperatures in the 

material comprising the trough walls, and also to affect the depths to the base of the 

cryosphere in the vicinity of the trough walls. Substituting the temperature data of 

Table  6.1 for the eastern end of the trough into Equation  3.1 shows that the depth to 

the base of the cryosphere below the south wall is ~2.4 km and below the north wall is 

~3.5 km; the comparable values for the western end of the trough are ~2.5 and ~3.3 

km respectively. All other factors being equal, there is therefore a substantial 

difference in the depth to the cryosphere between the south and north walls of 

Coprates Chasma, with the difference being slightly greater at the eastern end of the 

trough. 

The calculation of the effect of Tms on the depth to the ice table is a little less 

clear-cut. Most previous analyses of the stability of equatorial ice have considered the 

long-term stability and sublimation of an initial body of ice buried at depth to infer 
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desiccation levels (e.g. Clifford and Hillel, 1983; Fanale et al., 1986). Fanale et al. 

(1986) modeled the depth to the ice table at the equator as being ~110 m at present for 

regolith of 1 µm pore radius. However, the ice table depth is dependent upon mean 

annual surface temperature, and given the differential in temperature between the 

north and south walls of Coprates Chasma, is likely to be shallower under the north 

wall. Mellon et al. (1997) considered the possibility of a steady-state ice table in the 

equatorial regions, being the depth in the regolith at which the sublimation of ground 

ice by diffusion to the atmosphere is in balance with water vapor recondensing from 

ice sublimed at greater depths and making its way to the surface. For a geothermal 

gradient of 0.1 K/m (representing “porous rock”) the ice table has a depth of ~90 m 

for a Tms of 217 K (equating to the south wall), and a depth of ~70 m for a Tms of 200 

K (equating to the north wall), which may well be equal within the uncertainties of the 

modeling; if a thermal conductivity of 1.0 W m
-1

 K
-1

 is used (representing “dense 

rock”), then the corresponding depths of the ice table are ~300 m and ~200 m 

respectively. The corresponding temperatures at the ice table for the relevant surface 

temperature conditions (217 K, 200 K) are 225 K and 205 K respectively and are 

independent of the geothermal gradient (Mellon et al., 1997). 

 

6.3.4 Expected Effects of the Distribution of Ground Ice on Trough Wall 

Stability, Slope Angle, and Surface Roughness 

The trough wall constituent materials within the cryosphere either will contain 

ground ice or they will be dry, given that the existence of surface and near-surface 

liquid water (to potentially saturate soil and rock pore spaces) is precluded by current 

(and past) atmospheric temperature and pressure conditions (e.g. Fanale, 1976). Also 

bearing on this conclusion is the probability that the equatorial region is desiccated to 
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leave the ice table some tens or hundred meters below the surface (Clifford and Hillel, 

1983; Mellon et al., 1997), implying that the materials closest to the surface are likely 

to be dry, but deeper materials ice-laden. 

There is a strong temperature dependence in the strength of ice and of frozen 

ground, as detailed in sections  4.1.3 and  4.1.4. Equation  4.5 yields a steady-state 

strain rate during steady state creep that decreases by a factor of 20 for a 20 K (~10 

%) drop in temperature from 240 to 220 K (Durham et al., 1992; Durham, 1998). 

Other factors such as pressure and grain size produce far lower changes in strain rate: 

A 10 % decrease in pressure produces a 0.7 % decrease in strain rate, and a 10 % 

decrease in grain size produces a 20 % increase in strain rate (Durham, 1998). 

The presence of ground ice in the regolith would tend to promote instability in 

the form of creep due to the deformation of interstitial ice. Features suspected to be 

ice-creep-related have been observed in the wall areas of Valles Marineris region, 

including rock glaciers (Rossi et al., 2000) and protalus lobes (Whalley and Azizi, 

2003). While ice-rich soils/regolith can be subject to substantial rates of creep, this 

will be the case only for ice-laden materials below the ice table. Although the 

cryosphere in the equatorial regions is thought to be desiccated to average depths of 

between ~50-300 meters (Mellon et al., 1997) and 100-300+ meters (Clifford and 

Hillel, 1983; Fanale et al., 1986), these values are subject to local variations 

dependent upon topographic configurations and any related surface temperature 

variations, as discussed already in section  6.3.3. Lower surface temperatures on the 

north wall would yield a shallower depth to the ice table than that underneath the 

south wall In addition, the temperature of the ice table (and below which ice-related 

processes, including creep) would be ~205 K for the north wall and ~225 K for the 

south wall. Therefore, ice-laden material comprising the north wall is colder than in 
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the south wall and will therefore be more stable in terms of ice-related deformation. In 

approximate terms, given this temperature differential, the strain rate of ice will be 20 

times lower in the northern wall. In addition, the strength of the frozen material will 

be greater in the northern wall by a factor dependent upon temperature but also on 

material properties and the ice content; however, the data shown in Figure  4.7 are 

indicative of the increase in compressive strength of frozen materials with decreasing 

temperature. Because of the differential between the walls in the depth to the 

cryosphere (calculated  to be ~1 km deeper below the north wall), there will also be a 

greater thickness of ice-rich regolith underlying the north wall, and which for 

equivalent depths will be colder than the south wall. 

Below the base of the cryosphere (below the melting isotherm) there will be a 

zone of either groundwater or unsaturated rock depending on the exact hydrothermal 

conditions applying (Clifford and Parker, 2001). The wall slopes in Coprates Chasma 

have heights that vary from approximately 6 km in the most eastern parts of the 

trough to more than 10 km in parts of central Coprates Chasma, whereas this 

transition zone in the Valles Marineris lies at a depth of ~2.4 km under the south wall 

and ~3.5 km under the north wall. If this zone in the vicinity of the troughs were 

saturated, the groundwater could potentially provide positive pore water pressures that 

would act to destabilize trough walls by deep-seated landsliding. However, MOC 

images do not show any features interpretable as springs or seeps in the Valles 

Marineris trough walls (Caruso and Schultz, 2001). 

In summary, at the eastern end of the trough, the north wall (versus the south 

wall) is characterized by a lower solar incidence, a lower Tms (by 14 K on average), a 

deeper cryosphere (3.5 km versus 2.4 km), a shallower ice table (by a up to 100 m, 

and subject to assumptions concerning thermal conditions and regolith properties), 
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and a substantially colder ice table (205 K versus 225 K). The north wall is likely, on 

account of these differentials, to be more stable with regard to ice-related processes, 

including exhibiting a lower rate of creep and stronger constituent materials. 

Given the colder, stronger, less easily eroded materials of the north walls, they 

are likely to exhibit steeper slope angles. Given the hypothesized lower erosional 

susceptibility of the north walls, their surface roughness is likely to be lower given the 

expected lower variation in topography produced by a more stable erosional 

environment compared with the south wall. 

 These predicted topographic differences between the south and north walls are 

hypothesized to increase slightly along the trough from west to east along the trough, 

on account of the slightly greater differentials in temperature and hypothesized 

operation of ice-related processes along the trough. 

 

6.3.5 Other Processes Potentially Causing Slope and Surface Roughness 

Asymmetry in Trough Walls 

Several processes or mechanisms not involved with volatiles could 

conceivably cause slope and surface roughness variation (including opposing wall 

asymmetry) in trough walls. These include rock mass strength mechanical stability 

differences (e.g. Schultz, 2002), gross differences in trough geometry including 

trough depth, and structural/tectonic mechanisms (e.g. Schultz, 1991; Peulvast et al., 

2001). 

Regarding possible rock mass strength differences between the south and 

north walls of Coprates Chasma, MOC images (e.g. Malin and Edgett, 2000) indicate 

that the wall rock of the chasmata, where exposed, consists of a series of layered 

units, of possibly volcanic or sedimentary origin. The layers are extensive and have 
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been observed in all the troughs in the Valles Marineris. The major effect of such 

layering on rock mass strength would be the angle of dip of the individual layers 

which, when exposed on a scarp influence the orientation of possible joints. If the 

layers showed regional tilting, one trough wall might have in-dipping strata while the 

other had out-dipping strata. Of these, the trough wall with layers dipping into its 

slope will have greater mechanical strength (see section  4.1.2.1). The layering, 

however, appears to be primarily horizontal, as shown by MOC images (Malin et al., 

1998; Malin and Edgett, 2000). Thus, the available evidence suggests that inherent 

rock mass properties are likely to be similar for the walls. 

Differences in the height of trough walls (as measured from trough floor to 

wall rim) will likely influence rock slope stability, given that a higher rock wall will 

be mechanically less stable than a lower wall composed of the same material (see 

section  4.1.2.2). Schultz (1991) constructed topographic profiles across several 

troughs, including Ius Chasma and Coprates Chasma. In the area of western Coprates, 

the elevation of the plateau just to the north of the trough (Ophir Planum) appears to 

be ~3 km higher than the plateau to the south of the trough. The north wall is 

therefore substantially higher in this vicinity, and would be expected, given its greater 

height, to exhibit greater mechanical/erosional instability than the south wall. In 

addition to possible opposing-wall asymmetries, Coprates Chasma becomes shallower 

toward the east where it measures 3 km deep from rim to floor, compared with 8 km 

in the west (Lucchitta et al., 1994). This suggests that slope angles near the eastern 

end of the trough may be, on average, greater than those in the western end, given that 

the walls in the eastern end are not as high and therefore should be mechanically more 

stable if rock properties are uniform. However, it should be noted that the data used 

by Schultz (1991) and Lucchitta et al. (1994) were taken from USGS 1:5,000,000 and 
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1:2,000,000 topographic maps respectively, both of which carry uncertainties on 

height values of  ±1 km (Schultz, 1991; Lucchitta et al., 1994). More recent data 

(from MOLA) should enable the topographic geometries of the troughs to be more 

accurately defined and the relationships between wall slope angle and other trough 

geometric parameters better quantified. I examine aspects of these relationships, using 

MOLA-derived data, in Chapters 7 and 8, to see if they impact on any asymmetry or 

other variation in the chosen topographic parameters between the north and south 

walls. 

Structural and tectonic processes could also impart asymmetric erosion and 

topography across troughs walls. Coprates Chasma exhibits a strong graben-like form, 

its tectonic origin reflected by inward-dipping normal boundary faults and interior 

fault scarps (Schultz, 1991; Peulvast and Masson, 1993). Schultz’s (1991) study of the 

structural development of Coprates Chasma led him to conclude that the cross-

sectional geometry of the trough may be characterized by a subtle, down-to-the-north 

half-graben structure, with the master fault running along the northern margin of the 

trough (Figure  6.3). However, Schultz (1991) accepted that better topographic data 

were needed to detect topographic trends (such as a sloping trough floor) to verify the 

asymmetric graben hypothesis.  

Structural asymmetries across the trough are indicated by normal faults along 

the northern boundary of the trough that are more continuous and more recently active 

than those along the southern margin (Schultz, 1991). The faulting along the northern 

boundary has cut through spur-and-gully topography to leave fault scarps, and 

indicates Amazonian tectonic activity. Peulvast et al. (2001) have also identified the 

“recent” deformation at the bases of the northern walls, as exemplified by scarps and 

triangular facets, compared with the relatively inactive southern margin. The tectonic 



144 

 

asymmetry along the trough would suggest that the walls at the more active northern 

margin may be destabilized near their base, and may also be prone to seismic 

disturbance (e.g. Shultz, 2002). The pattern of known structural elements is examined 

as part of Chapter 7 in order to ascertain whether any of the variation of topographic 

parameters between the north and south walls is due to structural influences. 

  

 
Figure  6.3. Cross-Section AA’ through Western Coprates Chasma and Ophir 

                    Planum. 

                    A is lat 12.5º S long 68º; A’ is lat 9º S long 67º; 

                    arrow shows postulated position of master fault 

                    (Adapted from Schultz, 1991) 

 

 

6.3.6 Method for Testing Hypotheses 

6.3.6.1 Profiling Method for the Study of Coprates Chasma 

The purpose of the profiling analysis is to provide a profile-by-profile 

comparison of various topographic parameters between the north and south walls of 

Coprates Chasma. The four topographic parameters were calculated from the MOLA 

64 pixels/degree elevation grid, and 247 profiles were drawn normal to the 14 degree 

trend of the trough (as close to perpendicular to both trough walls as possible). The 
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profiles are spaced an average ~4 km apart along the 1,000 km long trough, and data 

points along each profile are spaced ~926 m apart. The first profile (coprates001) is 

located at the western-most end of the trough, and the last profile, coprates247, is 

located at the eastern-most end of the trough (Figure  6.4). At each point along each of 

these profiles, a data point was extracted from each of the four topographic parameter 

datasets, as well as from the elevation grid dataset itself. The extracted data were then 

compared by profile segments such as “whole trough walls”, “upper walls”, “middle 

walls”, “lower walls”, etc. Extraction of profile, or slope, segments was accomplished 

using an objective, numerical set of rules. Appendix B contains details concerning the 

methods of measurement and extraction of segments. The summing and averaging of 

topographic parameters along these profile segments was performed also using a 

numerical set of rules. Statistics were extracted from equivalent profile segments 

across the 247 profiles. 

I do use steepest gradient slope angles (and slope aspects), I do not calculate 

slope along each profile point-by-point (using height over distance for the tangent, f. 

ex.), rather the 5 primary topographic quantities I use in this study are calculated in 

map form at every pixel: elevation (raw MOLA gridded data), steepest gradient slope 

angles, steepest gradient slope aspect, curvature, and surface area ratios. Thus, when I 

extract a profile, I simultaneously extract a value from each of those 5 datasets at each 

point along that profile. The result is that I have (in addition to elevation, curvature, 

and surface area ratios) the steepest gradient slope angle and its associated steepest 

gradient slope aspect at each point along the profile, exactly as calculated on the grid. 

I then use slope angle and aspect to further extract the data into the upper 50% 

elevation segment used in this study, and each parameter is averaged across this 

segment according to the following rules: 
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1) The trough rim, coming in either direction (~north or ~south) is the first 

     point steeper than 5 deg. where it and the next 14 points (15 points total) 

     average > 8.75 deg. 

2) Points selected for analysis must: 

a) Be located between the rim and the first point at which elevation is 

    <= rim elevation minus 50% of the difference between the rim 

    elevation at that side of the trough (north or south) and the absolute 

    lowest elevation anywhere along the profile (inclusive) 

b) Have slope aspects within +/- 60 (non-incl.) deg. of profile trend 

    (for most Coprates profiles, ~194 deg. trend coming from north, 

    correspondingly ~14 deg. trend coming from south) 

c) Have slope angles > 5 deg. 

3) Each of the 5 topographic parameters (elevation, slope angle, slope aspect, 

    curvature, surface area ratio) is averaged in a "selective average" over the 

    segment extracted according to 2) as follows: 

a) The sum of values of the parameter at all points satisfying 2) rules 

            b) The count of points satisfying 2) rules 

            c) a) divided by b) for north and south trough walls, respectively 

 

These selection rules and averaging procedures are illustrated for Coprates 

profile number 200 in Figure  6.5 (for selected points along Coprates profile number 

100, refer to Figure  7.3; for Coprates profile number 247, refer to Figure  7.4). The 3 

points not used for analysis of any topographic parameter in the south wall of 
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Coprates profile number 200 (Figure  6.5) are points with aspects 60º or more away 

from the profile trend, or with slope angles of 5º or less. 

It is important to note that I use the (selective) averages of actual steepest 

gradient slope angles and steepest gradient slope aspects over the north and south wall 

segments of each profile: I do not use simple 2-point slope angles along the trend of 

the profiles, and slope aspect statistics are not based on simply the trend of profiles. 

  I do use the actual steepest gradient slope angles, steepest gradient slope 

aspects (cosine thereof), and latitudes to calculate incidence angles (Equation  6.3) and 

temperatures (Equation  6.2), both in map form and in profile form. It actually doesn't 

make a difference whether I calculate a temperature map and extract that along with 

the other data in a profile, or whether I calculate temperatures just along the profiles, 

seeing as in the latter case I in any case use the latitudes, slope angles, and slope 

aspects extracted point-by-point from the same data that I use to calculate a 

temperature map (or an incidence angle map, this works in the same way). 

The rule for identifying trough wall bottoms is as follows; going downslope, 

find the first 5 points averaging < 3.7º, last of the 5 is the trough wall bottom. The 

outcomes of this and other rules described above are illustrated by the 3 selection 

figures (for selected points along Coprates profile number 200, refer to Figure  6.5; for 

selected points along Coprates profile number 100, refer to Figure  7.3; for Coprates 

profile number 247, refer to Figure  7.4). 
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Figure  6.4. Valles Marineris Study Area with Locations of Profiles and Coprates Chasma Trough Wall Cutout. 

                    Coprates Chasma Trough Wall Cutout marked on this map is the location of the trough wall segment in Figure  6.2. 

                    The points marked in green are the starting points for each profile, while the points in red are correspondingly the 

                    end points for each profile. From west to east, the two profiles marked in bright red are Coprates Chasma profile 

                    number 100 and Coprates Chasma profile number 200, respectively  (Modified from Jernsletten, 2004a,b)
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 For the selection of the two trough rims, one on the north side and one on the 

south side of the trough, I defined as a trough rim the first point that has a slope angle 

steeper than 5.0º and which is followed by 15 points with an average slope angle 

steeper than 8.75º (including and starting with the initially selected point). Only points 

with aspects within 60º of the profile average aspect (194.9º for the north wall of 

profile coprates001), and with a slope angle steeper than 5.0º were counted. This 

procedure was repeated starting from the other end of the profile (aspect is now seen 

as 14.9º), and the south wall rim point was thereby also selected. The positions of the 

two rim points were saved and constituted the starting points for the further 

definitions of profile (or trough wall) segments. 

For the purposes of this study, the trough walls were defined as being the 

upper 50 % of the total difference in elevation between the trough rim and the lowest 

point anywhere along the profile (north and south rims selected individually). This 

definition describes the average trough wall quite well, by excluding talus slopes and 

any part of the trough floors. Figure  6.5 is a profile of the trough that illustrates the 

criteria and relationships used in the analysis using profile coprates200 as an example. 

Appendix B contains a more detailed discussion of decomposition of each profile into 

the various topographic parameters. 
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Figure  6.5. Valid Points for Analysis on Coprates Chasma Profile Number 200. 

                    Vertical exaggeration = 8x; 

                    profile aspect = 187.2º (north wall) / 7.2º (south wall); 

                    points selected as valid have slope aspects within ±60º of profile aspect; 

                    points selected have slope angles steeper than 5º 

                    (Modified from Jernsletten, 2004a,b) 

 

 

6.3.6.2 Expected Spatial Variation in Temperature 

 Temperature profiles were calculated along each of the extracted topographic 

profiles using Equation  6.2, and Figure  6.6 shows the temperature variation along 

profile coprates200 as an example. The north wall of the trough and the south wall of 

the central ridge have lower temperatures than other parts of the trough profile 

because both walls face to the south. 

A point here should be made regarding the possibility that a relationship 

between surface temperature and slope angle may exist only because slope angle was 

a parameter in one of the equations originally used to calculate temperature (Equation  

6.4, which feeds into Equation  6.3 and Equation  6.2). However, this ignores the fact 

that slope angle is not the only parameter used in calculating temperature. Even 

assuming constant thermal properties, there are two other parameters: slope 
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orientation (slope aspect) and latitude. If slope angle were the only factor in 

temperature, the two opposing walls of Coprates would not have the predicted 

temperature differences. The relationship between temperature slope angle and 

temperature, as discussed in this study, concerns the fact that there is a difference in 

temperature between the north and south walls of Coprates Chasma, and there is also 

a difference in slope angles between the north and south walls. 

Slope angle, slope orientation (slope aspect), and latitude therefore combine to 

determine the temperatures in the north and south walls of Coprates, and this explains 

the difference in temperature. However, this does not explain the difference in slope 

angles actually seen in the data, unless there is a causative effect (by temperature or 

other factors). Any difference in slope angle obviously does not explain the 

temperature difference between the two walls. If the slope angles in the north and 

south walls were identical, there would still be a calculated temperature difference 

between the two walls, owing to the opposing slope orientations (slope aspects).  

On a related note, if temperature was simply a direct linear effect of slope 

angle, aspect, and latitude, slope angle should have a near linear relationship with 

temperature and incidence angle. This is not the case, as will be seen in Chapter 7. 
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Figure  6.6. Temperature Along Coprates Chasma Profile Number 200. 

                    Vertical exaggeration of elevation profile = 6x 

                    (Modified from Jernsletten, 2004a,b) 

 

6.3.6.3 Topographic parameters 

Topographic parameters measured at each profile included slope angle, slope 

curvature, and slope surface area ratio, which were regarded as parameters that would 

reflect variations in landscape-forming processes. Another set of topographic 

parameters, here referred to as trough geometry parameters, were measured and 

discussed already and include trough wall aspect, plateau elevation, trough rim-to-rim 

width, and trough wall height. 

 

6.3.6.4 Comparisons and Relationships Between Measured Parameters 

For each wall, correlations were made between the topographic parameters 

(slope angle, slope curvature, and slope surface area ratio) mean annual surface 

temperature, location parameters (latitude and longitude), and trough geometry 
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parameters (trough wall aspect, plateau elevation, trough rim-to-rim width, and trough 

wall height). Appendix A contains a detailed discussion of the statistical method used. 

 

6.3.6.5 Differences Between North and South Walls of Coprates Chasma 

Comparisons are made for differences in slope angle, slope curvature, and 

slope surface area ratio between the north and south walls. Differences between the 

walls in these parameters are correlated with differences in mean annual surface 

temperature, location, and trough geometry parameters. Appendix A contains a 

detailed discussion of the statistical method used for the comparisons between the 

north wall and south wall data (paired-samples t-test). 
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CHAPTER 7: COPRATES CHASMA 

DATA ANALYSES AND RESULTS 

 

7.1 BASIC TOPOGRAPHIC ARCHITECTURE OF COPRATES CHASMA 

Coprates Chasma extends from 54º west longitude to 70º west longitude, from 

10º south latitude to 17º south latitude, and the trough is ~1000 km long. The trough 

trends 100-104º (refer to Figure  6.4 for geographic location data). Elevations at the 

trough rims of Coprates Chasma range from 0.5 km below datum to 5.5 km above 

datum, with the highest elevations along the segment of the trough extending from 64º 

west longitude to 67º west longitude (Figure  7.28 and Figure  7.1). This area correlates 

geographically with the deepest segment of the trough (Figure  7.2). The trough floor 

appears to be fairly flat (Figure  7.28 and Figure  7.3), although some parts of the 

trough are characterized by a central ridge (Figure  7.4). 

The width of the trough (as measured between rims) ranges from 70 km to 125 

km (Figure  7.5). The trough is wider at either end, around 100-125 km, and narrower 

in the central sections of the trough at around 70-100 km. Superimposed on the broad 

pattern of a pinched central section is a pattern of widening/narrowing with a 

wavelength of 2-3° longitude and an amplitude of ~25 km (Figure  7.5). 
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Figure  7.1. Variation in Coprates Chasma Trough Rim Elevation with 

                    Longitude. 

 

 
Figure  7.2. Variation in Coprates Chasma Trough Wall Height with Longitude. 
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Figure  7.3. Valid Points for Analysis on Coprates Chasma Profile Number 100. 

                    Vertical exaggeration = 8x; aspect = 192.5º north wall / 12.5º south wall; 

                    refer to Figure  6.4 for profile location 

 

 

 
Figure  7.4. Valid Points for Analysis on Coprates Chasma Profile Number 247. 

                    Vertical exaggeration = 8x; aspect = 181.3º north wall / 1.3º south wall; 

                    refer to Figure  6.4 for profile location 
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Figure  7.5. Variation in Coprates Chasma Trough Rim Width with Longitude. 

 

The trough wall heights (above the trough floor) within Coprates Chasma vary 

from ~4.5 km to ~10.5 km, with the deepest segment of the trough extending from 64º 

west longitude to 67º west longitude (Figure  7.2). The south wall is generally lower 

than the north wall, with the differential being greatest near the west end (2.5-3 km) 

and least at the east end where the wall heights are very similar at ~7 km. Figure  7.6 

shows that the walls of the trough are steep, approaching 30º, but no obvious 

conclusions can drawn based on this map alone regarding any trends with latitude or 

longitude, nor regarding any differences in slope angle between the north and south 

walls of the trough. 
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Figure  7.6. Valles Marineris Slope Angles. 
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7.2 COPRATES CHASMA NORTH WALL DATA 

The north walls have an average mean surface temperature of 207.7 K, an 

average slope angle of 22.4º ± 0.3º, and an average aspect of 191º ± 3º (Table  7.1). In 

terms of measures of surface roughness, the north walls have an average slope 

curvature of 0.228 ± 0.005, and an average surface area ratio of 1.097 ± 0.002. The 

average trough north wall height is 8,390 m ± 160 m, and the average elevation at the 

north rims is 3,410 m ± 120 m above datum. Predicted mean annual surface 

temperature decreases significantly along the trough from west to east (Figure  7.7), 

although the data are quite noisy. 

 

North 
Walls 

Mean Std. Deviation
Std. Error of

the Mean 
95% Confidence Interval

of the Mean ( ± ) 

Incidence Angle 32.38º 3.51 0.22 0.44º

Temperature 207.7 K 2.1 0.1 0.3 K

Slope 22.42º 2.42 0.15 0.31º

Aspect 192º 21 1 3º

Curvature 0.228 0.042 0.003 0.005

Surface Ratio 1.097 0.020 0.001 0.002

Latitude 12.76º S  1.12 0.07 0.14º

Longitude 60.82º W 4.50 0.29 0.57º

Wall Height 8,095 m 1,307 83 164 m

Rim Elevation 3,408 m 1,216 77 153 m

Bottom Elevation -4,686 m 381 24 48 m

N = 247 for all datasets

Table  7.1. Coprates Chasma North Wall Data. 

                  Included are descriptive statistics for temperature, topographic parameters 

                  (slope angle, curvature, and surface area ratio), location parameters 

                  (latitude and longitude), and trough geometry parameters (wall aspect, 

                  wall height, and plateau (rim) elevation) for the north walls. Included in 

                  the statistics are the 95 % confidence intervals around the mean values; all 

                  uncertainties stated in this thesis are ± the 95 % confidence interval unless 

                  otherwise stated. 
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Figure  7.7. Variation of Mean Surface Temperature with Longitude (North 

                    Wall). 

 

 

7.2.1 Variation of Slope Angle With Temperature, Location, and Trough 

Geometry Parameters 

Slope angle has significant correlations with mean surface temperature (Table  

7.2), with lower slope angles being quite strongly associated with higher mean surface 

temperatures (Figure  7.8). Trough wall slope angle has significant correlations with 

latitude and longitude for the north wall (Table  7.3 and Figure  7.9). Figure  7.9 

graphically demonstrates that the slope angle of the north walls increases, on average, 

from west to east along the trough. However, the scatter in the data is quite large and 

they also exhibit some degree of rhythmic variation. 
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North Wall Data 
Mean Surface  
Temperature 

Correlation 
Coefficient 

-0.611(**) 
Slope Angle 

Sig. (2-tailed) 0.000 

Correlation 
Coefficient 

0.001 
Curvature 

Sig. (2-tailed) 0.989 

Correlation 
Coefficient 

-0.551(**) Surface Area 
Ratio 

Sig. (2-tailed) 0.000 

Correlation 
Coefficient 

0.560(**) 
Latitude 

Sig. (2-tailed) 0.000 

Correlation 
Coefficient 

-0.562(**) 
Longitude 

Sig. (2-tailed) 0.000 

**  Correlation is significant at the 0.01 level (2-tailed). 
*    Correlation is significant at the 0.05 level (2-tailed).

N = 247 for all 

correlations 

Table  7.2. North Wall Spearman Rank Correlations of Topographic and 

                  Location Parameters with Temperature. 

 

 

North Wall Data Latitude Longitude 
Width at 

Rims 
Width at 
Bottoms 

Wall 
Height 

Rim 
Elevation 

Bottom 
Elevation 

Correlation 
Coefficient 

-0.224(**) 0.222(**) -0.052 -0.091 -0.155(*) -0.065 0.101
Slope 
Angle Sig. (2-

tailed) 
0.000 0.000 0.415 0.155 0.015 0.309 0.113

Correlation 
Coefficient 

0.028 -0.033 -0.080 -0.198(**) 0.026 0.061 -0.028
Curvature 

Sig. (2-
tailed) 

0.661 0.609 0.212 0.002 0.680 0.344 0.659

Correlation 
Coefficient 

-0.151(*) 0.149(*) -0.071 -0.143(*) -0.090 0.010 0.069Surface 
Area 
Ratio 

Sig. (2-
tailed) 

0.018 0.019 0.268 0.025 0.157 0.878 0.278

**  Correlation is significant at the 0.01 level (2-tailed). 
*    Correlation is significant at the 0.05 level (2-tailed). 

N = 247 for all correlations

Table  7.3. North Wall Spearman Rank Correlations of Topographic Parameters 

                  with Location and Trough Geometry Parameters. 
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Figure  7.8. Slope Angle vs. Mean Surface Temperature (North Wall). 

 

 
Figure  7.9. Slope Angle vs. Longitude (North Wall). 

 

There are no significant correlations of slope with elevation, nor with trough 

width (Table  7.3). However, it does have a small but significant correlation with wall 

height. However, the data are bimodally distributed with respect to trough wall height 
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(Figure  7.10), and because of this data distribution the small correlation value in this 

particular instance is not particularly meaningful. 

 

 
Figure  7.10. Slope Angle vs. Trough Wall Height (North Wall). 

 

7.2.2 Variation of Surface Roughness With Temperature, Location, 

and Trough Geometry Parameters 

Surface area ratio for the north wall has a significant positive correlation with 

slope angle of 0.963 (Table  7.4). This indicates a near-perfect dependence of surface 

area ratio on slope angle. This mutual dependence indicates that surface area ratio is 

carrying very little information about slope form that is not already carried by slope 

angle, and is essentially redundant as a topographic parameter for the north wall. On 

the other hand, curvature has a low correlation of 0.06 with slope angle, and therefore 

is the preferred descriptor of surface roughness, as it carries more unique information 

about the form of the slopes than does surface area ratio. 
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North Wall Data Curvature 
Surface Area 

Ratio 

Correlation Coefficient 0.059 0.963(**) 
Slope Angle 

Sig. (2-tailed) 0.355 0.000 

Correlation Coefficient 0.182(**) 
Curvature 

Sig. (2-tailed) 0.004 

**  Correlation is significant at the 0.01 level (2-tailed). 
*    Correlation is significant at the 0.05 level (2-tailed). N = 247 for all correlations 

Table  7.4. Coprates Chasma North Wall Topographic Parameter Mutual 

                  Correlations. 

 

Slope curvature of the north walls exhibits no significant correlation with 

temperature nor with any of the location or trough geometry parameters (Table  7.2 

and Table  7.3). Surface area ratio has a quite strong and significant negative 

correlation with temperature (Table  7.2). It also has a small but significant negative 

correlation with latitude, and a positive correlation with longitude, which indicates 

that surface area ratio increases along the trough from west to east (Table  7.3). These 

correlations reflect those exhibited by slope angle due to the mutual correlation as 

described. 

 

7.3 COPRATES CHASMA SOUTH WALL DATA 

The south walls have an average temperature of 217.4 K, an average slope 

angle of 21.1º ± 0.4º, and an average aspect of 11º ± 3º (Table  7.5). In terms of 

surface roughness, the walls have an average curvature of 0.229 ± 0.007, and an 

average surface area ratio of 1.086 ± 0.003. The average south wall height is 7,640 ± 

170 m, and an average elevation at the trough rims of 2,660 ± 160 m above datum. 

Figure  7.11 shows that there is little variation in, and only a slight increasing trend 

for, mean surface temperature with respect to longitude along the trough from west to 

east for the south wall. 
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South 
Walls 

Mean Std. Deviation
Std. Error of

the Mean 
95% Confidence Interval

of the Mean ( ± ) 

Incidence Angle 6.67º 2.17 0.14 0.27º

Temperature 217.4 K 0.3 0.0 0.0 K

Slope 21.07º 2.88 0.18 0.36º

Aspect 11º 21 1 3º

Curvature 0.229 0.056 0.004 0.007

Surface Ratio 1.086 0.022 0.001 0.003

Latitude 14.28º 1.17 0.07 0.15º

Longitude 61.52º 4.53 0.29 0.57º

Wall Height 7,299 m 1,422 90 178 m

Rim Elevation 2,656 m 1,277 81 160 m

Bottom Elevation -4,643 m 472 30 59 m

N = 247 for all datasets

Table  7.5. Coprates Chasma South Wall Data. 

 

 
Figure  7.11. Variation of Temperature with Longitude (South Wall). 

 

7.3.1 Variation of Slope Angle With Temperature, Location, and Trough 

Geometry Parameters 

 

Slope angle has a significant correlation with mean surface temperature (Table 

 7.6), with lower slope angles being associated with higher mean surface temperatures 

(Figure  7.12). The statistics reported in Table  7.7 reveal that the slope angle of the 

south walls of the trough has a significant negative correlation with trough width 
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(measured rim-to-rim), but not with any other location or trough parameter. Figure  

7.13 confirms this general trend with trough width, although the data still show a fair 

degree of scatter. 

 

 

South Wall Data 
Mean Surface  
Temperature 

Correlation 
Coefficient 

-0.549(**)
Slope Angle 

Sig. (2-tailed) 0.000

Correlation 
Coefficient 

-0.263(**)
Curvature 

Sig. (2-tailed) 0.000

Correlation 
Coefficient 

-0.600(**)Surface Area 
Ratio 

Sig. (2-tailed) 0.000

Correlation 
Coefficient 

-0.094
Latitude 

Sig. (2-tailed) 0.142

Correlation 
Coefficient 

0.119
Longitude 

Sig. (2-tailed) 0.062

**  Correlation is significant at the 0.01 level (2-tailed). 
*    Correlation is significant at the 0.05 level (2-tailed).

N = 247 for all 

correlations

Table  7.6. South Wall Spearman Rank Correlations of Topographic Parameters 

                  with Temperature. 

 

 

South Wall Data Latitude Longitude 
Width at 

Rims 
Width at 
Bottoms 

Wall 
Height 

Rim 
Elevation 

Bottom 
Elevation 

Correlation 
Coefficient 

-0.118 0.110 -0.368(**) -0.108 0.046 -0.017 -0.332(**)
Slope 
Angle Sig. (2-

tailed) 
0.063 0.083 0.000 0.092 0.476 0.786 0.000

Correlation 
Coefficient 

-0.336(**) 0.302(**) 0.019 0.138(*) -0.236(**) -0.217(**) 0.062
Curvature 

Sig. (2-
tailed) 

0.000 0.000 0.765 0.030 0.000 0.001 0.331

Correlation 
Coefficient 

-0.136(*) 0.116 -0.341(**) -0.102 0.019 -0.041 -0.316(**)Surface 
Area 
Ratio 

Sig. (2-
tailed) 

0.033 0.068 0.000 0.108 0.766 0.524 0.000

**  Correlation is significant at the 0.01 level (2-tailed). 
*    Correlation is significant at the 0.05 level (2-tailed). N = 247 for all correlations

Table  7.7. South Wall Correlations of Topographic Parameters with Location 

                  and Trough Geometry Parameters. 
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Figure  7.12. Slope Angle vs. Temperature (South Wall). 

 

 
Figure  7.13. Coprates Chasma Slope Angle vs. Trough Width (South Wall). 

 

Slope angle is not significantly correlated with any of the location parameters. 

The slope angle data are scattered with respect to longitude, and show a rhythmic 

pattern along the trough (Figure  7.14), although this pattern is not as well defined as 

for the north wall data (Figure  7.9). 
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Figure  7.14. Slope Angle vs. Longitude (South Wall). 

 

7.3.2 Variation of Surface Roughness With Temperature, Location, and 

Trough Geometry Parameters 

Curvature in the south walls has a significant negative correlation with mean 

surface temperature (Table  7.6), although a few outliers may be controlling this 

correlation. Curvature in has no significant correlations with any of the location or 

trough geometry parameters (Table  7.7). Despite the high correlation between surface 

area ratio and slope angle (Table  7.8; note that the correlation is not perfect), surface 

area ratio (in contrast to slope angle) exhibits a significant correlation with latitude 

(Table  7.7). Lower surface area ratios are associated with larger values of trough wall 

height and elevation. 

South Wall Data Curvature 
Surface Area 

Ratio 

Correlation Coefficient 0.113 0.964(**) 
Slope Angle 

Sig. (2-tailed) 0.075 0.000 

Correlation Coefficient 0.243(**) 
Curvature 

Sig. (2-tailed) 0.000 

**  Correlation is significant at the 0.01 level (2-tailed). 
*    Correlation is significant at the 0.05 level (2-tailed). N = 247 for all correlations 

Table  7.8. South Wall Topographic Mutual Correlations. 
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7.4 DIFFERENCES BETWEEN THE NORTH AND SOUTH WALLS OF 

COPRATES CHASMA 

7.4.1 Differences in Temperature between the Walls 

Paired Differences 
North Wall – 
South Wall 
Comparison Mean 

Std. 
Deviation 

Std. Error 
Mean 

95 % 
Confidence 

Interval of the
Difference (±) 

t df 
Sig. (2-
tailed) 

Slope 1.33º 3.90 0.25 0.49º 5.370 246 0.000

Incidence 
Angle 

25.71º 4.48 0.29 0.56º 90.138 246 .000

Temperature -9.7 K 2.2 0.1 0.3 K -69.947 246 .000

Aspect -179º 30 2 4º -95.083 246 0.000

Curvature -0.002 0.074 0.005 0.009 -0.340 246 0.734

Surface Area 
Ratio 

0.011 0.030 0.002 0.004 5.506 246 0.000

Latitude 1.53º 0.19 0.01 0.02º 124.382 246 0.000

Longitude 0.70º 0.11 0.01 0.01º 103.612 246 0.000

Trough Wall 
Height 

796 m 1193 76 149 m 10.482 246 0.000

Elevation at 
Trough Rims 

752 m 1118 71 140 m 10.577 246 0.000

Elevation at 
Wall Bottoms 

-43 m 507 32 64 m -1.340 246 0.181

Table  7.9. Differences in Topographic and Other Parameters Between the North 

                  and South Walls. 

 

Figure  7.15 shows that the predicted mean annual surface temperatures for the 

south wall are higher than those for the north wall, with a difference of ~7.5 K at the 

western end of the trough and ~11.5 K at the eastern end. The temperature difference 

widens along the trough due to the trend in temperatures along the north wall. The 

average difference in temperature (Table  7.9) is 9.7 K. 
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Figure  7.15. Mean Surface Temperature Variation with Longitude for Coprates 

                      Chasma. 

                      (Modified from Jernsletten, 2004a,b) 

 

7.4.2 Differences in Trough Geometry Parameters between the Walls 

The elevations at the rim of the north wall of Coprates Chasma are on average 

752 meters ± 6 meters higher than the elevations of the rim of the south wall of the 

trough (Table  7.9, Figure  7.1). The difference in trough wall height between the north 

and south walls is not significantly different from the difference in elevation at the 

rims, a strong indication that the trough floor is relatively flat. The average elevation 

at the rims for the north walls is 3408 meters above datum, while the average 

elevation for the south walls is 2656 meters (refer to Table  7.1, Table  7.5, and Figure  

7.1). 

7.4.3 Differences in Slope Angle between the Walls 

The average difference in slope between the two walls is 1.3º ± 0.5º (Table  

7.9), with the north wall being steeper than the south wall. Table  7.10 and Table  7.11 

report correlations for the difference in slope angle between the two walls with 

temperature, location, and trough geometry parameters. Significant positive 
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correlations for slope angle difference are exhibited with temperature, trough width, 

and elevation of both the north and south rims. 

 

North Wall & 
South Wall Data 

Temperature 
Difference 

Average 
Temperature 

Correlation 
Coefficient 

-0.477(**) -0.331(**) Slope Angle 
Difference 

Sig. (2-tailed) 0.000 0.000 

Correlation 
Coefficient 

-0.300(**) -0.446(**) Average 
Slope Angle 

Sig. (2-tailed) 0.000 0.000 

Correlation 
Coefficient 

0.944(**) Temperature 
Difference 

Sig. (2-tailed) 0.000 

Table  7.10. Correlations Among Slope Angle and Surface Temperature Trough 

                    Averages and North-South Differences.  

 

North Wall & 
South Wall Data 

Latitude Longitude 
Width at 

Rims 
Width at 
Bottoms 

Rim 
Elevation 
Difference 

Bottom 
Elevation 
Difference 

Wall Height 
Difference 

Correlation 
Coefficient 

-0.027 0.053 0.251(**) 0.001 0.085 0.052 0.053 Slope 
Difference 

Sig. (2-tailed) 0.674 0.409 0.000 0.990 0.185 0.412 0.403 

Correlation 
Coefficient 

-0.208(**) 0.216(**) -0.320(**) -0.143(*) -0.323(**) 0.122 -0.342(**) Average 
Slope 

Sig. (2-tailed) 0.001 0.001 0.000 0.024 0.000 0.056 0.000 

Correlation 
Coefficient 

0.544(**) -0.560(**) -0.160(*) -0.168(**) 0.221(**) -0.148(*) 0.250(**) Temperature 
Difference 

Sig. (2-tailed) 0.000 0.000 0.012 0.008 0.000 0.020 0.000 

Correlation 
Coefficient 

0.535(**) -0.547(**) -0.066 -0.145(*) 0.282(**) -0.144(*) 0.298(**) Average 
Temperature 

Sig. (2-tailed) 0.000 0.000 0.300 0.023 0.000 0.024 0.000 

**  Correlation is significant at the 0.01 level (2-tailed). 
*    Correlation is significant at the 0.05 level (2-tailed). 

N = 247 for all correlations 

Table  7.11. Correlations  of Slope Angle and Temperature with Location and 

                    Trough Geometry Parameters. 

 

North Wall & 
South Wall Data 

North Rim 
Elevation 

South Rim 
Elevation 

North Bottom 
Elevation 

South Bottom 
Elevation 

North Wall 
Height 

South Wall 
Height 

Correlation 
Coefficient 

0.132(*) 0.161(*) 0.244(**) 0.209(**) 0.013 0.102 Slope 
Difference 

Sig. (2-tailed) 0.038 0.011 0.000 0.001 0.835 0.109 

Correlation 
Coefficient 

-0.186(**) 0.073 -0.111 -0.228(**) -0.189(**) 0.096 Average 
Slope 

Sig. (2-tailed) 0.003 0.256 0.081 0.000 0.003 0.132 

Correlation 
Coefficient 

0.389(**) 0.113 -0.276(**) -0.078 0.467(**) 0.149(*) Temperature 
Difference 

Sig. (2-tailed) 0.000 0.075 0.000 0.219 0.000 0.019 

Correlation 
Coefficient 

0.405(**) 0.127(*) -0.224(**) -0.033 0.484(**) 0.158(*) Average 
Temperature 

Sig. (2-tailed) 0.000 0.046 0.000 0.608 0.000 0.013 

**  Correlation is significant at the 0.01 level (2-tailed). 
*    Correlation is significant at the 0.05 level (2-tailed). 

N = 247 for all correlations 

Table  7.12. Correlations  of Slope Angle and Temperature with Trough Wall 

                    Geometry Parameters. 
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The difference in slope angle between the walls is, on average, the same at all 

locations along the trough (Figure  7.16 and Figure  7.17). This is confirmed by the 

very low (and insignificant) correlations of slope angle difference with longitude and 

latitude (Table  7.11). 

The north-south wall difference in slope angle has no significant correlation 

with wall height, nor with the difference in either wall height or rim elevation (Table  

7.11). However, it has a significant positive correlation with trough width, which 

Figure  7.18 shows is due mainly to the decrease in slope angle of the south wall with 

respect to trough width. It is worth noting that the slope difference correlations with 

trough width roughly matches the south wall correlations of slope with trough width, 

but with opposite sign. 

 

 
Figure  7.16. Slope Angle vs. Longitude for North and South Walls. 

                     (Modified from Jernsletten, 2004a,b) 
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Figure  7.17. Slope Angle vs. Latitude for North and South Walls. 

 

 

 
Figure  7.18. Coprates Chasma Slope Angle vs. Trough Width Between Rims. 

 

The pattern of slope angle difference along the trough shows a rhythmic 

pattern (Figure  7.19). Substantially more wall slopes are steeper on the north side 

(157) than on the south side (90), which shows that the median slope (as well as the 
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average) for the north wall is steeper. The average slope angle difference of 1.3° 

between the walls is 9 % of the range (14-29°) of all the wall slopes measured in the 

trough. 

 

 
Figure  7.19. Coprates Chasma Slope Angle Differences. 

                     (Modified from Jernsletten, 2004b) 

 

 

The difference in slope angle between the walls is related to surface 

temperature. The north wall is on average 1.3° steeper, and on average 9.7 K colder, 

than the south walls of the trough (Table  7.9). Therefore, the colder, north walls of the 

Coprates Chasma trough are significantly steeper than the warmer, south walls of the 

trough. The variation in slope angle along each wall is also related to surface 

temperature variation. There is, however, a difference in the relationship between 

temperature and slope angle for the north and south walls (Figure  7.20). The trend is 

much steeper for the south wall than for the north wall, with slope angle decreasing as 

a function of temperature at ~6° of slope per K for the south wall, compared with ~1° 
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per K for the north wall. This is manifest as a negative relationship between N-S wall 

slope angle difference and N-S wall surface temperature difference (Figure  7.21). The 

corresponding correlation is -0.48 (Table  7.10). 

 

 
Figure  7.20. Coprates Chasma Slope Angle vs. Mean Surface Temperature. 

 

 
Figure  7.21. Difference in Slope Angle between North and South Walls vs. 

                      Difference in Surface Temperature. 
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7.4.4 Differences in Surface Roughness between the Walls 

The curvature in the north walls of the trough is on average -0.002 ± 0.009 

different from the south walls, meaning that there is no significant difference in 

curvature  between the north walls and the south walls of Coprates Chasma. The 

average curvature for the north walls is 0.228, while the average curvature for the 

south walls is 0.230. This lack of difference is illustrated with respect to the variation 

of curvature with longitude for the north and south walls (Figure  7.22), and with 

surface temperature difference (Figure  7.23).  

 

 
Figure  7.22. Coprates Chasma Curvature vs. Longitude. 
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Figure  7.23. Difference in Curvature between North and South Walls vs. 

                      Difference in Surface Temperature. 

 

 

The north walls of Coprates Chasma have an average surface ratio 0.011 ± 

0.004 greater (i.e., are slightly rougher) than the south walls of the trough. A 

difference in surface ratio of 0.011 ± 0.004 may seem small at first consideration, but 

it needs to be noted that a surface ratio of 1.400 – 1.600 would represent an extremely 

rough surface (a high degree of point-to-point variation in slope and aspect). The 

average surface ratio for the north walls is 1.097, while the average surface ratio for 

the south walls of the trough is 1.086, indicating that both sides of the trough have 

relatively smooth wall slopes. The fact that the north walls of the trough are slightly 

rougher than the south walls as judged by this measure cannot be easily explained, 

other than possibly by the slope-dependence inherent in the calculation of surface 

ratios, as discussed. The  patterns of variation of surface area ratio difference with 

parameters such as temperature, trough width, and longitude are very similar to those 

displayed for slope angle difference (e.g. Figure  7.16, Figure  7.17, and Figure  7.21), 

and are therefore not presented. 
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7.5 ANALYSIS OF TECTONIC AND STRUCTURAL INFLUENCES ON 

TROUGH WALL TOPOGRAPHY 

7.5.1 Association of Topographic Parameters with Known Structural and 

Tectonic Elements 

 
Figure  7.24. Associations Between Slope Angle and Known Structural Elements 

                      Along the Trough (North Wall). 

                      Morphologic and structural patterns are from Peulvast et al. (2001). 

                      Morphology Key (1) Cornice with smooth talus slope; (2) cornice with 

                      spurs and gullies; (3a) crest with spurs and gullies on both sides; (3b) 

                      crest with spurs and gullies on one side and smooth talus slope on the 

                      other side. Structure Key (4a) Fault; (4b) conjectured fault; (5a) normal 

                      fault; (5b) conjectured normal fault. 

 

The faulting pattern of Coprates Chasma with respect to its morphologic 

framework has been studied by Peulvast et al. (2001), amongst others. When the 

pattern is superimposed on a graph of north wall slope angle variation along the 

trough (Figure  7.24), careful inspection reveals that there is no apparent association 

between slope angle variation and any aspect of the faulting pattern along the north 
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wall, including the occurrence, type, or density of faulting. The same conclusion is 

reached for the south wall slope angle variation for faulting patterns along that wall 

(Figure  7.25), and also for the variation in slope angle difference along the trough 

with respect to the entire faulting pattern (Figure  7.26). 

 

 
Figure  7.25. Associations Between Slope Angle and Known Structural Elements 

                      Along the Trough (South Wall). 

                      Morphologic and structural patterns are from Peulvast et al. (2001). 

                      Morphology Key (1) Cornice with smooth talus slope; (2) cornice with 

                      spurs and gullies; (3a) crest with spurs and gullies on both sides; (3b) 

                      crest with spurs and gullies on one side and smooth talus slope on the 

                      other side. Structure Key (4a) Fault; (4b) conjectured fault; (5a) normal 

                      fault; (5b) conjectured normal fault. 
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Figure  7.26. Associations Between N-S Wall Slope Angle Difference and Known 

                      Structural Elements Along The Trough. 

                      Morphologic and structural patterns are from Peulvast et al. (2001). 

                      Morphology Key (1) Cornice with smooth talus slope; (2) cornice with 

                      spurs and gullies; (3a) crest with spurs and gullies on both sides; (3b) 

                      crest with spurs and gullies on one side and smooth talus slope on the 

                      other side. Structure Key (4a) Fault; (4b) conjectured fault; (5a) normal 

                      fault; (5b) conjectured normal fault. 

 

7.5.2 Cross-Trough Floor Gradients 

As discussed in Chapter 6, the slope angle asymmetry measured could be a 

function of trough structural asymmetry, in particular if there is a possible asymmetric 

graben structure. The cross-trough slope of the floor is a good indicator of the 

presence of structural asymmetry (e.g. Schultz, 1991). Wall bottom elevations, which 

measure the level of the trough floor at the base of each wall, decrease from the 

western end toward the middle portion of the trough, and then increase at the eastern 
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end (Figure  7.27). An elevation map of the area (Figure  7.28) shows the along-trough 

pattern. The elevation pattern also suggests that the across-trough slope on the trough 

floor is negligible. A paired t-test (Table  7.13) confirms this by showing that the 

difference between the trough floor elevation between the bases of the north and south 

walls is statistically insignificant at 42 ± 64 m. In other words, the trough floor has no 

significant average slope gradient across the trough. 

 

 
Figure  7.27. Variation in Trough Wall Bottom Elevation for the North and South 

                      Walls. 

                      (Modified from Jernsletten, 2004a,b) 



 

 

1
8
2

 
Figure  7.28. Elevations of Coprates Chasma Floor and Surrounding Plateaus. 

                     Color scale designed to show the exceptional flatness of the trough floor  (Modified from Jernsletten, 2004a) 
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Trough Wall 
Bottom Elevations 

Mean Std. Deviation
Std. Error of

the Mean 
95% Confidence Interval

of the Mean ( ± ) 

North Wall 
(refer to Table  7.1) 

-4,686 m 381 24 48 m

South Wall 
(refer to Table  7.5) 

-4,643 m 472 30 59 m

North – South 
(refer to Table  7.9) 

-43 m 507 32 64 m

N = 247 for both datasets
For the difference:  t = -1.340, df = 246, 2-tailed Significance = 0.181

Table  7.13. Coprates Chasma Trough Wall Bottom Elevations. 
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CHAPTER 8: DISCUSSION 

 

8.1 THE ROLE OF VOLATILES IN EROSION AND IN THE DEVELOPMENT 

OF ASYMMETRIC SLOPES ON MARS AND IN COPRATES CHASMA 

The north wall of Coprates Chasma, compared with the south wall, is not much 

steeper, but is significantly steeper, by 1.3º ± 0.5º, which is consistent with Jernsletten 

(2002a, 2003, 2004a,b). The north wall also has a mean annual surface temperature 

that is, on average, almost 10 K lower. Slope angle is highly correlated with mean 

surface temperature for both walls. In addition, the difference in slope angle between 

the two walls, for the 247 profile data, is correlated (-0.48) most highly with the 

surface temperature differential between the two walls. Correlations of slope angle 

and slope angle difference are substantially weaker or insignificant with trough 

geometry factors such as rim elevation and wall height, even though these parameters 

exhibit variation along the trough and show differences between opposing walls. In 

addition, there is no systematic correlation between slope angle difference and 

latitude/longitude (although there is some rhythmic variation in both slope angle and 

slope angle difference along the trough). These results suggest that it is temperature 

differentials resulting from insolation asymmetries, rather than trough geometric 

factors or location factors, that are driving the systematic, trough-averaged difference 

in slope angle between the two walls. 

Insolation asymmetries have been proposed to explain slope asymmetries on 

Mars, either by differential sublimation erosion (e.g. Howard et al., 1982; Fenton and 

Herkenhoff, 2000), or by differential ground ice melting (Kreslavsky and Head, 

2003). Sublimation erosion (the mechanical weakening of slope-forming materials by 
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the sublimation of interstitial volatiles, including water) has been proposed as a 

mechanism of degradation of slopes both on Mars (Squyres, 1979; Howard et al., 

1982; Moore et al., 1996; Fenton and Herkenhoff, 2000; Kreslavsky and Head, 2003) 

and on moons in the Solar System including Triton, Io, and Ganymede (Smith et al., 

1989; Moore et al., 1996, 1997, 1998). The mechanical effect of the sublimation of 

ice from the matrix of frozen material is to reduce the strength of the material by 

removing the component of total material strength provided by ice (Figure  4.5), so 

that the desiccated material is weaker and more easily eroded than the ice-saturated 

material. 

It is generally accepted that the Martian polar layered terrains are composed of 

ice-rich materials that are predisposed to sublimation erosion (e.g. Squyres, 1979; 

Clifford et al., 2000). Howard et al. (1982) explained topographic orientations and 

asymmetries of polar landforms in terms of the preferential degradation of deposits 

that had lost their ice matrix by sublimation. In their model, undulations grow into 

troughs and migrate toward the pole due to higher sublimation rates on the equator-

facing wall compared with the insulated pole-facing wall, a result of insolation 

asymmetry. Fenton and Herkenhoff (2000) measured asymmetric slopes across a 

trough in the northern polar layered deposits. The trough of interest had higher relief 

and steeper slopes on the equator-facing (north) wall, as assessed from two profiles 

across the trough. The observed asymmetry was explained in terms of insolation 

differences, with the steeper equator-facing slope being characterized by greater 

insolation and higher rates of sublimation of interstitial ice. 

 Slope asymmetries have also been detected in the mid-latitudes. Using MOLA 

topographic data, Kreslavsky and Head (2003) identified belts of north-south slope 

asymmetry between latitudes of 40-50° in both hemispheres, in which the pole-facing 
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slopes are systematically shallower than the equator-facing slopes. The authors 

attributed the topographic asymmetry to insolation asymmetry. In particular they 

suggested that during periods of high obliquity, the transient melting of ground ice on 

and in the pole-facing, warmer slopes during summer encouraged erosion (by gullying 

and debris flows) and a consequent reduction in the angle of such slopes. At these 

latitudes under high obliquity conditions, ice in and on the equator-facing, colder 

slopes remains intact. This interpretation was based on the climatic model of Costard 

et al. (2002) and Forget et al. (2003), whose calculations showed that the places on 

Mars where daily mean surface temperatures have exceeded the melting point of 

water during past high (45°) obliquity cycles are those with latitudes above 30°, 

particularly on steep (20-30° slope angle) pole-facing slopes. In accordance with their 

model, those authors explained the formation of debris flows and gullies preferentially 

on pole-facing slopes in the mid- and high-latitudes as relict features from the last 

period of high obliquity, supporting Jakosky and Carr’s (1985) original suggestion of 

gullies having been formed by water liquid during periods of high obliquity. In similar 

fashion the slope asymmetry measured and interpreted by Kreslavsky and Head 

(2003) must also be regarded as a relict feature from high-obliquity periods. 

Therefore, differentials in insolation have been proposed to account for slope 

asymmetry by sublimation erosion in troughs in polar areas (under current climatic 

conditions), with the equator-facing slopes being warmer and steeper. Insolation 

differentials have also been proposed to explain slope asymmetries by preferential 

ground ice melting and debris flow / gully erosion in the mid-latitudes (under past, 

high-obliquity climatic conditions), with the equator-facing slopes being less eroded, 

colder, and steeper. Does either situation apply to Coprates Chasma? The south 

(equator-facing) wall of the trough is warmer and exhibits a shallower slope angle 
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than the pole-facing north wall. This situation therefore differs from the asymmetric 

slopes measured in both the polar and the mid-latitude regions. In addition, other 

differences between the Coprates situation and the mid-latitude or polar asymmetric 

slope situations described are that the trough situated in an equatorial location, the 

mean annual surface temperature is higher, the insolation and surface temperature 

differentials between equator-facing and pole-facing slopes are smaller, and ground 

ice does not exist at the surface or near (tens of meters) surface. Therefore, a different 

scenario is offered for the observed slope angle asymmetry in respect of temperature-

related effects. 

Under this scenario, the measured slope asymmetry is due to current 

temperature and ice differentials between the slopes. The pole-facing slopes are the 

colder slopes; they currently contain shallower and colder ice (as discussed in sections 

 6.3.3 and  6.3.4), and therefore comprise stronger slope-forming materials and are 

steeper. The average surface temperature of the north wall, at 10 K lower than that of 

the south wall, implies that the subsurface of the north wall occupied by ice is 

stronger at equivalent depths than the south wall. The variation in slope angle with 

respect to temperature is quite different for the north and south walls. The south wall 

exhibits higher temperatures, but a much smaller range (216-218 K) compared with 

the north wall (202-212 K). As the range of slope angles is reasonably similar, the rate 

of change of slope angle with temperature is much greater for the south side. This 

difference is consistent with the rate of strain of ice and frozen ground being highly 

geared to temperature: a 2 K change in temperature from 216 to 218 K will bring 

about variations in strain rate much greater than those brought about by an increase in 

temperature from 202 to 212 K. 
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The walls of Coprates Chasma are calculated to be currently desiccated to 

depths of 100-300 m. The differential presence and temperature of ice will only have 

an effect on erosional processes via effective wall strength differences if the erosional 

processes are operating in a manner whereby they are controlled by the strength 

differentials that exist at depth in the walls. Most previous work concerning the role 

of volatiles at depth in the erosion of the chasmata walls in Valles Marineris has 

focused on the erosional dynamics of, and instability conditions leading to, large 

landslides. These landslides may have moved as dry rock mass movements (McEwen, 

1989) although most of the evidence points to lubrication by groundwater or melted 

ice at depth (Lucchitta, 1999; Quantin et al., 2003). However, the dominant type of 

erosional morphology of the walls of Coprates Chasma is spur and gully morphology, 

and landslides (only three of them) are confined to the western end of the trough. The 

age of the spur and gully erosion is not clear (e.g. Lucchitta, 1999), although the 

morphology is destroyed by landslides where they occur (in both western Coprates 

Chasma, and more extensively in other troughs), and the erosional style does not seem 

to have developed on the landslide headscarps nor on young fault scarps (Lucchitta et 

al., 1992). The landslides have been considered to be fairly young based on their 

freshness, and post-date the formation of the spur and gully erosion unless the 

erosional style is so slow to develop that it has yet to appear on the headscarps. 

However, recent dating of landslides by Quantin et al. (2003) indicates that the 

landslides have occurred in “batches” with ages ranging from 1-2 Giga years to 100 

Million years. This result that would seem to discount the possibility that spurs and 

gullies could be forming on landslide headscarps as it surely would have started to 

appear after 1-2 Giga years of erosion on the older landslides. However, this does not 

preclude the possibility that where it continues to be exposed, the spur and gully 
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morphology is still actively developing, although the timing of the erosion would 

appear to be restricted due to the onlap onto the morphology of interior layered 

deposits aged Late Hesperian through to Middle Amazonian (Schultz, 1991; Komatsu 

et al., 1993). 

The spur and gully morphology could have been produced either by liquid 

water in a warmer climate (e.g. Lucchitta, 1987) or by dry mass wasting in a climate 

characteristic of the present (e.g. Blasius et al., 1977; Sullivan, 1992). Sullivan (1992) 

suggested that the spur and gully morphology is a result of period removal of 

weathered debris by small avalanche chute movements of depths ranging up to150 m. 

The cycle starts with the weathering and weakening of trough wall surface materials 

until a critical thickness of material is weakened such that it is removed under the 

stress of its own weight by mass movement. The results of this thesis support the dry 

mass wasting origin for the spur-and-gully morphology. The process of weakening 

layers to depths of up to 150 m is quite possibly due to the sublimation of ice, and the 

bases of rock avalanches may well be at the ice table which would be expected to 

provide a strength discontinuity. Given that the north wall is hypothesized to be 

stronger at equivalent depths than the south wall, the slope would recede at a steeper 

angle via mass wasting by small avalanche movements. As weathered portions of the 

slope are removed, this exposes material whose interstitial ice then begins to sublime 

and weaken, and so the cycle continues over geologic time. 

 Of interest now is to examine an alternative: the possibility that the slope 

asymmetry observed in Coprates is a relict from a period of former higher obliquity, 

as is argued to be the case for mid-latitude slope erosion and slope inclination 

asymmetries (Costard et al., 2002; Kreslavsky and Head, 2003). The threshold 

obliquity at which the north and south walls of Coprates Chasma (at 14° latitude 
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average) receive symmetric amounts of insolation is 38°. Below this obliquity, as is 

currently the case, the north wall is expected to receive lesser amounts of insolation 

and exhibit colder mean annual surface temperatures than the south wall. Under 

conditions of obliquity < 38°, the differentials in insolation, mean annual surface 

temperature, and slope angle between the north and south walls are expected to lie in 

the direction currently measured, but with lesser difference as the threshold obliquity 

is approached. At an obliquity of 38°, the mean annual surface temperatures of the 

north and south walls would be expected to be equal (it should be noted that although 

orbitally-related variations in atmospheric volatiles, dust, and polar cap dynamics also 

influence ground ice stability (e.g. Toon et al., 1980; Mellon and Jakosky, 1993), 

orbital forcing of insolation and surface temperature asymmetry is the only climatic 

influence on possible temporal changes in slope asymmetry at the scale of interest).  

At obliquities higher than 38°, the north wall is expected to receive greater 

amounts of insolation and have warmer temperatures than the south wall. Various 

studies have shown that shallow ground ice is stable in the equatorial regions for 

conditions of obliquity > 32° (Mellon and Jakosky 1995; Mischna et al., 2003), and 

therefore both walls would likely have ground ice at the surface under such 

conditions. Applying Kreslavsky and Head’s (2003) argument, the north (now 

warmer) walls would be expected to be more erosionally active and exhibit shallower 

slope angles than the south (now colder) walls. However, this would depend upon the 

seasonal temperature distribution on the north wall allowing the transient melting of 

ground ice to form gullies, debris flows etc. At least two lines of argument go against 

this possibility. First, a basic problem is that the north walls are steeper than the south 

walls, when the opposite would be expected. Second, there is no morphologic 

evidence observed to suggest that gullies and debris flows formed by the action of 
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liquid water are acting, or have acted recently, on the north walls of Coprates Chasma. 

And third, the orbital history of Mars shows that an obliquity of higher than 38° has 

not been achieved in the last 1.3 million Martian years (2.5 million Earth years), 

although it should be noted that past obliquity variations are chaotic and cannot be 

predicted for timescales longer than around 10
7
 years (Touma and Wisdom, 1993; 

Laskar and Robutel, 1993). On these lines I therefore discount the possibility that the 

slope asymmetry measured in Coprates Chasma is a relict from insolation-related 

erosion differentials characteristic of a former period of high orbital obliquity, and, as 

discussed, attribute it to a differential presence and depth of ground ice within the 

north and south walls as a result of insolation and temperature asymmetries 

characteristic of the present. 

 

8.2 ASPECTS OF THE TOPOGRAPHIC, STRUCTURAL, AND EROSIONAL 

ARCHITECTURE OF COPRATES CHASMA 

The results presented here are able to shed light on important questions 

concerning the topographic and structural geometry of the trough. Although it is 

generally accepted that Coprates Chasma occupies a graben bounded on both sides by 

in-dipping normal faults, a question remains as to whether the graben is symmetric or 

asymmetric. Schultz (1991) was unable to measure topographic asymmetry and 

trough floor tilts on account of the large uncertainties in the data available at that time, 

although he hypothesized that the trough floor may slope down to the north given the 

slight north-south differences in fault geometry and the observed pattern of 

stratigraphic offsets along the normal faults that separate the trough from the adjacent 

plateaus. From the trough-bottom data measured in this study, the trough floor is now 
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known to not have a tilt. On this evidence, Coprates Chasma can be confirmed as very 

likely to be a symmetric, full graben, with the northern wall normal boundary fault 

being a south-dipping master fault (Figure  6.3). The flat floor is strong evidence 

against the measured trough wall slope angle asymmetry being due to an asymmetric 

graben geometry. 

As indicated by the distance from the boundary faults to the wall rims, 

Coprates Chasma has widened since its initial structural origin. The slope angle of the 

trough’s south wall is negatively correlated to trough width, but the north wall slope 

angle is not. Peulvast et al. (2001) suggested that the trough sections that had widened 

most were those whose walls had the most erodable material, and argued that the most 

volatile-rich wall segments, when desiccated, corresponded to these most erodable 

areas. More erodable, weaker material would exhibit lower slope angles. Therefore, it 

may be that the south wall of Coprates Chasma has eroded more than the north wall, 

and that some sections of the south wall have been preferentially widened and exhibit 

lower slope angles. 

 

 
Figure  8.1. Coprates Chasma Trough Wall Width vs. Longitude. 
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The exposure of the trough walls (a function of their slope angle and height) is 

a measure of the amount of erosional widening of the trough (Lucchitta et al., 1994). 

The lateral extent of the trough wall (the wall width), is equal to the width of the 

trough at the rims minus its width at the wall bottoms. The amount of erosional 

widening as measured by wall width (Figure  8.1) shows that the trough has widened 

by between 30 and 100 km, being a maximum between 65-67° longitude with lower 

values to the east and west. The average widening is 60 km, which compares with an 

average trough-bottom width of 40 km. The trough has therefore widened, by wall 

recession, by 50 % from its original dimensions. Lucchitta et al. (1994) calculated a 

Valles Marineris average trough erosional widening of one-third. 

 

 
Figure  8.2. Coprates Trough Wall Slope Angle and Height Data Superimposed 

                    on the Results of Schultz (2002). 

                    (Modified from Jernsletten, 2004a,b) 

 

Although Coprates Chasma has widened over time, wall recession has not 

occurred due to landsliding. The Coprates Chasma data plot in the stable wallrock 



194 

 

area of Schultz (2002) (Figure  8.2), and would appear to have RMR values of 

between 50-75, in accordance with Schultz’s (2002) results for wall rock that has not 

failed. There is no evidence from Figure  8.2 that the wall rock comprising the south 

wall slopes has any RMR strength contrast with that of the north wall slopes, and 

supports the case (as discussed in Chapter 6) that there are no significant rock mass 

property differences between the north and south walls that could impart slope angle 

asymmetries. 

Coprates Chasma has some of the highest walls in the Valles Marineris, up to 

10.5 km. Despite their great height, these walls have not failed by landsliding. Why 

this is so is somewhat speculative at the moment. Segments of wallrock that have 

failed by landsliding have been shown by Schultz (2002) to leave steeper headscarp 

slope angles than the slope angles of wall segments that have not failed. However, the 

pre-landslide characteristics (e.g. surface slope angles) of now-failed wall segments 

are not known, and therefore only inferences concerning the original differences 

between failed and stable wall segments can be made. Given that large sections of 

Coprates are not characterized by landslides, it seems reasonable that the control on 

landslides does not involve local, along-wall variations in faulting or wall rock 

strength. Rather, gross differences between Coprates Chasma and other (more 

landslide-prone) troughs are more likely to be relevant, for example, in the faulting 

architecture along which landslide-triggering seisms occur (Figure  5.5) or the size 

and/or frequency of these Marsquakes (Schultz, 2002; Quantin et al., 2003). 
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CHAPTER 9: CONCLUSIONS 

 

The first hypothesis examined in this study was that the colder mean annual 

temperature characteristic of the north wall of the trough (vs. the south) should, on 

average, exhibit steeper slopes and lower surface roughness if ice-related processes 

have influenced the evolution of the trough. The results show that the north walls are 

significantly steeper, on average, than the south walls (by 1.3º ± 0.5º, consistent with 

the results of Jernsletten, 2002a, 2003, 2004a,b), and that they are ~9.7 K colder than 

the south walls. 

Using Equation  3.1 (with temperatures calculated using Equation  6.2, 

Equation  6.3, and Equation  6.4), nominal (according to Clifford, 1993) depths to the 

base of the cryosphere were calculated along each of the 247 profiles crossing 

Coprates Chasma (Figure  3.2 shows this calculation for Coprates Chasma profile 

number 200). Depths to the base of the cryosphere in the north walls average ~3.6 km, 

while the average for the south walls is ~2.2 km. I conclude that this indicates 

evidence for the differential presence of ice within the walls (a shallower ice table and 

deeper cryosphere in the north walls), and that this is the main pathway of 

temperature influence on the topography of the trough. Additionally, temperature has 

an effect on material (compressive and shear) strength, and on steady-state creep rates 

of ice-rich geologic materials: colder materials are generally stronger, and have lower 

steady-state creep rates. This is also consistent with the slope angle results described 

above. 

Slope angle data show no consistently significant correlations with trough 

geometry (wall height, rim elevation), location (latitude, longitude), stratigraphy, or 
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structural and tectonic features. These results suggest that it is temperature 

differentials resulting from insolation asymmetries, rather than trough geometric 

factors or location factors, that are driving the systematic, trough-averaged difference 

in slope angle between the two walls (through its influence on the thickness of the 

cryosphere, material strength, and to some extent steady-state creep rates). 

This study also shows the strong similarities in the stratigraphy of both the 

north and the south walls of Coprates Chasma (horizontal layering on both sides), 

indicating that tectonic or structural asymmetries are less likely to be present as causal 

factors in the slope angle difference shown in the results. The trough floor is also very 

significantly flat (horizontal) across the trough, as measured by the fact that there is 

no significant difference in trough wall bottom elevations between the north and the 

south (Figure  7.27), and the uniform elevations (flatness) shown by MOLA elevations 

within Coprates Chasma (Figure  7.28). This result further strengthens the argument 

that structural and tectonic asymmetries are likely not dominant causal factors in the 

slope angle difference. 

Unlike other areas within the Valles Marineris region, Coprates Chasma is 

largely unaffected by very large landslides. Given that large sections of Coprates are 

not characterized by landslides, it seems reasonable that the control on landslides does 

not involve local, along-wall variations in faulting or wall rock strength. There is also 

no significant difference in rock wall strength between the north and south walls 

(Figure  8.2; Schultz, 2002), and these results again serve to rule out structural 

influences as major factors in slope angle within Coprates Chasma. 

In terms of surface roughness, curvature is not significantly different between 

the north and south walls of Coprates Chasma. Surface area ratios, on the other hand, 

show higher average values in the north walls, meaning that the north wall is slightly 
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rougher, as indicated by this measure. However, there are unanswered questions 

regarding the strong dependence of surface area ratios on slope angle. Given this fact, 

and the fact that curvatures yield no significant difference between the walls, the 

answer to the hypothesis regarding surface roughness remains inconclusive. The 

question could also be raised concerning what the appropriate resolution of 

topographical data (such as the 1/64º MOLA elevation data) is in forming the basis 

for measuring surface roughness in these trough walls, and this is a possible venue for 

future research. 

The second hypothesis tested was that the difference in temperature between 

the two walls at the eastern end of the trough is greater than at the western end (due to 

the gradient in latitude), and therefore the difference in slope angle and surface 

roughness between the north and south walls (as proposed in the first hypothesis) 

increases from west to east along the trough. Results indicate that the along-trough 

average slope angle difference between the two walls appears to be constant at around 

1.3°. The variations in surface roughness parameters also do not change in a 

systematic manner from one end of the trough to the other (note the inconclusive 

results described above for surface roughness). The conclusion is that slope angle 

differences do not correlate significantly with position along the trough, and 

consistently with this also do not correlate with latitude or longitude. 

The temperature differential between the north and south walls of Coprates 

Chasma is a previously under-estimated factor in the topographic evolution of the 

trough, and the asymmetry of ground ice distribution needs to be considered in 

models of the evolution of Valles Marineris troughs. The evidence for equatorial ice, 

based on topographic asymmetry, is a new argument that supports existing work 

based on rampart craters and theoretical modeling. 
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In summary, this study presents a strong circumstantial case for a relationship 

between temperature, ground ice, and topography within Coprates Chasma, Mars. The 

north walls of Coprates Chasma have significantly steeper average slope angles than 

the south walls (1.3º ± 0.5º, consistent with Jernsletten, 2002a, 2003, 2004a,b). 

Tectonic and structural influences are largely ruled out as major or dominant causal 

factors in this slope angle asymmetry. Results regarding surface roughness (curvature 

and surface area ratios) are inconclusive. Avenues for future research include surface 

roughness studies using topographic data with higher spatial resolution, and further 

study of the relationship between temperature and material parameters. 
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APPENDIX A: STATISTICAL ANALYSIS METHOD 

 

In this section the methods for statistical analysis used in this study are 

presented in some detail. The primary method for measuring the correlation between 

two datasets (for example the slope and the latitude of the walls of Coprates Chasma) 

used in this study is the Spearman’s rank correlation coefficient. This method is 

strong in situations where not both datasets are normally distributed, and generally 

gives a more conservative result (i.e. less chance of making a Type I error of 

identifying a significant correlation when there is not one) compared with parametric 

correlation methods such as the Pearson correlation. 

 The paired-samples T-Test is presented as a meaningful way in which to 

compared the means of two datasets (for example the slope of the north wall of 

Coprates Chasma and the slope of the south wall of Coprates Chasma. This section 

also includes a discussion of the methods to calculate the standard error of the mean, 

the upper and lower limits of 99 % and 95 % confidence intervals, and the common 

variance of two datasets. These statistical methods (Spearman’s rank correlation and 

the paired-samples T-Test) form a robust basis for the statistical analysis carried out 

as a part of this study. 

A basic quantity in any statistical analysis is the geometric mean. It is 

calculated for a dataset x as follows: 

 

 x  = 
n

1

∑
=

n

i

i
x

1

    Equation  A.1 
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We also need to calculate a probability confidence interval for the mean. The 

upper limit of this confidence interval is calculated as follows: 

 

 µU = x  +  tcrit )(
2
ns      Equation  A.2 

 

 

 The lower limit of the confidence interval is calculated by this equation: 

 

 µL = x   -  tcrit )(
2
ns      Equation  A.3 

 

 

For an n (sample size) of 200 or greater, the required tcrit values are 2.601 and 

1.972 for a 99 % and a 95 % confidence interval, respectively. Notice that for the 

geometric mean, the confidence interval is the mean ± tcrit multiplied by the standard 

error of the mean. The sample variance of the dataset x in Equation  A.1, Equation  

A.2, and Equation  A.3 (s2) is calculated by Equation  A.4 (below). The standard error 

of the mean is calculated directly within Equation  A.2 and Equation  A.3, or by 

Equation  A.7. 

It is useful to define two basic quantities often cited in statistical analysis, 

which the paired-samples T-Test and the confidence intervals relate to and which 

relate to each other. These are the two measures of population variance called the 

sample variance (s2) and the sample standard deviation (s). The equation for sample 

variance is as follows:  
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1

1

−n
∑

=

n

i

i
x-x

1

2
)  (     Equation  A.4 

 

 Sample variance is also often called the sample estimate of the variance 

because it provides an estimate of the population variance (σ
2
). At first glance it might 

be expected that the divisor in this equation should be n, the size of the sample, rather 

than n – 1, but it has been shown that the resulting statistic would tend to 

underestimate σ
2
 (it is said to be biased). As it is defined here, s

2
 is unbiased (Swan 

and Sandilands, 1995). 

 Another thing to note concerning s2 is that it has the unit of the measurement 

squared. The square root of this statistic will have the same units as the units of 

measurement, is easier to interpret, and is called the sample standard deviation. The 

equation for the sample standard deviation is: 
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    Equation  A.5 

 

 

Spearman’s Rank Correlation Coefficient 

 

 We choose to use a non-parametric correlation method here, specifically the 

method known as the Spearman’s Rank Correlation Coefficient, for comparing and 

testing for correlation between two variables (for example slope versus longitude). 

The advantage of the non-parametric methods is their general applicability as 

compared to parametric tests of correlation (which have a stronger dependence on 
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normal distribution of the two datasets), and their robustness (no dependence on 

normal distribution). 

 

Method 

Data Parametric Non-parametric 

 

Normal, 

large n 

 

Most precise and reliable result 

possible 

 

 

If H0 rejected: result would be 

the same with parametric test 

If H0 accepted: result not 

reliable 
 

 

Non-normal, 

small n 

 

Result completely unreliable; 

often leads to false rejection of 

H0 
 

 

Best result possible given 

quality of data 
 

Table  A.1. Comparison of Parametric and Non-Parametric Correlation 

                   Methods. 

                   (Adapted from Swan and Sandilands, 1995) 

 

In general, the disadvantage of non-parametric correlation tests is their 

conservative results, that is, it is less likely that the null hypothesis (H0) is rejected. 

This is allowed for by using higher standards for significance in the tables of critical 

values used for non-parametric correlation tests. Table  A.1 shows a comparison of 

parametric and non-parametric methods. 

The ranks of a dataset in the context of non-parametric rank correlation (such 

as Spearman’s method) are simply the positions of data values in the ordered 

sequence of highest to lowest data values (or lowest to highest). Given a data value xi, 

the rank is termed R(xi). In order to calculate the correlation factor called Spearman’s 

rank correlation coefficient, ranks of the two datasets being compared (x and y) are 

obtained separately, and then the correlation factor is calculated as follows: 
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  Equation  A.6 

 

 The null hypothesis is that there is no correlation between x and y. Note from 

Table  A.1 that if H0 is rejected, the result would be the same with a parametric test, 

while if H0 accepted the result is not reliable (that is, confirming the H1 hypothesis 

that there is a correlation is a reliable result, but disproving the H1 hypothesis, which 

is accepting H0, is not a reliable result). This is fortunate for us in that we are looking 

for significant correlations between datasets with large values for n, which are not 

always perfectly normally distributed (a common situation in geology). The 

calculated values of r’ are compared to tables of critical values of r’ for different 

values of n (sample size) and α (probability that the H0 null hypothesis is correct). For 

an n of 200 and an α of 5 (a 5 % probability that the H0 null hypothesis is correct, or 

seen from a different point of view, a 95 % probability that the H1 hypothesis that 

there is a significant correlation is correct), the critical value for r’ is 0.12. For an n of 

200 and an α of 1 (a 1 % probability that the H0 null hypothesis is correct), the critical 

value for r’ is 0.16 (Swan and Sandilands, 1995). In all cases within this thesis, n is 

larger than 200 (in the case of the various profiling analysis datasets for Coprates 

Chasma, all these datasets have an n of 247; for the Hebes Chasma profiling study, all 

datasets have an n of 203). So we will use the Spearman’s rank correlation coefficient 

method to test for significant correlations between different datasets, two at a time, as 

this method makes no assumptions about the underlying distribution of the data. 
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Paired-Samples T-Test 

 

The paired-sample T-Test is used to compare the means of two datasets. This 

test provides a mean difference, a standard error of the mean (defined below), a 

confidence interval for the difference, a t statistic for the significance of the 

difference, and the statistical significance of the difference, which depends on the t 

statistic and the sample size n. The standard error of the mean gives a measure of the 

variability of the mean, and is defined as the sample standard deviation divided by the 

square root of the sample size: 

 

 SE( x ) = 
n

s

    Equation  A.7 

 

 For the difference of the means of two datasets x and y the t statistic is 

calculated as follows: 
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  Equation  A.8

 

where 
x

µ  and 
y

µ  are the mean rates of occurrence for the two datasets (notice that 

these cancel out in the case of the paired samples T-Test), and 2

d
s  is the common 

variance of the two datasets (Equation  A.12). This is essentially the difference of the 

means divided by the standard error of the mean of the difference. For an n of 200 and 

an α of 0.5 (for a test of 2-tailed significance a 1 % probability that the H0 null 

hypothesis is correct), the critical value for t is 2.601 (Swan and Sandilands, 1995). 

For an n of 200 and an α of 2.5 (for a test of 2-tailed significance a 5 % probability 
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that the H0 null hypothesis is correct), the critical value of t is 1.972. Compare the 

paired samples T-Test to the equivalent structure of the single sample T-Test: 

 

 t = 
ns

x xµ−
    Equation  A.9 

 

 

where s would be calculated by Equation  A.5. We also need to calculate a probability 

confidence interval for the difference. The upper limit of this confidence interval is 

calculated as follows: 

 

 µU = yx −  +  tcrit )11(2 yxd nns +     Equation  A.10 

 

 The lower limit of the confidence interval is calculated by this equation: 

 

 µL = yx −   -  tcrit )11(2 yxd nns +     Equation  A.11 

 

 For an n (sample size) of 200 or greater, the required tcrit values are 2.601 and 

1.972 for a 99 % and a 95 % confidence interval respectively. The common variance 

of the datasets x and y in Equation  A.8, Equation  A.10, and Equation  A.11 ( 2

d
s ) is 

calculated as follows: 
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    Equation  A.12 
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where 2

x
s  and 2

y
s  are calculated by Equation  A.4. We now have a meaningful measure 

(the paired-samples T-Test) of the difference between the means of two datasets, 

including a confidence interval (a ± range). If this confidence interval spans 0, the H0 

null hypothesis is confirmed, and we have to reject the H1 hypothesis (that there is a 

significant difference between the means of the two datasets). This comparison of the 

means (the paired-samples T-Test) will be used to compare various datasets (such as 

elevation, slope, aspect, curvature, surface area ratio, latitude, and longitude) for the 

north and south walls of Coprates Chasma. What is paired in each paired-samples 

T-Test are the same parameter for the north and the south wall of the trough, 

respectively (for example, we conduct a paired-samples T-Test comparison of north 

wall slope with south wall slope). 
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APPENDIX B: THE INDIVIDUAL PROFILE CASE 

 

In this section we go through the methods for extracting profile segments, the 

definitions of those profile segments, and the extraction of data points for statistical 

analysis. We use the profile coprates001 as the example for this exercise, the first 

profile across Coprates Chasma at its far western end. All statistical analysis done in 

this study, and all analysis of latitudinal, longitudinal, or north wall versus south wall 

trends, flows from the data extracted from each of the 247 profiles by a method 

identical to the one presented in this section. 

The most basic analysis done on a profile is the automatic selection of the two 

trough rims, one on the north side and one on the south side of the trough. This rule 

goes as follows: Pick the first point that has a slope steeper than 5.0º, and with an 

average slope steeper than 8.75º over a range of 15 points (including and beginning 

with the initially selected point). Only points with aspects within 60º of the profile 

average aspect (194.9º for the north wall of profile coprates001), and with a slope 

steeper than 5.0º, are counted. This procedure is repeated starting from the other end 

of the profile (aspect is now seen as 14.9º), and the south wall rim point is also 

selected. The positions of the two rim points are saved and are the starting points for 

the further definitions of profile (or trough wall) segments. 

The next step is to create a basic definition of a division between north and 

south walls. We call this Profile Segment Type 0, for simplicity. Profile Segment 

Type 0 North starts at the north wall rim point and ends at the midpoint between the 

two rim points. Likewise, Profile Segment Type 0 South begins at the south wall rim 

point and also ends at the mid-point between the two rims. This basic division of 
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North and South profile segments does not provide a very useful definition of exactly 

where the bottom of the wall slopes are, or what the extent of the trough walls are, but 

provides a way for rough comparison of the two sides of a trough. 

In the next series of operations, 6 different profile segments are defined, and 

they are as follows: Profile Segment Type 1 (we’ll get to some shorthand notation 

definitions a little later) is defined in one of two ways: First, by taking the absolute 

elevation difference between the rim point (Profile Segment Types 1 through 6 are 

defined separately but equivalently for the north and south walls) and the lowest 

elevation point anywhere along the profile, Type 1 is defined as the upper 75 % of 

that difference, starting at the rim point. We call this definition-by-percentage (again, 

shorthand follows). The alternative way of defining Profile Segment Type 1 is simply 

to define it as the range of points starting at the rim and going down 4200 m in 

elevation (from the north or south rim, respectively). We call this definition-by-

elevation. Additionally, the rim point with the highest elevation is re-selected to a 

point with an elevation equal to or lower than the other rim for the definition-by-

elevation scheme. 

The remaining Profile Segment Types are defined as follows: Type 2 is the 

upper 50 % or the upper 2800 m in elevation. Profile Segment Type 3 is the middle 50 

% (25 %-75 % of the elevation difference) or the 2800 m segment 1400 m to 4200 m 

below the rim of the trough. Profile Segment Types 4, 5, and 6 are by percentage the 

upper 25 %, the middle 25 % (25 %-50 % of the elevation difference), and the bottom 

25 % (50 %-75 % of the difference), respectively. Following definition-by-elevation, 

Profile Segment Types 4, 5, and 6 are the upper 1400 m of the wall, the next 1400 m 

(1400 m – 2800 m below the rim), and the third 1400 m segment (2800 m – 4200 m 

below the rim), respectively. 
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Profile Segment Description Definition 

Actual Trough Wall Whole Trough Wall 
Trough Rim to 

Trough Wall Bottom 

P0 Half of Whole Trough Midpoint between rims 

P1 Trough Wall Upper 75 % 

P2 Upper Wall Upper 50 % 

P3 LOWER WALL Middle 50 % 

P4 Top Wall Upper 25 % 

P5 Middle Wall Second 25 % 

P6 Bottom Wall Third 25 % 

Table  B.1. Profile Segmentation by Percentage Elevation Drop. 

                   Percentages of difference in elevation between trough rim and 

                   absolute lowest elevation anywhere along profile; 

                   refer to Figure  B.1 

 

 

 
Figure  B.1. Profile Segmentation by Percentage Elevation Drop. 

                    Percentages of difference in elevation between trough rim and 

                    absolute lowest elevation anywhere along profile; 

                    N and S for north and south wall, respectively; 

                    refer to Table  B.1 
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Figure  B.1 shows Coprates profile number 200 (see Figure  6.4 for location), 

plotted with the selection-by-percentage automatically selected profile segments. The 

naming scheme creates a 3-character designator: The first is the letter P for 

Percentage (selection-by-percentage) or the letter E for Elevation (selection-by-

elevation); The second character is a number 0 through 6 representing the Profile 

Segment Type; and the third character in the Profile Segment designator is the letter N 

for north wall or the letter S for south wall. Figure  B.2 shows the same elevation 

profile as in Figure  B.1. Figure  B.2 shows Coprates profile number 200 (see Figure  

6.4 for location), plotted with the selection-by-strict-elevation-drop automatically 

selected profile segments. 

 

Profile Segment Description Definition 

Actual Trough Wall Whole Trough Wall 
Trough Rim to 

Trough Wall Bottom 

E0 Half of Whole Trough Midpoint between rims 

E1 Trough Wall Upper 4200 m 

E2 Upper Wall Upper 2800 m 

E3 LOWER WALL 1400 m – 4200 m 

E4 Top Wall 0 m – 1400 m 

E5 Middle Wall 1400 m – 2800 m 

E6 Bottom Wall 2800 m – 4200 m 

Table  B.2. Profile Segmentation by Strict Elevation Drop. 

                   Elevation drops below trough rim; 

                   higher elevation rim reset to equal or less than lower elevation rim; 

                   refer to Figure  B.2 
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Figure  B.2. Profile Segmentation by Strict Elevation Drop. 

                    Elevation drops below trough rim; 

                    higher elevation rim reset to equal or less than lower elevation rim; 

                    N and S for north and south wall, respectively; 

                    refer to Table  B.2 

 

A profile segment pair is defined as the matching (equivalent) profile 

segments from the north and south walls. The Profile Segment Type 0 pair for 

selection-by-percentage, for example, would be designated as the P0N-P0S pair. 

These pairs are later used to show differences between and averages of topographic 

parameters for the two trough walls. 
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Figure  B.3. Coprates001 Slope vs. Latitude. 

 

 Figure  B.3 shows the slope angles along the coprates001 profile, naturally 

displaying wide slope highs on the segments on the trough walls. A more meaningful 

way of looking at slope is represented in Figure  B.4, which shows slope angles for the 

north and south walls of the trough from coprates001, averaged by the wall segments 

defined above. Here it can be seen that in coprates001 the north wall segments are 

slightly steeper than the south wall segments.  
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Figure  B.4. Slope Angle Averaged by Percentage Profile Segments. 

 

 Figure  B.5 shows an equivalent display of slope angles as in Figure  B.4, this 

time averaged over the selection-by-elevation segments defined above. In this case, 

the north wall segments of the trough in the coprates001 profile are steeper than the 

south wall segments again, and the difference is slightly larger than that shown for the 

slope averaged by selection-by-percentage segments in Figure  B.4. 
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Figure  B.5. Slope Angle Averaged by Elevation Profile Segments. 

 

 Aspect averaged over the selection-by-percentage segments is shown in Figure 

 B.6. It can be seen that as we go from segment to segment starting at the rim and 

going down in elevation across the trough wall (from P4 to P5 to P6 segments), there 

is a turn in aspect from nearly southwest along the upper 25% of elevation (wall 

segment definition P4) to more nearly south (on north walls) or north (on south walls) 

on type P5, P6, P2, and P3 segments, i. e. surfaces are oriented more closely to the 

south or north, respectively, lower on the walls. 
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Figure  B.6. Aspect Averaged by Percentage Profile Segments. 

 

 
Figure  B.7. Aspect Averaged by Elevation Profile Segments. 

 

 Figure  B.7 shows a graphical representation of aspect averaged over the 

selection-by-elevation profile segments. As in Figure  B.6, the turn towards south (on 

north walls) and north (on south walls) in aspect with lower elevations on the trough 

walls is evident in this figure. 

 Surface roughness is displayed in the form of curvature in Figure  B.8. It is 

evident from this figure that surface roughness as measured by curvature is higher in 

the north wall than in the south wall on the coprates001 profile. 
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Figure  B.8. Curvature Averaged by Percentage Profile Segments. 

 

 The alternative measure of surface roughness, surface area ratios, is displayed 

in Figure  B.9, averaged over the selection-by-percentage wall segments. In this case 

as well, north wall segments have higher values of surface roughness (surface area 

ratios), comparable to Figure  B.8. However, as discussed in more detail in Chapter 7, 

there is a strong dependence on slope angle in surface area ratios, and this would be 

consistent with the coprates001 profile data presented here (refer to Figure  B.9, Figure 

 B.4, and Figure  B.5). The surface roughness data averaged over selection-by-

elevations segments are not presented here, as those plots are visually nearly identical 

to Figure  B.8 and Figure  B.9. 
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Figure  B.9. Surface Ratio Averaged by Percentage Profile Segments. 

 

Every profile across Coprates Chasma and Hebes Chasma is decomposed in 

this way, and slope angle, aspect, and surface roughness data are extracted for each of 

the 14 types of trough wall segments defined in this section (really 28 type 

definitions, including those that include points not steeper than 5º). However, a study 

involving all these permutations for all 247 profiles across Coprates Chasma and all 

203 profiles across Hebes Chasma would be prohibitively large for a study of this 

scope. The purpose of this section is to lay forth some of the many more possible 

ways of analyzing the wall slopes, and then choosing a meaningful representation for 

this study. 

With 450 profiles (across Coprates and Hebes Chasmata combined) being 

treated to a detailed analysis of slope angles, aspect, and surface roughness, we need 

to choose a single definition that most consistently extracts representative wall 

segments across the 450 profiles. The definition that best fits these requirements as 

defined here is the P2 definition, that is, the selection-by-percentage type 2. This 

definition defines the trough walls as being the upper 50% of the total difference in 

elevation between the trough rim and the absolute lowest point anywhere along the 
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profile (north and south rims selected individually). By inspection of all 450 profiles, 

it can be reported here that this definition fits the average trough wall quite well, and 

does an acceptable job of not including talus slopes or any part of the trough floors. 

This is the definition of trough walls against which the data presented in  Chapter 7:  is 

analyzed. 

Raw data and statistics exist for all the other 27 permutations of trough wall 

segment definitions presented in this appendix. It should be evident to the reader, 

when comparing the analysis in  Chapter 7:  to the complexity of the full set of 

definitions presented in this section, that presenting the full analysis for all 28 

permutations defined here for all 450 profiles across both Coprates and Hebes 

Chasmata in this document not only is unnecessary (and would not add anything of 

value to the study), but would indeed lead to a completely confusing and overly 

complex presentation. Using the  P2 definition (the upper 50% of elevation relief on a 

profile) gives a clear and consistent method of analysis, and provides for a clear and 

consistent presentation in this document. 



 

 219

REFERENCES CITED 

 

 

Andersland, O. B., and B. Ladanyi (1994), An Introduction to Frozen Ground 

Engineering, Chapman and Hall, London, England. 

Andersland, O. B., F. H. Sayles, and B. Ladanyi (1978), Mechanical properties of 

frozen ground, Chapter 5 in Geotechnical engineering for cold regions, edited 

by O. B. Andersland and D. M. Anderson, pp. 216-275, McGraw-Hill, New 

York, New York. 

Anderson, D. M., and A. R. Tice (1972), Predicting unfrozen water contents in frozen 

soils from surface area measurements, Highway Research Record, 393, 12-18. 

Anderson, D. M., and N. R. Morgenstern (1973), Physics, chemistry, and mechanics 

of frozen ground: a review”, in Proceedings of 2.nd International Conference on 

Permafrost, Yakutsk, USSR, pp. 257-288, National Academy of Sciences, 

Washington, D. C.. 

Ashby, M. F., and H. J. Frost (1975), Deformation mechanism maps applied to the 

creep of elements and simple inorganic compounds, Chapter 11 in Frontiers in 

materials science, edited by L. E. Murr and C. Stein, pp. 391-419, Marcel 

Dekker, New York, New York. 

Attewell, P. B., and I. W. Farmer (1976), Principles of engineering geology, Chapman 

and Hall, London, England. 

Augustinus, P. C. (1992), The influence of rock mass strength on glacial valley cross-

profile morphometry: A case study from the Southern Alps, New Zealand, Earth 

Surface Processes and Landforms, 17, 39-51. 



220 

 

Augustinus, P. C. (1995), Glacial valley cross-profile development: The influence of 

in situ rock stress and rock mass strength, with examples from the Southern 

Alps, New Zealand, Geomorphology, 14, 87-97. 

Baker, T. W. H. (1979), Strain rate effect on the compressive strength of frozen sand, 

in Proceedings of the First International Symposium on Ground Freezing, 

Bochum, Germany, edited by H. L. Jessberger, Engineering Geology, 13, 223-

231, Elsevier, Amsterdam. 

Baker, V. R. (1982), The channels of Mars, University of Texas Press, Austin, Texas. 

Baker, V. R., M. H. Carr, V. C. Gulick, C. R. Williams, and M. S. Marley (1992), 

Channels and valley networks, in Mars, edited by H. H. Kieffer et al., pp. 493-

522, The University of Arizona Press, Tucson, Arizona. 

Bandfield, J. L., V. E. Hamilton, and P. R. Christensen (2000), A Global View of 

Martian Surface Compositions from MGS-TES, Science, 287, 1626-1630. 

Banerdt, W. B., M. P. Golombek, and K. L. Tanaka (1992), Stress and tectonics on 

Mars, in Mars, edited by H. H. Kieffer et al., pp. 249-297, The University of 

Arizona Press, Tucson, Arizona. 

Baratoux, D., C. Delacourt, and P. Allemand (2001), Rheology of megaregolith from 

wave-length of Martian lobate ejecta deposits, Abstract no. 1312, 32.nd Lunar 

and Planetary Science Conference, Houston, Texas, March 12-16. 

Barnouin-Jha, O. S., and S. Baloga (2003), Comparing run-out efficiency of fluidized 

ejecta on Mars with terrestrial and Martian mass movements, Abstract no. 1599, 

34.th Lunar and Planetary Science Conference, Houston, Texas, March 17-21. 

Barsch, D. (1987), The problem of the ice-cored rock glacier, in Rock glaciers, edited 

by J. R. Giardino et al., pp. 45-53, Unwin Hyman, Ltd., London England. 



221 

 

Barsch, D. (1988), Rockglaciers, in Advances in Periglacial Geomorphology, edited 

by M. J. Clark, John Wiley and Sons, Ltd., Chichester, England. 

Barsch, D. (1992), Permafrost creep and rockglaciers, Permafrost and Periglacial 

Processes, 3, 175-188. 

Barton, N. R., R. Lien, and J. Lunde (1974), Engineering classification of rock masses 

for the design of tunnel support, Rock Mechanics, 6(4), 189-239. 

Bell, J. F., W. M. Calvin, M. E. Ockert-Bell, D. Crisp, J. B. Pollack, and J. R. Spencer 

(1996), Detection and monitoring of H2O and CO2 ice clouds on Mars, J. 

Geophys. Res., 101(E4), 9227-9238. 

Bieniawski, Z. T. (1973), Engineering classification of jointed rock masses, 

Transactions of the South African Institute of Civil Engineers, 15, 335-344. 

Bieniawski, Z. T. (1989), Engineering rock mass classifications, John Wiley and 

Sons, Inc., New York, New York. 

Binder, A. B., and M. A. Lange (1980), On the thermal history, thermal state, and 

related tectonism of a Moon of fission origin, J. Geophys. Res., 85(B6), 3194-

3208. 

Blaney, D. L., and T. B. McCord (1990), Earth-based telescopic observations of Mars 

in the 4.4 micron to 5.1 micron region, in Abstract volume, 21.st Lunar and 

Planetary Science Conference, pp. 99-100, Houston, Texas, March 12-16. 

Blasius, K. R., J. A. Cutts, J. E. Guest, and H. Masursky (1977), Geology of the 

Valles Marineris: First analysis of imaging from the Viking 1 Orbiter primary 

mission, J. Geophys. Res., 82(B28), 4067-4092. 

Bourbonnais, J., and B. Ladanyi (1985a), The mechanical behavior of frozen sand 

down to cryogenic temperatures, in Proceedings of the 4.th International 



222 

 

Symposium on Ground Freezing, Sapporo, Japan, 1, 235-244, A. A. Balkema, 

Rotterdam. 

Bourbonnais, J., and B. Ladanyi (1985b), The mechanical behavior of a frozen clay 

down to cryogenic temperatures, in Proceedings of the 4.th International 

Symposium on Ground Freezing, Sapporo, Japan, 2, 237-244, A. A. Balkema, 

Rotterdam. 

Boynton, W. V., W. C. Feldman, S. W. Squyres, T. H. Prettyman, J. Brückner, L. G. 

Evans, R. C. Reedy, R. Starr, J. R. Arnold, D. M. Drake, P. A. J. Englert, A. E. 

Metzger, I. G. Mitrofanov, J. I. Trombka, C. d’Uston, H. Wänke, O. Gasnault, 

D. K. Hamara, D. M. Janes, R. L. Marcialis, S. Maurice, I. Mikheeva, G. J. 

Taylor,  R. L. Tokar, and C. Shinohara (2002), Distribution of hydrogen in the 

near surface of Mars: Evidence for subsurface ice deposits, Science, 297, 81-85.
 

Brennecke, L., and E. Lohmeyer (1930), Der Grundbau, 4.th edition, Julius Springer 

Verlag, Berlin, Germany. 

Bulmer, M. H., M. N. Peitersen, O. S. Barnouin-Jha, A. K. Johnston, and M. Bourke 

(2000), Topographic data for debris flows – Implications for Planetary Modeling 

Studies, Abstract no. 1820, 31.st Lunar and Planetary Science Conference, 

Houston, Texas, March 13-17. 

Burgdorf, M. J., T. Encrenaz, E. Lellouch, H. Feuchtgruber, G. R. Davis, B. M. 

Swinyard, T. de Graauw, P. W. Morris, S. D. Sidher, M. J. Griffin, F. Forget, 

and T. L. Lim (2000), ISO observations of Mars: An estimate of the water vapor 

vertical distribution and the surface emissivity, Icarus, 145, 79-90. 

Calkin, P. E., D. S. Kaufinan, B. J. Przybyl, W. B. Whirford, and B. J. Peck (1998), 

Glacier regimes, periglacial landforms, and Holocene climate change in the 



223 

 

Kagluaik Mountains, Seward Peninsula, Alaska, USA, Arctic and Alpine 

Research, 30(2), 154-165. 

Carr, M. H. (1979), Formation of Martian flood features by release of water from 

confined aquifers, J. Geophys. Res., 84(B6), 2995-3007. 

Carr, M. H. (1981), The Surface of Mars, Yale University Press, New Haven, New 

Jersey. 

Carr, M. H. (1986), Mars: A water-rich planet?, Icarus, 68, 187-216. 

Carr, M. H. (1987), Mars: A water-rich planet?, in MECA symposium on Mars: 

evolution of its climate and atmosphere, edited by V. Baker et al., hosted by 

National air and space museum, Smithsonian institution, Washington, D. C., 

July 17-19, 1986, LPI Technical Report 87-01, pp. 23-25, Lunar and Planetary 

Institute, Houston, Texas. 

Carr, M. H. (1995), The Martian drainage system and the origin of valley networks 

and fretted channels, J. Geophys. Res., 100(E4), 7479-7508. 

Carr, M. H. (1996), Water on Mars.  Oxford University Press, New York, New York. 

Carr, M. H. (1999), Retention of an atmosphere on early Mars, J. Geophys. Res., 

104(E9), 21897-21909. 

Carr, M. H., and J. W. Head (2003), Oceans on Mars: An assessment of the 

observational evidence and possible fate,  J. Geophys. Res., 108(E5), 8-1 – 8-28. 

Carr, M. H., and M. C. Malin (2000), Meter-scale characteristics of Martian channels 

and valleys, Icarus, 146, 366-386. 

Carr, M. H., and G. G. Schaber (1977), Martian permafrost features, J. Geophys. Res., 

82(B28), 4039-4054. 



224 

 

Caruso, P. A. (2003), Seismic triggering mechanisms of large-scale landslides, Valles 

Marineris, Abstract no. 1525, 34.th Lunar and Planetary Science Conference, 

Houston, Texas, March 17-21. 

Caruso, P. A., and R. A. Schultz (2001), Slope stability and lithology for interior 

layered deposits and wallrock in Valles Marineris, Abstract no. 1745, 32.nd 

Lunar and Planetary Science Conference, Houston, Texas, March 12-16. 

Clifford, S. M. (1981), A pore volume estimate of the Martian megaregolith based on 

a lunar analog, 3.rd International Colloquium on Mars, LPI Contribution 441, 

pp. 46-48, Lunar and Planetary Institute, Houston, Texas. 

Clifford, S. M. (1984), A model for the climatic behavior of water on Mars, Ph.D. 

dissertation, University of Massachusetts, Amherst, Massachusetts. 

Clifford, S. M. (1987), Polar basal melting on Mars, J. Geophys. Res., 92(B9), 9135-

9152. 

Clifford, S. M. (1993), A model for the hydrologic and climatic behavior of water on 

Mars, J. Geophys. Res., 98(E6), 10973-11016. 

Clifford, S. M. (1998), Mars: The effect of stratigraphic variations in regolith 

diffusive properties on the evolution and vertical distribution of equatorial 

ground ice, Abstract no. 1922, 29.th Lunar and Planetary Science Conference, 

Houston, Texas, March 16-20. 

Clifford, S. M. (2003), The limits of theoretical modeling and geomorphic 

interpretation in assessing the present distribution of subsurface H2O on Mars, 

Abstract no. 2118, 34.th Lunar and Planetary Science Conference, Houston, 

Texas, March 17-21. 

Clifford, S. M., and D. Hillel (1983), The stability of ground ice in the equatorial 

regions of Mars, J. Geophys. Res., 88(B3), 2456-2474. 



225 

 

Clifford, S. M., and T. J. Parker (1999), Hydraulic and thermal arguments regarding 

the existence and fate of a primordial Martian ocean, Abstract no. 1619, 30.th 

Lunar and Planetary Science Conference, Houston, Texas, March 15-19. 

Clifford, S. M., and T. J. Parker (2001), The evolution of the Martian hydrosphere: 

Implications for the fate of a primordial ocean and the current state of the 

northern plains, Icarus, 154, 40-79. 

Clifford, S. M., D. Crisp, D. A. Fisher, K. E. Herkenhoff, S. E. Smrekar, P. C. 

Thomas, D. D. Wynn-Williams, R. W. Zurek, J. R. Barnes, B. G. Bills, E. W. 

Blake, W. M. Calvin, J. M. Cameron, M. H. Carr, P. R. Christensen, B. C. 

Clark, G. D. Clow, J. A. Cutts, D. Dahl-Jensen, W. B. Durham, F. P. Fanale, J. 

D. Farmer, F. Forget, K. Gotto-Azuma, R. Grard, R. M. Haberle, W. Harrison, 

R. Harvey, A. D. Howard, A. P. Ingersoll, P. B. James, J. S. Kargel, H. H. 

Kieffer, J. Larsen, K. Lepper, M. C. Malin, D. J. McCleese, B. Murray, J. F. 

Nye, D. A. Paige, S. R. Platt, J. J. Plaut, N. Reeh, J. W. Rice, D. E. Smith, C. R. 

Stoker, K. L. Tanaka, E. Mosley-Thompson, T. Thorsteinsson, S. E. Wood, A. 

Zent, M. T. Zuber, and H. J. Zwally (2000), The state and future of Mars polar 

science and exploration, Icarus, 144, 210-242. 

Clow, G. D., H. J. Moore, P. A. Davis, and L. R. Strichartz (1988), Stability of 

Chasma Walls in the Valles Marineris, Mars, in Abstract volume, 19.th Lunar 

and Planetary Science Conference, pp. 201-202, Houston, Texas, March 14-18. 

Colaprete, A., and B. M. Jakosky (1998), Ice flow and rock glaciers on Mars, J. 

Geophys. Res., 103(E3), 5897-5909. 

Costard, F. M. (1988a), Mars: The periglacial planet, L'Astronomie, 102(3), 80-90. 



226 

 

Costard, F. M. (1988b), Thickness of sedimentary deposits at the mouth of outflow 

channels, in Abstract volume, 19.th Lunar and Planetary Science Conference, 

pp. 211-212, Houston, Texas, March 14-18. 

Costard, F. M. (1989a), The spatial distribution of volatiles in the Martian 

hydrolithosphere, Earth, Moon, and Planets, 45(6), 265-290. 

Costard, F. M. (1989b), Asymmetric Distribution of Volatiles on Mars, in Abstract 

volume, 20.th Lunar and Planetary Science Conference, pp. 187-188, Houston, 

Texas, March 13-17. 

Costard, F. M. (1990), Thermokarstic depressions at the mouth of Elysium channels 

(Mars): New evidence for the presence of massive icy beds, in Abstract volume, 

21.st Lunar and Planetary Science Conference, pp. 232-233, Houston, Texas, 

March 12-16. 

Costard, F. M., and J. S. Kargel (1995), Outwash plains and thermokarst on Mars, 

Icarus, 114, 93-112. 

Costard, F. M., F. Forget, N. Mangold, and J.-P. Peulvast (2002), Formation of recent 

Martian debris flows by melting of near-surface ground ice at high obliquity, 

Science, 295, 110-113. 

Craddock, R. A., and A. D. Howard (2002), The case for rainfall on a warm, wet early 

Mars, J. Geophys. Res., 107(E11), 21-1 – 21-36. 

Craddock, R. A., and T. A. Maxwell (1993), Geomorphic evolution of the Martian 

highlands through ancient fluvial processes, J. Geophys. Res., 98(E2), 3453-

3468. 

Crozier, M. J. (1973), Techniques for the morphometric analysis of landslips, 

Zeitschrift für Geomorphologie, 17, 78-101. 



227 

 

Davis, T. N. (2001), Permafrost: A guide to frozen ground in transition, University of 

Alaska Press, Fairbanks, Alaska. 

Davis, P. A., and M. P. Golombek (1990), Discontinuities in the shallow Martian 

crust at Lunae, Syria, and Sinai Plana, J. Geophys. Res., 95(B8), 14231-14248. 

Degenhardt, J. J. and J. R. Giardino (1999), Kinematic wave models for Martian 

landforms based on rock glacier analogs, 62.nd Annual Meeting of the 

Meteoritic Society, Johannesburg, South Africa, July 11 - 16, 1999, Meteoritics 

and Planetary Science 34(4) Suppl., p. A31.  

Dence, M. R., R. A. F. Grieve, and P. B. Robertson (1977), Terrestrial impact 

structures: Principal characteristics and energy considerations, in Impact and 

Explosion Cratering, edited by D. J. Roddy et al., pp. 247-276, Pergamon Press, 

New York, New York. 

Durham, W. B. (1998), Factors affecting the rheologic properties of Martian polar ice, 

Abstract no. 3024, 1.st International Conference on Mars Polar Science and 

Exploration, Houston, Texas, October 18-22. 

Durham, W. B., S. H. Kirby, and L. A. Stern (1992), Effects of dispersed particulates 

on the rheology of water ice at planetary conditions, J. Geophys. Res., 97(E12), 

20883-20897. 

Durham, W. B., S. H. Kirby, and L. A. Stern (1999), The rheology of solid carbon 

dioxide: New measurements, Abstract no. 2017, 30.th Lunar and Planetary 

Science Conference, Houston, Texas, March 15-19. 

Edgett, K. S., and T. J. Parker (1997), Water on early Mars: Possible subaqueous 

sedimentary deposits covering ancient cratered terrain in western Arabia and 

Sinus Meridiani, Geophys. Res. Lett., 24(22), 2897-2900. 



228 

 

Eötvös Loránd University (2001), Detailed topographic map of Mars, Planetology 

Circle, Cosmic Materials Space Research Group, Eötvös Loránd University, 

Hungary, http://planetologia.elte.hu/marscolor.pdf. 

Evans, I. S. (1979), An integrated system of terrain analysis and slope mapping, Final 

report on grant DA-ERO-591-73-G0040, University of Durham, England. 

Evans, I. S. (1980), An integrated system of terrain analysis and slope mapping, 

Zeitschrift für Geomorphologie, 36, 274-295. 

Fanale, F. P. (1976), Martian volatiles: Their degassing history and geochemical fate, 

Icarus, 28, 179-202. 

Fanale, F. P., J. R. Salvail, A. P. Zent, and S. E. Postawko (1986), Global distribution 

and migration of subsurface ice on Mars, Icarus, 67, 1-18. 

Farmer, C. B. (1976), Liquid water on Mars, Icarus, 28, 279-289. 

Farmer, C. B., and P. E. Doms (1979), Global and seasonal water vapor on Mars and 

implications for permafrost, J. Geophys. Res., 84(B6), 2881-2888. 

Farmer, C. B., D. W. Davies, and D. D. LaPorte (1976), Mars: Northern summer ice 

cap – water vapor observations from Viking 2, Science, 194, 1339-1341. 

Feldman, W. C., W. V. Boynton, R. L. Tokar, T. H. Prettyman, O. Gasnault, S. W. 

Squyres, R. C. Elphic, D. J. Lawrence, S. L. Lawson, S. Maurice, G. W. 

McKinney, K. R. Moore,
 
 and R. C. Reedy (2002), Global distribution of 

neutrons from Mars: Results from Mars Odyssey, Science, 297, 75-78.
 

Fenton, L. K., and K. E. Herkenhoff (2000), Topography and stratigraphy of the 

northern Martian polar layered deposits using photoclinometry, 

stereogrammetry, and MOLA altimetry, Icarus, 147, 433-443. 



229 

 

Fishbaugh, K. E., and J. W. Head (2001), Comparison of the north and south polar 

caps of Mars: New observations from MOLA data and discussion of some 

outstanding questions, Icarus, 154, 145-161. 

Forget, F., N. Mangold, and F. M. Costard (2003), Scenarios to explain the formation 

of gullies on Mars: Numerical simulation with a climate model, Abstract no. 

3192, 6.th International Conference on Mars, Pasadena, California, July 20-25. 

French, H. M. (1996), The periglacial environment, 2.nd edition, Addison Wesley 

Longman, Ltd., Harlow, England. 

Frolov, A. D. (2003), A review of the nature and geophysical studies of the thick 

permafrost in Siberia: Relevance to exploration on Mars, J. Geophys. Res., 

108(E4), GDS 20-1 – GDS 20-7. 

Geissler, P. E., R. B. Singer, G. Komatsu, S. Murchie, and J. Mustard (1993), An 

unusual spectral unit in west Candor Chasma: Evidence for aqueous or 

hydrothermal alteration in the Martian canyons, Icarus, 106, 380-391. 

Giardino, J. R., (1983), Movement of ice-cemented rock glaciers by hydrostatic 

pressure: An example from Mt. Mestas, Colorado, Zeitschrift für 

Geomorphologie, 27, 297-310. 

Giardino, J. R., and J. D. Vitek (1988), Rock glacier rheology: a preliminary 

assessment, in Proceedings of the 5.th International Conference on Permafrost, 

edited by K. Senneset, pp. 744-748, Trondheim, Norway, August 2-5.  

Giardino, J. R., J. F. Shroder, and J. D. Vitek (1987), editors, Rock Glaciers, Allen 

and Unwin, Boston, Massachusetts.  

Glen, J. W. (1958), The flow law of ice, in Physique du mouvement de la Glace / 

Physics of the movement of ice, Symposium de Chamonix, 16-24 September, 

pp. 171-183, International Association of Hydrological Sciences Publication 47. 



230 

 

Goldsby, D. L., and D. L. Kohlstedt (1997), Flow of ice by dislocation, grain 

boundary sliding, and diffusion processes, Abstract No. 1674, 28.th Lunar and 

Planetary Science Conference, Houston, Texas, March 17-21. 

Goldspiel, J. M., and S. W. Squyres (2000), Groundwater sapping and valley 

formation on Mars, Icarus, 148, 176-192. 

Gooding, J. L., R. E. Arvidson, and M. Y. Zolotov (1992), Physical and chemical 

weathering, in Mars, edited by H. H. Kieffer et al., pp. 626-651, The University 

of Arizona Press, Tucson, Arizona. 

Goughnour, R. R., and O. B. Andersland (1968), Mechanical properties of a sand-ice 

system, J. Soil Mech. Found. Div., 94(SM4), 923-950, American Society of 

Civil Engineers. 

Greeley, R., and P. D. Spudis (1981), Volcanism on Mars, Reviews of Geophysics and 

Space Physics, 19, 13-41. 

Gulick, V. C., and V. R. Baker (1990), Valley development on Mars: A global 

perspective, Scientific Results of the NASA-Sponsored Study Project on Mars: 

Evolution of Volcanism, Techtonics, and Volatiles, edited by S. C. Solomon, 

LPI Technical Report 90-06, pp. 172-173, Lunar and Planetary Institute, 

Houston, Texas. 

Haberle, R. M., D. Tyler, C. P. McKay, and W. L. Davis (1994), A model for the 

evolution of CO2 on Mars, Icarus,  109, 102-120. 

Haeberli, W. (1985), Creep of mountain permafrost: Internal structure and flow of 

alpine rock glaciers, Mitteilungen der Versuchsanstalt für Wasserbau, 

Hydrologie und Glaziologie, 77, Zürich, Zwitzerland. 



231 

 

Harrison, K. H., and R. E. Grimm (2002), Rheological constraints on Martian 

landslides, Abstract no. 1432, 33.rd Lunar and Planetary Science Conference, 

Houston, Texas, March 11-15. 

Harrison, K. H., and R. E. Grimm (2003a), Rheological constraints on Martian 

landslides, Icarus, 163, 347-362. 

Harrison, K. H., and R. E. Grimm (2003b), Rheological constraints on Martian 

landslides, Abstract no. 1859, 34.th Lunar and Planetary Science Conference, 

Houston, Texas, March 17-21. 

Hartmann, W. K. (1973), Martian surface and crust: Review and synthesis, Icarus,  

19, 550-575. 

Hartmann, W. K., and G. Neukum (2001), Cratering chronology and the evolution of 

Mars, Space Science Reviews, 96, 165-194. 

Haynes, F. D. (1978), Strength and deformation of frozen silt, in Proceedings of the 

3.rd International Conference on Permafrost, Edmonton, Canada, Vol. 1, pp. 

656-661, National Research Council of Canada, Ottawa, Canada. 

Head, J. W., M. Kreslavsky, H. Hiesinger, M. Ivanov, S. Pratt, N. Seibert, D. E. 

Smith, and M. T.  Zuber (1998), Oceans in the past history of Mars: Tests for 

their presence using Mars Orbiter Laser Altimeter (MOLA) data, Geophys. Res. 

Lett., 25(24), 4401-4404. 

Hobbs, B. E., W. D. Means, and P. F. Williams (1976), An outline of structural 

geology, John Wiley and Sons, Inc., New York, New York. 

Hoek, E. (1983), Strength of jointed rock masses, 23.rd Rankine lecture, 

Géotechnique, 33(3), 187-223. 

Hoek, E. (1994), Strength of rock and rock masses, ISRM News Journal, 2(2), 4-16. 



232 

 

Hoek, E., and J. W. Bray (1977), Rock slope engineering, The Institution of Mining 

and Metallurgy, London, England. 

Hoek, E., and J. W. Bray (1981), Rock Slope Engineering, 3.rd edition, The Institution 

of Mining and Metallurgy, London, England. 

Hoek, E., and E. T. Brown (1980a), Underground Excavations in Rock, The 

Institution of Mining and Metallurgy, London, England. 

Hoek, E., and E. T. Brown (1980b), Empirical strength criterion for rock masses, J. 

Geotech. Eng., 106(GT9), 1013-1035, American Society of Civil Engineers. 

Hoek, E., and E. T. Brown (1997), Practical estimates of rock mass strength, Rock 

Mechanics, 34(8), 1165-1186. 

Hoek, E., P. K. Kaiser, and W. F. Bawden (1995), Support of underground 

excavations in hard rock, Balkema, Rotterdam, Netherlands. 

Höllermann, P. (1983), Blockgletscher als Mesoformen der Periglazialstufe – Studien 

aus europäischen und nordamerikansichen Hochgebirgen, Bonner 

Geographische Abhandlung, Heft 67, Das Geographische Institut der Univeristät 

Bonn, Bonn, Germany. 

Hooke, R. L., B. B. Dahlin, and M. T. Kauper (1972), Creep of ice containing 

dispersed fine sand, J. Glac., 11, 327-336. 

Howard, A. D., J. A. Cutts, and K. R. Blasius (1982), Stratigraphic relationships 

within Martian polar cap deposits, Icarus, 50, 161-215.  

Hult, J. A. H. (1966), Creep in Engineering Structures, Blaisdell, Waltham, 

Massachussetts. 

Humlum, O. (1996), Origin of rock glaciers from Mellemford, Disko Island, Central 

West Greenland, Permafrost and Periglacial Processes, 7, 361-380. 



233 

 

Jakosky, B. M., and M. H. Carr (1985), Possible precipitation of ice at low latitudes of 

Mars during periods of high obliquity, Nature, 315, 559-561. 

Jakosky, B. M., and C. B. Farmer (1982), The seasonal and global behavior of water 

vapor in the Mars atmosphere: Complete global results of the Viking 

atmospheric water detector experiment, J. Geophys. Res., 87(B4), 2999-3019. 

Jakosky, B. M., and R. J. Phillips (2001), Mars' volatile and climate history, Nature, 

412, 237-244. 

Jakosky, B. M., B. G. Henderson, and M. T. Mellon (1992), The Mars water cycle at 

other epochs: History of the polar caps and layered terrain, Workshop on the 

Evolution of the Martian Atmosphere, LPI Contribution 787, pp. 15-16, Lunar 

and Planetary Institute, Houston, Texas. 

Jakosky, B. M., B. G. Henderson, and M. T. Mellon (1995), Chaotic obliquity and the 

nature of the Martian climate, J. Geophys. Res., 100(E1), 1579-1584. 

Jakosky, B. M., A. P. Zent, and R. W. Zurek (1997), The Mars water cycle: 

Determining the role of exchange with the regolith, Icarus,  130, 87-95. 

Jernsletten, J. A. (1998a), Ground ice and slope failure in the canyons of Mars, oral 

presentation, AIAA Houston Section Annual Technical Symposium, Houston, 

Texas, May 28. 

Jernsletten, J. A. (1998b), Ground ice and slope stability in the canyons of Mars, 

poster presentation, 7.th International Conference on Permafrost, Yellowknife, 

Canada, June 21-27. 

Jernsletten, J. A. (2002a), Latitude-dependent topographic variations in the near-

equatorial canyons of Mars (Valles Marineris region), poster presentation, 

Abstract no. 1861, 33.rd Lunar and Planetary Science Conference, Houston, 

Texas, March 11-15. 



234 

 

Jernsletten, J. A. (2002b), The central mesas of Hebes, Ganges, and East Candor 

Chasmae, poster presentation, Abstract no. 2019, 33.rd Lunar and Planetary 

Science Conference, Houston, Texas, March 11-15. 

Jernsletten, J. A. (2003), Possible temperature-related slope and surface roughness 

differences between the north and south walls of Coprates Chasma, Mars, Eos 

Trans. AGU, 84(46), Fall Meet. Suppl., Abstract no. P11B-1032, poster 

presentation, AGU 2003 Fall Meeting, San Francisco, California, December 8-

12. 

Jernsletten, J. A. (2004a), Possible temperature-related differences in slope angle 

between the north and south walls of Coprates Chasma, Mars, poster 

presentation, Abstract no. 1495, 35.th Lunar and Planetary Science Conference, 

Houston, Texas, March 15-19. 

Jernsletten, J. A. (2004), A topographic test for the existence of ground ice in the 

walls of Coprates Chasma, Mars, J. Geophys. Res., 109, E12004, doi: 

10.1029/2004JE002272. 

Johnson, C. L., S. C. Solomon, J. W. Head, R. J. Phillips, D. E. Smith, and M. T. 

Zuber (2000), Lithospheric loading by the northern polar cap of Mars, Icarus, 

144, 313-328. 

Johnston, G. H. (1981), editor, Permafrost engineering design and construction, John 

Wiley and Sons, Inc., Toronto, Canada. 

Jumikis, A. R. (1966), Thermal soil mechanics, Rutgers University Press, New 

Brunswick, New Jersey. 

Kaplar, C. W. (1971), Some strength properties of frozen soil and effect of loading 

rate, CRREL Special Report 159, U. S. Army Corps of Engineers, Cold Regions 

Research and Engineering Laboratory, Hanover, New Hampshire. 



235 

 

Kass, D. M. (2001), Loss of water to space from Mars: Processes and implications, 

Eos Trans. AGU, 82(47), Fall Meet. Suppl., Abstract P12E-02. 

Kieffer, H. H., T. Z. Martin, S. C. Chase, E. D. Miner, E. D., F. D. Palluconi, G. 

Muench, and G. Neugebauer (1976), Infrared thermal mapping of the Martian 

surface and atmosphere: First results, Science, 193, 780-786. 

Kieffer, H. H., T. Z. Martin, A. R. Peterfreund, B. M. Jakosky, E. D. Miner, and F. D. 

Palluconi (1977), Thermal and albedo mapping of Mars during the Viking 

primary mission, J. Geophys. Res., 82(28), 4249-4292. 

Kliche, C. A. (1999), Rock slope stability, Society for Mining, Metallurgy, and 

Exploration (SME), Inc., Littleton, Colorado. 

Kochel, R. C., and J. F. Piper (1986), Morphology of large valleys on Hawaii: 

Evidence for groundwater sapping and comparisons with Martian valleys, J. 

Geophys. Res., 91(B13), E175-E192. 

Komatsu, G., P. E. Geissler, R. G. Strom, and R. B. Singer (1993), Stratigraphy and 

erosional landforms of layered deposits in Valles Marineris, Mars, J. Geophys. 

Res., 98(E6), 11105-11121. 

Kreslavsky, M. A., and J. W. Head (2002), Mars: Nature and evolution of young 

latitude-dependent water-ice-rich mantle, Geophys. Res. Lett., 29(15), 14-1 – 14-

4. 

Kreslavsky, M. A., and J. W. Head (2003), North-south topographic slope asymmetry 

on Mars: Evidence for insolation-related erosion at high obliquity, Geophys. 

Res. Lett., 30(15), PLA 1-1 – PLA 1-4. 

Kuzmin, R. O., N. N. Bobina, E. V. Zabalueva, and V. P. Shashkina (1988a), 

Structural inhomogeneities of the Martian cryolithosphere, Solar System 

Research, 22, 195-212. 



236 

 

Kuzmin, R. O., N. N. Bobina, E. V. Zabalueva, and V. P. Shashkina (1988b), 

Inhomogeneities in the upper levels of the Martian cryolithosphere, in Abstract 

volume, 19.th Lunar and Planetary Science Conference, pp. 655-656, Houston, 

Texas, March 14-18. 

Kuzmin, R. O., N. N. Bobina, E. V. Zabalueva, and V. P. Shashkina (1988c), Mars: 

Estimation of the relative ice content in upper layers of the permafrost, in 

Abstract volume, 19.th Lunar and Planetary Science Conference, pp. 657-658, 

Houston, Texas, March 14-18. 

Kuzmin, R. O., G. A. Burba, N. N. Bobina, V. P. Shashkina, and E. V. Zabalueva 

(1989), Martian cryolithosphere: Mapping of vertical section types, in Abstract 

volume, 20.th Lunar and Planetary Science Conference, pp. 554-555, Houston, 

Texas, March 13-17. 

Ladanyi, B. (1972), In situ determination of undrained stress-strain behavior of 

sensitive clays with the pressuremeter, Canadian Geotech. J., 9, 313–319. 

Ladanyi, B. (1989), Effect of salinity and temperature on the behaviour of frozen 

soils, Workshop on impact of saline permafrost, Winnipeg Dept. of Civil Eng., 

University of Alberta, Canada, October 26. 

Laskar, J., and P. Robutel (1993), The chaotic obliquity of the planets, Nature, 361, 

608-612. 

Leighton, R. B., and B. C. Murray (1966), Behavior of carbon dioxide and other 

volatiles on Mars, Science, 153, 136-144. 

Lucchitta, B. K. (1979), Landslides in Valles Marineris, Mars, J. Geophys. Res., 

84(B14), 8097-8113. 



237 

 

Lucchitta, B. K. (1986), Water and ice on Mars: Evidence from Valles Marineris, 

Symposium on Mars: Evolution of its Climate and Atmosphere (MECA), LPI 

Contribution 599, pp. 59-61, Lunar and Planetary Institute, Houston, Texas.  

Lucchitta, B. K. (1987), Valles Marineris, Mars: Wet debris flows and ground ice, 

Icarus, 72, 411-429. 

Lucchitta, B. K. (1990), Young volcanic deposits in the Valles Marineris, Mars?, 

Icarus, 86, 476-509. 

Lucchitta, B. K. (1993), Mars: Periglacial and glacial forms of relief, in Studies of the 

Quaternary Period, selected papers from the XI INQUA congress, edited by I. 

P. Kartashov and K. V. Nikiforova, pp. 183-193, lzd. Nauka, Moscow, Russia.  

Lucchitta, B. K. (1999), Mysteries of Valles Marineris: What can we learn from 

future exploration?, Abstract no. 1297, 30.th Lunar and Planetary Science 

Conference, Houston, Texas, March 15-19. 

Lucchitta, B. K., and L. M. Bertolini (1989), Interior structures of Valles Marineris, 

Mars, in Abstract volume, 20.th Lunar and Planetary Science Conference, pp. 

590-591, Houston, Texas, March 13-17. 

Lucchitta, B. K., R. A. Blaser, and L. M. Bertolini (1990), Valles Marineris, Mars: 

Are pit chains formed by erosion and troughs by tectonism?, in Abstract volume, 

21.st Lunar and Planetary Science Conference, pp. 722-723, Houston, Texas, 

March 12-16. 

Lucchitta, B. K., A. S. McEwen, G. D. Clow, P. E. Geissler, R. B. Singer, R. A. 

Schultz, and S. W. Squyres (1992), The canyon system on Mars, in Mars, edited 

by H. H. Kieffer et al., pp. 453-492, The University of Arizona Press, Tucson, 

Arizona. 



238 

 

Lucchitta, B. K., N. K. Isbell, and A. Howington-Kraus (1994), Topography of Valles 

Marineris: Implications for erosional and structural history, J. Geophys. Res., 

99(E2), 3783-3798. 

MacClune, K. L., A. G. Fountain, J. S. Kargel, and D. R. MacAyeal (2003), Glaciers 

of the McMurdo dry valleys: Terrestrial analog for Martian polar sublimation, J. 

Geophys. Res., 108(E4), 12-1 – 12-12. 

MacKinnon, D. J., and K. L. Tanaka (1989), The impacted Martian crust: Structure, 

hydrology, and some geologic implications, J. Geophys. Res., 94(B12), 17359-

17370. 

Malin, M. C., and K. S. Edgett (2000), Sedimentary rocks of early Mars, Science, 290, 

1927-1937. 

Malin, M. C., M. H. Carr, G. E. Danielson, M. E. Davies, W. K. Hartmann, A. P. 

Ingersoll, P. B. James, H. Masursky, A. S. McEwen, L. A. Soderblom, P. 

Thomas, J. Veverka, M. A. Caplinger, M. A. Ravine, T. A. Soulanille, and J. L. 

Warren (1998), Early views of the Martian surface from the Mars Orbiter 

Camera of Mars Global Surveyor,  Science, 279, 1681-1685. 

Malin, M. C., K. S. Edgett, S. D. Davis, M. A. Caplinger, E. Jensen, K. D. Supulver, 

J. Sandoval, L. Posiolova, and R. Zimdar (2000), image FHA01275, Malin 

Space Science Systems Mars Orbiter Camera Image Gallery, 

http://www.msss.com/moc_gallery/ab1_m04/images/FHA01275.html. 

Mangold, N., and P. Allemand (2001), Topographic analysis of features related to ice 

on Mars, Geophys. Res. Lett., 28(3), 407-410. 

Mangold, N., P. Allemand, P. Duval, Y. Géraud, and P. Thomas (1999), Ice content 

of Martian permafrost deduced from rheology of ice-rock mixtures, Abstract no. 



239 

 

1016, 30.th Lunar and Planetary Science Conference, Houston, TX, March 15-

19. 

Masson, P. (1977), Structure pattern analysis of the Noctis Labyrinthus-Valles 

Marineris regions of Mars, Icarus, 30, 49-62. 

Masson, P. (1985), Origin and evolution of the Valles Marineris region of Mars, 

Advances in Space Research, 5(8), 83-92. 

McCauley, J. F. (1978), Geologic map of the Coprates quadrangle of Mars (MC-18), 

U. S. Geological Survey Miscellaneous Investigations Series Map I-897, scale 

1:5,000,000, U. S. Geological Survey, Denver, Colorado. 

McCauley, J. F., M. H. Carr, J. A. Cutts, W. K. Hartmann, H. Masursky, D. J. Milton, 

R. P. Sharp, and D. E. Wilhelms (1972), Preliminary Mariner 9 report on the 

geology of Mars, Icarus, 17, 289-327. 

McEwen, A. S. (1989), Mobility of large rock avalanches: Evidence from Valles 

Marineris, Mars, Geology, 17, 1111-1114. 

McEwen, A. S., and Malin, M. C. (1998), Layering in the upper crust of Mars seen in 

Valles Marineris by the Mars Orbital Camera, Abstract no. 1908, 29.th Lunar 

and Planetary Science Conference, Houston, Texas, March 16-20. 

McEwen, A. S., M. C. Malin, M. H. Carr, and W. K. Hartmann (1999), Voluminous 

volcanism on early Mars revealed in Valles Marineris, Nature, 397, 584-586. 

McKee, M. (2003), Martian timeline, http://astronomy.com/content/dynamic/articles/ 

000/000/001/357xsrza.asp. 

Mège, D., and D. Gatineau (2003), Valles Marineris wallslopes: Evidence for 

Amazonian variations in wallrock strength and oblique crustal fabric, Abstract 

no. 1748, 34.th Lunar and Planetary Science Conference, Houston, Texas, 

March 17-21. 



240 

 

Mellon, M. T., and B. M. Jakosky (1993), Geographic variations in the thermal and 

diffusive stability of ground ice on Mars, J. Geophys. Res., 98(E2), 3345-3364. 

Mellon, M. T., and B. M. Jakosky (1995), The distribution and behavior of Martian 

ground ice during past and present epochs, J. Geophys. Res., 100(E6), 11781-

11800. 

Mellon, M. T., B. M. Jakosky, and S. E. Postawko (1997), The persistence of 

equatorial ground ice on Mars, J. Geophys. Res., 102(E8), 19357-19369. 

Mellon, M. T., B. M. Jakosky, H. H. Kieffer, and P. R. Christensen (2000), High-

resolution thermal inertia mapping from the Mars Global Surveyor Thermal 

Emission Spectrometer, Icarus, 148, 437-455. 

Mellor, M. (1979), Mechanical properties of polycrystalline ice, in Physics and 

Mechanics of Ice, IUTAM Symposium, Copenhagen, Denmark, edited by P. 

Tryde, pp. 217-245, Springer-Verlag, Berlin, Germany. 

Miller, R. D., and P. B. Black (2003), Redistribution of water in terrestrial soils at 

subfreezing temperatures: A review of processes and their potential relevance to 

Mars, J. Geophys. Res., 108(E4), GDS 22-1 – GDS 22-11. 

Mischna, M. A., M. I. Richardson, R. J. Wilson, and D. J. McCleese (2003), On the 

orbital forcing of Martian water and CO2 cycles: A general circulation model 

study with simplified volatile schemes, J. Geophys. Res., 108(E6), 16-1 – 16-25. 

Mitrofanov, I. G., D. Anfimov, A. S. Kozyrev, M. I. Litvak, A. B. Sanin, V. 

Tret’yakov, A. Krylov, V. Shvetsov, W. V. Boynton, C. Shinohara, D. Hamara, 

and R. S. Saunders (2002), Maps of subsurface hydrogen from the high energy 

neutron dector, Mars Odyssey, Science, 297, 78-81. 

Mitrofanov, I. G., M. T. Zuber, M. I. Litvak, W. V. Boynton, D. E. Smith, D. Drake, 

D. Hamara, A. S. Kozyrev, A. B. Sanin, C. Shinohara, R. S. Saunders, and V. 



241 

 

Tret’yakov (2003), Maps of subsurface hydrogen from the high energy neutron 

dector, Mars Odyssey, Science, 300, 2081-2084. 

Moon, B. P., and M. J. Selby (1983), Rock mass strength and scarp forms in southern 

Africa, Geografiska Annaler, 65A, 135-146. 

Moore, J. M., M. T. Mellon, and A. P. Zent (1996), Mass wasting and ground collapse 

in terrains of volatile-rich deposits as a solar system-wide geological process: 

The pre-Gallileo view, Icarus, 122, 63-78. 

Moore, J. M., E. Asphaug, D. Morrison, K. C. Bender, R. J. Sullivan, R. Greeley, P. 

E. Geissler, C. R. Chapman, and C. B. Pilcher (1997), Landform degradation 

and mass wasting on the icy Galilean satellites, Abstract no. 1407, 28.th Lunar 

and Planetary Science Conference, Houston, Texas, March 17-21. 

Moore, J. M., J. R. Spencer, E. Asphaug, D. Morrison, J. E. Klemaszewski, R. J. 

Sullivan, F. C. Chuang, R. Greeley, K. C. Bender, P. E. Geissler, C. R. 

Chapman, C. B. Pilcher, and the Galileo SSI Team (1998), Mass movement and 

landform degradation on Callisto and Ganymede as observed during the Galileo 

nominal mission: The role of sublimation, Abstract no. 1553, 29.th Lunar and 

Planetary Science Conference, Houston, Texas, March 16-20. 

Murchie, S., L. Kirkland, S. Erard, J. Mustard, and M. Robinson (2000), Near-

infrared spectral variations of Martian surface materials from ISM imaging 

spectrometer data, Icarus, 147, 444-471. 

Nedell, S. S., S. W. Squyres, and D. W. Anderson (1987), Origin and evolution of the 

layered deposits in the Valles Marineris, Mars, Icarus, 70, 409-441. 

Newsom, H. E. (1988), Samples from Martian craters: Origin of the Martian soil by 

hydrothermal alteration of impact melt deposits and atmospheric interactions 

with ejecta during crater formation, Workshop on Mars Sample Return Science, 



242 

 

Houston, Texas, November 16-18, 1987, LPI Technical Report 88-07, pp. 132-

133, Lunar and Planetary Institute, Houston, Texas. 

Nye, J. F., W. B. Durham, P. M. Schenk, and J. M. Moore (2000), The instability of a 

south polar cap on Mars composed of carbon dioxide, Icarus, 144, 449-455. 

O’Keefe, J. D., and T. J. Ahrens (1981), Impact cratering: The effect of crustal 

strength and planetary gravity, Rev. Geophys., 19, 1-12. 

Ogawa, Y., Y. Yamagishi, and K. Kurita (2003), Evaluation of melting process of the 

permafrost on Mars: Its implication for surface features, J. Geophys. Res., 

108(E4), GDS 27-1 – GDS 27-12. 

Paige, D. A. (1992), The thermal stability of near-surface ground ice on Mars, Nature, 

356, 43-45. 

Paige, D. A., J. E. Bachman, and K. D. Keegan (1994), Thermal and albedo mapping 

of the polar regions of Mars using Viking thermal mapper observations, J. 

Geophys. Res, 99(E12), 25959-25991. 

Parker, T. J., R. S. Saunders, and D. M. Schneeberger (1989), Transitional 

morphology in west Deuteronilus Mensae, Mars: Implications for modification 

of the lowland/upland boundary, Icarus, 82, 111-145. 

Parker, T. J., D. S. Gorsline, R. S. Saunders, D. C. Pieri, and D. M. Schneeberger 

(1993), Coastal geomorphology of the Martian northern plains, J. Geophys. 

Res., 98(E6), 11061-11078. 

Paterson, W. S. B. (1981), The Physics of Glaciers, 2.nd Edition, Pergamon Press, 

New York, New York. 

Paterson, W. S. B. (1994), The Physics of Glaciers, 3.rd Edition, Pergamon Press, 

Oxford, England. 



243 

 

Patterson, D. E., and M. W. Smith (1985), Measurement of unfrozen water content in 

saline permafrost using time domain reflectometry, in Proceedings of the 4.th 

International Conference on Permafrost, Fairbanks, Alaska, pp. 968-972, 

National Academy Press, Washington, D. C. 

Peulvast, J.-P., and P. L. Masson (1993), Erosion and tectonics in central Valles 

Marineris (Mars): A new morpho-structural model, Earth, Moon, and Planets, 

61(3), 191-217. 

Peulvast, J.-P., D. Mège, J. Chiciak, F. M. Costard, and P. L. Masson (2001), 

Morphology, evolution and tectonics of Valles Marineris wallslopes (Mars), 

Geomorphology, 37, 329-352. 

Phillips, R. J., and K. Lambeck (1980), Gravity fields of the terrestrial planets: Long-

wavelength anomalies and tectonics, Rev. Geophys., 18, 27-76. 

Phillips, R. J., N. H. Sleep, and W. B. Banerdt (1990), Permanent uplift in magmatic 

systems with application to the Tharsis Region of Mars, J. Geophys. Res., 

95(B4), 5089-5100. 

Phillips, R. J., C. D. Brown, S. A. Hauck, B. W. Harrington, M. A. Wieczorek, and J. 

W. Head (1998), Preliminary geomorphology results from the MGS MOLA 

experiment, Abstract no. 1503, 29.th Lunar and Planetary Science Conference, 

Houston, Texas, March 16-20. 

Plescia, J. B., and R. S. Saunders (1982), Tectonic history of the Tharsis Region, 

Mars, J. Geophys. Res., 87(B12), 9775-9791. 

Pollard, W. H., and H. M. French (1980), A first approximation of the volume of 

ground ice, Richards Island, Pleistocene Mackenzie Delta, Northwest 

Territories, Canada, Canadian Geotech. J., 17, 509-516. 



244 

 

Quantin, C., P. Allemand, and C. Delacourt (2003), Valles Marineris landslides: 

Morphologies, ages and dynamics, Abstract no. 3053, 6.th International 

Conference on Mars, Pasadena, California, July 20-25. 

Ratcliffe, E. H. (1962), Thermal conductivity of ice: New data on the temperature 

coefficient, Phil. Mag., 8(7), 1197-1203. 

Richardson, M. I., D. J. McCleese, M. A. Mischna, and A. R. Vasavada (2003), 

Obliquity, ice sheets, and layered sediments on Mars: What spacecraft 

observations and climate models are telling us, Abstract no. 1281, 34.th Lunar 

and Planetary Science Conference, Houston, Texas, March 17-21. 

Robinson, M. S., and K. L. Tanaka (1990), Magnitude of a catastrophic flood event at 

Kasei Valles, Mars, Geology, 18, 902–905. 

Rossbacher, L. A., and S. Judson (1981), Ground ice on Mars: Inventory, distribution, 

and resulting landforms, Icarus, 45, 39-59. 

Rossi, A. P., G. Komatsu, and J. S. Kargel (2000), Rock glacier-like landforms in 

Valles Marineris, Mars, Abstract no. 1587, 31.st Lunar and Planetary Science 

Conference, Houston, Texas, March 13-17. 

Russell-Head, D. S., and W. F. Budd (1979), Ice-sheet flow properties derived from 

bore-hole shear measurements combined with ice-core studies, J. Glac., 24, 117-

130. 

Sandman, A. F., and C. K. Ballantyne (1996), Talus rock glaciers in Scotland: 

Characteristics and controls on formation, Scottish Geographical Magazine, 

112(3), 138-146. 

Savigny, K. W. (1980), In-situ analysis of naturally occurring creep in ice-rich 

permafrost soil, Ph.D. thesis, Geotechnical Engineering, University of Alberta, 

Canada. 



245 

 

Sayles, F. H. (1966), Low temperature soil mechanics, Technical Note, U. S. Army 

Corps of Engineers, Cold Regions Research and Engineering Laboratory, 

Hanover, New Hampshire. 

Sayles, F. H. (1973), Triaxial and creep tests on frozen Ottawa sand, 2.nd 

International Conference on Permafrost, Yakutsk, USSR, pp. 384-391, National 

Academy of Sciences, Washington, D. C. 

Scheidegger, A. E. (1973), On the prediction of the reach and velocity of catastrophic 

landslides, Rock Mechanics, 5, 231–236. 

Schonfeld, E. (1979), Origin of Valles Marineris, in Abstract volume, 10.th Lunar and 

Planetary Science Conference, pp. 3031-3038, Houston, Texas, March 19-23. 

Schubert, G., S. C. Solomon, D. L. Turcotte, M. J. Drake, and N. H. Sleep (1992), 

Origin and thermal evolution of Mars, in Mars, edited by H. H. Kieffer et al., 

pp. 147-183, The University of Arizona Press, Tucson, Arizona. 

Schultz, R. A. (1989), Strike-slip faulting of ridged plains near Valles Marineris, 

Mars, Nature, 341, 424-426. 

Schultz, R. A. (1991), Structural development of Coprates Chasma and western Ophir 

Planum, Valles Marineris rift, Mars, J. Geophys. Res., 96(E5), 22777-22792. 

Schultz, R. A. (2002), Stability of rock slopes in Valles Marineris, Mars, Geophys. 

Res. Lett., 29, 38-1 – 38-4. 

Schweizer, G. (1968), Der formenschatz des spät- und postglazials in den hohen 

Seealpen, Zeitschrift für Geomorphologie, 6, 167 pp. 

Scott, D. H., and J. M. Dohm (1992), Mars highland channels: An age reassessment, 

in Abstract volume, 23.rd Lunar and Planetary Science Conference, pp. 1251-

1254, Houston, Texas, March 16-20. 



246 

 

Scott, D. H., and K. L. Tanaka (1986), Geologic map of Western hemisphere of Mars, 

U. S. Geological Survey Miscellaneous Investigations Series Map I-1802-A, 

prepared for the National Aeronautics and Space Administration by the U. S. 

Department of the Interior, U. S. Geological Survey, published in hardcopy as 

part of the Atlas of Mars, 1:15,000,000 Geologic Series, U. S. Geological 

Survey, Denver, Colorado. 

Scott, D. H., J. M. Dohm, and J.W. Rice (1995), Map of Mars showing channels and 

possible paleolake basins, U. S. Geological Survey Miscellaneous Investigations 

Series Map I-2461, scale 1:30,000,000, U. S. Geological Survey, Denver, 

Colorado. 

Segura, T. L., O. B. Toon, A. Colaprete, and K. Zahnle (2002), Environmental effects 

of large impacts on Mars, Science, 298, 1977-1980. 

Selby, M. J. (1980), A rock mass strength classification for geomorphic purposes: 

With tests from Antarctica and New Zealand, Zeitschrift für Geomorphologie, 

24, 31-51. 

Selby, M. J. (1982), Hillslope materials and processes, Oxford University Press, 

Oxford, England. 

Sharp, R. P. (1973), Mars: Troughed terrain, J. Geophys. Res., 78, 4063-4072. 

Sharp, R. P., and M. C. Malin (1975), Channels on Mars, Geol. Soc. Am. Bull., 86, 

593-609. 

Shoji, H. and A. Higashi (1978), A deformation mechanism map of ice, J. Glac., 85, 

419-427. 

Sleep, N. H., and R. J. Phillips (1985), Gravity and lithospheric stress on the 

terrestrial planets with reference to the Tharsis Region of Mars, J. Geophys. 

Res., 90(B6), 4469-4490. 



247 

 

Smith, M. W., and A. R. Tice (1988), Measurement of the unfrozen water content of 

soils: A comparison of NMR and TDR methods, in Proceedings of the 5.th 

International Conference on Permafrost, edited by K. Senneset, pp. 473-477, 

Trondheim, Norway, August 2-5. 

Smith, B. A., L. A. Soderblom, D. Banfield, C. Barnet, A. T. Basilevksy, R. F. Beebe, 

K. Bollinger, J. M. Boyce, A. Brahic, G. A. Briggs, R. H. Brown, C. Chyba, S. 

A. Collins, T. Colvin, A. F. Cook, D. Crisp, S. K. Croft, D. Cruikshank, J. N. 

Cuzzi, G. E. Danielson, M. E. Davies, E. De Jong, L. Dones, D. Godfrey, J. 

Goguen, I. Grenier, V. R. Haemmerle, H. Hammel, C. J. Hansen, C. P. 

Helfenstein, C. Howell, G. E. Hunt, A. P. Ingersoll, T. V. Johnson, J. Kargel, R. 

Kirk, D. I. Kuehn, S. Limaye, H. Masursky, A. McEwen, D. Morrison, T. Owen, 

W. Owen, J. B. Pollack, C. C. Porco, K. Rages, P. Rogers, D. Rudy, C. Sagan, J. 

Schwartz, E. M. Shoemaker, M. Showalter, B. Sicardy, D. Simonelli, J. Spencer, 

L. A. Sromovsky, C. Stoker, R. G. Strom, V. E. Suomi, S. P. Synott, R. J. 

Terrile, P. Thomas, W. R. Thompson, A. Verbiscer, and J. Veverka (1989), 

Voyager 2 at Neptune: Imaging science results, Science, 246, 1422-1449. 

Smith, D. E., M. T. Zuber, S. C. Solomon, R. J. Phillips, J. W. Head, J. B. Garvin, W. 

B. Banerdt, D. O. Muhlerman, G. H. Pettengill, G. A. Neumann, F. G. Lemoine, 

J. B. Abshire, O. Aharonson, C. D. Brown, S. A. Hauck, A. B. Ivanov, P. J. 

McGovern, H. J. Zwally, and T. C. Duxbury (1999), The global topography of 

Mars and implications for surface evolution, Science, 284, 1495-1503. 

Smith, M. D., J. C. Pearl, B. J. Conrath, and P. R. Christensen (2000), Recent TES 

results: Mars water vapor abundance and the vertical distribution of aerosols, 

Bull. Am. Astron. Soc., 32, 3-12. 



248 

 

Solomon, S. C., and J. W. Head (1990), Heterogeneities in the thickness of the elastic 

lithosphere of Mars: Constraints on heat flow and internal dynamics, J. 

Geophys. Res., 95(B7), 11073-11083. 

Spencer, J. R. (1984), A tectonic geomorphological classification of the walls of 

Valles Marineris, in NASA, Washington Rept. of Planetary Geology Program, 

1983, 243-245. 

Spencer, J. R., and S. K. Croft (1986), Valles Marineris as karst: Feasibility and 

implications for martian atmospheric evolution, MECA Workshop on the 

Evolution of the Martian Atmosphere, edited by M. H. Carr et al., LPI Technical 

Report 86-07, pp. 40-41, Lunar and Planetary Institute, Houston, Texas. 

Spencer, J. R., and F. P. Fanale (1990), New models for the origin of Valles Marineris 

closed depressions, J. Geophys. Res., 95(B9), 14301-14314. 

Sprague, A. L., D. M. Hunten, R. E. Hill, B. Rizk, and W. K. Wells (1996), Martian 

water vapor, 1988-1995, J. Geophys. Res., 101(E10), 23229-23241. 

Squyres, S. W. (1978), Martian fretted terrain: Flow of erosional debris, Icarus, 34, 

600-613. 

Squyres, S. W. (1979), The evolution of dust deposits in the Martian north polar 

region, Icarus, 40, 244-261. 

Squyres, S. W. (1989), Water on Mars, Icarus, 79, 229-288. 

Squyres, S. W., and M. H. Carr, (1984), The distribution of ground ice on Mars, Eos, 

Trans., AGU, 65(45), 979. 

Squyres, S. W., and M. H. Carr (1986), Geomorphic evidence for the distribution of 

ground ice on Mars, Science, 231, 249-252. 



249 

 

Squyres, S. W.,  S. M. Clifford, R. O. Kuzmin, J. R. Zimbelman, and F. M. Costard 

(1992), Ice in the Martian regolith, in Mars, edited by H. H. Kieffer et al., pp. 

523-554, The University of Arizona Press, Tucson, Arizona. 

Stevenson, D. J., T. Spohn, and G. Schubert (1983), Magnetism and thermal evolution 

of the terrestrial planets, Icarus, 54, 466-489. 

Sullivan, R. (1992), Weathering processes implied from analysis of small Martian 

avalanche chutes, Workshop on Chemical Weathering on Mars, LPI Technical 

Report 92-04, 1, pp. 36-37, Lunar and Planetary Institute, Houston, Texas. 

Swan, A. R. H., and M. Sandilands (1995), Introduction to Geological Data Analysis, 

Blackwell Science, Ltd., Oxford, England. 

Tanaka, K. L. (1986), The stratigraphy of Mars, J. Geophys. Res., 91(B13), E139-

E158. 

Tanaka, K. L., and P. A. Davis (1988), Tectonic history of the Syria Planum province 

of Mars, J. Geophys. Res., 93(B12), 14893-14917. 

Tanaka, K. L., and M. P. Golombek (1988), Martian tension fractures and the 

formation of grabens and collapse features at Valles Marineris, in Abstract 

volume, 19.th Lunar and Planetary Science Conference, pp. 383-396, Houston, 

Texas, March 14-18. 

Tanaka, K. L., N. E. Witbeck, and D. H. Scott (1986), Valles Marineris – gravity and 

tectonics, in Abstract volume, 17.th Lunar and Planetary Science Conference, 

pp. 869-870, Houston, Texas, March 17-21. 

Tanaka, K. L., D. H. Scott, and R. Greeley (1992), Global stratigraphy, in Mars, 

edited by H. H. Kieffer et al., pp. 345-382, The University of Arizona Press, 

Tucson, Arizona. 



250 

 

Terzaghi, K. (1943), Theoretical Soil Mechanics, John Wiley and Sons, Inc., New 

York, New York. 

Thompson, E. G., and F. H. Sayles (1972), In situ creep analysis of room in frozen 

soil, J. Soil Mech. Found. Div., 98(SM9), 899-915, American Society of Civil 

Engineers. 

Ting, J. M. (1981), The creep of frozen sands: Qualitative and quantitative models, 

Research Report R81-5, Department of Civil Engineering, Massachusetts 

Institute of technology, Cambridge, Massachusetts. 

Ting, J. M., R. T. Martin, and C. C. Ladd (1983), Mechanisms of strength for frozen 

sand, J. Geotech. Eng., 109(GT10), 1286-1302, American Society of Civil 

Engineers. 

Toksöz, M. N. (1979), Planetary seismology and interiors, Rev. Geophys., 17, 1641-

1655. 

Toksöz, M. N., A. H. Tsui, and D. H. Johnston (1978), Thermal evolutions of the 

terrestrial planets, The Moon and the Planets, 18, 281-320. 

Toon, O. B., J. B. Pollack, W. Ward, J. A. Burns, and K. Bilski (1980), The 

astronomical theory of climate change on Mars, Icarus, 44, 552-607. 

Touma, J. R., and J. Wisdom (1993), The chaotic obliquity of Mars, Science, 259, 

1294-1297. 

Treiman, A. H., K. H. Fuks, and S. Murchie (1995), Diagenetic layers in the upper 

walls of Valles Marineris, Mars: Evidence for drastic climate change since the 

mid-Hesperian, J. Geophys. Res., 100(E12), 26339-26344. 

Tsytovich, N. A. (1960), Bases and foundations on frozen soils, translated from 

Russian by L. Drashevska, Highway Research Board Special Report, 58; 



251 

 

National Research Council Publication 804, National Academies of Sciences, 

Washington, D. C. 

Tsytovich, N. A. (1975), The mechanics of frozen ground, edited by G. K. Swinzow 

and G. P. Tschebotarioff, translation from Russian, Moscow, Vysshaya Shkola 

Press, 1973, Scripta/McGraw Hill, New York, New York. 

Turcotte, D. L., and G. Schubert (1982), Elasticity and flexure, in Geodynamics: 

Applications of Continuum Physics to Geological Problems, John Wiley and 

Sons, Inc., New York, New York. 

Turcotte, D. L., F. A. Cooke, and R. J. Willemann (1979), Parameterized convection 

within the moon and the terrestrial planets, in Abstract volume, 10.th Lunar and 

Planetary Science Conference, pp. 2375-2392, Houston, Texas, March 19-23. 

Varnes, D. J. (1978), Slope movement types and processes, in Landslides Analysis 

and Control, edited by R. L. Schuster and R. J. Krizek, pp. 11-33, Special 

Report 176, Transportation Research Board, National Research Council, 

National Academy of Sciences, Washington, D. C. 

Vyalov, S. S., V. G. Gmoshinskii, S. E. Gorodetskii, V. G. Grigorieva, I. K. Zaretskii, 

N. K. Pekarskaia, and E. P. Shusherina (1962), The strength and creep of frozen 

soils and calculations for ice-soil retaining structures, Akad. Nauk SSSR, 

CRREL Translation 76, 1965, U. S. Army Corps of Engineers, Cold Regions 

Research and Engineering Laboratory, Hanover, New Hampshire. 

Wahrhaftig, C., and A. Cox (1959), Rock glaciers in the Alaska range, Geol. Soc. Am. 

Bull., 70, 383-436. 

Watters, T. R., and T. A. Maxwell (1983), Crosscutting relations and relative ages of 

ridges and faults in the Tharsis region of Mars, Icarus, 56, 278-298. 



252 

 

Watters, T. R., and T. A. Maxwell (1986), Orientation, relative age, and extent of the 

Tharsis plateau ridge system, J. Geophys. Res., 91(B7), 8113-8125. 

Whalley, W. B., and F. Azizi (1994), Models of flow of rock glaciers: Analysis, 

critique and a possible test, Perm. Periglac. Proc., 5, 37-51. 

Whalley, W. B., and F. Azizi (2003), Rock glaciers and protalus landforms: 

Analogous forms and ice sources on Earth and Mars, J. Geophys. Res., 108(E4), 

GDS 13-1 – GDS 13-17. 

Whalley, W. B., and H. E. Martin (1992), Rock glaciers: II. Model and mechanisms, 

Progr. Phys. Geog., 16, 127-186. 

Wickham, G. E., H. R. Tiedemann, and E. H. Skinner (1972), Support determination 

based on geologic predictions, in Proceedings of the North American Rapid 

Excavation Tunneling Conference, Chicago, edited by K. S. Lane and L. A. 

Garfield, pp. 43-64, Society of Mining Engineers, New York, New York. 

Willemann, R. J., and D. L. Turcotte (1982), The role of lithospheric stress in the 

support of the Tharsis rise, J. Geophys. Res., 87(B11), 9793-9801. 

Williams, J. P., and D. A. Paige (2002), Layered rocks of Valles Marineris: Layered 

intrusive rocks on Mars, Abstract no. 2058, 33.rd Lunar and Planetary Science 

Conference, Houston, Texas, March 11-15. 

Williams, P. J., and M. W. Smith (1989), The Frozen Earth – Fundamentals of 

Geocryology, Cambridge University Press, Cambridge, England. 

Wise, D. U., M. P. Golombek, and G. E. McGill (1979), Tharsis province of Mars: 

Geologic sequence, geometry, and a deformation mechanism, Icarus, 38, 456-

472. 

Witbeck, N. E., K. L. Tanaka, and D. H. Scott (1991), Geologic map of the Valles 

Marineris region of Mars, U. S. Geological Survey Miscellaneous Investigations 



253 

 

Series Map I-2010, scale 1:2,000,000, U. S. Geological Survey, Denver, 

Colorado. 

Woronow, A. (1988), Variation in the thickness of ejecta cover on Mars with 

increasing crater density, MEVTV Workshop on the Nature and Composition of 

Surface Units on Mars, pp. 135-137, Lunar and Planetary Institute, Houston, 

Texas. 

Zuber, M. T. (2001), The crust and mantle of Mars, Nature, 412, 220-227. 

Zuber, M. T., and L. L. Aist (1990), The shallow structure of the Martian lithosphere 

in the vicinity of the ridged plains, J. Geophys. Res., 95(B8), 14215-14230. 

Zuber, M. T., D. E. Smith, S. C. Solomon, J. B. Abshire, R. S. Afzal, O. Aharonson, 

K. Fishbaugh, P. G. Ford, H. V. Frey, J. B. Garvin, J. W. Head, A. B. Ivanov, C. 

L. Johnson, D. O. Muhleman, G. A. Neumann, G. H. Pettengill, R. J. Phillips, X. 

Sun, H. J. Zwally, W. B. Banerdt, and T. C. Duxbury (1998), Observations of 

the north polar region of Mars from the Mars Orbiter Laser Altimeter. Science, 

282, 2053-2060. 


	15 June 2004
	Department of Earth Science
	Faculty of Mathematics and Natural Sciences
	University of Bergen
	Acknowledgements

	Statement of Research Problem and Rationale
	Geology of Valles Marineris
	Martian Chronology
	Physiography of Valles Marineris and Coprates Chasma
	The Trough System
	Coprates Chasma

	Geology and Stratigraphy of Valles Marineris and Coprates Chasma
	Trough Wall Rock
	Interior Layered Deposits
	Landslides
	Trough Floor Materials

	Structural and Geophysical Characteristics of Valles Marineris
	Origin and Evolution of the Troughs

	Water on Mars
	Inventory of H2O
	Current Inventory
	Past Inventories
	Discrepancies Between Currently Observed Reservoir and Estimated Global Inventory

	The Cryosphere
	Theoretical Extent of the Cryosphere
	Depth of the Cryosphere
	Depth to the Base of the Cryosphere in Valles Marineris

	Evolution of the Cryosphere and the Theoretical Basis for Believing that it is Ice-Rich

	Stability of Near-Surface Ground Ice on Mars
	Theoretical Predictions of the Distribution of Ground Ice
	Evolution of Near-Surface Ground Ice over Geologic Time
	Observational Evidence for the Present Distribution of Ground Ice


	The Mechanical and Rheologic Behavior of Rock, Ice, and Ice-Rich Geologic Materials
	Rheologic Behavior of Materials: Theory and Laboratory Investigations
	Introduction to Stress, Strain, and Strength
	Rock Mechanics and Rheology
	The Mechanical Stability of Rock Masses
	Relations Between Rock Properties and Slope Morphology

	The Rheology of Ice
	The Rheology of Ice-Rich Geologic Materials
	Factors Controlling the Strength and Deformation of Frozen Ground


	Terrestrial Analogs
	Landslides
	Permafrost, Ground Ice, and Creep
	Rock Glaciers

	Suspected Role of Rheologic Processes in the Evolution of the Martian Landscape
	Application to Martian Regolith and Upper Crust
	Creep Deformation: Terrain Softening
	Rock Glaciers


	Stability and Evolution of Valles Marineris Trough Walls: Past Studies
	Present Morphology and State of Trough Walls
	Studies of Trough Wall Strength and Failure
	Trough Wall Erosional Processes

	Research Questions and Method
	Research Question
	Hypotheses
	Approach
	Data Required for Testing of the Hypothesis
	Characteristics and quality of the MOLA data set
	Translation and conversion of MOLA topographic data
	Topographic parameters measured

	Temperature Differences Between the North and South Walls of Coprates Chasma
	Consequences of Temperature Differences for Dissimilar Ground Ice Distribution Between the South and North walls of Coprates Chasma
	Expected Effects of the Distribution of Ground Ice on Trough Wall Stability, Slope Angle, and Surface Roughness
	Other Processes Potentially Causing Slope and Surface Roughness Asymmetry in Trough Walls
	Method for Testing Hypotheses
	Profiling Method for the Study of Coprates Chasma
	Expected Spatial Variation in Temperature
	Topographic parameters
	Comparisons and Relationships Between Measured Parameters
	Differences Between North and South Walls of Coprates Chasma



	Coprates Chasma Data Analyses and Results
	Basic Topographic Architecture of Coprates Chasma
	Basic Topographic Architecture of Coprates Chasma
	Coprates Chasma North Wall Data
	Variation of Slope Angle With Temperature, Location, and Trough Geometry Parameters
	Variation of Surface Roughness With Temperature, Location, and€Trough Geometry Parameters

	Coprates Chasma South Wall Data
	Variation of Slope Angle With Temperature, Location, and Trough Geometry Parameters
	Variation of Surface Roughness With Temperature, Location, and Trough Geometry Parameters

	Differences Between the North and South Walls of Coprates Chasma
	Differences in Temperature between the Walls
	Differences in Trough Geometry Parameters between the Walls
	Differences in Slope Angle between the Walls
	Differences in Surface Roughness between the Walls

	Analysis of Tectonic and Structural Influences on Trough Wall Topography
	Association of Topographic Parameters with Known Structural and Tectonic Elements
	Cross-Trough Floor Gradients


	Discussion
	The Role of Volatiles in Erosion and in the Development of Asymmetric Slopes on Mars and in Coprates Chasma
	Aspects of the Topographic, Structural, and Erosional Architecture of Coprates Chasma

	Conclusions
	Statistical Analysis Method
	The Individual Profile Case

