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ABSTRACT 
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The purpose of this dissertation is to explore the physical possi

bility of ancient glacial occurences on the surface of Mars. Further

more, I will elucidate the nature and extent of hypothetical ice sheets 

by modeling the ancient glacier inferred for the Hellas region. Individ

ually, many of the proposed glacial features can indeed be interpreted 

as aeolian, fluvial, or another type of feature. It is, however, the spa

tial and temporal association of these features, and the incongruity 

presented by various alternative explanations, that makes the glacial 

theory more complete and universal than other hypotheses. The pro

posed glacial system has an extent on the order of two million square 

kilometers. My results include profiles of the Hellas glacier. In addi

tion, calculations of erosion rates seem to imply an approximate time 

scale of erosion of between 110,000 and 1,440,000 years. Taking into 

consideration the plausible range of geothermal flux values (32 to 72 

mW/m2), I have also calculated the time frames to fill the Hellas pro-

glacial lake, as well as lose it to the atmosphere via evaporation and/ 

or sublimation. The majority of these values seem to point to a glacial 

epoch that took place over a period of 100,000 to 500,000 years. It is 

suggested that, similar to the Earth, Mars has two stable climate re

gimes whose shift is triggered at least in part by orbital forcing param

eters. The warmer climate corresponds to more of a glacial climate on 

the Earth, while the cooler climate resembles the cold, dry environ

ment that exists on Mars today. There is also evidence that, geologi
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cally, these features are relatively pristine, and therefore probably 

relatively young. This is in comparison to a Mars generally inferred to 

have been warmer and wetter earlier in its history. A second clima-

tological scenario does not even call for a drastically different climate 

than today, with a localized hot spot or impact providing the short

lived heat and volatiles to create a glacier. Indeed, this glacier may 

have been cold based for a time, or warm based due to the thickness 

of the overlying ice combined with the geothermal gradient. 
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This study is focused on exploring the nature and climatological 

effects of a large glacier or ice sheet in the Hellas region of Mars. By 

modeling this glacier, I am able to constrain the possible conditions un

der which the glacier was able to grow and to be stable. There are a 

large number of variables and few constraining constants. I endeav

ored to be conservative in my estimates in order to not rule out any 

possible reasonable scenarios. In my work, I examined the effects of 

varying geothermal heat flow, ice composition, flow rates, mass bal

ance, albedo effects, and subglacial and proglacial outflow. Mirroring 

recent glaciological studies for the Earth, I considered potential size, 

mass, and velocity relations and theorized how they might respond to 

climate change. Perhaps the history of extension and recession may 

shed some light on the time frame(s) problem and provide insights in 

regard to the changing climatic influence. Geomorphic clues such as 

proposed end and recessional moraines might also provide relevant 

information. 

Currently, one of the most intriguing possibilities is that the Mars 

of the present and past has two stable climate regimes, much like the 

Earth in the recent past. Over the past few million years at least, the 

Earth has fluctuated between a warm climate state like the present, 

and a climate state that was colder by 10-15 "C and described as a gla

cial period (Oerlemans et al., 1984; Oerlemans, 1987). To date there is 

no generally accepted theory as to what causes the change between 
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these two seemingly stable climate regimes. Recent evidence, from ice 

cores in particular, seems to indicate that these periods were not as 

stable as we once believed (Paterson, 1995). We continue to search for 

the mechanism(s) and feedbacks that cause these dramatic changes. 

Some of the more widely accepted theories involve variations in the 

Earth's orbital parameters, and varying levels of trace gases in the 

overall composition and constituent make-up of the atmosphere. How

ever, triggering processes and exact feedback mechanism pathways 

still elude definition and description. 

Though much of this study may be considered speculative, I feel 

it is supported by the evidence available to date. Future Mars missions 

including the Mars Pathfinder and Global Surveyor will no doubt go 

farther in elucidating the true nature of climate change on Mars. Still, 

I support the idea that Mars may have two stable climatic end mem

bers; a cold, dry climate much like it has today and a comparatively 

warmer, wetter climate that may have supported a moderate if not full 

fledged hydrologic cycle with widespread glaciation and temporary 

seas (Baker et al., 1990; Baker et al., 1991). Baker et al. (1990) contend 

that these conditions may have existed at multiple times in the past, 

behaving cyclically much like the Earth climate system does. The na

ture and climatic influence of these proposed glaciers is one of the focal 

points of my research, as is what climatic forcing may have initiated 

and fueled the climatic feedback loop. Perhaps volcanism, impacts, 

outflow, or orbital forcings played a role. Regardless, the more we 

learn and understand about the Earth, the better will become our un

derstanding of cUmate change mechanisms on Mars. In the same way. 
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a better understanding of the martian environment might shed light 

on climate change conditions on the Earth. Whether or not the reader 

is inclined to believe the geomorphic interpretations that have led me 

to model glaciers on Mars, they will find there is a logical consistency 

to these theoretical arguments. In addition, there is little debate that 

the Martian environment was at least once, early in its history, very 

different than today with liquid water flowing on the surface for some 

period(s) of time (Carr et al., 1984; Carr, 1995). 
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IV.B. Possible Scenarios 

In order to theorize responsibly as to the nature of glaciers on 

Mars, we must first identify and evaluate the constraining factors. I 

will evaluate the extremes, in order to define the feasible range of val

ues, and I will look at the implications of each variable. From these 

numbers, many derived from first principles and the others from ac

cepted values in the peer reviewed literature, I will outline a number 

of possible scenarios that may serve to explain the observed glacial 

and associated features. Each scenario rests within a given historical 

time frame, duration, spatial extent, and climatic regime. 

The variables that must be defined and evaluated include the 

various glacier-hydrological systems with their total volatile volume 

expressed in terms of km ̂  of water. I also looked at the input and out

put ratesof each hydrological subsystem. Among these factors is the 

rate of glacial scouring or erosion of the surface of Hellas. The amount 

of melt coming from the bottom of the glaciers plays a role in a pro-

glacial lake's water budget. This budget is also affected by the rate of 

evaporation/sublimation from the surface of the lake. 

I will also present a generalized schematic of the cycling of vol-

atiles (mostly water) within the glacier-lake system. This work will 

invoke results derived from modeling of the glacier thickness and pro

file that is based on the underlying physics of the system, and applied 

to a martian regime. I hope to identify triggers or feedback mecha

nisms that may explain the existence of glaciers at one or more times 
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in the past on Mars. Factors such as geothennal heat flow that may 

vary locally (hot spots), chaotic obliquity, water vapor transport pat

terns, albedo-radiation budget effects, large impacts, and aphelion-

perihelion polar water concentration may all play a significant or cru

cial role in changing the climate of Mars. 

The time frames as they relate to heat flow and cratering statis

tics will be examined. The surface temperature, as well as the atmo

spheric composition and pressure, affects the sustainability and nature 

of these glacial epoch(s). Figure 1 is a cartoon outlining the generalized 

cross section and processes operating for the proposed glacial system 

in the Hellas region, and possibly other regions such as Argyre (Kargel 

and Strom, 1992). 

The Hellas glacier that will be modeled and examined in the fol

lowing work is roughly defined in extent in Figure 3, following geologic 

mapping by Kargel and Strom (1992). The proposed suite of glacial 

features includes eskers, drumlins, relic shorelines, moraines, scour 

marks, and a number of other associated features (Kargel et al., 1991; 

Kargel and Strom, 1992). The exact nature and expression of these fea

tures will be examined in greater detail later in the text. These fea

tures are also observed in other regions of Mars including the Argyre 

basin, Arsia Mons, Dorsa Argentea, the northern plains, and the poles. 

(Hodges and Moore, 1994; Kargel and Strom, 1990; Kargel and Strom, 

1991; Strom et al.; 1991; Kargel et al., 1991; Kargel and Strom, 1992; 

Shaw et al., 1992; Kargel et al., 1995; Allen, C., 1979) 

The proposed glacier in the Hellas region (see Figure 3) has an 
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overall extent on the order of 1.86E6 kn^ based on geomorphic con

straints on its size (moraines,etc). The proglacial lake is on the order 

of 5.0E5 km2 based on the position of the shorelines and the available 

topography. For the purpose of this study I invoked a range of lake 

sizes ranging between 1.0E5 and 6.0E5 kn^. These represent what I 

feel are reasonable extremes based on the geomorphology. I also in

voked a linear relationship between the size of the lake and the extent 

of the glacier that it feeds. Following work by Moore et al. (1995), I 

maintained a glacier to lake size ratio of 3.7 times. This assumes the 

glacier system is fed almost entirely by the proglacial lake without any 

input from other sources or regional weather patterns. It is a conser

vative estimate as to the exact relation between the glacier and the 

lake. Evidence from Earth of a integrated global climate system indi

cates that a glacier can grow much larger (1000 times lake size) using 

precipitation from the prevailing global weather patterns and topog

raphy (Grosswald et al., 1994). I chose to isolate the Hellas system to 

simplify it, as well as to model it based on the assumption that it may 

have been one of a few isolated systems rather than part of a larger 

global climate regime. I feel that this scenario requires fewer changes 

on a global scale, and is therefore logically more feasible. 

The total volatile inventory of the system, assuming a pure wa

ter ice glacier and some atmospheric and subsurface treinsport ac

counting for 30% of the lake volume in its cycle, would be somewhere 

in the range of 0.835E6 to 4.15E6 kn^. A realistic mean value is 2.6E6 

km^ of water in the system. This value represents about 33% of the 
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reported global ground ice inventory and is comparable to the water 

ice volume currently residing in the permanent north polar cap (Ross-

bacher and Judson, 1981). There is, however, evidence to suggest that 

water may be mobile from the poles and that the ground ice inventory 

may be greater than first imagined (Clancy, personal communication, 

1995). The glacial volatile inventory is equivalent to a layer of water 

approximately 18 meters thick over the entire surface of the planet. 

The Hellas region, though only taking up approximately 3% of the sur

face area of the planet, may have the ability to concentrate water via 

subsurface and atmospheric processes. Regardless, with the large un

certainty in subsurface ice inventory, the large range of possible gla

cial volumes, and the potential for some of the volume to be carbon 

dioxide ice, the question of volatile availability does not seem to be a 

limiting factor. 

The time frame of Hellas glaciation is, on the other hand, poorly 

constrained by the cratering record. This is due in part to an uncer

tainty as to the end of heavy bombardment at Mars as well as differing 

chronologies put forth in the literature (Strom et al., 1991). The evi

dence in the cratering record seems to indicate that the glaciers existed 

during the Lower to Mid-Amazonian period on Mars (Strom et al., 

1991). This time frame either spanned the time of 0.7 to 3.55 Ga or 

0.25 to 1.8 Ga, depending on two chronologies that will be invoked. 

The timing of the one or more glacial epochs is particularly important 

when determining the average geothermal heat flow for the planet. 

The heat flow could range an3/where from 32 mW/m^ to 115 mW/m^ 
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(Schubert et al.,1992). This compares to an average heat flow on the 

Earth today of approximately 70 mW/m^, which is more than enough 

to power hot spots, volcanism, plate tectonics, and subglacial melt. 
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IV.C. The Geology (an overview) 

There are numerous geologic features that, taken in concert, im

ply that Mars once had glaciers. The Hellas region in particular pro

vides strong evidence to this effect (Kargel et al., 1991). Figure 2 shows 

mapped features which indicate the probable glacial extent. Were the 

indicated glaciers warm or cold based? The answer to this question 

would reveal a great deal both directly and indirectly about the pre

vailing climatic conditions at the time. Cold based glaciers are frozen 

to their beds, unable to move except by deformation within the ice it

self. Warm based glaciers are different. Due to the surface tempera

ture, thickness, and the geothermal gradient, the base of the glacier 

exists at the pressure melting point. This situation then implies that 

there will be meltwater at the glacier's base. Warm based glaciers 

slide and erode at their base with the help of the melt. This will lead 

to a different suite of sub-glacial and proglacial features. Do we need 

liquid water to produce the observed geologic features? In the follow

ing section, I will examine the relationship between various features 

and liquid water in the sub-glacial and surface flow regimes. 

The first and most obvious water-related features on Mars are 

the drainage channels. These imply atmospheric conditions and sur

face temperatures distinctly different from those found today on Mars. 

Sinuous ridges or eskers provide perhaps the strongest evidence 

to date for liquid water at the base of glaciers. In fact, these features 

are the very conduits by which much of the water makes its way out 
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from under the glacier to be deposited proglacially. On Earth, eskers 

are found throughout the northern United States and Canada. They are 

formed as glacial melt water makes its way out of the glacial terminus. 

The HeUas region of Mars has features that have been interpreted by 

Kargel, Strom, and others, as eskers. These sinuous ridges are strong 

evidence for subglacial melt. These features will be described in 

greater detail in section VI. 

Terminal and lateral moraines are also important glacial features 

found in Hellas. By themselves they do not provide conclusive evi

dence for glaciers, however, in concert with other features, they can be 

cited as part of a strong argument. Though moraines do not provide 

direct evidence for water on the surface or below the glacier, they do 

hint at the dynamic aspect of glaciers. Terminal moraines mark the 

limits of advance by a glacier which deposited poorly sorted material 

in long mounds. They also tell us that the glacier was dynamic in that 

it advanced and eventually retreated. These features will be exam

ined more closely in section VI. 

The geologic feature called a drumlin is definitely associated 

with glaciers. Though the exact nature of the formation of these fea

tures remains inconclusive, they are found in most areas on Earth that 

have previously been extensively glaciated (Price, 1973; Menzies, 

1979; Shaw, 1983; Shaw and Gorrell, 1991; Paterson, 1995). It is un

certain, but probable, that these features involve liquid water in their 

sub-glacial formation. What are interpreted as drumlins are observed 

in the Hellas region (Kargel et al., 1991). Figure 2 provides a geologic 

map of the position of these features in the Hellas region based on the 
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work by Kargel and Strom (1992). There is no known way to produce 

drumlins with simple snrficial flow. There must be water and a large 

overlying, mobile mass above a disruptive feature to create this land 

form. 

The region directly north and below the proposed source region 

for the Hellas glacier is also filled with grooved terrain, (see Figure 2) 

These ridges and scours were formed by a glacier in motion. Such mo

tion at a glacial bed only takes place to this extent in warm based gla

ciers that slide at the rock/ice interface, with the resistance lowered 

by sub-glacial melt (Paterson, 1995). The same effect leads to the ero

sion of older craters beneath the glacier and will be examined in Sec

tion VI. 

There also appears to be a relic shoreline associated with the 

Hellas glacier, according to at least one geologic interpretation (Kargel 

and Strom, 1992). In keeping with Figure 2, this shoreline appears to 

mark the boundary of the proglacial lake, and its extent is used accord

ingly in calculations. The lake was presumably originally filled with 

melt from the glacier itself, or the channels that empty into the region. 

Two additional features commonly associated with glaciers have 

not as yet been convincingly identified at Hellas. Braided streams are 

commonly found in a proglacial environment in close proximity to the 

glacial terminus. They are braided, shallow, and intermingling due to 

their high sediment load. They are consistent with surficial water and 

glacial outflow. They are not conclusively found due possibly to their 

small size being beyond the current limit of delectability. They are 

identified, however, in the Argyre region. Another possibility for Hel
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las is that the outflow went directly into the proglacial lake, if the gla

cial terminus was floating in the lake, as is the case in Antarctica with 

the Ross Ice Shelf. 

Another feature is the kettle lake. These circular constructs are 

formed when chunks of ice break off as a glacier recedes. These 

chunks of ice embed themselves in the ground and eventually melt, 

leaving circular lakes. They are common, but not always present at the 

termini of glaciers, depending on a number of factors including sur

rounding topography. They may also be present, but are not detect

able at current resolution limits (approximately 50 meters). Also, they 

might not have formed due to the proposed terminus-lake interface 

described earlier. Perhaps ice bergs broke off instead, (see Figure 1) 

There is substantial geomorphic evidence to substantiate the 

claim that the Hellas glacier was warm based and had sub-glacial melt 

at one time, (see Figure 4 and 5) I will work from this assumption in 

my glacial modeling. I will endeavor to analyze the geomorphic evi

dence in more detail later in the text (section VI). In that section, I 

will look carefully at alternative interpretations and age discrepencies 

presented in the literature, most recently by Tanaka and Leonard 

(1995). 
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Hellas Glaciation 

Meltwater 

iSublimatioi 

Ice Covered Lake 

Percolation Loss 

Subsurface Recharge 

Figure 1: Hellas Gladation Cycle 
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Figure 2 : Geologic Map of the Hellas Gladation 

Kargel and Strom, 1992, p. 5) 

(adapted from 



Figure 3 : Proposed Glacial Extent ( adapted from Kargel and 

Strom, 1992, p. 5) 



Figure 4: Images of Mars Glacial Features ( adapted from Kargel 

and Strom, 1992, p. 4) 
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Figure 5 : Images of Mars Glacial Features ( adapted from Kargel 

and Strom, 1992, p. 5) 
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Mars, like the Earth, is thought to have accreted 4.6 billion years 

ago from material of roughly chondritic abundance (Schubert et al., 

1992). The process of accretion trapped heat below the surface as the 

planet cooled. In addition, over time, radioactive elements in the core 

and mantle decayed, thereby adding more heat to the martian geo

thennal energy budget. As a direct result of these two sources, Mars 

had and has a geothennal heat flux at the surface. This geothermal 

flux has been modeled as a function of time for Mars (Figure 6). 

The Hellas glaciation is thought to have taken place in the Lower 

to Mid-Amazonian time period (Strom et al., 1991; Johnson, et al., 

1991). This is the latest (most recent) of the three martian epochs 

(Noachian, Hesperian, and Amazonian). Strom and his colleagues have 

come up with this time frame based on crater size/density relations, 

as well as comparative planetology relating the local geology and its 

stratigraphic age to the sunounding geologic constructs. 

Working from the assumption of a Lower to Mid-Amazonian Hel

las glaciation, I have endeavored to ascertain the exact time frame, in 

order to pin down geothermal heat flux. This would seem to be 

straight forward, except that there are two martian absolute age chro

nologies in wide use. They rely on different timing and crater statistics 

for different absolute events in the solar system, like the end of heavy 

bombardment. Like all "absolute" age chronologies that do not have 

the benefit of U-Th-Pb dating, or some other radiometric dating tech

nique, they provide us with different values based on different inter
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pretations. The Lower to Mid-Amazonian is thought to have spanned 

between 1.80 to 0.25 billion years ago (Hartman et al., 1981), or be

tween 3.55 and 0.7 biUion yecirs ago (Neukem and Wise, 1976). I will 

use both of these absolute ages to estimate the geothermal heat fluxes. 

The heat flows that follow were derived from Figure 6 and the 

given time frames outlined above. Table 1 gives values for the appro

priate range of ages. The use of both 52 and 62 mW/m2 is to provide 

more data points for other calculations that use these numbers later in 

this work. Though these are not constraining values that define the 

time period, they are plausible values as they lie within the acceptable 

range. The geothermal flux during the Lower to Mid-Amazonian was 

therefore between 32 and 115 mW/m^. I will invoke a range of be

tween 32 and 72 mW/m^ for this study due to the fact that the oldest 

possible time frame for the older chronology is a marginal and much 

more unlikely value for the geothermal flux. The high end of this cho

sen range is comparable to the current geothermal flux on the Earth, 

69.8 mW/m2 (Kennett, 1982). The geothermal flux is an aU important 

piece of the puzzle as we look to sort out the nature of both the glaciers 

themselves and the climate that produced and supported them. 
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Table 1 Geothermal Flux versus Absolute Age 

Absolute Age (Bva) 
0.25 0.70 1.60 2.10 2.30 3.55 

Geotherm. Flux (mW/n^) 32 40 52 62 72 115 
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Figure 6: Heat flow vs. Time for Mars (adapted from Schubert et 

al.,1992, p. 163) 



IV.E. Geothermal Gradient 
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Perhaps the single most important calculation in this glacial 

model involves the determination of the geothermal gradient within 

the ice itself. The planet Mars, like the Earth, conducts heat from be

low. This heat is expressed on the surface. As calculated earlier, the 

surficial heat flux on Mars at the time of the Hellas glaciation is esti

mated to most likely have been between 32 and 72 mW/m^. This 

heat, deposited at the base of the glacier and subsequently transmitted 

through it via conduction, sets up a geothermal gradient within the ice. 

This gradient is dependent upon both the geothermal flux and the con

ductivity of the ice (Clifford, 1980; 1983; 1987). 

The gradient is equal to the geothermal flux divided by the con

ductivity. The flux is expressed in units of mW/m^, while the conduc

tivity of the material is given in units of W/m*K. This gives us a 

gradient in units of K/km when the appropriate conversions have been 

made. The conductivity of water ice is given as 2.1 W/m*K (Paterson, 

1995). There is also the possibility that the glaciers on Mars may have 

a substantial component of CQz ice within their matrices. If this is in

deed the case, then the conductivity of COz ice could be important. 

Unfortunately, this value has not been determined experimentally. 

The value may be more or less than that of water ice, but is presum

ably close to that value. I will therefore assume that the value is ap

proximately equal to that of water ice. In addition, I will not invoke 

carbon dioxide ice as a major constituent in my model except to point 
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out its melting point characteristics later in this text. 

Following from the discussion and values given above, Table 2 

shows the range of possible geothermal gradients within the ice for the 

Hellas glacier. The range of values runs between 15.2 and 34.3 K/km 

in the ice. These values are useful in constraining the temperature at 

the surface of water ice. This value can be determined using the pres

sure melting point at the base and estimating the thickness of the ice. 

Both of these calculations are included later in this work. This gradient 

is an invaluable step in constraining surface climate at the time of gla-

ciation. 

Table 2 Geothermal Gradient within the Glacial Ice (K/km) 

Geothermal Flux (mW/n^) 
32 40 52 62 72 

Geothermal Grad. (K/km) 15.2 19.0 24.8 29.5 34.3 



IV.F- Time to Fill Progladal Lake 
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There are a number of geologic features that lead us to believe 

that the Hellas glacier had subglacial melt. These features, such as es-

kers and relic shorelines, exist both below and in front of the pre

sumed glacier. Eskers require a warm based glacier. This leads me to 

believe that this glacier was not frozen to its bed at all times. This sec

tion will focus on the rate and volume of subglacial melt water. 

The glacier itself has a base that exists at the pressure melting 

point of the ice. This is due to a balance between the overlying pres

sure of the ice lowering the melting point (a small effect), combined 

with the geothermal gradient within the ice raising the temperature at 

its base well above the surface temperature. The actual geothermal 

gradient (section IV.E) and depth of glacial ice (section VI) are looked 

at in much greater detail in another section. 

The means by which glacial ice at its pressure melting point is 

changed to liquid form is two fold. The first involves the geothermal 

power transmitted at the rock-ice interface. This geothermal flux 

maintains the geothermal gradient within the ice by depositing its en

ergy at the base of the glacier. The second source of heat is that of fric

tion between the ice, melt water, and the rock. This value is not well 

constrained in the literature due to the virtual impossibility of sam

pling the subglacial conditions. Based on terrestrial melt rates, 1 esti

mate its value to be on the order of one tenth the geothermal heat flux 

value averaged over the entire base of the glacier. I have then used 

this factor in the model, using the heat it deposits to melt the basal ice, 
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while letting the geothermal heat flux provide the energy needed to 

maintain the geothermcd gradient within the ice itself. 

The ice exists at its melting point, and therefore requires energy 

equivalent to the heat of fusion of water to transform it into melt. This 

value is 79.7 Kcal/kg or 3.34E5 J/kg (Ebbing, 1990). The geothermal 

heat flux is expressed in mW/m^. This is transformed into W/km?, 

divided by the heat of fusion and multiplied by the surface area of the 

ice to give the number of kg/s of water that is produced by the melt. 

This value is then divided by the density of water in units of kg/km^ 

(1E12). This value is the amount of melt produced expressed in units 

of km^/s. The final subglacial melt production rate is found by mul

tiplying this value by the number of seconds in an Earth year to give 

the volume of melt in km^/yr. The results of this calculation are ex

pressed in Table 3 as follows. The volume of melt rates range from 

0.112 to 1.510 km^/yr. 

In addition, by invoking different melt rates applied to the ap

propriate size glacier and proglacial lake, we can come up with fill 

times for the lake. The relationship between glacier size and lake size 

was examined earlier and applied to this work. Also, the volume of the 

lake is determined using a box model that multiplies lake area by an 

average depth of 1.2 km. The uncertainty in the topography and 

shoreline extent and placement lead to wide range of possible lake vol

umes (between 1.2E5 and 7.2E5 km^). The results of this model are 

expressed in Table 4, with times of between 476 and 1071 l^^rs need

ed to fill the lake by melt alone without any loss of this melt to the sub
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surface. The reason that the times are the same for a given heat flow, 

and not for varying lake sizes, is that there is a first order cormection 

between the glacier size that produces the melt, and the lake that is 

filled. It should be noted that the likelihood of the system just filling 

the lake from a dry start is low. Instead, the lake/glacier system prob

ably began small and grew with the input of additional volatiles. For 

this reason, the exact time needed to fill the lake is not considered to 

be of major consequence later in this work 

Table 3 Sub Glacial Melt Rate (km^/yr) as a Function of Glacial Area 
and Heat Flux 

Glacier Area fkm^) 32 
Heat Flux fmW/m^) 
40 52 62 72 

3.7E5 .112 .140 .182 .217 .252 

7.4E5 .224 .280 .364 .433 .503 

1.11E6 .336 .420 .545 .650 .755 

1.48E6 .447 .559 .727 .867 1.007 

L85E6 .559 .699 .909 1.084 1.259 

2.22E6 .671 .839 1.091 1.300 1.510 
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Table 4 Time to Fill Proglacial Lake (kyr) for Range of Heat Fluxes 

Heat Flow fmW/m^) 
32 40 52 ^ 72 

1071 857 659 553 476 

Note: This time frame holds for the entire range of lake sizes due to 
the fact that the glacier size is proportional to the lake size as men
tioned earlier in the text. 
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IV.G. Sub Glacial Melt vs. Sublimatioii Loss (Lake Lifetime) 

In keeping with the logical progression begun in previous sec

tions, I would now like to examine the longevity of the proglacial lake 

and glacial system (see Figure 1). This lake, filled primarily via glacial 

melt, is subject to the same loss mechanisms to which any body of wa

ter or ice is susceptible on Mars. These mechanisms include evapora

tion, drainage, percolation into the sub-surface, and sublimation. I will 

assume that the lake attains a maximum depth of 1.2 km, as is consis

tent with my simple rectangular box model for the system, based on 

the topography and shoreline relations examined in section VI. As 

with all hydrological models, time frames can be ascertained via a 

study of the mass balance. At this juncture, I will discount the mech

anism of loss to the sub-surface via percolation through the crust. The 

time scale of this mechanism is assumed to bean order of magnitude 

greater than other loss mechanisms outlined here, and is therefore not 

considered in this first order approximation. This may be a weak link 

in this argument, but a more realistic approximation cannot be made 

without more detailed information on the surface porosity and perme

ability, perhaps to be provided by future missions to Mars. In addi

tion, loss via drainage or runoff on the surface is not considered to be 

a first order effect due to the confining topography of the region. This 

proglacial lake has no drainage, as it lies in the lowest part of the to

pography (see Figure 3). 

Loss of the water/ice to the atmosphere via evaporation/subli

mation is the most likely mechanism the loss of the lake over time. It 
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should also be noted that the time to fill the lake may indeed have 

been longer if we take into consideration the fact that sublimation/ 

evaporation is also taking place during the lake's initial formation. 

In this model, I will assume that the subglacial melt ceases after 

the lake reaches its maximum depth (1.2 km). This might be the case 

for a number of reasons including the lessening of the geothermal heat 

flux or the thinning and loss of enough ice so that the pressure melting 

point is no longer attained at its base. At this point, the glacier would 

shift from a warm to a cold based glacier. A change towards a cooler 

climate would also make this scenario a reality. In order to examine 

the other loss rate possibility, I will also look at the loss rate versus the 

aforementioned fill rates in order to come up with a steady state solu

tion incorporating both an input and output in the system. Both sce

narios are examined in the following pages. 

This work follows from a study done by Moore et al. (1995), that 

incorporates many of the same factors as in my glacial model. Moore 

et al. (1995) make a number of simplifying assumptions that I adopt 

in order to fine tune my water loss and transport model. Their num

bers include a surface temperature of between 190 K and 260 K. This 

is a plausible range of values for the Hellas latitudes under conditions 

ranging from those approximating the present to those substantially 

warmer. The derived numbers take the temperature into account. We 

also assume that the winds that travel across the water/ice surface 

have a relative humidity of 0%. This air is then saturated over the lake 

and transports the water up onto the glacier (see Figure 1). The de

rived values assume an average sustained wind velocity on the order 
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of 10 m/s (22 mph). The albedo is less well constrained. Hence, the 

calculations are plotted against a variable albedo for the lake. The pro-

glacial lake fills via the subglacial melt rate outlined previously. 

The lake itself, under the conditions outlined above, will freeze 

up before it is lost to the atmosphere, except in the case of it having an 

albedo of 0.3. In this case the lake will be lost in substantially less time 

that it takes to freeze it through. This scenario, of course, assumes no 

glacial melt or other type of input. The most likely scenario (albedo = 

0.4) has the lake freezing in 148,500 years, and being totally lost in 

262,500 years. This result is much more likely than higher albedos 

because the ice will surely become more covered with dust (giving it 

a lower albedo) over this period of time. The rest of the results follow 

in Table 5. 

There is also the possibility that the lake might have been re

plenished over time via subglacial melt. If this were the case, the life

time of the lake would be extended. Table 6 outlines the loss rate in 

km^/yr of lake water/ice over time. This follows from the values in 

Table 5, and for the range of lake volumes (1.2E5 to 7.2E5 km^). I 

have then allowed for the glacial melt to offset the loss of water/ice. 

Table 7 shows the new lake lifetimes. The data are expressed with 

geothermal heat flow (controls subglacial melt rate) plotted against the 

range of possible albedos (controls loss rate). These values are inde

pendent of lake and glacier size as they both are related linearly via a 

relation described earlier. As expected, the lake lifetimes increase, 

though in some cases by very little. These time frames represent the 
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longest lifetime of the proglacial lake. They range from 128,300 years 

for a low heat flow and the most absorption of solar energy (low albe

do), to essentially no loss of the lake over time due to melt rate over

coming the loss rate. This continual growth scenario is ruled out 

because we have geomorphically defined lake boundaries. However, 

in the longest possible scenario outlined here the lake lasts for 63 mil

lion years. Other evidence of time scales outlined previously leads me 

to believe that this number is unrealistic as well. The other results ex

pressed in Table 5 do represent significant and plausible time frames 

for lake existence via this mass balance analysis, and will be incorpo

rated into my conclusions. 
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Table 5 Lake Freeze-up Times and Lifetimes with depth of 1.2 km. 

Albedo Freeze-up (kvr) Lifetime (kvr) 

0.3 312.8 114.6 

0.4 148.5 262.5 

0.5 96.5 652.5 

0.6 69.5 1935 

Table 6 Loss rate of Water/Ice (km ^/yr) 

Lake Volume (km 3) 
Albedo 1.2E5 2.4E5 3.6E5 4.8E5 6.0E5 7.2E5 

0.3 1.05 2.09 3.14 4.19 5.24 6.42 

0.4 0.46 0.91 1.37 1.83 2.29 2.74 

0.5 0.18 0.37 0.55 0.74 0.92 1.10 

0.6 0.06 0.12 0.19 0.25 0.31 0.37 

Table 7 Loss of Lake (all sizes) with Glacial Melt (kyr) 

Heat Flux (mW/m^) 
Albedo 32 40 52 62 72 

0.3 128.3 132.3 138.7 144.6 150.9 

0.4 347.8 378.5 436.4 500.0 585.4 

0.5 1,667 2,733 63,158 xxx xxx 

0.6 xxx xxx xxx xxx xxx 

xxx- Indicates that the melt rate is greater than the loss rate, therefore 
the lake will not evaporate/sublimate over time. 
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A glacier, whether it is frozen to its bed or sliding from basal 

melt, erodes the underlying rock bed due to the tremendous pressures 

exerted by the overlying ice. This erosion is by no means constant 

over time and space, and is dependent on a number of poorly con

strained factors. In addition to the nature of basal contact (frozen or 

wet), the rate of glacial scouring or erosion also depends on velocity, 

rock type and strength, and overlying load as significant variables 

(Paterson, 1995). These variables in turn are governed by others that 

include slope, ice composition, and gravity. It is certainly no surprise 

then, that the rate of glacial erosion is poorly constrained. 

Using the Earth as an analog gives us the best opportunity to de

fine reasonable values. Though it is impossible to predict these values 

from first principles, a variety of Earth glaciers can give us a good 

range of erosion rates for Mars. The Hellas glacier is comparable in 

thickness to many of the sampled Earth ice sheets and glaciers. The 

underlying slope is also on the same order. The most significant devi

ation lies with the weight or load of the overlying ice. Here martian 

gravity is a substantial factor. The surface gravity on Mars is about 

40% that of the Earth. Rates of between 1 to 5 mm/yr provide a rea

sonable range on the Earth (Embleton, 1975). This translates into be

tween 1000 and 5000 m^/yr of eroded material per km^ of ice. The 

lower surface gravity on Mars leads to a lower erosion rate by a mul

tiplier of 0.4. Therefore, the rate of erosion on Mars is between 400 
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and 2000 m^/yr of eroded material per km^ of ice. I will adopt these 

values for Mars as an Earth analog. 

In order to translate these erosion rates into useful time scales, 

we must have some sense as to the depth of erosion for the Hellas gla

cier. Craters, or the lack thereof, can provide us with that depth of ero

sion scale. Following work by Kargel (1991), it was noted that there is 

a great deficiency of 1-2 km craters in the Hellas region, with an ap

parent smaller but distinguishable deficiency in the 2-4 km width 

range. These craters were presumably erased via glacial erosion. 

For the following work, I have assumed a simple crater morphol

ogy as is the norm with impacts of this size. These craters have a depth 

(d) to diameter (D) ratio of 1:6, as well as a simple parabolic shape 

(Carr et al., 1984). For a 2 km wide crater, I have assumed it would be 

virtually invisible with currently resolved images if it were eroded 

down to 0.75 km in diameter. Assuming an (x^) parabola fit, this im

plies that the crater would be eroded to 0.14(d) (this is about 0.05 km, 

the resolution limit of Viking images), thereby removing 0.86(d) of 

material. In order to determine a reasonable range for the depth of 

erosion I have taken a 1.5 km crater and a 4 km crater as my lower 

and upper diameter limits. This corresponds to a depth of erosion be

tween 215 and 575 meters. Assuming that the lower value is twice as 

likely as the upper I take an average depth of erosion as 335 meters. 

The time frame for eroding this amount of material is dependent 

solely on the assumed erosion rate in this model. The data for these 

calculations follows in Table 8. I conclude from these values that a 
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time of 280 ky for glacial erosion is most likely, based on a 335 meter 

depth of erosion and a rate of 1.2 mm/yr (mean value on the Earth 

[3.0] applied to Mars). This erosion also produces a large amount of 

sediment that is removed from the scoured surface. Table 9 provides 

these values based on the size of the Hellas glacier and the depth of 

erosion. Assuming the most probable values of 335 meters of erosion 

and 1.86E6 km2 for the size of the glacier (a value invoked earlier as 

the most likely size), I estimate 6.20E5 km^ of material was scoured 

from the surface and deposited in the proglacial lake and surrounding 

areas. This volume represents an amount on the same order as the 

proposed volume of the lake itself, leading me to surmise that the lake 

may have been substantially deeper or larger than the current geo-

morphic interpretation suggests, before it was partially filled with gla

cial till. The time frame of erosion (280 ky) will be invoked later in 

this work. 

Table 8 Erosion Time Frame 

(Depth of Erosion) 
Rate fmm/vr) 215 m. 335 m. 455 m. 575m 

0.4 538 ky 838 ky 1138 ky 1438 ky 

0.8 268 ky 420 ky 570 ky 720 ky 

1.2 180 ky 280 ky 380 ky 480 1Q^ 

1.6 135 ky 210 ky 285 ky 360 ky 

2.0 108 ky 168 228 ky 288 ky 
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Table 9 Volume of Glacial Till (km?) 

Size of Hellas Glacier (km?) 
Deoth Erosion (m) 3.7E5 7.4E5 1.11E6 1.48E6 1.85E6 2.22E6 

215 7.96E4 1.59E5 2.39E5 3.18E5 3.98E5 4.77E5 

335 1.24E5 2.48E5 3.72E5 4.96E5 6.20E5 7.44E5 

455 1.68E5 3.37E5 5.05E5 6.73E5 8.42E5 1.01E6 

575 2.13E5 4.26E5 6.38E5 8.51E5 1.06E6 1.28E6 
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V. PHYSICAL PROPERTIES OF THE GLACIER 

A. Precipitation and the Density of Glacial Ice 

Precipitation on the surface in the form of snow makes the tran

sition to ice by means of a fairly well understood process. This process 

is outlined here in order that the reader might better understand the 

transition. The process is a function of temperature, pressure, and 

time. All of these variables played a role in building the Hellas glacier 

on Mars. 

The accretion of a glacier begins with the deposition of snow and 

a year round net positive contribution. The new snow has a very low 

density of 0.05-0.07 g/cm^ (Ritter, 1986). "In the initial phase, the 

delicate crystalline flakes are preferentially melted, resulting in a 

more spherical particle shape and tighter packing due to the settling 

of grains" (Ritter, 1986, p. 337). This process of packing the grains clos

er together leads to higher densities for this intermediate material. 

The process is accelerated in one of two ways. Temperatures at or 

above the freezing point will melt the snow causing it to diffuse into 

the snow pack and fiU more of the spaces. This process involving tem

peratures above freezing is unlikely in the Hellas scenario. However, 

the pace of the process is also augmented by increased pressure from 

above as the snowpack grows in thickness. In colder regions, this pro

cess of densification may take many years. When the material has a 

density of 0.4-0.8 g/cm^ it is considered to be firn (Ritter, 1986). 

The time it takes to make the final transition to glacial ice is also 
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highly variable. It is contingent upon both temperature and overlying 

pressure. In drier, colder conditions like those proposed for the Hellas 

region, this last stage of conversion may take on the order of several 

hundred years (Ritter, 1986). "The mechanics involved in transform

ing fim to ice produces enlarged grains (in some cases up to 10 cm 

long) by recrystallization. When densities are low and porosities high, 

most of the stress exerted by the accumulating load is in the form of 

vertical compression. With increased density, however, the stress pat

tern is hydrostatic and crystal growth occurs in any and all directions" 

(Ritter, 1986, p. 337). Eventually even the trapped air bubbles are 

squeezed into the crystal lattice, making the ice clear blue and giving 

it an average density of 0.917 g/cm3 (Paterson, 1995). If one were to 

core glacial ice and leave it out under normal atmospheric conditions 

for an extended period of time, then the trapped atmospheric gas bub

bles would expand and come out of the lattice. In this way, research

ers can sample ancient atmospheric conditions via trapped 

atmospheric samples. Regardless, this is the process that takes place 

when freshly fallen snow is turned into glacial ice, whether it be in 

Alaska, Antarctica, or the Hellas basin on Mars. 
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There is a relationship that holds close to the surface of a solid 

body that relates depth to pressure in a uniform gravitational field and 

with a material composition having a uniform density. Ice on the sur

face of Mars fits these constraining parameters and thereby allows us 

to calculate the pressure versus depth relationship, specific to Mars. 

The relation defines pressure as density(rho)*gravitational accelera-

tion(g)*height(h) of material above that point, as follows: 

P= pgh[l] 

This relationship is particularly useful when calculating the av

erage pressure at the base of a glacier. For purposes of simplification, 

I will assume a constant density of ice throughout. Though the upper 

few meters may be less dense because snow there has not made the 

transition to fim and then to ice, that upper layer is an insignificant 

fraction of the glacier's kilometer-plus thickness. In addition, I con

sider it a possibility that these glaciers may have been partially com

posed of CO2 ice as weU as water ice because of the relative abundance 

of CO2 in the martian atmosphere. The density difference of this ma

terial, as well as the proportion of it relative to water ice, is not con

sidered in depth due to a lack of data regarding the material. 

I will invoke a density of 917 kg/m ^ for the glacial ice (Paterson, 

1995). The surface gravity of Mars is 3.72 m/s2 as opposed to 9.81 m/ 

s2 on the Earth. Using a height measured in meters along with these 
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numbers given above, gives us a pressure in Pascals (Pa). There are 

L0E5 Pa in one bar. This conversion will be useful in the future as a 

standard that is applied in phase diagrams. One atmosphere of pres

sure (1 bar) for glacial ice on the Earth is achieved at a depth of H.l 

meters. Mars requires a depth of 29.3 meters due to the lower surface 

gravity. 
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When examining the melting point of different solids, it imme

diately becomes apparent that each solid's melting point varies with 

changing pressure. In addition, the differences themselves vary from 

solid to solid. Water and 002 ice are no exception to this rule. Each 

behaves according to their chemical structure. This behavior is effec

tively illustrated in the respective phase diagrams of water and carbon 

dioxide (see Figures 7 and 9). These diagrams plot pressure versus 

temperature in a two dimensional phase space. The melting point un

der a given pressure is referred to as the pressure melting point or 

PMP. 

In the case of water, its melting point is 273.15 K under 1 bar of 

pressure. This melting point changes depending on the pressure. The 

solid phase exists all the way down to the triple point of water which 

is 273.16 K and .00603 bars of pressure (Ebbing, 1990). From this 

point on, the melting point of water decreases with increasing pres

sure. Using the slope of the line between the liquid and solid phase, 

and factoring in the pressure versus depth of ice relation explained 

earlier; it becomes relatively easy to set up a pressure melting point 

versus depth of ice relationship for martian conditions. In this case, 

the melting point of water (273.15 K) decreases 0.343 K/km (see Fig

ure 8) This number is derived from the data given above and in Figure 

7. It is extremely useful when used in conjunction with the modeled 

ice thickness and the geothermal gradient to determine the tempera
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ture at the surface of the ice. This is based on the assumption that the 

ice is at the PMP at its base. 

The role and melt properties of CQz ice could also play a major 

role in modeling Hellas glaciation. Solid carbon dioxide is distinctly 

different from water ice in many respects. First of all, it is not stable 

in liquid form under current martian conditions. The triple point of 

carbon dioxide is 216 K and 5.1 bars of pressure as illustrated in Figure 

9 (Ebbing, 1990). This theoretically means that it would require at 

least 150 meters of ice above a given level in the ice to allow liquid 

CO 2 to exist under the appropriate temperature conditions. This con

straint should not be a problem as the hypothetical glacier is much 

thicker than this minimum. In addition, very little is known about the 

physical properties of liquid carbon dioxide in any environment. Solid 

carbon dioxide also differs from water ice in that its melting point tem

perature increases with pressure above the triple point. In fact, the 

slope of the transition line on the phase diagram is much steeper than 

the one for water. Under martian conditions, the PMP of carbon diox

ide ice increases by 5.36 K/km below the requisite 150 meters of ice 

(see Figure 10). Like the H2O data, this relation is important for de

termining temperature-melt connections. It should be noted, howev

er, that though I am exploring the temperature gradient role of carbon 

dioxide ice, there is very little else in the way of modeling its effects 

that is currently possible. I offer this discussion in order to explain my 

train of thought in the most thorough way possible. Perhaps future 

work on carbon dioxide ice will lead to new insights regarding its pos-
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sible effects on the Hellas glacier. 
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Figure 7: Phase Diagram of Water (adapted from Ebbing, 1990, 

p. 412) 
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Figure 8: PMP vs. Depth of ice for Mars 
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Figure 9: Phase Diagram of Carbon Dioxide (adapted from Ebb

ing, 1990, p. 414) 
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Figure 10: PMP vs. Depth of ice for Mars 
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VI. MODELLING THE HELLAS GLACIER 

A. Glacial Geomorphology, the Esker Evidence 

There is substantial geomorphic evidence to suggest that some 

process or suite of processes smodified the Hellas and Argyre impact 

basins on Mars. Due to the similarity of many of these features in both 

regions as well as others, including the northern plains, Arsia Mons, 

Dorsa Argentea, and the poles, it has been suggested that the processes 

that took place in one region may have been present in the others. I 

have chosen to focus on one land form in particular, that is common to 

most of these regions, the sinuous ridges. Before endeavoring to look 

at each possible geomorphic interpretation and Earth analog for these 

features, I hope to outline the clear geomorphic evidence. 

One important part of the geomorphic puzzle that must be exam

ined is the actual scale and planimetric pattern that the proposed es

ker features exhibit. In order to make this analysis possible I have 

processed five Viking images in particular. Each of these images is 

centered on the Argyre region and taken at high resolution. It will 

first be necessary to outline the procedure for processing these images, 

before taking part in an exercise in comparative planetology. 

Two of the representative images that will be examined are Vi

king orbiter high resolution images 567B30 and 567B33. Though both 

of these images were taken on the same orbit in similar areas, they 

both have image specific data that is all important when calibrating 

and measuring the features exhibited therein. 

Image 567B30 is centered on latitude 55.8°S, longitude 42.5°. 
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The image resolution is 0.051 km/pixel. The sun angle is +84.2° mea

sured with the right of the image being 0°. The incidence angle of the 

sun is +77.39°. This angle is measured positive from the vertical. 

These last three values play a major role in determining the scale of 

the glacial features. 

Image 567B33 is centered on latitude 54.9°S, longitude 40.8°. 

The image resolution is 0.051 km/pixel, with a sun angle of +83.2°. The 

solar incidence angle is +76.34°. 

All five of the images have large sinuous ridges that appear on 

the landscape as inverted topography (see Figure 11). They are be

lieved to be glacial eskers. It is useful to map these geologic features. 

After processing the images to enhance the contrast and highlight the 

desired features, it is possible to map the patterns on the surface. It 

is also possible to determine the height of these features at any given 

point using an analysis of their shadows. Fortunately, these images 

were taken when the sun was relatively low in the sIq^. This produces 

long shadows that actually serve to increase the topographical resolu

tion of these images. The normal pixel resolution is on the order of 50 

meters. However, at the solar incident angles described above, a fea

ture that is only on the order of 10 meters high will make a shadow 

that is 50 meters long. In this way, we can ideally resolve the ridge 

heights to within 10 meters. This enhanced resolution is a simple and 

very useful consequence of the physics of light. 

The sinuous ridge features themselves are seen on a number of 

Viking images. I have chosen to focus on their expression in the Ar-

gyre region as a representative group. I have processed, enhanced. 



60 

measured, and analyzed these features in images 567B30, B31, B32, 

B33, B35 (see Figure 11). I have also outlined the planimetric patterns 

of these features as shown in Figures 12 through 17. The planform ex

pression of these positive relief features is very distinct. In general, 

they are sinuous and meandering when seen from above. The scale is 

extreme when compared to the Earth. These features hundreds of ki

lometers in length. They vary in width up to perhaps 100 meters, and 

their height above local ground level can vary from the limit of vertical 

resolution of about 10 meters, to greater than 200 meters in my study. 

It is clear that these are features at the large end of the scale relative 

to their Earth counterparts. 

Their planform pattern varies as well. In addition to being me

andering, they are also expressed in anastomosing form. Image 

567B30 is an example of this form. The difference between this braid

ed form, and that found on a sediment laden flood plain, is that these 

crisscrossing streams are separated by distances on the order of a ki

lometer, not a meter. Perhaps the most important and striking piece 

of evidence provided by the planforms of these ridges is the existence 

of "V" and "Y" junctions found in close (as little as 3-5 km) proximity 

and opening in opposite directions. The ramifications of this will be 

discussed later in this section. There is evidence for this occurring in 

images 567B30 and 567B32. 

The existence of a double ridged structure should also be docu

mented here. In images 567B31 and B35, there is a pronounced dou

ble ridge structure that makes the ridge close to 0.5 kilometers across. 

The implications and possible formation processes for this type of fea
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ture will be discussed later in this section. The remaining ridges ap

pear rounded or flattened at the top. Also, there are very few parallel 

linear features seen. For the most part, these features appear to exist 

on their own to the limit of the resolution. 

I have also studied the topographic expression of the sinuous 

ridges using a shadow length image analysis technique. My examina

tion looked at one representative ridge in particular from image 

567B30. I measured the height at nine points as outlined in Figure 

17, and then plotted them against length at a scale of 20X vertical ex

aggeration (Figure 18). It should be noted that it is possible that the 

estimates of the esker height I have found are too high. This would be 

the case if the eskers had photometric slopes, thereby making the 

shadow appear longer than it should. Even taking this into consider

ation, what I have found is an undulating crest line with no discernible 

pattern. Incidentally, this is not uncommon for esker type features. I 

will expand on this later in the discussion. 

There are a number of possible explanations that may account 

for the formation of sinuous ridges on Mars, and in particular in the 

Argyre region. It has been suggested that these land forms, examined 

in comparison with terrestrial analogs, may be (1) unusual lava flow 

features (Tanaka and Scott, 1987), (2) clastic dikes, (3) inverted topog

raphy, (4) linear dunes (Ruff and Greeley, 1990), (5) or eskers 

(Howard, 1981). Each of these possibilities will be examined in light of 

the geomorphic evidence found in the Argyre images and reported 

earlier in this section. 

This region was originally mapped by Tanaka and Scott as a un
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usual lava flow feature. "Known ridge forming features associated 

with lava flows include, among others, basaltic pressure ridges, wrin

kle ridges, and flow lobes. However, none of these have morphologies 

which can explain the forms seen in the martian sinuous ridges" (Ruff 

and Greeley, 1990, p. 1047). They come to the conclusion that this is a 

lava flow feature that is not observed or explained on the Earth. This 

leads me to maintain that this interpretation is highly unlikely. In ad

dition, the region in question does not appear to have any other fea

tures in close proximity that are usually associated with lava flows. 

High resolution imagery from the Mars Surveyor could lead to the dis

counting of this scenario if the sinuous ridges are shown to contain 

boulders (Kargel, 1993). 

It has also been suggested that these features may represent the 

differential erosion of clastic dikes (Ruff and Greeley, 1990). That fea

ture is the result of material invading a crack within a host rock and 

then becoming cemented. Ruff and Greeley reported that these fea

tures could be between 2 cm and 10 m thick and 1 m to 15 km long as 

observed on the Earth. The martian sinuous ridges are at least an or

der of magnitude greater in scale in both of these dimensions. In ad

dition, they require an as yet unidentified set of differential eroding 

processes to produce such a feature. This argument leads me to the 

conclusion that this interpretation is highly unlikely. 

Inverted topography has also been suggested as a possible geo-

morphic interpretation. This theory calls for a fluvial origin that would 

adequately account for the meandering, dendritic, and braided mor

phology of the ridges. It then follows that the river would have in 
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some way cemented the underlying material before drying up for oth

er reasons. Subsequent differential erosion is then invoked to change 

these features from negative to positive relief relative to the sur

rounding landscape. Though no such features of this scale and mor

phology exist on the Earth, it is not inconceivable that martian 

erosional conditions may have produced a unique land form (Ruff and 

Greeley, 1990). One real problem lies in the observed morphology de

scribed earlier. Many of the ridges in both the Argyre and Dorsa Ar-

gentea regions have "V"'s that open in opposing directions in close 

proximity to one another (Ruff and Greeley, 1990). This morphology is 

inconsistent with overland fluvial flow. All of the "V"'s should open in 

the upstream direction. This fact would seem to virtually rule out this 

interpretation for the sinuous ridges. 

It should also be noted that for this fluvial and erosional inter

pretation to hold true, then climatic conditions on Mars would have to 

have been very wet and warm. These Earth-like conditions would 

have had to persist for enough time to form the rivers, allow them to 

deposit a great deal of material on their bed, dry up, then differentially 

erode the landscape with more than wind. These pluvial conditions 

are not required in the glacial scenario. In fact, if Mars was that warm 

and wet for that long, then the craters in the highlands would have 

been eroded away leaving many more indicators of these drastically 

different climatic conditions. The geomorphic evidence does not sup

port this conclusion. 

A very compelling argument can be made that these features 

may be linear or longitudinal dunes. Like dunes, they appear to exist 
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at the angle of repose of the material they are constructed from. At 

first glance, it would appear that there would be plenty of sand type 

material on Mars to lead to the formation of these features. There are 

dunes observed on many regions of Mars (Greeley and Iversen, 1985). 

The observed scale of length, width, and height is consistent with the 

range of observed terrestrial analogs (Greeley and Iversen, 1985; Hit

ter, 1986). In fact, these sand ridges are so long on Mars that they must 

be classified as draas which are the larger expression of dunes on Earth 

(Tsoar, 1982; Ritter, 1986; Greeley and Iversen, 1985). The other type 

of longitudinal draa is the seif draa. However, its morphology is more 

that of a crescentic repeating chain that is inconsistent with the mar-

tian sinuous ridges (Tsoar, 1982; Ritter, 1986). A linear draa is roughly 

defined as having two sUp faces persisting at the angle of repose and 

forming a symmetrical ridge. It can be sinuous and meandering at 

times, and runs virtually parallel to the prevailing winds (Bagnold, 

1971). They are observed to have undulating topographic profiles in 

positive relief. Their spacing is roughly two times the mean width in 

open, unrestricted areas, and they have larger spacing when observed 

with hills and others restrictions surrounding them (Greeley and 

Iversen, 1985; Bagnold. 1971). Dunes and draas can also shift their po

sition substantially on a time scale of a year or less. We would then 

expect these sinuous ridges to display similar tendencies even at 

coarse resolution. With impending missions to Mars, this possible lit

mus test should be easily applied over the twenty plus year time 

frame. If these features have noticeably shifted, it would be strong 

evidence in support of the dune hypothesis. 
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Dunes exist in large groups or "fields". They tend to have sharper 

crests in general, and are only more rounded with the addition of a sta

bilizing component such as a vegetative cover (Ritter, 1986; Greeley 

and Iversen; 1985). They are not observed to have a double ridged 

structure as is apparently observed on Mars. In addition, the sinuous 

ridges in Argyre in particular do not exist in groups, but rather in a 

single, very long ridge feature. There are portions of the Dorsa Ar-

gentea region that could be liberally interpreted as dune fields, but 

there is another problem. On Mars we see "Y" junctions associated with 

the sinuous ridges. Some longitudinal dunes and draas on Earth are 

observed to have "Y" junctions opening in the upwind direction (Gree

ley and Iversen, 1985). The incongruity exists in that the "Y"'s in the 

martian ridges open in opposite directions on a scale as small as a few 

kilometers. It would be difficult, if not impossible, to have prevailing 

winds strong enough to create these very large features pointing in op

posite directions on such a small scale. This fact, along with the other 

problems described earlier, serves to weaken the dune hypothesis. It 

is not inconceivable, but it is highly unlikely. 

The last possibility is that these sinuous ridges are of glacial 

origin (Kargel and Strom, 1991; Ruff and Greeley, 1990). There is a 

very logical argument to be made that these features are eskers, the 

remnants of melt water streams that exist on, in, or below a "dead" or 

receding glacier (Nye, 1976; Shaw and Gilbert, 1990). In order for the 

feature to be preserved, these features must be the result of the melt 

water from a glacier that is no longer advancing along its bed, but 

melting back. The stream may exist in a crack on the surface (suprag-
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lacial), a tunnel through the glacier (englacial), or a stream beneath the 

glacier (subglacial). The former scenario is the least likely to be pre

served as the glacier melts, and often has very little sediment to carry 

with it (Price, 1973; Embleton and King, 1975). The englacial scenario 

meets with many of the same problems. The most likely possibility to 

explain martian sinuous ridges is one that incorporates a subglacial 

melt stream that transports both melt water and sediment from be

neath a warm based glacier. Over time, sediment builds up in these 

subglacial tunnels. The form of the tunnel can take many shapes as 

seen in Figure 19. Each tunnel's morphology, as well as whether or not 

the bed sediments are overlying any ice core, can go a long way to

wards determining the subsequent shape of the esker after the sur

rounding glacier melts. 

As more and more sediment is transported via this subglacial 

tunnel, till begins to accumulate and raise the bed. The speed and 

pressure under which the flow takes place determines in part what 

form of sediment rains out to the bed. For the most part, eskers are 

made of stratified sand and gravel, with some cobbles and silt depend

ing on the circumstances (Price, 1973; Embleton and King, 1975; Ritter, 

1986). The flow is generally downslope, parallel to the direction of the 

glacial flow; the flow can, however, move uphill under hydrostatic 

pressure (Embleton and King, 1975). This situation, for instance, would 

lead to much less deposition in this area and cause the subsequent land 

form to be lower at this point. For this reason as well as others touched 

on later, eskers rarely have a smooth topographic expression, but rath

er an undulating and unpredictable one instead. 
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Eventually the ice tunnel melts, leaving behind a stream bed that 

is raised above the surrounding base level. This is what makes eskers 

a positive relief feature. As the walls of the tunnel melt, this leads to 

slumping and mass wasting of the material. This can lead to further 

topographic unevenness. The side slope will often slump to the angle 

of repose for the substance, usually between 30 and 35 degrees (Em-

bleton and BCing, 1975). The surface of the esker is made of unstratified 

till and can have a crest that is sharp or rounded depending on the 

width as well as the melt process (Embleton and King, 1975). The tun

nel morphology and/or the existence of sub-sediment ice can lead to a 

double ridged structure as shown in Figure 19. After deposition, fresh 

eskers are then shaped by many additional processes such as wind, 

rain, and slope instability. 

In planform, terrestrial eskers exhibit meandering, sinuous, 

dendritic, braided, and complex patterns (Price, 1973 Embleton and 

King, 1975). In addition, they can exhibit "V" junctions that open 

downstream, in direct contradiction to fluvial drainage patterns (Price, 

1973). They are uneven in crest height and demonstrate widely vary

ing heights anywhere from a few cm to 200 m high (Price, 1973). They 

are from 25 cm to 6 km wide and up to 400 km long with small breaks 

(Price, 1973). These features occupy a tremendous range of scales on 

the Earth. They are also often associated with other glacial assemblag

es such as drumlins, moraines, and kettles (Shaw, 1983; Price, 1973; 

Embleton and BCing, 1975; Ritter, 1986). 

There is also another compelling interpretive method that iden

tifies these features as eskers, rather than another interpretation such 
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as linear dunes. Kargel (1993) looked carefully at the sinuosity of the 

ridges. In particular, he measured and plotted the meander wave

length versus meander amplitude. The results showed that the mar-

tian sinuous ridges plotted in a region that was distincdy different 

from terrestrial linear dunes and coincident with terrestrial eskers. 

This is a strong quantitative argument in favor of the esker hypothesis 

over that of the linear dunes. 

The martian sinuous ridges appear to conform very well to the 

limit imposed by terrestrial eskers. They are similar in planform, with 

meandering and braided patterns. The "V" and "Y" junction morphol

ogy is also seen in terrestrial analogs, with close proximity "V" junction 

direction changes possible due to ice blocking the tunnel or a change 

in glacial flow direction (Embleton and King, 1975).The scale of mar

tian ridges is at the upper limit, but still within the range of terrestrial 

values. The shape and width of observed martian features can be seen 

on the Earth as well, including the double ridged structure. This struc

ture is a collapse feature that comes about as a result of the ice core 

melting. The large heights of the ridges are also within the acceptable 

terrestrial scale range, and the undulating nature of their topographic 

expression is comparable as well. Earth esker profiles (Figure 20) ex

hibit the same structure and morphology as the martian analogs in Fig

ure 18. The absence of closely associated drumlins is problematic, 

however, their development process is not clearly understood. In ad

dition, drumlins do not appear in conjunction with all terrestrial es

kers, and they may be present, but beyond the resolution of the Viking 

images. There are other features including moraines that do appear to 
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be associated with these eskers. One example of proposed moraine 

features is in the Arsia Mons region. They will be explored in the next 

section. 

Overall, it appears that martian sinuous ridges compare favor

ably with terrestrial esker analogs in scale, morphology, planimetric 

pattern, and association with other glacial features, thereby making 

the esker interpretation the prime candidate for their origin and evo

lution. If there were ever glaciers on Mars, we would definitely expect 

to see eskers associated with them. 

It will take more high resolution imagery to carry this argument 

any further. Even low resolution data provided by the Mars Surveyor 

spacecraft could provide a timeline to verify the stability and any sub

sequent evolution of these features. In addition, spectral and thermal 

inertia data at fine enough resolution, will give us further evidence as 

to the composition and average grain size of these features. Ultimate

ly, it will take ground truth to unambiguously identify the origin of 

these features. 

In a recent paper, Tanaka and Leonard (1995), they maintain 

that the sinuous ridges in the Hellas region are more likely to be eolian 

in origin. They also maintain a much earlier age (early Hesperian) for 

the deposition of large amounts of material in the Hellas basin. My 

response to this is two-fold. Though the Argyre ridges are not identi

cal to the Hellas and Dorsa Argentea landforms, they are similar in 

morphology and extent, as well as being in association with other gla

cial features mentioned earlier. I maintain that the Argyre ridges are 

of the same origin as the Hellas region. In this case, the arguments I 
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have applied against eolian features (dunes) earlier in the text can be 

applied to Hellas as well. The work by Kargel in particular strongly ar

gues against an eolian interpretation. 

The second question regarding the age of the surface would, at 

first glance, appear problematic. However, that is not the case. Scott 

and Leonard (1995, Hesperian) and Strom et al., (1992, Amazonian) 

used distinctly different crater counting techniques. Consequently, 

their interpretations are not directly at odds with each other. Scott 

and Leonard have dated the entire Hellas basin in large segments in

cluding craters that have been modified and eroded, large and small. 

That surface is older, no doubt. 

Strom et al., on the other hand, have endeavored to date just the 

glacially modified regions and features. Their technique looked at just 

the small craters (<3 km) that are fresh and thereby can be used to ac

curately date the modification of the material deposited in the Hellas 

basin during the Hesperian. These smaller and more localized regions 

have definitively revealed a younger, Amazonian age. This is consis

tent; just as, if we dated the whole Canadian shield on Earth, it would 

be classified as some of the oldest rock on the planet. However, the 

multiple glaciations that modified regions of it are very young (Pleis

tocene). 



Rgure 11: Fi\̂  Viking images with sinuous ridges images 
from upper left: 567B30. sS7B33. 567B31, S67B32.167K5 
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Figure 12: Planimetric ridge pattern, image 567B30 
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Figure 13: Planimetric ridge pattern, image 567B31 
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Figure 14: Planimetric ridge pattern, image 567B32 
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567B33 
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Figure 15: Planimetric ridge pattern, image 567B33 
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Figure 16: Planimetric ridge pattern, image 567B35 
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Figure 17: Image 567B30, planimetric positions of height 
measurements 
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Esker Profile (Image 567B30) 
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Figure 18: Mars esker profile (20X vertical exaggeration) 



Figure 19: Sub glacial tunnel shapes and resultant esker 
(adapted from Price, 1973, p. 141,150) 
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Figure 20: Selected profiles of eskers on Earth (Price, 1973, p. 
149, p. 159) 



VI.B.Moraine Evidence 
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There is ample evidence for another distinctive glacial feature 

on Mars, recessional moraines. These features are mapped for Hellas 

(Figure 2), and identified in other regions as well. Their best geomor-

phic expression comes near Arsia Mons, at 6°S latitude, 125"W longi

tude. Located approximately 400 km from the crater rim of the Arsia 

Mons volcano, there is a region of striated ridged terrain. This regu

larly spaced and continuous set of ridge systems has been interpreted 

as recessional moraines (large piles of glacial till) deposited by a re

treating ice cap (Lucchitta, 1981). The ice cap may have derived its 

water via exhalation from the nearby volcano (Hodges and Moore, 

1979). Perhaps the ice cap extended off of the volcano, powered by its 

higher heat flow. 

The only other widely held interpretation of these features is 

that they are faulted and folded ridges derived from a massive land

slide that originated on the flanks of Arsia Mons (Carr, et al, 1977). 

However, "the regularity of the spacing and the continuity of the ridges 

are remarkable and seem more compatible with a passive, deposition-

al origin as moraines than with an active, deformational origin. No 

scarp is apparent from which so large an amount of landslide material 

could have derived, and the highly regular pattern of ridges does not 

resemble the distorted terminal ridges characteristic of landslides." 

Hodges and Moore, p. 29, 1994) 

Like the Hellas region, the stratigraphic age of these features is 

Amazonian (Hodges and Moore, 1994). The overall topographic relief 
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of the region is on the order of 1-2 km over the full extent of the stri-

ations. 

I have processed and enhanced Viking image 042B35, and stud

ied the geomorphic expression of these features (Figure 21). The ridg

es appear to represent three distinct recessional episodes, filled in 

with smaUer moraines in between. The largest ridges are up to 275 m 

in height, with the average ridges being on the order of 70 m high. The 

spacing of the ridges is very regular at an average of about every 800 

meters. The spacing/height ratio is therefore about 11. The region ex

tends approximately 70 km. One striking feature worthy of note is 

centered around the 8 km wide crater in Figure 21. The striations ap

pear to traverse this crater's flanks without any discernible interrup

tion, clearly marking the time frame of emplacement of these features 

younger than the clearly young crater itself. This evidence would 

seem to advocate a young (late Amazonian?) glacial episode. 

There is a strikingly similar Earth analog to these feature first 

identified by Williams (1978) in Iceland. With the notable exception 

of scale, the Icelandic recessional moraine field has very similar mor

phology. The ridges are on the order of 5 m high on average, with a 

median spacing of about 50 m. They are continuous and regular like 

the features found on Mars. The entire field is 700m in width. The 

morphology is the most compelling similarity. In addition, the spac

ing/height ratio is approximately 10, just like the martian features. 

This is perhaps related to the physics of the formation and deposition 

process. The scale of the martian features is about fifteen times as 

great, but this may be attributable to the sheer size of the martian ice 
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sheet. 

This Earth analog would seem to be compelling evidence that the 

martian features are indeed of glacial origin. This interpretation lends 

further support to the notion of glaciation on Mars. 



Figure 21: Image 042B35, Ridges Near Arsia Mons 



VI.C. Glacial Thickness Model 
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In order to accurately model and analyze the proposed glacier in 

the Hellas region on Mars, we must first get an idea as to the thickness 

of the ice sheet from the accumulation zone to the terminus. 

The standard model for an ice sheet includes a number of sim

plifying assumptions. Following work by Orowan (1949) and Paterson 

and Savage (1963), I wiU assume a perfectly plastic ice sheet. This as

sumption is in keeping with observed glacial profiles on Earth (Pater

son, 1995). The ice behaves in this manner predominantly in the high 

stress regimes that exist in large glaciers. It should be noted that the 

plastic interpretation is not entirely valid due to the presence of cre

vasses and other features indicating a brittle component. It is, how

ever, a good approximation that is consistent with Earth analogs. The 

glacier is assumed to have a parabolic shape. As shown in Figure 22, 

the maximum thickness of the glacier is (H), and its overall length is 

(L). The glacier base is defined as parallel to the x-axis, and the thick

ness of the ice at any given point down the length of the glacier is given 

as (h). The basal shear stress is given as (tau). The hydrostatic pres

sure of the overlying ice is equal to density(rho)*gravity (g)*H. The 

average hydrostatic pressure is half of this value because this is the 

maximum value and the minimum is approximated as zero. As de

fined by Paterson (1995), for equilibrium conditions the average pres

sure times the height of the glacier must balance the basal shear times 

the length of the glacier. Therefore, 
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0.5pg<H)2= T(L) [2]  

We now solve this equation for the maximum thickness of the ice 

sheet (H). We are also given that the equation for a perfectly plastic 

parabola is: 

Substituting the equation for (H) given above into Equation 2, 

and simplifying, we get the equation: 

Equation 4 applies for an ice sheet on flat ground, with the thick

ness purely determined by the internal plastic deformation of the ice. 

The Hellas glacier is subject to this set of physical parameters, howev

er, it is also on a slope. This slope makes the ice deform under another 

set of parameters. The physical effect of slope on ice was first quan

titatively described by Nye in 1952. He maintains that the basal shear 

is balanced by the component of the overlying hydrostatic pressure 

that acts parallel to the slope. Assuming a slope angle of (theta), the 

equilibrium relation is the following equation: 

0.5pg(h)2  =  ^(L-x)^]  

pgh(sine)= X[5] 
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In order to be able to relate the two above equations, I have 

multiplied both sides of the above equation by the factor (L-x). Rec

ognizing that both equations play a role in the thickness profile of a 

glacier on a slope, I have combined the last two equations to create an 

equation that takes both effects into account. Therefore, the overarch

ing relation to determine the thickness profile of the glacier is ex

pressed in Equation 6. 

0.5pg ( h ) 2  +  p g h ( s i n e ) (L-  x)=  2T ( L  -  x ) [6 ]  

In order to determine the thickness profile of any glacier on a 

slope, I have solved this equation for (h) in terms of distance from the 

start of the glacier (x), by using the quadratic formula. The results of 

the application of this formula to the Hellas region are presented in the 

following section (VI.D). 
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Figure 22 : Generalized Ice Sheet ProfQe 



VI.D. Profiles for the Hellas Glaciation 
89 

It is my goal to model idealized ice profiles in order to produce 

a first order approximation of the three dimensional size and shape of 

the glacier that once existed on the slopes of the Hellas basin. The for

mula for determining the glacial profile provides a measure of maxi

mum ice thickness. The profile is determined by assuming that the 

height and movement of the glacier is due solely to the internal defor

mation of the ice. Under these conditions, the derived thicknesses are 

the maximum thicknesses of the ice sheet, as if it were a cold based 

glacier and frozen to its base. In reality, the ice was probably thinner 

due to the warm based nature of the glacier, inferred from the geo-

morphological evidence, as described earlier. The melt at the glacier 

base would lower the friction of the ice-rock interface and cause the 

glacier to stretch, move, and thin out. The estimated thickness values, 

therefore, represent an upper limit to thickness, a constraining factor. 

These limiting values will be used later in this work to constrain the 

surface temperatures from the geothermal gradient. 

The first step in plotting multiple two-dimensional ice thickness 

profiles is to identify the transects that will be used. Based on dia

grams in a paper by Kargel et al. (1991), I chose seven representative 

transects in the Hellas regime, as shown in Figure 23. Each was then 

scaled, measured, and plotted along with the elevation data provided 

by the Viking orbiter. This allowed me to construct seven elevation 

profiles for the rock underlying the HeUas glacier. They are included 

in Figures 24a-24g. I then calculated both the overall length and av
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erage slope of each transect. I used both of these values in tandem 

with the profile equation derived earlier. Though the average slope 

does not provide a truly accurate meter by meter slope measure, it is 

accurate enough for this portion of the model. The precision of the 

model is limited by the error of the elevation measurements. These 

one kilometer contours are approximately (+/-) 1 km themselves. For 

this reason, and the fact that these profiles are meant only to provide 

an averaged view of the maximum thickness and extent of the ice, us

ing the average slope of each transect is an acceptable approximation. 

In order to calculate the ice thickness at a large number of points on 

the transect, I solved the equation for each point using a computer 

code written in the language of "C" and modified by me for this pur

pose (see Appendix A). It should be noted here that values for the ap

propriate constants are as follows: density (rho) is 917 kg/m?, gravity 

(g) is 3.72 m/s2, and the basal shear stress (tau) is 0.88E5 Pa (Pater-

son, 1995). The average slope for each transect was calculated using 

the overall elevation change (9000m) and the varying length of each 

transect. The results for each of the seven transects can be found in 

Table 10. The ice thickness varies for each transect as shown, but is 

maximized at a value of approximately 2.8 km, with the exception of 

transect 7 which gives thicknesses on the order of 3.4 km. I will use 

a figure of 2.8 km because it is closer to the average maximum of the 

other six transects. The profiles for the seven transects themselves, 

overlain with the appropriate thickness of ice, are shown in Figures 

24a-24g. These low spatial resolution diagrams are representative of 
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what the Hellas glacier may have looked like in profile, and are pre

sented at a vertical exaggeration of approximately one hundred times 

to bring out the subtle variations in shape and thickness. 
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Figure 23 : Transect Positions for the Hellas Glacier, 

gel and Strom, 1992. 
after Kar-
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Table 10 : Values for the Hellas Model Run 

Transect 1 

Length(m) Altitude(m) 
Ice 

Thickness 
(m) 

Total 
Height(m) 

0 4000 2455 6455 

73641 2900 2445 5345 

147282 2050 2435 4485 

220923 1925 2423 4348 

294564 1800 2410 4210 

368205 1675 2396 4071 

441846 1550 2380 3930 

515487 1425 2363 3788 

589128 1300 2343 3643 

662769 1175 2320 3495 

736410 500 2293 2793 

810051 -625 2262 1637 

883692 -1500 2225 725 

957333 -2275 2181 -94 

1030970 -2475 2126 -349 

1104620 -2675 2057 -618 

1178260 -3125 1966 -1159 

1251900 -3800 1839 -1961 

1325540 -4225 1647 -2578 

1399180 -4725 1299 -3426 

1436000 -4950 947 -4003 

1463000 -5000 0 -5000 
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Table 10 ; Values for the Hellas Model Run 

Transect 2 

Length (m) Altitude (m) 
Ice 

Thickness 
(m) 

Total Height 
(m) 

0 4000 1961 5961 

47900 3625 1956 5581 

95750 3225 1950 5175 

143600 2500 1944 / \ / \y \y \  

191500 1375 1937 3312 

239400 -200 1930 1730 

287250 -950 1922 972 

335100 -1175 1914 739 

383000 -1350 1904 554 

430875 -1500 1894 394 

478750 -1625 1882 257 

526625 -1775 1869 94 

574500 -1925 1854 -71 

622375 -2075 1836 -239 

670250 -2500 1817 -683 

718125 -2800 1793 -1007 

766000 -3225 1766 -1439 

813875 -3600 1733 -1867 

861750 -4050 1692 -2358 

909625 -4250 1640 -2610 

957500 -4400 1572 -2828 

1005400 -4575 1479 -3096 

1053250 -4725 1337 -3388 



Length (m) Altitude (m) 
Ice 

Thickness 
(m) 

Total Height 
(m) 

1101120 -4850 1089 -3761 

1149000 -5000 0 -5000 
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Table 10 : Values for the Hellas Model Run 

Transect 3 

Length (m) Altitude (m) 
Ice 

Thickness 
(m) 

Total Height 
(m) 

0 4000 1706 5706 

52210 2950 1701 4651 

104420 375 1695 2070 

156630 -1100 1689 589 

208840 -1275 1682 407 

261050 -1475 1674 199 

313260 -1725 1665 -60 

365475 -1850 1655 -195 

417685 -2025 1644 1 U)
 

00
 

469895 -2575 1630 -945 

522105 -3075 1614 -1461 

574316 -3525 1595 -1930 

626526 -4000 1572 -2428 

678737 -4150 1542 -2608 

730947 -4300 1504 -2796 

783158 -4450 1454 -2996 

835368 -4575 1381 -3194 

887579 -4725 1268 -3457 

939789 -4850 1057 -3793 

992000 -5000 0 -5000 
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Table 10 ; Values for the Hellas Model Run 

Transect 4 

Length (m) Altitude (m) 
Ice 

Thickness 
(m) 

Total Height 
(m) 

0 4000 1780 5780 

54578 1125 1775 2900 

109158 -800 1769 969 

163737 -1275 1762 487 

218316 -1675 1754 79 

272895 -2025 1746 -297 

327474 -2475 1736 -739 

382053 -2925 1725 -1200 

436632 -3250 1713 -1537 

491211 -3575 1698 -1877 

545789 -3800 1681 -2119 

600368 -4075 1660 -2415 

654947 -4175 1635 -2540 

709526 -4275 1604 -2671 

764105 -4375 1563 -2812 

818684 -4500 1509 -2991 

873263 -4625 1432 -3193 

927842 -4750 1313 -3437 

982421 -4875 1091 -3784 

1037000 -5000 0 -5000 
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Table 10 : Values for the Hellas Model Run 

Transect 5 

Length (m) Altitude(m) 
Ice 

Thickness 
(m) 

Total Height 
(m) 

0 4000 2256 6256 

111250 2375 2242 4617 

222500 1125 2225 3350 

333750 350 2206 2556 

445000 -900 2183 1283 

556250 -2025 2154 129 

667500 -2700 2118 -582 

778750 -3600 2071 -1529 

890000 -4025 2008 -2017 

1001250 -4275 1916 -2359 

1112500 -4525 1770 -2755 

1223750 -4775 1491 -3284 

1279380 -4887 1204 -3683 

1335000 -5000 0 -5000 
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Table 10 : Values for the Hellas Model Run 

Transect 6 

Length (m) Altitude (m) 
Ice 

Thickness 
(m) 

Total Height 
(m) 

0 4000 2840 6840 

122214 2475 2821 5296 

244429 1400 2800 4200 

366643 725 2777 3502 

488857 375 2750 3125 

6II071 -275 2718 2443 

733286 -1325 2680 1355 

855500 -2200 2633 433 

977714 -2925 2576 -349 

1099930 -4025 2503 -1522 

1222140 -4225 2407 -1818 

1344360 -4400 2272 -2128 

1466570 -4600 2066 -2534 

1588790 -4800 1697 -3103 

1711000 -5000 0 -5000 
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Table 10 : Values for the Hellas Model Run 

Transect 7 

Length (m) Altitude (m) 
Ice 

Thickness 
(m) 

Total Height 
(m) 

0 4000 3482 7482 

lOOOOO 3000 3465 6465 

246000 2000 3438 5438 

675000 1000 3336 4336 

946000 0 3244 3244 

1092000 -1000 3181 2181 

1244000 -2000 3100 1100 

1370000 -3000 3018 18 

1467000 -4000 2941 -1059 

2143000 -5000 0 -5000 
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Figure 24a: Hellas Glacial ProjBle overlying the Topography 

for Transect 1 
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6000 

Surface 
5000 -

Ice 
4000 

3000 -

2000 -

1000 -

0 -

-1000 

-2000 

-3000 

-4000 

-5000 

-6000 

CN 

Transect 2 (m) 

Figure 24b : Hellas Glacial Profile overlying the Topography 

for Transect 2 
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Ice on Transect 3~Hellas 

6000 

Surface 
5000 

Ice 
4000 

3000 

2000 

1000 

0 -

-1000 -

-2000 -

-3000 -

-4000 -

-5000 -

-6000 
O 

CN ON 00 

Transect 3 (m) 

Figure 24c : Hellas Glacial Profile overlying the Topography 

for Transect 3 
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Figure 24d : Hellas Glacial Profile overlyiDg the Topography 

for Transect 4 
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Ice on Transect 5—Hellas 
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Figure 24e : Hellas Glacial Profile overlying the Topography 

for Transect 5 



106 

Ice on Transect 6—Hellas 

7000 

Surface 
6000 -

Ice 
5000 -

4000 

3000 

2000 

1000 -

-1000 -

-2000 -

-3000 

-4000 -

-5000 -

-6000 

00 cn 00 ON 

Transect 6 (m) 

Figure 24f: Hellas Glacial Profile overlying the Topography 

for Transect 6 
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Figure 24g : Hellas Glacial Profile overlying the Topography 

for Transect 7 



Vn. INFERRED CLIMATE OF MARS 

A. Surface Temperatures vs. Latitude 

108 

The average surface temperature on Mars today is a strong func

tion of latitude. The average global surface temperature lies at about 

218 K, but the poles and the equator both exhibit temperatures that 

vary from this mean by on the order of 50 K. In the case of the martian 

poles, this variance is asymmetric, with the north polar regions being 

cooler than the south (Kieffer, 1973). This is due at least in part to the 

larger permanent cap of the north pole lowering temperatures by 

means of its higher albedo. The Hellas glacier was located between lat

itude 40''S and 55°S. This corresponds to an average glacial surface 

temperature of 190 K, if the glacier were present under climatic con

ditions Uke those found on the surface of Mars today (Fanale, 1976; 

Hoffert et al., 1981; Rossbacher and Judson, 1981; Clifford, 1993). This 

temperature will be invoked later in this work to assess the feasibility 

and required warming of a number of glacial scenarios. 



Vn.B. Modeled Surface Temperatures 
109 

Many of the values calculated earlier in this work can now be 

pieced together and applied to the study of the martian climate 

present during glaciation. I determined the thermal gradient within 

the ice for varying geothermal fluxes. I calculated the change in the 

PMP as it relates to depth of ice in both CO2 and H2O ice. From these 

two values and the aforementioned conclusion that the glacier was 

warm based, I can now take the next logical step and calculate the 

plausible range of surface temperatures for this scenario. To do this I 

will assume a thickness of 2.8 km for the ice, a value consistent with 

the glacial model described earlier. Under these conditions, the melt

ing point of the water ice would be lowered by 0.96 K, to 272.2 K, and 

the melting point for the CO2 ice would rise by 14.2 K to 230.2 K. By 

assuming that the melting point of water represents the basal temper

ature of the 2.8 km thick glacier, I can now extrapolate surface tem

peratures in conjunction with the geothermal heat flux and its 

associated geothermal gradient within the ice. The results can be 

found in Table 11. The average surface temperatures range from a 

currently plausible value of 176.2 K to a warmer but not unreasonable 

value of 229.5 K for the lowest possible geothermal heat flux. In the 

same way, it is possible to calculate surface temperatures based on the 

assumption that the glaciers were entirely carbon dioxide ice and that 

the flow features were due to liquid carbon dioxide. However, this is 

not consistent with the proglacial lake theory and is therefore consid
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ered highly unUkely. It is possible , however to calculate the depth at 

which carbon dioxide ice would melt within the water ice glacier. 

These results are found in Table 11. Assuming a glacially averaged 

surface temperature of 190 K, which is consistent with surface versus 

latitude average temperatures described earlier, it is now possible to 

calculate the amount of global warming required to make these sur

face conditions possible. The results of this analysis are presented in 

Table 11. The required warming varies between none and 40 K. The 

mechanisms by which this amount of warming is made possible will 

be discussed in a later section. 

Table 11 Results for varying Geothermal Fluxes 

Geothermal Flux (mW/n]^) 
32 40 52 62 72 

Geothermal Grad. (K/km) 15.2 19.0 24.8 29.5 34.3 

Surface Temperature (K) 229.3 218.9 202.9 189.5 176.2 

Depth of CQz melt (m) 690 151.6 — — — 

Warming Required (K) 39.3 28.9 12.9 — — 



VII.C. Resultant Atmospheric Pressures 
I I I  

As a result of the numbers derived from the glacial thickness 

and heat flow measures, I derived the amount of warming required to 

generate the proposed glacier and its observed geologic constructs. 

The required warming, dependent directly upon the geothermal heat 

flow, ranges from between no warming needed to approximately 40 K. 

Raising the average surface temperature of Mars could theoretically 

be accomplished in a number of ways. The simplest scenario to envi

sion and model involves the introduction of substantial amounts of an 

already available greenhouse gas into the atmosphere, thereby raising 

the surface temperature by trapping more of the sun's heat. The two 

most likely volatile candidates are water vapor and carbon dioxide. I 

chose to consider carbon dioxide. Regardless of where the additional 

carbon dioxide comes from, it would have a beneficial effect on the cli

matic conditions in terms of allowing for the modeled glaciers. I de

rived my values for the amount of atmospheric carbon dioxide needed 

for a given temperature increase from a recendy compiled work (see 

Figure 25) (Carle, et al, 1992). 

I will systematically examine the three possible cases in two dif

ferent solar regimes. The solar regimes are: a solar luminosity equal 

to that of today (more probable for the more recent and lower heat 

flow), and a solar luminosity consistent with a faint early sun (0.7 

times solar luminosity), which is potentially consistent with earlier 

times in martian history. For the case of a 40 K increase in average 

temperature, the first model (present luminosity) would require a sur
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face pressure of 1.4 bars COZ- The faint sun would require 3.5 Bars. 

It is definitely more plausible for the normal sun because the 40 K in

crease is required for a heat flow that is modeled for 250 million years 

ago. In the second case, a 29 K increase is required. This would call 

for either 1.0 bars or 2.5 bars of carbon dioxide, depending on the solar 

model. Again, I would consider the first model to be more viable 700 

million years ago. The last case is potentially set some 1.6 billion years 

ago, making the faint sun hypothesis slightly more feasible. The 13 K 

increase in temperature would require between 0.4 and 1.4 bars of 

carbon dioxide. It should also be noted that though no temperature 

increase above the current polar temperatures is required at the 2.0 

billion years ago mark, if the faint young sun were to exist at this point, 

there would be on the order of 0.5 bars of carbon dioxide required to 

make the surface temperature feasible for glaciers at this time. 

Overall, the reasonable range in required C02 surface pressures 

for all of the cases is between current levels (7 millibars) and 1.4 bars, 

depending on the time frame and subsequent heat flow. These values 

are not unrealistic by any means, and would seem to logically dictate 

that the glacier existed with a slightly greater probability somewhat 

earlier than later in martian history, because this scenario requires 

less of a carbon dioxide atmosphere. There is evidence, however, that 

Mars may have had a thicker, if only transient, atmosphere later in its 

history (Gulick et al., 1996). This recent in depth study by Gulick et al., 

not examined in this work, takes a closer look at the role of both carbon 

dioxide and water vapor in influencing climate. Whether or not Mars 
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had a thicker atmosphere earlier or later in its history is a point that 

is open for debate within the planetary communiiy. At best, the at

mospheric thickness constraints provided by this study appear to do 

little to constrain the time frame of glaciation. 
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Figure 25 : Surface Temperature vs. Carbon Dioxide Atmo

spheric Pressure for Three Solar Limiinosities (adapted from 

Carle et al., 1992, p. 72) 



Vn.D. Albedo Effects 
115 

It should be noted here that the followmg four sections of this 

work are highly speculative. Together they represent a collection a 

possibilities that I consider to be the most likely. They are by no 

means an exhaustive or complete collection, nor do they represent all 

points of view within the community. They are, however, responsible 

scientific speculation within the framework of a glacial epoch(s) on 

Mars. They represent possible areas of future research that will de

velop their own directions as future missions yield more data regard

ing the surface of Mars. 

The possible climatic effects of introducing a quasi-stable glacier 

onto Mars are many. One important factor that I examined is its effect 

on planetary albedo (Ab). This change could have a number of other 

consequences in a climate feedback loop. I will examine this planetary 

albedo effect below. 

Planetary albedo is defined as the average reflectance of a body 

expressed as a fraction of the light incident upon it. It is an important 

factor in determining the energy budget and subsequent equilibrium 

temperature of the planet. High albedo features, such as snow or ice, 

can also have regional climate effects. The planetary albedo (Ab) for 

the Earth is 0.30; while the albedo for Mars is currently 0.230 (Hoffert, 

et al, 1981). The albedo of ice can be anywhere between 0.30 and 0.60 

depending on surficial composition (McKay et al., 1985). I have as

sumed a value of 0.45 for the first part of this calculation. 
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The surface area of Mars, using a radius of 3.39E3 km, is 1.444E8 

km 2. The globally averaged planetary albedo can be substantially af

fected by the addition of an ice sheet and proglacial environment. The 

total area of the ice sheet is proposed to be on the order of 1.86 million 

km 2, with the proglacial lake that could be covered with a thin layer 

of ice having an area of close to 500,000 km2. This translates into a 

glacial regime due solely to the Hellas region glaciation, covering 1.62% 

of the surface area of the planet. Assuming the average ice albedo of 

0.45, the new planetary albedo would be 0.2336 . If the ice were 

more dirty in nature and had a low end average albedo then the new 

value would be 0.2311 . If the opposite were true, and the ice took 

on a more pristine reflectance, then the average planetary albedo 

would climb to 0.2408 . A realistic scenario would probably favor the 

higher albedo, at least in the short run. The long run value would no 

doubt be lower as the ice evolved and global dust deposition began to 

play a role. We must also keep in mind that much of the higher albedo 

effect would initially be localized. However, if we are to assume a 

steady state involving long term glacial coverage, there would no 

doubt be a globally recognizable effect. 

Along those lines, I will now begin to explore the nature of the 

effects of a change in albedo as a possible trigger to broader conse

quences. The most obvious line of thought is that a higher albedo 

means more incident solar radiation reflected, and less absorbed, by 

the planet. The amount of energy absorbed by the planet, and subse

quently by the atmosphere via greenhouse processes, is of fundamen
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tal importance to the energy budget and equilibrium temperature of 

the planet. Assuming the original albedo, Mars absorbs 113.3 W/m2 

on average from the sun (Hoffert et al., 1981). The dirty ice scenario 

makes this value 113.0. The standard ice lowers the value to 112.3. 

The more pristine ice yields a level of 111.6 W/m2. This number rep

resents a change of 1.5% in the absorbed heat budget of Mars and is a 

significant figure. This effect could possibly act as a trigger for other 

more widespread climatic phenomena and lead to a general decline in 

temperatures over the surface of Mars. 

It should be noted however, that the albedo of glacial ice is high

ly variable on short time scales. It is very dependent on the dust con

tent both within the ice and the atmosphere. In addition, there are 

other important global scale phenomena that can have large effects on 

global albedo, the energy budget, and average temperatures. These 

include clouds made of both water vapor and carbon dioxide. Their 

role is not quantitatively spelled out here, but it is mentioned as a pos

sible avenue of further research in the future. 



VII.E. Time Frames of Gladation 
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Following initial work by Strom and Kargel, I have sought to as

certain the depth of glacial erosion or scouring as a means of determin

ing the glacial lifetime. This value depends heavily on the rate of 

erosion at the base of the glacier. To calculate this value I have sam

pled a number of erosion rates from various Earth glaciers that I might 

draw analogies for the surface of Mars (Paterson, 1995). As outlined in 

greater detail previously, the depth of erosion appears to be between 

215 and 575 meters. The erosion takes place at a rate of between 0.4 

and 2.0 mm/yr for Mars glaciers (Paterson, 1995). This gives us a time 

frame of between 108 ky and 1438 ky that the Hellas glacier was ac

tive and eroding its bed. The glacier itself may have existed in some 

degrading form on the surface for a longer period of time, but these 

numbers constrain the time during which it was either warm based 

and actively eroding via melt water, or cold based and large enough to 

scour at its base as it deformed under its own weight. Once a glacier 

is in decline, it no longer moves forward or erodes its bed. Instead, it 

melts back and exposes subglacial landforms while remaining in place. 

Note that the derived erosional time frames are in Earth years. 

It is assumed that the base of this glacier was at least at one time 

existing at a temperature consistent with its pressure melting point. A 

number of geologic features including eskers and reUc shorelines lend 

credence to the idea that this glacier produced melt water (Kargel and 

Strom, 1992). For this to happen, the geothermal heat flux must pro

vide the ice with the requisite energy to change it from a solid to liquid 
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form. This calculation, involving the heat of fusion of water ice is out

lined in greater detail earlier in this work. This melt provides between 

0.112 and 1.510 krn^/yr of water for the system of subglacial aquifers 

to fill and sustain the proglacial lake environment. Depending on the 

size of the glacier that exists at the pressure melting point, as well as 

the geothermal heat flow that varies over time and space, and the size 

of the lake, the lake will take between 476 ky and 1071 ky to totally 

fill from glacial melt alone. 

This system is also subject to loss and recycling via evaporation 

and/or sublimation depending on whether or not cUmate tempera

tures and pressures allow for open water or ice covered lakes. The loss 

rate is dependent upon a ntmiber of factors. These include the average 

wind speed over the surface, the albedo of the surface water/ice, and 

the surface temperature. Work by Moore et al. (1995), suggests a loss 

rate of anywhere from 0.06 to 1.05 km^/yr, allowing for a range of 

martian climatological conditions assumed in my glacier model. These 

values are especially intriguing in that they are of the same order of 

magnitude as the major input mechanism for these lakes, subglacial 

melt. This may suggest a possible steady state situation over time. 

The numbers are not well enough constrained at this time to say con

clusively what was the case. Perhaps melt input dominated loss for a 

time; as variables changed and evolved they could have reached a 

quasi steady state, and perhaps the evaporative/sublimation loss 

eventually prevailed as the lake and the glacier itself were lost to the 

subsurface, the atmosphere, and changing circulation over time. Re
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gardless, the time frame for freeze-up and loss of a lake the size and 

depth of the one in Hellas, without additional input, is somewhere be

tween 115 ky and 1935 depending primarily on the variables out

lined above for this specific case (Moore et al., 1995). The lake lifetime, 

with input from subglacial melt, varies depending on lake albedo and 

the geothermal heat flow that controls the melt rate. These results are 

found earlier in the text in Table 7. Assuming a likely heat flow of 62 

mW/m2 and a reasonable lake albedo of between 0.3 and 0.4, the 

overall lake lifetime falls between 144,600 and 500,000 years. 

The proposed glaciers have been found to have a variable max

imum thickness based on profile, slope, and ice rheology consider

ations. Their maximum thickness probably lies between 2 and 2.5 km. 

This thickness, combined with the possible geothermal heat flow val

ues and the appropriate phase diagrams, gives us boundaries for de

termining the surface temperatures constraining this model. However, 

there is an interesting paradox that follows from these arguments. The 

later that glaciers existed in martian history, the lower the geothermal 

heat flow (excluding a local anomaly). This requires the surface tem

peratures to be higher because, for a given thickness of ice, the heat 

flow determines the gradient in the ice. If we are to maintain the bot

tom of this maximum thickness ice at the pressure melting point 

(PMP), then the surface temperature must be higher in order to ac

count for the lower temperature increase in the ice due to the lessened 

gradient. The reasonable likelihood of much higher surface tempera

tures may or may not fall off as we move forward in martian history. 
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As mentioned earlier, it is difficult to constrain the time frame based 

on this argument. All that can be said, under modeled geothermal con

ditions, is that the surface temperatures are required to be higher, lat

er in martian history for glaciers to exist as modeled. 



Vn.F. Climatological Triggers 
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When examining the possibility of glaciers on Mars, we must 

look at what process or mechanism may have served as a trigger for 

global climate change and glaciation. The range of possible scenarios 

is virtually endless. However, there are just a few possibilities that 

might be plausible in light of the other work I have done. The trigger 

might well have been related to the obliquity of Mars, volcanic activity 

or a hot spot, a major impact, or even dust storms related to the eccen

tricity and what pole is preferred by volatiles. There are a wide range 

of climatological feedbacks and effects that follow from each of these 

major disturbances. These scenarios will be examined in the following 

section. 

Each of these scenarios calls for substantial release of volatiles, 

perhaps concentrating in the Hellas region. The mechanism for this re

lease and concentration is a point of major uncertainly. Hellas occupies 

only 3% of the surface area of Mars. A combination of warmer condi

tions, outflow, and higher heat flow all probably played a role in pro

viding the requesite volatiles for the Hellas glacier system (Allen, 

1979; Gulick et al., 1996). 

Perhaps one of the most compelling global scale phenomena that 

may have affected past martian climate is a change in martian obliq

uity or tilt of the spin axis. In general, the larger the obliquity, the 

more pronounced the seasons are. This also tends to drive different 

circulation patterns, as well as initiating a number of other climatic 

feedback loops that produce a wide range of climatic perturbations. 
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Currently, Mars' obliquity stands at 25.2°(Ward, 1973; Ward et al., 

1979). This is similar to that of the Earth, at approximately 23.5°. The 

Earth's obliquity, however, ranges between 22.1 and 24.5° with a pe

riod of 40 ky (Berger, 1976). This range in obliquity of only 2.4° is 

thought to play a major role in triggering the onset of global glaciation, 

along with two other orbital effects known in tandem as the Milanko-

vitch cycles. Together they are believed to power, at least in part, the 

Earth's roughly 100 1^ glacial cycles. Though the exact nature of the 

Earth's response and subsequent feedbacks that lead to full glaciation 

is poorly understood, clearly the changing obUquity does play a role in 

the Earth's energy budget. Perhaps the lag time between cause and 

effect is due to the time it takes for the cascade of effects to take place. 

The changing obliquity of Mars provides an even more compel

ling possibility of triggering climate change, though in this case glacial 

periods may represent the warmer end member. Mars' obliquity, 

though similar to the Earth at this time, has a much greater range. The 

obliquity of Mars is thought to vary between 14.9 and 35.5°, a change 

of over 20° (Ward, 1974; Ward et al., 1979). The dominant periodicity 

of this change is 120 (Toon, 1980). Like the Earth, this value may 

also have an associated lag time for global climate change that brings 

it in line with possible time scales derived earlier for martian glacia

tion. It should be noted that there is also the possibility that martian 

obliquity varies in an even larger dynamic range and may indeed be 

chaotic in nature. If this were truly the case, then the outlined effects 

that follow would be even greater and more enhanced. 

The effects of a large change in obliquity are not known exactly. 
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The maitian climate system is even more poorly understood and con

strained than that of the Earth. There are, however, broad effects that 

can be described (Cutts and Lewis, 1982; MeUon and Jakosky, 1995). 

With a small obliquity of 15 degrees, atmospheric pressure would fall 

to below 1 millibar, both carbon dioxide and water ice caps would 

grow, and global temperatures would fall (Toon, 1980). The increased 

reflectivity from the polar caps would be a positive feedback mecha

nism, driving temperatures even lower. Looking at the Hellas glacia-

tion as a possible extension of the southern ice cap expanding might 

make this scenario look promising. However, lower temperatures 

would require a larger geothermal gradient, as well as cycling process

es that would not be consistent with my model. It is based on a stand 

alone glacial system and a localized set of geologic features. The other 

extreme of obliquity (35.5") would have the opposite effect. Average 

polar temperatures would climb 10 K; this in turn would slightly des-

orb the polar regolith, thereby raising atmospheric pressure 10-20 

millibars (Toon, 1980). This scenario is in line with at least one model 

that requires an increase of 13 K to make the Hellas glaciation feasible. 

Perhaps this mechanism in conjunction with others, or with other ef

fects that are resultant to this change, could provide the global impetus 

to make the Hellas glaciation possible. An even greater range of obliq

uities would exponentially increase the climatological effect as positive 

feedbacks enter the loop. This may be the trigger that fits for martian 

climate change. 

Another possible driving mechanism for climate change on Mars 

involves the eccentricity of Mars' orbit in conjunction with global dust 
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storms, clouds, and the polar caps. The eccentricity of Mars varies be

tween .005 and 0.141, and currently stands at 0.0934 (Ward, 1974; 

Pollack and Toon, 1982). The solar flux reaching Mars in a given year 

between aphelion and perihelion can vary by over 30% from average, 

causing a 20 K variance in global temperatures (Clancy, personal com

munication, 1995). Currently, aphelion takes place during northern 

summer on Mars. Clancy suggests that this is the reason that the 

northern permanent cap is larger. He also suggests that changing this 

scenario as aphelion shifts to the southern hemisphere, will drive wa

ter towards concentrating in the southern poles. The shift from north

ern cap aphelion to southern cap aphelion has a period of 25 ky 

(Clancy, personal communication, 1995). Clancy suggests that this long 

term and large scale shift of water vapor via the atmosphere will cre

ate more clouds and a more dynamic climate system. This would in 

turn cause a greater frequency of planet wide dust storms. These dust 

storms could heat the atmosphere by lO's of Kelvins, and pressure 

heating in parts of the atmosphere would make atmospheric pressure 

at the 100 km level vary by more than a factor of ten (Clancy, personal 

communication, 1995). He believes that this would increase the dy

namic circulation of the atmosphere. Perhaps this increased atmo

spheric water vapor, while making its way towards the southern pole, 

might power the formation of glaciers in conjunction with increased 

temperatures due to dust storms trapping excess heat. Though the ex

act nature of this mechanism is unclear, this 25 ky water cycling be

tween the poles is sure to produce some significant climatological 

effects. 
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Another less numerically constrained, but nonetheless compel

ling scenario could involve a geothermal hot spot as a trigger. Perhaps 

a local anomaly associated with Hellas led to a higher permafrost level 

and an eventual outburst flood. The surficial water may have tempo

rarily set up a local climate system. Perhaps it froze into a lake that 

then powered the formation of a glacier at elevation, like in the Hellas 

scenario. The local phenomena would cycle the water through the sys

tem as outlined in the Hellas glacier cartoon described earlier in this 

text (see Figure 1). The higher heat flow would drive the system from 

below, and a localized circulation pattern would drive the sublimated 

water from above. As the hot spot subsided, the system would slowly 

lose its impetus and the water would be lost to subsurface percolation 

and evaporation/sublimation. This scenario could presumably explain 

the observed glacial features at Hellas. The time frame would be de

termined by the hot spot lifetime. 

There is also evidence for increased heat flow on a global scale 

via episodic overturn and cycling in the mantle. Herrick and Parmen-

tier (1994) have applied this model to Venus and suggested extending 

it to Mars. They suggest overturn time scales on the order of between 

ten million and one billion years, depending on a feasible range of low

er mantle viscosities. If this were the case for Mars, then a higher heat 

flow later in martian history could certainly influence climate and 

power a glacial system. 

The transport of substantial volatiles to the surface via comet 

impact has also been suggested. Whether or not this scenario played 

a major role on Mars is open to scientific debate. If this were the case, 
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one would expect to see a situation where increased water vapor in the 

atmosphere might increase temperature for a time, making the pos

sibility of precipitation cuid hydrologic cycling more likely. Perhaps a 

large comet could trigger a large enough climate perturbation to make 

this feasible. I mention it here in order to leave this as a possible fu

ture area of research. 

As I stated at the outset of this section, climate change triggers 

are very difficult to outline and pin down. It will no doubt take a much 

better understanding of how our own glacial cycles work before we 

can apply these models to Mars. It will also require a great deal more 

data on the climate of Mars over time. The limited data we have only 

spans two decades. Any further speculation, before a great deal more 

data is available, would be premature. However, the triggers men

tioned above may have played a fundamentally important role in de

fining and changing martian climate. The exact scenario still remains 

to be seen as the climatological history of Mars unfolds in the coming 

years. 
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If we accept the reasonable notion that glaciation may have tak

en place roughly 2.0 Gyr ago (this number is roughly the average of 

the possible time frames), then a heat flow of 62 mW/m2 is the ac

cepted value. This implies a lake lifetime of 144.6 to 500 ky, and an 

erosional time frame of 108 to 1438 ky. Most of the erosion will take 

place when the glacier is warm based. As the lake is filled, I assume 

a steady state approximation as the lake freezes and begins to evapo

rate/sublimate. Perhaps, at this time, the triggering mechanism began 

this process had begun to wane and the climate was beginning to re

turn to its other stable node. With the given heat flow being main

tained, the lifetime of the frozen lake and glacier system is on the 

order of 300 to 400 ky. This estimate assumes some subglacial melt 

offsetting the evaporative/sublimative loss from the lake, and precip

itation balancing the loss from the glacier via the subglacial melt. Af

ter 300,000 to 400,000 years, the system presumably returns to its 

former configuration without a large ice sheet. I recognize that this 

process is a gradual one, with many more complex interactions that 

cannot at this time be reasonably approximated with the given data. 

For example, as precipitation lessens, the glacial will begin to thin and 

shrink, eventually stopping subglacial melt as the glacier becomes cold 

based. This will serve to hasten the demise of the lake as well. For 

these reasons the estimate of 300-400 ky may be too long. It serves 

as an upper limit in this scenario. 
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The only other mechanism that provides a concrete time frame 

is that of erosion. As described earlier in this work, this mechanism 

implies a time scale of between 108 ky and 1438 during which the 

glacier is actively eroding the landscape. Though the more likely value 

is calculated to be 280 ky, it is still highly probable that a longer time 

frame is the correct value. In either case, realistically, the glacier 

would not be actively eroding towards the end of its lifetime, so my 

300-400 ky scenario only requires between 200 ky and 300 of ero

sion. 

Overall, though the system is poorly constrained in an absolute 

time sense, a value of roughly 350,000 years seems to be consistent 

with the data as the overall lifetime of this glacial epoch. This number 

is more consistent with some suggested triggers than with others. 

Obliquity, for instance has a major periodicity of 120 ky, which seems 

to fit approximately with the most reasonable erosion time scale 

(Ward, 1973; Ward, 1974; Ward, et al 1979; Toon, et al 1980). That sce

nario would call for less likely fill and loss rates and subsequent heat 

flow and albedos. 

Another scenario mentioned earlier might invoke pulsed large-

scale volcanism as described by Herrick and Parmentier (1994). This 

episodically higher heat flow would presumably lead to a drastically 

different climatic regime and atmospheric composition and tempera

ture. The time scale of this process is poorly constrained. It may very 

well be the trigger that is responsible, at least in part. 

To speculate beyond these conclusions would be very tenuous 

scientifically, given the available data and results. It is possible to con-
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Strain the duration of this glacial epoch in broad strokes, such as the 

scenario described above. Future advances in glacial modeling and in 

our understanding of what drives climate change, along with more 

data from the Hellas basin, will no doubt shed more light on this sub

ject. 

In conclusion, I outlined the problem of glaciation in the Hellas 

region of Mars. I feel there is compelling geologic evidence to support 

this claim. I endeavored to back up this evidence with a number of 

physically and geologically reasonable arguments. I modeled climatic 

conditions based on geothermal fluxes and time frames. I connected 

this to the glacier itself via an investigation of the internal processes, 

both chemical and physical, that led me to model the size and shape of 

the glacier. This related directly to the material properties and make

up of the glacier, as well as the geology of the region. This modeled 

glacier, in conjunction with the observed post-glacial geology, gave me 

a range of reasonable and expected time frames during which this gla

cial system may have existed. 

Perhaps Mars, like the Earth, had two stable climate regimes 

with change triggered and then gradually diminished over time by any 

of a number of mechanisms and feedbacks. Warmer martian epochs 

would be glacial times, and colder periods would return the planet to 

its current state; or perhaps Mars had just one glaciation with condi

tions that closely match Mars today, but were drastically changed to 

begin a cycle that took hundreds of thousands of years to wind down, 

leaving only the geologic record to hint at what might have happened. 

I believe that this work adequately describes the possibility of a 
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large glacier in the Hellas region of Mars. The range of physical chcir-

acteristics, the time frame of its existence, and its behavior and global 

effects are described in the preceding work. It may be many years be

fore this dissertation is shown to be insightful foresight, or just phys

ically sound speculation. The upcoming Mars Surveyor mission (1997) 

and its high resolution imagery should pave the way for future work 

in this area. Future missions to the martian poles will give us further 

insight into the role and cycling mechanisms of volatiles, as well as a 

possible climate history hidden in the ice caps. Ultimately, I feel it will 

take a mission and lander in the Hellas region itself. This mission will 

need to take samples and examine the geology and stratigraphy up 

close before there will be enough evidence to conclusively resolve this 

issue. 
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APPENDIX A 

Computer program used to calculate glacial thicknesses 

/* 

* Glacial Modeler 

* Program by Chris Schaller, modified by Jon Pedicino 

* This will take a range of numbers and a number of steps and 
* generate the appropriate function values. Essentially, it's 
* a generic function shell. 
* 

* The default mode is to treat the starting and stopping values 
* as part of a linear set of input data. However, it is sometimes 
* advantageous to use log 10s when dealing with large ranges of 
* numbers, such as a calculation which requires the range 10 to 
* 100,000. To send this program into loglO mode, use the -1 
* switch from the command Une. 
* 

* Usage: 
* 

* function [-1] start stop steps 
* 

* Output goes to the stdout. 
* 

* Christian James Schaller 
* February 17, 1994 
* 

*/ 

#include<stdlib.h> 
#include<stdio.h> 
#Lnclude<math.h> 

#define USAGE "Usage:\n %s [-1] start stop stepsXn" 

/* 

* global variables 
* 

*/ 
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/* 
* function prototypes 
* 

*/ 

double the_function(double the_valueM* the usage-dependent 
function */ 
void main(int argc,char *argvQX* the main loop */ 

/* 

* the_function() - Usage dependent. 
•k 
*/ 

double the_function(the_value) 
double the_value; 
{ 

double a; 
double b; 
double c; 
double rho; 
double g; 
double tau; 
double length; 
double theta; 
double h; 

rho = 917; 
g = 3.72; 
tau == 0.88e5; 
length =2.143e6; 
theta =6.597e-3; 
a = 0.5*rho*g; 
b = rho*g*sin(theta)*{length - the_value); 
c = -tau*( length - the_value); 
h = (-b + sqrt(b*b - 4.0*a*c))/ (2.0*a); 
return(h); 
I 

/* 
* mainO - The main loop of the program. All action takes place here. 
* 

*/ 
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inain(argc,argv) 
argc; 
*argvQ; 

double start; 
double stop; 
double steps; 
double stepsize; 
double value; 
double fvalue; 
double passvalue; 
int c; 
int logflag = 0; 
extern char *optarg; 
extern int optind; 

while( (c=getopt(argc,argv,"r')) !=-1) 

switch(c) 

case '1': 
logflag=l; 
break; 

case 

fprintf(stderr,USAGE,argv[0]); 
exit(l); 

} 
} 

if((argc-optind+l) !=4) 

fprintf(stderr,USAGE,argv[0]); 
exit(l); 

} 

sscanf(argv[optmd] ,"%lf' ,&start); 
sscanf(argv[optind+1], "%lf' ,&stop); 
sscanf(argv[optind+2] ,"%lf' ,&steps); 

ifdogflag) 

start = loglO(start); 

void 
int 
char 
{ 
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Stop = loglO(stop); 

} 

stepsize = (stop - start)/(steps -1.0); 
value = start; 

while(value<=(stop+0.5*stepsize)) 
{ 

passvalue = (logflag) ? pow( 10.0,value) : 

fvalue=the_functioii( passvalue); 

fprintf(stdout,"% 15 g\t% 15 g\n", passvalue, fv^alue); 
value+=stepsize; 

} 
} 
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