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ABSTRACT 
 

 

Three aspects of the Habitability of the Northern Plains of Mars to organics and 

terrestrial-like microbial life were assessed. (1) Protection offered by small surface 

features and (2) the breakdown of rocks to form soils were examined using a radiative 

transfer computer model. Two separate sublimation experiments provided a basis to 

improve (3) estimates of the amount of available water today and in the past by 

determining the fractionation of HDO between present-day reservoirs. 

 

(1) UV radiation sterilizes the hardiest of terrestrial organisms within minutes on the 

Martian surface. Small surface features including pits, trenches, flat faces and overhangs 

may create “safe havens” for organisms by blocking much of the UV flux. In the most 

favorable cases, this flux is sufficiently reduced such that organic in-fall could 

accumulate beneath overhanging surfaces and in pits and cracks while terrestrial 

microorganisms could persist for several tens of martian years. 

 

(2) The production of soils on the surface is considered by analogy with the arid US 

Southwest. Here differential insolation of incipient cracks of random orientations predicts 

crack orientation distributions consistent with field observations by assuming that only 

crack orientations which shield their interiors, minimizing their water loss, can grow, 

eventually disrupting the clast.  
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(3) Disaggregated water ice to simulate the polar caps was produced by flash freezing in 

liquid nitrogen and crushing. When dust was added to the mixtures, the D/H ratio of the 

sublimate gas was seen to decrease with time from the bulk ratio. The more dust was 

added to the mixture, the more pronounced was this effect. The largest fractionation 

factor observed during these experiments was 2.5. Clean ice was also prepared and 

overlain by dust to simulate ground ice. Here, the movement of water vapor was modeled 

using an effective diffusivity that incorporated both adsorption on grains and diffusion. 

For low temperatures (<-55°C) a significant difference between the diffusivities of H2O 

and HDO was observed. This suggests adsorptive-control within the regolith as energies 

of interaction are 60-70kJmol-1. This ability of the martian regolith to preferentially 

adsorb HDO decouples the ice table and polar caps from the atmosphere and allows for 

geographic variations in the D/H ratio on Mars. 
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CHAPTER 1: INTRODUCTION, SCOPE AND MOTIVATION 
 
 

Is there now or has there ever been life on Mars? This is a central question behind many 

ongoing research efforts to study one of the most inviting places for life in the solar 

system. It is the driving force behind the recent Mars exploration initiative that the United 

States National Aeronautics and Space Administration (NASA) has undertaken under the 

directive of “Follow the Water.” It is a topic of intense discussion outside of the scientific 

community, helping to spur the interest of the public in space missions and their 

educational and public outreach components. It is also a question whose answer would 

have a profound effect on our understanding of ourselves and our place in the solar 

system. However, it is not a question that can currently be answered.  

 

However, Andrew Schuerger, a collaborator who aided with the development of the 

research documented in chapter 2, claims to know the answer. In his view there is 

currently life on Mars because we sent it there. Microbes in spore form inhabit nearly 

every surface on Earth and can easily hitch a ride on interplanetary spacecraft. Certain 

strains are highly resistant to cold, vacuum and the harsh radiation that is common away 

from the protective atmosphere of the Earth. The recovery of dormant but still viable 

organisms by the Apollo astronauts from the cameras of the Surveyor spacecraft, which 

spent several years on the surface of the moon, is direct evidence that similar organisms, 

if not removed prior to launch, can withstand the journey to another planet and persist for 

a great deal of time.  
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Of course, this is not the answer for which the scientific community, NASA and the 

public hunger. However, it does highlight the need to correctly pose the question of past 

or extant life with respect to specific organisms. This in turn suggests that steps can be 

taken towards the answer, in the absence of a positive detection of life by astronauts or 

surrogate spacecraft, by considering the set of conditions which contribute to whether a 

particular organism will thrive or perish. This set of conditions is known as habitability, 

and it is the habitability of the northern plains of Mars which is the subject of this work. 

 

As was mentioned in the last paragraph, the specific identity of the organism in question 

is key to ascertaining the habitability of a planet or region. Conditions that would allow 

humans to thrive are different from those of plants, bacteria, dormant spores, organic 

molecules, or any other putative Martian life which can be conceived. As such, great care 

must be taken to define the parameters of habitability. Organic molecules are included on 

the list as they may represent traces of life from the past. Their successful detection today 

relies on their preservation. Thus ‘habitability’ for these compounds while less restrictive 

then for the remainder of the list needs to be considered in this context. 

 

It is possible to conceive of native Martian life which is able to extract energy from a 

variety of sources on the planet and possessing as yet unknown defence mechanisms to 

the harsh conditions found on the surface. However, to give some boundaries to the 

investigations to be described, this dissertation will follow the precedent assumption that 
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any putative Martian life will be analogous to terrestrial life, be made of similar 

compounds and have similar requirements. As such, the habitability of Mars can be 

broken up into two separate aspects beyond the availability of an energy/food source. 

These are protection from destruction, and access to liquid water, with each itself 

composed of numerous facets. 

 

Protection from destruction refers to environmental conditions that are sufficiently benign 

that the organism in question may persist for long periods of time. For this dissertation, 

no reproduction of organisms, the method typically employed on the earth for longevity, 

will be assumed. Of the destruction mechanisms active on the martian surface, none may 

be more significant then Ultraviolet radiation, most of which passes through the 

atmosphere uninhibited. In fact, other destruction mechanisms, such as the presence of 

oxidizing chemicals on the surface may be themselves a product of enhanced irradiation. 

The amount of available UV irradiation has, in the past, been considered a limiting factor 

for simple organisms, such as hardened bacterial spores similar to bacilius pumilis 

(Schuerger et al., 2004), as well as the preservation of organics (i.e. Stoker and Bullock, 

1997). However, these models considered Mars without shielding geometries, such as 

would be offered by the pits, cracks and rocks which litter the martian terrain. As such, 

Chapter 2 will examine in detail the protection offered by these niches which will tend to 

allow better longevity for both bacteria-like creatures and complex organic molecules. 
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Of course, the situation for these organisms improves greatly if they become buried 

beneath a soil. However, in the absence of many of the typical erosive processes at play 

on the surface of the earth, how can these soils be created? It is known that rocks can 

persist on the surface of Mars for a very long time in very arid conditions, thus, the 

breakdown of rocks to form these soils can be examined by analogy to the erosive 

features seen in the US Southwest, where rocks can sit out in the sun for very long 

periods. It is known that these rocks will break down over time; however, the canonical 

mechanism of “thermal weathering” has been problematic. Thermal weathering is the 

process by which rocks, responding to cycles in insolation, become warmer and cooler 

with time, changing the patterns of stress found within the rocks as they expand and 

contract. However, the magnitude of these stresses is too small to fracture rocks, and may 

be below the material fatigue limit. Additionally, no laboratory work has been able to 

cause rocks to crack, even microscopically, in this way (Griggs, 1936). Chapter 3 will 

examine whether or not a separate interplay between sun and water vapour may in fact be 

the culprit, a mechanism which would also work on Mars, though it would likely be 

slower due to lower amounts of available water vapour.  

 

Finally, access to liquid water will be examined more closely in Chapters 4 and 5. While 

liquid water is not thermodynamically stable on present-day Mars, it may well have been 

present in the past. This supposition is well supported by observations from orbit of 

dendritic drainage channels, deltas, and other features suggestive of a water rich past, 

along with the recent detection of water-formed mineralogy on the surface of the planet at 
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two different locations. As such, an understanding of the size of the available water 

reservoir in the past and now is crucial for understanding the interaction between this 

water and any putative life.  

 

While a great deal of water seems to have been required to create the geomorphologic 

features observed on the planet, it seems that just a fraction of this water persists to the 

present day on the surface. This seems to be related to a high enrichment in deuterium 

seen in the Martian atmosphere, suggesting massive losses of water to space over 

geologic time. This deuterium enrichment has often been used to calculate the size of the 

total available reservoir. However, there are two implicit assumptions with this analysis. 

First, that the entire observable reservoir is available for exchange with the atmosphere, 

though more sophisticated analyses have broken this up into interacting and non-

interacting reservoirs. Second, that the atmosphere is characteristic of the present day 

bulk deuterium to hydrogen (D/H) ratio of Mars’s overall water and that ice-vapor 

interactions do not cause significant fractionation of material as it moves from reservoir 

to reservoir beyond kinetic isotope effects. This second assumption will be 

experimentally tested for two significant interacting reservoirs found on present day 

Mars. First, Chapter 4 will consider the fractionation involved when bare, but dusty ice 

sublimates. Secondly, the fractionating effects seen through regolith are to be examined 

in Chapter 5. From these two analyses, it will be possible to ascertain whether any change 

needs to be made to current estimates of the available reservoir that exists now and in the 

past. 
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Thus, this dissertation will provide several advances in our ability to enhance or refute 

the case for life on Mars past or present. If shielding from ultraviolet is significant, then 

traces of organisms found at the surface, or who once existed there are more likely to be 

found. Similarly, if an analysis of the present-day D/H ratio indicates a larger reservoir of 

water today and in the past then what can be seen in the visible polar caps and within the 

top few meters of the surface, then any initial emergence of life on Mars becomes more 

likely. 

 

All four of these investigations are linked in two ways. In addition to bearing significance 

for habitability, they also are all direct consequences of insolation on a surface. Without 

the sun, there is no sterilizing ultraviolet irradiation of the Martian surface and there 

would be no mechanism to heat rocks, causing a transfer of vapor pressure leading to 

their eventual breakdown. Similarly, the experiments performed in the final two chapters 

differ significantly from much previous work in that the samples considered are not 

isothermal, but exhibit a temperature gradient driven in large part by illumination of the 

surface. As such, the purpose of this dissertation is to examine the effects of this 

insolation on habitability in the four aspects described above. 

 
 
 

CHAPTER 2: THE SHIELDING EFFECT OF SMALL-SCALE MARTIAN SURFACE 
GEOMETRY ON ULTRAVIOLET FLUX 
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2.1 Introduction 
 

The first aspect that will be considered is how effective small scale geometries are at 

shielding the surface from ultraviolet radiation (UV, 0.2 to 0.4 µm). Unlike the situation 

on the Earth, UV radiation reaches the surface of Mars nearly unimpeded by the 

atmosphere of the planet. On Earth, all of the UVC (0.200-0.280 µm) and much of the 

UVB (0.280-0.320 µm) spectral ranges are attenuated by ozone in the stratosphere.  

However, without a constant ozone layer on Mars, irradiation down to 0.190 µm can 

reach the surface, shorter wavelengths being absorbed by CO2 (Kuhn and Atreya, 1979). 

As a result even though Mars is located farther from the Sun than is Earth, and receives 

from the Sun less then 43% as much UV radiation at the top of the atmosphere (Kuhn and 

Atreya, 1979), unprotected parts of the surface receive 9.5 times as much biologically 

effective radiation per day between 0.2 μm and 0.320 μm as their terrestrial counterparts 

(Cockell et al,2000).   

 

This high level of UV, especially shortwave UVC, poses serious impediments to the 

development and sustainability of organic molecules and biological organisms on the 

surface of the planet (Cockell et al, 2000; Horneck, 1993; Schuerger et al, 2003; Rettberg 

et al, 2004). Not only does this UV destroy complex organic molecules such as DNA 

(Harm, 1980; Karentz et al, 1991), rapidly deactivating any exposed biological cells, but 

it will also over time reduce many organic molecules to carbon dioxide (Stoker and 
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Bullock, 1997) and possibly help to create organic-destroying oxidizing compounds on 

the surface itself (Hunten, 1979).  

 

As such, the search for habitable zones on Mars has focused on regions where this 

radiation is either heavily attenuated or absent such as in evaporite salt deposits 

(Rothschild,1990; Amaral et al, 2006), in the polar regions (Córdoba-Jabonero et al, 

2005) and a variety of other micro-habitats which reduce the UVC and UVB flux, but 

allow sufficient photosynthetic light for biological activity (Cockell and Raven, 2004). 

Surface locations that have not yet been examined in great detail are regions of the 

surface where UV is attenuated by the surface geometry itself. Since the surface likely 

changes slowly on present-day Mars, as demonstrated by the impact cratering record 

(Strom et al, 1992), deposits of organic molecules which may have existed in the past 

might be preserved within pits, cracks and under overhangs for much longer periods of 

time then on the unprotected surface.  

 

An examination of the UV flux reductions and corresponding increases in the 

preservation times of organic molecules offered by these geometries is the subject of this 

investigation. This has been accomplished by utilizing the theoretical formulation of a 

numerical radiative transfer model developed by M.G. Tomasko at the University of 

Arizona (described most recently in Sprague et al, 2006) which will be referred to as the 

Tomasko Model.  
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In this context, the primary objectives of the current study were first to model the 

radiative situation on Mars in the absence of any such geometries. Following this, it was 

necessary to determine what types of small-scale surface geometries occur on Mars and 

to then model idealized versions of each within the radiative transfer code to determine 

the incident flux at the center of each geometry. This could then be compared with the 

results for a flat Mars to determine the reduction in energy due to each geometry. Finally, 

to put this result in context, the effects on microorganisms of interest to planetary 

protection and molecules of astrobiological significance were evaluated. Since neither the 

organic molecules nor the bacterial organisms considered are capable of self-repair or 

reproduction while on the martian surface, the total received UV flux over each year is 

more important then the maxima and minima in flux which occur over the year. Thus, by 

examining several points over each day and several days over a typical martian year the 

energy received over a martian year was calculated for each geometry.  

 

2.2 The Radiative Transfer Model 
 

2.2.1 The Tomasko Model 
 

The radiative transfer model employed for this investigation is a well-tested, one-

dimensional code based upon the doubling and adding method and is a modified version 

of the radiative transfer code previously used to model the atmosphere of Titan (Tomasko 

et al, 2005). Instead of the many layers used for Titan, the martian atmospheric model is 

a simplified one consisting of two distinct layers. The topmost layer may contain a small 
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amount of carbon dioxide and small ice particles while the lower layer contains the bulk 

of the carbon dioxide in the martian atmosphere and dust particles. This two-layer 

formulation is used, as windblown dust kicked up from the surface is expected close to 

the surface compared to any water ice clouds (Smith et al., 2001). Similarly, due to the 

optical thinness of the martian atmosphere (optical depths near 0.5 or less are typical) and 

the height of the mie-scattering layer compared to the radius of the planet, a plane-

parallel model is a good approximation of the radiative transfer that will occur. 

 

The sizes and concentrations of ice and dust particles, and CO2 present within each layer 

can be varied independently to constrain local conditions relative to latitudinal, seasonal, 

and atmospheric conditions. Additionally, a concentration of ozone in the upper 

atmosphere may also be specified. The results from this code are consistent with earlier 

work in modeling the UV environment on Mars (Kuhn and Atreya, 1979; Cockell et al, 

2000; Patel et al, 2002; 2003; 2004). The parameters used in the Tomasko code will be 

discussed at length in section 2.2.2.1. 

 

The other important model characteristic is the radiative response of the surface (modeled 

as a Hapke surface, an empirical model in which the interaction of light with the surface 

is parameterized and from which the irradiance as a function of angle can be determined 

for any arbitrary illumination condition).  Since no in situ UV observations have been 

made of the surface of Mars, a combination of extrapolated Mars pathfinder spectral data 

along with laboratory measurements of the UV reflectance of terrestrial geological 
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samples, including several palagonites, thought to be similar to martian soils in 

composition and color was used to provide the surface radiative response for model runs. 

This will be discussed at length in section 2.2.2.2. 

 

This version of the Tomasko Code was used to produce the ‘Billiard-Ball Mars’ model in 

which there are no obstructions to radiation and the UV flux was modeled for flat 

horizontal surfaces with a clear view of the sky from horizon to zenith. The annual and 

diurnal meshing required to determine the total amount of incident radiation over a 

martian year will be discussed in section 2.2.2.4. Results from this version of the code 

will be presented in section 2.3.1.  

 

In addition to the net upwelling and downwelling flux at the borders of each layer, as 

described in previous models, the code internally provides the direct, diffuse, and total 

radiation components of the downwelling and upwelling radiation as functions of 76 

points in azimuth angle and 11 points in elevation angle for a specific point on the 

martian surface. This creates a meshed sky for each separate wavelength containing 837 

discrete sources of irradiation when the direct beam of the sun is included. It is these 

values of irradiance as a function of azimuth and elevation that are used to calculate the 

effect of inserting specific geometries. By ‘blacking-out’ specific parts of the sky and/or 

ground blocked by this geometry, the amount of flux received at the surface can be 

determined. As martian dust is very dark in the UV part of the spectrum, it will be 

assumed that the geometries are themselves completely absorbing with no scattering 
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permitted. Exceptions to this will be discussed in the section on geometries and the error 

induced by this assumption will be quantified in the section on error.  

 

Thus, this extended version of the Tomasko Model can generate the theoretical UV flux 

at any moment of any specific sol at any particular latitude at any particular wavelength 

on the surface of Mars for specific small scale geometries. By summing the contributions 

from all wavelengths within a particular band and simulating multiple points over a 

single sol, the total incident energy is calculated for that sol. By further simulating 

multiple sols during the martian year the total energy input per unit surface area in one 

martian year under present conditions is derived. Section 2.2.2.5 will describe the specific 

diurnal and annual meshes and how these were derived. Results from this version of the 

code will be presented in section 2.3.2. 

 

Results from both of these models can be used to predict endmembers for several 

astrobiological processes on the martian surface.  For example, we could constrain the 

survival times of terrestrial microorganisms, biosignature molecules from dead microbial 

cells or biofilms, and in situ organic molecules on the surface of Mars. However, the 

current study only addresses the direct UV effects on the degradation of organics and 

terrestrial microorganisms, but as other components of the Mars surface environment are 

described (e.g., effects of frost cycling and the presence of volatile oxidants on the 

degradation of organics), new terms can be incorporated into a more sophisticated model. 
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2.2.2 Model Parameters 
 

2.2.2.1 The Martian Atmosphere 
 

The most important input parameters for the Tomasko Model are the parameters which 

define the atmosphere itself. The total atmospheric pressure (equivalent to the pressure 

that would be measured at the base of the atmosphere) used in the model was 6.1 mbars, 

the Viking-derived datum pressure of pure CO2. Values for absorption and Rayleigh 

scattering in the UV as a function of pressure are taken from Hansen and Travis (1974). 

Note that the amount of rayleigh gas in both modeled layers is scaled according to the 

assumed surface pressure. However, scattering is a minor effect compared to the presence 

of dust or ozone.  

 

The O3 (ozone) abundance at any solar longitude (LS) and geographical latitude is taken 

from three dimensional numerical models produced by Lefèvre et al (2004) and recently 

validated in situ by the SPICAM instrument aboard the Mars Express spacecraft (Perrier 

et al, 2006). The corresponding ozone opacities were calculated using these values and 

tables of ozone absorption cross-section at 226K (Molina and Molina, 1986).  While 

column abundances of ozone on Mars are reduced by three orders of magnitude from 

typical terrestrial values (Novak et al, 2002) they are still a significant source of opacity 

for UVC wavelengths ranging up to a wavelength-averaged opacity of 0.7 in this 

waveband at polar latitudes in winter. The absorption of molecular oxygen at typical 

column abundances of 8.5cm-atm (Trauger and Lunine, 1983) is reduced a further two 
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orders of magnitude from ozone, given typical martian pressures (Yoshino et al, 1988) 

and is not considered.    

 

A key component of the model is the solar UV spectrum.  The 2000 ASTM E-490-00 

standard extraterrestrial (Air Mass Zero) spectrum for Earth (ASTM, 2000) was scaled to 

the orbital distance of Mars for each solar longitude of interest. The scaling is similar to 

several other Mars UV models (Kuhn and Atreya, 1979; Cockell et al, 2000; Patel et al, 

2003; 2004; Schuerger et al, 2003; 2006).   

 

Finally, the distribution, abundance, and size of dust and ice in the atmosphere were 

considered. Since the distribution and size of ice particles within the atmosphere are not 

well known and direct optical depth (τ) observations from several surface stations at 

several wavelengths are available, a composite particle was employed with a radius of 1.6 

µm as determined by studies of the martian sky from the Mars Pathfinder (MPF) 

spacecraft (Tomasko et al, 1999) and refined by Johnson et al (2003). When the Tomasko 

code is run with this 1.6 µm composite particle at a concentration of 3.5x106 cm-2 

(corresponding to an optical depth of 0.402 at 671nm), the model accurately reproduces 

the spectrum of Johnson et al (Fig. 1).  
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Figure 1: Comparison between the Tomasko code and the Imager for Mars Pathfinder 

Multi-Spectral Spot (Johnson, 2003) under equivalent Mars atmospheric conditions.  

The model is able to accurately replicate observations of the dusty sky on Mars. The y-

axis is expressed in terms of I/F which is a ratio in which the irradiance perceived by a 

detector, in this case the IMP CCD, is divided by the total infalling atmospheric flux at 

the top of the atmosphere. 

 

The 1.6 µm composite scattering particle is also consistent with observations made by the 

Viking landers (VL1,VL2) (Pollack et al., 1995) and the Mars Exploration Rovers (MER) 

(Lemmon et al, 2004), suggesting that the character of scattering particles in the sky is 

somewhat constant for most opacity conditions at most latitudes. While there is recent 

evidence that dust sizes may differ locally (Clancy et al, 2003, Wolff and Clancy, 2003), 
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only one size of scattering particle will be considered for simplicity. Additionally, there is 

some disagreement between measurements made by the Mars Global Surveyor Thermal 

Emission Spectrometer TES in the infrared and by these surface stations in the visible 

region (Korablev et al, 2005). However, it was decided to make use of the surface 

stations since the wavelengths considered are closer to the UV and there is no extra 

processing required to deconvolve the surface from the sky. 

 

The optical depth is variable on Mars, therefore a broad range was selected for study, 

from values of very clear sky conditions at optical depths of 0.2 to a theoretical dust 

storm of optical depth 5 (all opacity measurements are referenced by the code to 671nm, 

the center of the red filter of the Imager for Mars Pathfinder (IMP) camera (Smith et al, 

1997)).  In order to consider skies with a higher or lower optical depth than MPF, the 

number of these composite particles was adjusted accordingly. 

 

2.2.2.2  The Martian Surface 
 

The martian surface constitutes one of the two boundary conditions for the atmospheric 

model and presents a more difficult quantity to constrain than deep space.  The main 

reason for this is the lack of measurements of surface soils on Mars in the UV. Two 

approaches were taken to correct this problem. The first method was to extrapolate 

measurements made of martian soils by the IMP in visible light down into the UV portion 

of the spectrum. The second method was to take terrestrial Mars analog soils which are 

similar to the IMP data in the visible and to observe those samples in the UV region. 
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First, it was necessary to produce a Hapke model (Hapke, 1993) of the martian surface to 

serve as an input to the Tomasko model. Since no martian lander has been equipped with 

a UV spectrometer, it was necessary to extrapolate our results by curve-fitting to the 

existing IMP data to derive the variation of this parameter in the UV. This model was 

derived from surface soils at the Mars Pathfinder landing site as imaged by IMP through 

several filters from blue to the near infrared. In the formulation, the most critical 

parameter and the only one which varied by wavelength was the ground reflectivity 

(Hapke GR). This is equivalent to the diffuse scattering albedo of the surface. 

 

To determine if the produced variation in Hapke GR was reasonable it was next 

necessary to compare our results with UV measurements of Mars analog soils. A 

palagonite (termed Simulated Martian Dust or SMD) from Mauna Kea, Hawaii was 

sieved to provide two separate particle size ranges of >1mm and <0.5 mm in radius. In 

addition, a second Hawaiian palagonite (HaWaii Mauna Kea [HWMK] sample n° 101) 

was collected in 2003 (courtesy of R. V. Morris) and was not sieved prior to UV 

reflectance measurements. The samples labeled SMD were obtained from a surficially 

altered ash of Pu’u Nene volcanic cone at 1850 m on the south flank of Mauna Kea, 

Hawaii in 1985 (courtesy of R. Singer, and maintained by A.C. Schuerger).  The SMD 

analog soil is similar to the JSC Mars-1 simulant described by Allen et al. (1981; 1998).  

The SMD analog soil closely matches the reflectance spectrum of Mars regolith (Morris 

and Gooding, 1990; Morris et al., 1994) and is similar in chemical composition, particle 
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size, porosity, and magnetic properties of Mars regolith (Allen et al., 1981, 1998; Morris 

and Gooding, 1990; Morris et al., 1994). The SMD analog material was described 

previously by Schuerger et al., (2003). UV reflectance scans of the palagonites were very 

similar, and fell within a few percentage points of the extrapolated data from the IMP 

camera (Fig. 2). Thus, this extrapolation was used for all of the model runs. All other 

Hapke quantities were taken to be constant from 0. 20 to 0.40 µm. 

 

2.2.2.3 Geometries Considered 
 

In addition to the billiard-ball Mars model in which the surface is entirely smooth, three 

separate families of geometries were investigated: (a) poleward faces of rocks, (b) pits 

and cracks, and (c) the undersides and surfaces below overhangs (Fig. 3). These 

particular examples were chosen as they represent idealized forms of features often 

observed in the martian landscape which show a potential to significantly decrease in the 

amount of incident radiation on a patch of the surface by blocking the Sun and a 

significant fraction of the sky.  
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Figure 2: Variation in the Hapke ground reflectivity parameter  

(the most significant parameter for quantifying the interaction between the surface and 

the sky) for several palagonite (Mars simulant soil) samples and an extrapolation of the 

dusty surface observed at the Mars Pathfinder (MPF) landing site. The MPF landing site 

extrapolation, the curve used in our models, is consistent with the simulant soils. 

 

For each case the idealized geometry and the reduction in UV flux will be presented in 

terms of a ’Geometric Shielding Ratio’ (GSR) which parameterizes each family of 

geometries in terms of the vertical and horizontal dimensions of each member case 

(similar to depth/diameter ratios for craters). In all cases, the formulation of the 

Geometric Shielding Ratios are chosen such that GSR → 0 in the limit of a smooth plane 

(i.e. as the billiard-ball Mars case is approached) since this case by definition offers no 

geometric shielding. 
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Figure 3: Illustration of the different families of geometries examined in this work  

a pole-facing rock face (3a, at left), a pit or crack (3b, center) and an overhanging surface 

(3c, right), idealized geometry with relevant parameters shown. Note that for the case of 

the pole-facing rock surface, only the northern hemisphere (north-facing) example is 

shown. In the south the geometry is reversed.  Dark patches indicate where the UV flux 

was calculated.  GSR(a) = h/d ; GSR(b) = d/w ; GSR(c) = w/h. 

 

Poleward faces of rocks are the most frequently observed small-scale geometry, the best 

examples of which are angular rocks exhibiting pole-facing sides. Many of these are 

visible at the MPF landing site. The idealized geometry consisting of a flat vertical plate 

casting a shadow is shown in Fig. 3a. For the poleward geometry, the Geometric 

Shielding Ratio can be written as:  

 

d
hGSR =    [1.a] 
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where d is the distance between the flat plate and the patch of surface, denoted as a black 

square with a line segment to indicate the surface normal, at which the incident energy is 

calculated, and h is the height (and width) of the north face. To simplify matters only the 

special case in which the height and width of the face are equal has been considered here. 

For the poleward geometry, the limits on the GSR are: 

 

 0.0109 < GSR < 115   [1.b] 

 

Limits on GSR exist due to the quantized nature of the sky mesh. The smallest angle 

from the zenith considered is 8.46° and the largest angle is 89.38°. While the total input 

energy may still change beyond these limits as the amount of direct sunlight being 

blocked will change, no further reduction of sky brightness will occur, thus, values 

beyond these limits were not considered for the geometries. 

 

The second geometry to be considered was that of a pit. Pits are special cases of another 

common geometry, namely, pits can be considered as cracks with equal lengths and 

widths.  There are numerous examples of pit-like structures on Mars including craters, 

depressions observed in the polar caps, and rock vugs and flutes. The idealized geometry 

of a pit is a sunken floor with a square cross section and four vertical walls of equal 

height. As with the poleward face, the Sun is shown from the south in Figure 3b. The 

GSR for the pit geometry is defined as: 

 



 
 
 

35 

w
dGSR =    [2.a] 

 

where w is the width of the pit and d is the depth of the sunken floor beneath the surface. 

The model limits on the pit geometry are: 

 

 0.0056 < GSR < 3.4  [2.b] 

 

The last two cases to be considered are both derived from the same geometry. While 

natural overhangs may not be as abundant on Mars as rocks with pole-facing sides or pits 

and cracks, judging by the images returned from landed spacecraft, they offer a much 

higher potential to block the sky and the Sun, thus resulting in substantial reductions in 

the incident UV radiation. Overhangs are also of particular concern for the subject of 

planetary protection since most landed spacecraft have some ground clearance, providing 

an overhanging refuge for organics or microorganisms. The two sub-cases to be 

considered are first the soil surfaces beneath rock or spacecraft overhangs and the 

overhanging surfaces themselves. These are shown as the idealized geometry of Fig. 3c 

as a square plate suspended above a surface and casting a vertical shadow. Both surfaces 

below overhangs and overhanging surfaces have a GSR of: 

 

h
wGSR =    [3.a] 
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where h is the height of the overhang above the surface and w is the width of the 

overhanging plate. In the case of soil surfaces below underhangs, the limits on the 

geometry are: 

 

 0.29 < GSR < 185  [3.b] 

 

There are no hard limits on the range of GSR acceptable for the undersides of overhangs 

since the shadows of the overhangs are not themselves blocking geometries. However, 

the limits chosen for undersides of overhangs mirror the limits for the surfaces 

underneath the overhangs as for GSR < 0.29 the shadow blocks out a fairly small patch of 

the surface and for most cases where GSR > 185  (the equivalent of a 1-meter wide plate 

held 5.4mm off the surface) the shadow encompasses the entire field of view of the 

underside. 

 

The case of undersides of overhangs requires a slightly altered form of the code to 

conduct the calculation for the incident energy. This occurs as this geometry does not 

have a line of sight to either the sky or the sun directly (the sun is modeled as a point). 

Therefore, instead of values for sky brightness, the upwelling intensities are used. These 

values are generated internal to the Tomasko code as a necessary internal step to satisfy 

radiative balance. This also provides additional motivation for simulating samples of 

Martian analog soils in the UV (discussed previously in section 2.2.2.2) as this impacts 

directly upon the upwelling radiation field. 
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The geometric extension of the Tomasko model in this case is completed by applying the 

shadow of the overhanging plate to ‘black out’ the upwelling radiation where the shadow 

falls. As with the other geometries, the consequences of this assumption will be 

considered in the section on error. This is a critical step in cases where the overhanging 

plate is low to the ground (GSR > 1) and at high latitudes where the sun is often close to 

the horizon and shines in underneath the overhang. This causes the shadow to be cast far 

from the overhang itself, greatly increasing the amount of perceived upwelling radiation.  

 

2.2.2.4 Meshing and Error Considerations for the Billiard-Ball Mars Model 
 

One important consideration in any numerical model is how to partition relevant 

parameters into discrete pieces. Choosing the correct number of these meshing points is 

not only key to determining the underlying trend, but can also impact directly upon the 

error induced in the results. In many cases, adding more model evaluations can result in a 

reduced error, depending on the identity of the sources of error. As such, this section and 

the next shall discuss how time and space were meshed for evaluation along with the 

corresponding error analysis for both the Tomasko model and its geometrical extension. 

 

First, the billiard-ball Mars case will be considered. For this case, appropriate mesh sizes 

for representing the annual and diurnal variations in fluence must be determined. 

Specifically this is the number of points that are required per day and the number of days 

per year to get a good estimate of the underlying trend. Since the underlying error in any 
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single Tomasko model run is small (i.e. it has been repeatedly shown to be a good model 

of the atmospheric scattering consistent with observations) these two choices will be the 

major sources of error in the calculations. 

 

Taking the case of the number of points per day, the change in the predicted daily energy 

by varying the mesh size can be examined. Thus, model runs with an increasing number 

of daily mesh points were examined. It was found that the values for incident daily 

energy converge as a decaying exponential function according to: 

 

))/exp(1( λnAE −−=    [4] 

 

in which the approximate Energy (E), the radiative model result, approaches the Actual 

Energy (A) as the number of points per day (n) increases. This form for the numerical 

error is empirically appropriate, and is in line with the fact that the majority of the 

phenomena being considered interior to the code exhibit an exponential dependence.  

 

In order to determine the values of lambda and hence the minimum values of n, the 

number of daily points, it was decided to consider two dissimilar points on the surface on 

the day of the vernal equinox. These were 0°N and 80°N, the first of which observes the 

sun to pass directly overhead, while the other views the sun from a shallow angle above 

the horizon. In these two cases, the derived values of lambda with the best fit are λ = 

6.16, for 80°N and λ = 6.56 for the equator. Since the time required to complete runs at 
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40 points per day was tolerable, the error associated with each daily value of incident 

energy is ±0.2%. 

 

As for the estimation of the annual energy, runs were completed at four values of the 

solar longitude, LS (LS = 0°, 30°, 90°, 270°) and the model results were fitted to an 

analytic curve of the form:  
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Where the solar zenith angle (SZA) is itself a function of the time of day t, LS , and the 

latitude (lat) of the observer, F is the solar constant at 1AU and A is the fitting parameter. 

The effective optical depth, τeff, is also fit to the model runs while the opacity of ozone, 

τO3, as a function of latitude and LS is calculated using the abundances (n) in Lefèvre et al 

(2004) and absorption cross sections (σ) in Molina and Molina (1986): 

 

λλστ
μ

μ
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m
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3
  [6] 

 

The opacity of ozone is used only for calculations in the UVC (0.2-0.28μm) portion of 

the spectrum. 
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The form of equation [5] arises because as the direct beam is attenuated by passage 

through the atmosphere, proportionally more energy is scattered into the diffuse sky 

brightness; some of which is also incident on the observer. In this way, the diffuse and 

direct portions of the incident energy compensate in part for one another.  

 

Not surprisingly, this form fits very well for the direct beam for which τeff has no 

dependence on latitude, and A has no dependence on latitude or optical depth. The total 

incident energy is less well fit, however, by allowing A and τeff to vary by latitude and 

optical depth, results may be fit to within an error of less then ±1% for the majority of 

cases (as calculated by computing the sum of squares error on the four model points 

compared to the analytic curve). The exceptions to this are cases in which the optical path 

is exceedingly long, namely at latitudes above 45°N at optical depths greater then one. 

Even so, in the most extreme case with optical depth 5 at 80°N latitude the error remains 

below ±4%.  

 

This increase in the error with optical depth is a direct result of the analytic formulation. 

Above optical depth one, more energy reaches the surface as diffuse radiation than in the 

attenuated direct beam. As well, the solar aureole becomes less sharp as optical depth 

increases, which causes the assumption of a directional diffuse source to degrade with 

increasing optical depth. As such, instead of a direct formulation, the variation in the 

diffuse sky brightness is fitted to the difference between the total and direct components 
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which match with the radiative transfer model at close to the same precision as the 

estimate of total radiation, an error of ±4%. 

 

Each of these results is point wise accurate, that is they provide the yearly incident energy 

at one location on Mars (latitude) under a specific condition of optical depth not 

dependent on conditions elsewhere. In order to show how these results vary over the 

surface of the planet, a mesh of points at different latitudes (80°N, 50°N, 30°N, 20°N and 

0°N) and optical depths (0.2,0.5,1,2 and 5) were employed for calibration of the analytic 

model which was then used to produce the color plots shown in section 2.3.1. Note that 

no points were chosen in the southern hemisphere since the solar geometries are the same 

as in the north, simply out of phase by 180° of solar longitude, and incident energies can 

be ratioed to the correct Sun-Mars distance. 

 

2.2.2.5 Meshing and Error Considerations for the Geometrical Extension of the Tomasko 
Model 

 

The geometrical models differ from the billiard-ball case in several important ways. The 

most significant of these is that for both the diurnal and annual meshing, the empirical 

method of matching to an analytic curve employed in the billiard-ball Mars case for 

annual variations cannot be used when considering the different geometries. This is due 

to the discontinuities which arise from having the Sun either being blocked or not on 

subsequent days and at different points over each sol. Thus, it was decided to use 

exclusively the full-up radiative transfer model described in section 2 for all the 
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calculations instead of simply as a calibration tool for an analytic curve. While this means 

that many more points must be considered over the course of a year, it ensures that the 

total incident energy values will be as accurate as possible. 

 

The second difference is the presence of up to 5% error on each model run (compared to 

essentially no innate error in the billiard-ball case) as a result of ignoring multiple 

bounces of radiation off of surfaces. This is equivalent to the typical UV reflectivities of 

martian surface materials as discussed in section 2.2.2. Given this fact and the much 

longer runs required to process a single geometry, the number of required runs and the 

resulting accuracy were balanced by conducting sufficient runs to reduce the total 

numerical error to 5%. Given that these two sources of error are additive, end results for 

geometries may be thus considered accurate to ±10%. 

 

Beginning with the diurnal meshing, the number of daily mesh points can be determined 

analogously to section 2.2.4 with multiple runs of the Geometrically Extended Tomasko 

Model. As expected, the value for λ begins similarly to the billiard ball case at λ~5.5 for 

GSR ~ 0 but deteriorates as the value of GSR increases ultimately reaching λ~25 near the 

GSR limits of each of the geometries. Analogously applying this method to the annual 

mesh, model evaluations close to the GSR limit yeilded values of up to λ~1.8. In order to 

restrict the total error to 5% the accuracy of both diurnal and annual meshes was 

balanced. This was achieved by running 100 daily points (±3.57%) and eight equally 
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spaced points per year (±1.83%) which will yield a final result with a combined error of 

±5.4%, similar to the largest possible error in ignoring multiple bounces. 

 

As with the billiard-ball case, each of these results is point wise accurate, as such they 

provide the yearly incident energy at one location on Mars (latitude) under a specific 

condition of optical depth with a specific geometry. However, instead of plotting latitude 

against optical depth, Geometric Shielding Ratio is plotted against latitude at a constant 

optical depth of 0.5, a typical optical depth under current martian conditions. As such, the 

effect of the geometry can be highlighted. Again, latitudes of 80°N, 50°N, 30°N, 20°N 

and 0°N were considered and the selection of each Geometric Shielding Ratio was 

chosen so as to block out successively more of the solar elevation points in the sky. These 

runs were used to produce the color plots shown in section 2.3.2. Once again, no points 

were chosen in the southern hemisphere since the geometries are the same as in the north, 

simply out of phase by 180° of solar longitude, and incident energies can be ratioed to the 

correct Sun-Mars distance. 

 

2.2.2.6 Ultraviolet Organic Chemistry and Bacterial Inactivation Kinetics 
 

Once the Mars UV model was completed, values for the UV degradation of organic 

molecules and the UV inactivation of terrestrial microorganisms were required to predict 

the survival times of both materials under various UV fluence rates and shading 

conditions on Mars. For organic molecules, the work of Stoker and Bullock (1997) on the 

UV degradation of glycine was used to model destruction of organics under martian 
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conditions. Glycine is a small linear aliphatic amino acid with a molecular weight of 73 

and containing one amino group and one carboxylic acid. Ultraviolet photons between 

0.200 and 0.250 µm are largely responsible for the UV degradation of organic molecules 

(McLauren and Shugar, 1964), but this effect can vary depending on the complexity of 

the organic molecules and the experimental conditions. For example, the quantum 

efficiency between 0.20 and 0.24 µm for the UV degradation of glycine under martian 

conditions reported by Stoker and Bullock (1997) was observed to vary by a factor of six 

from 0.47 (glycine alone) to 2.89 (glycine + palagonite) x 10-6 molecules/photon 

depending upon experimental conditions and starting materials. The overall average of 

1.46±1.0x10-6 molecules/photon for UV degradation of glycine under martian conditions 

was used for the current study to predict a “generalized” UV degradation rate for organics 

on Mars. Note that for the results presented for glycine, this quantum efficiency is the 

largest source of error. 

 

It is also important to point out an important implicit assumption in the Stoker and 

Bullock (1997) data. Given that their experimental results indicated a constant evolution 

of decomposition gasses over time, it is likely that their results are valid only for the case 

where the destruction of glycine is limited by the availability of downwelling radiation. 

This will be the case when the glycine layer is more then one molecule thick in which 

case the destruction of one molecule causes decomposition gasses to be released and a 

new molecule to be uncovered. As the total surface area of glycine exposed to UV 

irradiation does not change, the destruction process proceeds linearly and the correct 
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units of the degradation are years per areal density of glycine. Since this is the regime 

previously described in the literature, results based on this metric will be presented 

throughout this chapter. It is also notable that this represents the most rapid destruction 

rate as the process does not slow as more glycine is destroyed. The implications of this 

assumption and corrections that can be made for the non-radiation limited case will be 

discussed further in section 2.4.2. 

 

UV inactivation rates for microorganisms under martian conditions were derived from 

data on Bacillus pumilus SAFR-032 (Schuerger et al., 2006), a spore-forming bacterium 

recovered from a spacecraft processing facility at the Jet Propulsion Lab (Link et al., 

2004). Bacillus pumilus SAFR-032 was selected for these studies based on three key 

attributes: (1) extremely high resistance to UV irradiation (Link et al., 2004; Newcombe 

et al., 2005; Schuerger et al., 2006), (2) high resistance to desiccation and Mars pressures 

(Schuerger, unpublished), and (3) no other Bacillus species has been described with 

higher UV resistance. Bacillus species are considered to be one of the best proxies for 

measuring spacecraft cleanliness because they form spores that are highly resistant to 

desiccation, vacuum, UV radiation, hydrogen peroxide, and ionizing radiation (Horneck, 

1993). Thus, a working assumption for the current study was that if conditions could be 

described with the Mars UV model that would fully inactivate a given population of B. 

pumilus SAFR-032, then it is likely that all other species of microorganisms found on 

spacecraft (see reviews by Schuerger et al., 2003; Taylor, 1974; Venkateswaran, et al., 

2001) would also be inactivated.   
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Based on the report by Schuerger et al. (2006), a simulated Mars UVC + UVB (0.20 to 

0.32 µm) dose rate of 105.6 kJm-2 for B. pumilus SAFR-032 was used in the current study 

as the lethal dose rate (LD100) for a population of 2 x 106 viable spores. However, it is 

important to note that the study by Schuerger et al. (2006) only examined the UV 

inactivation kinetics of fully Sun-exposed spores of seven Bacillus spp.  The presence of 

dust coatings or other UV-attenuating materials (e.g., Kapton tape) would likely impart 

significant protection against UV radiation (Gontareva, 2005; Mancinelli and Klovstad, 

2000; Schuerger et al, 2003). 

 

2.3  Results 
 
2.3.1  Billiard-Ball Mars  
 

Using the approximation listed above in section 2.2.4 with constants calibrated by the 

Tomasko radiative transfer model, the total incident energy may be calculated as a sum of 

its diffuse and direct beam components (Fig. 4).  The direct UV beam was found to vary 

by three orders of magnitude from clear sky conditions (τ=0.2) to global dust storms (τ= 

5), but by less than one order of magnitude from the equator to an illuminated pole at any 

specific optical depth. The diffuse beam was found to be much more uniform, varying by 

only one to two orders of magnitude over all optical depths and latitudes with a peak in 

intensity at the equator for optical depths of one. As a result, the total amount of energy 

reaching the surface varies only by at most one order of magnitude from equator to pole 

at any one optical depth, or at any latitude from clear sky to dust storm conditions. 
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Figure 4:  Base-10 logarithms of total (center), direct (upper left) and diffuse (upper 

right) incident UV irradiation per martian year per square meter in the waveband between 

0.2 and 0.4 microns (UVA+UVB+UVC) on Mars. 
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Maps change very little with wavelength band. Contributions from individual bands may 

be derived by using Table 1. Corresponding survivabilities of glycine (lower right) and 

Bacillus pumilus SAFR-032 (lower left) based on the total UV are also shown. Each 

contour is 1/20th of the full scale bar with all three UV flux graphs on the same scale bar 

and each Survivability plot on its own separate scale bar. Note that the Diffuse-Sky flux 

varies less then does the Direct-Beam flux and dominates the Total down-welling 

radiation perceived at the surface for optical depths greater than 1. Also, since the yearly 

averaged radiation over a martian year is more important then the maximum or minimum 

flux within each martian year for glycine and Bacillus, survivabilities are inversely 

related to the average flux through a constant. Optical depths of dust are calculated at 

671nm. 

 

Of particular interest is the diffuse component which dominates the radiation transferred 

to the ground above optical depth 1 for all latitudes and at lower optical depths near the 

poles where the optical path is longer. Thus, under conditions of high optical depth, such 

as a dust storm, protection from the direct solar beam is less important then protection 

from the sky in general. These results are consistent with the results of Córdoba-Jabonero 

et al (2003) for UV protection from dust loading. Furthermore, the UV flux of the diffuse 

and direct beams are both lessened in high optical depth cases. 

 

Conversions to be used with the graphics in Fig. 4 have been computed for UVC, UVB 

and UVA bands and shown in Table 1. These conversions are interpolations between the 
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0.2μm to 0.28μm and 0.2μm to 0.4μm data weighted according to the spectral shape of 

energy striking the ground. Given that the differences in calculated constants varies by 

less then ±2% between the two extreme bands at τ=1, 0°N, ±2% error should be added to 

energy for values derived using Table 1. There is also an error incurred due to latitude 

which increases with increasing optical path, however, this remains below ±10% for all 

but the most extreme case of τ=5, 80°N/S latitude. Furthermore, a greater proportion of 

the downwelling radiation is modeled to be composed of the diffuse flux within the UVA 

band, while the situation is reversed for UVB and UVC (Table 1). This is due to the 

scattering properties of the atmospheric dust which is more effective at redder 

wavelengths.  

 

Table 1: Conversion to common UV Wavebands from full UV flux values  
(Multiply values in Fig. 4 by these constants) 

 
Waveband   Direct Flux  Diffuse Flux  Total Flux 

 
UVA (0.32μm -0.40μm)  0.7401   0.7582   0.7488 
UVB (0.28μm -0.32μm)  0.1926   0.1786   0.1843 
UVC (0.20μm -0.28μm)  0.06017   0.05526   0.05741 

 
Note: due to interpolation errors, UVA+UVB+UVC do not add up to 1. Result within ±12% for all 
cases except those in which both τ is greater than 2 and the latitude is greater than 50°N for which 
results are within ±40%.  These calculations are based upon interpolation of model runs within each 
individual waveband. 
 

A competing effect at short wavelengths is the presence of ozone in the atmosphere. This 

is predominantly a factor for UVC radiation and can be safely ignored for UVB and 

UVA. Significant abundances of ozone of order 30μm-atm have been predicted (Lefèvre 

et al, 2004) and observed (Perrier et al, 2006) which suggest high opacities of up to an 
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optical depth of 0.7 in the UVC. However, the highest abundances occur during polar 

winter when no radiation is incident on the surface. Once the Sun comes out, ozone 

abundances drop rapidly and the highest opacity encountered at any single point during 

the year at any latitude is 0.25 while the largest yearly average at any latitude is about 

0.1. Even this figure is likely an overestimate since column abundances on Mars vary by 

up to a factor of four over the course of the day (Lefèvre et al, 2004). As such, ozone 

represents a significant (~20%) effect which is most pronounced at high northern 

latitudes. While this does not change the form of the trends in Fig. 4 significantly due to 

the logarithmic scale, it should be considered when using the values found in Table 1. As 

such, the subtractive effect of ozone for the UVC waveband is shown by latitude and 

optical depth of dust in Fig. 5.  

 

Finally, the total energy values were translated into deactivation rates of B. pumilus 

SAFR-032 as the number of sols for a reduction corresponding to an LD100 for 2 x 106 

spores in the lab and organic survivability levels in units of martian years per gram of 

carbon in the form of glycine per square meter. Based on the cited data for glycine 

(Stoker and Bullock, 1997) and bacterial degradation under martian conditions 

(Schuerger et al., 2006), the residence times for both materials on the martian surface 

under various latitudinal and optical depth conditions were modeled (Fig. 4 – bottom 

right and left). For B. pumilus spores on fully Sun-exposed surfaces, the Mars UV model 

predicts the LD100 UV dose would be reached after 0.22 to 1.82 sols for populations of 2 
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x 106 viable bacterial spores under optical depths of 0.2 and 5, respectively, at the equator 

(Fig. 4, lower right).   

 

 

Figure 5: Required reduction (in percent) from values calculated according to table 1 for 

UVC (0.2-0.28μm)  

as a result of ozone absorption at short wavelengths by latitude and optical depth of dust. 

The effect of ozone is significant only at high optical depths of dust and high latitudes, 

particularly in the northern hemisphere. The latitudinal change is due to the different 

distributions of ozone over the year and is based on modeled (Lefèvre et al, 2004) and 

observed (Perrier et al, 2006) values.  
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Thus, within a single sol for clear sky conditions and two sols for global dust storm 

conditions, it would be likely that a large population of viable bacterial spores would be 

inactivated on sun-exposed surfaces at the equator.  Results were consistent with 

predicted survival times for seven Bacillus spp. under martian UV conditions 

(Newcombe et al., 2005; Schuerger et al., 2006). Simulations of spore deactivation at 

high latitudinal positions were longer by a factor of 2 relative to similar optical scenarios 

at equatorial positions. For glycine deposited on horizontal surfaces and irradiated 

continuously at optical depths of 0.2 (clear sky conditions) and 5 (global dust storms), the 

Billiard-Ball Mars UV model predicts extremely long residence times of nearly 3,000 and 

27,000 martian years per gram of carbon, respectively, at the equator (Fig. 4, lower left).  

Thus, if UV irradiation was the only component of the martian environment contributing 

to the inactivation of both bacterial spores or glycine, the Billiard-Ball Mars UV model 

predicts extremely rapid inactivation kinetics for viability, and extremely long residence 

times for glycine-like organic molecules. Note that for more complex molecules having 

more potential bond breakage points, the lifetimes are expected to be considerably lower. 

 

2.3.2 Reductions in Incident Energy provided by small-scale geometry 
 

The data in Fig. 6 shows the reduction in UV flux achieved by each geometry compared 

to the billiard ball model as a function of GSR and latitude. In these simulations, all 

geometries were constrained to an optical depth of 0.5 (typical conditions at the MPF, 

MER, and Viking landers) in order to isolate the effect of adding the geometry. Note that 

the calculation is highly dependant on the specific value of the optical depth. While this 
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calculation is accurate when considering the entire UV band as a whole (0.2 to 0.4μm), as 

with the billiard ball case, additional error in the amount of ±10% needs to be added for 

considering values for specific wavelength intervals within this dataset, such as 

individual UVA, UVB or UVC bands. However, all cases have the same form and 

behavior with respect to GSR and latitude. For reference, the maximum reductions in 

annual UV, for all geometries, are displayed in Table 2.  

 

Table 2: Reduction in annual incident UV (0.2 to 0.4μm) for the subject geometries 
 

Geometry Type    Maximum Reduction   (Reduction Factor) 
 

Polar Faces    1.1±0.4x10-1   (8.8x) 
Pits & cracks    4.5±0.5x10-3   (220x) 
Surfaces Below Overhangs  9.0±0.9x10-5   (11 000x) 
Undersides of Overhangs   1.8±0.2x10-5   (54 000x) 

 
Note: these values apply only to the ranges of GSR and latitude described in Section 2, Theoretical 
Minimum reduction is one for every geometry 
 

It was found that poleward faces are most effective at reducing the incident energy at mid 

latitudes (Figure 6, top left panel). Below the northern tropic latitude (25.2°N) during the 

summer there are times when the Sun is in the northern sky and hence not blocked by the 

geometry. Similarly, above the Arctic and Antarctic Circles, there are days with 24 hours 

and 40 minutes of sunshine and the surface patch receives insolation from every 

direction. Even at mid-latitudes, this geometry is the least effective of the three types with 

a reduction to 1.1±0.1x10-1 times the unshielded UV insolation received. 
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Figure 6: Base-10 logarithm of the reduction in incident energy per square meter per 

martian year for four geometries: polar faces (top left), pits (top right), surfaces below 

overhangs (bottom left) and undersurfaces of overhangs (bottom right).  

Note that the scale bars and the GSR ranges differ between each case (GSR=1 is 

indicated as the red value on the x-axis). Each contour is 1/20th of the full scale bar to 

illustrate the differences between each geometry. The largest reduction is offered by 

overhangs followed by pits (and cracks) and finally polar faces. Overhangs exhibit the 

highest reductions at equatorial latitudes, pits (&cracks) at polar latitudes and polar faces 

at mid-latitudes. 
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The reduction in incident energy exhibited towards the poles at GSR values less than 10 

is due to the position of the sun in the sky. At these GSR values, the Sun is sufficiently 

high in the sky near the equator to shine over the top of the pole-ward face; however, at 

the poles the face is still effective at blocking the Sun due to its lower elevation in the 

sky. 

 

Poleward faces also exhibit an interesting critical behavior at low to mid latitudes 

between a GSR of 1 and 10. Most of the reduction in incident energy occurs in this region 

with very little increase for GSRs smaller then 1 and very little decrease for GSRs larger 

then 10. This suggests that there is a critical distance from a rock beyond which a patch 

can be considered unshielded. This mid-range value is approximately GSR=4. 

 

Pits and Cracks (Figure 6, top right panel) provide the best refuges at higher latitudes. 

This is the result of the Sun being comparatively low in the sky for most of the year. As 

such, since the majority of the diffuse sky brightness emanates from the solar aureole, 

little light from either this source or the Sun itself reaches the bottom of the pit. While not 

the most shielding of the geometries, cracks and pits offer enhanced protection over polar 

faces since some protection is offered on all sides. The maximum reduction in incident 

energy is at most 4.5±0.5x10-3 of the unshielded value at the largest GSR of 3.4, or a pit 

three times as deep as it is wide. This suggests that impact craters, which on Mars have a 

limiting depth to diameter ratio of 1:5 (GSR = 0.2) in the case of small simple craters 
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(Strom, 1992), would not be significantly shielded at any latitude. However, caves, 

illuminated only by skylights, could be significantly shielded, especially at high latitudes. 

 

Overhangs (Figure 6, bottom left and right panels) provide the best protection at all 

latitudes, though they are slightly more effective at sub-polar latitudes where the sun 

spends most of its time high in the sky. The total protection of overhangs exceeds that of 

either pits, cracks or polar faces with a reduction to 9.0±0.9x10-5 of unshielded levels in 

the case of surfaces below overhangs to almost 1.8±0.2x10-5 in the case of the undersides 

of the overhangs themselves, a reduction factor of over 54,000.  

 

It should be noted that there is a crossover in effectiveness between surfaces under 

overhangs and the floors of pits and cracks. This effect is the result of the height of the 

Sun in the sky and the method by which each geometry reduces the daily flux. Pits and 

cracks primarily block the lower portion of the sky during morning and evening in which 

the Sun spends longer periods of each day, but transmits lower flux to the surface due to 

the low incidence angle. Overhangs, however, block the upper portion of the sky where 

the Sun spends the middle of the day and transmits the greatest flux to the surface. This 

crossover occurs at approximately GSR = 2 with pits and cracks being more effective 

than overhangs below this value and overhangs being more effective above GSR = 2. The 

crossover point also has a latitudinal dependence and will occur at much higher GSRs in 

polar regions than at the equator as the sun spends a smaller proportion of each day high 

in the sky further from the equator. 
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As a final note, one should be careful when applying the reduction plots to optical depths 

significantly different from 0.5 shown on the billiard-ball Mars plots (Fig. 4) due to the 

difference in the spectral nature of the diffuse and direct radiation received at the surface 

in any specific circumstance. When the optical path becomes extremely long, more light 

is preferentially scattered out of the direct beam at longer wavelengths which causes the 

spectrum of the direct beam to peak at shorter wavelengths. However, since an optical 

depth of 0.5 is typical and the effect shown above does not become significant until the 

optical path is exceptionally long (for instance the effect remains small at τ = 5 at 40°N 

latitude), extrapolation up to τ = 1, the boundary between direct and diffuse dominated 

energy transfer regimes, is appropriate at all latitudes and sub-polar latitudes may be 

safely extrapolated up to τ = 2.  

 

2.3.3 Biological Significance 
 

The time required to reach the LD100 destruction level of B. pumilus (Fig. 7) and the 

destruction rate of glycine molecules (Fig. 7) corresponding to the reductions shown in 

Fig. 6 have been determined. The maximum and minimum values for equatorial (0°) and 

polar (±80°) scenarios shown on these graphs are also displayed in a tabular format in 

Table 3 to better show the extents of each plot. While the relative importance of each 

geometry as a shielding environment remains the same as for section 3.2, the convolution 

of these reduction values with the available UV at each latitude can slightly alter the 

maps of survivability.  
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Table 2: Survivability of glycine and B. pumilus for the subject geometries 
 

Geometry Type   Equatorial (0°)  Polar (±80°)  
Survivability Range  Survivability Range 

 
Glycine     (Martian years g-1 m-2 ) (Martian years g-1 m-2 ) 
 No Geometry♠ (τ=0.5)  3.5x103   9.3x103 or 1.5x104 
 Polar Faces   3.5x103 – 6.4x103  9.7x103 – 4.5x104 

Pits & cracks   3.5x103 – 7.9x104  9.7x103 – 2.2x106 
 Surfaces Below Overhangs 3.5x103 – 3.9x107  9.7x103 – 6.0x107 
 Undersides of Overhangs♦ 2.4x105 – 2.5x108  5.3x105 – 5.2x108 
B. pumilus    (Sols to LD100)  (Sols to LD100) 
 No Geometry♠ (τ=0.5)  0.26   0.65 or 0.86 
 Polar Faces   0.24 – 0.45  0.65 – 3.0 
 Pits & cracks   0.24 – 5.7  0.65 – 210  
 Surfaces Below Overhangs 0.25 – 3200   0.65 – 3700  
 Undersides of Overhangs ♦ 16 – 16 000  33 – 31 000 

 
Note: these values apply only to the ranges of GSR and latitude described in Section 2.  
♠ This is a single value for each latitude 
♦ Minimum survivability numbers for Undersides of Overhangs differ from the No-Geometry values 
as these areas never receive direct solar illumination, even at GSR=0 
 

It is worthwhile to mention at this point an increase in the uncertainty of our derived 

results compared to the reductions shown in section 2.3.2 and discussed in section 2.2.5. 

Values for B. pumilus have an uncertainty (100% confidence level) of 22% due to 

interpolation between UV wavebands. For glycine, this uncertainty is approximately 73% 

due to the large error present in the quantum efficiency as derived by Stocker and 

Bullock (1997). As such, it should be noted that the values presented are more 

representative of the overall trend than of specific values corresponding to specific 

conditions. 
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Figure 7: Base-10 logarithm of the survival times for glycine molecules in martian years 

per gram of carbon per square meter (left scale bar) and for Bacillus pumilus SAFR-032 

in sols (right scale bar) 

 corresponding to the reductions listed in Fig. 5 for polar faces (top left), pits (top right), 

surfaces below overhangs (bottom left) and undersurfaces of overhangs (bottom right). 

Note that GSR ranges differ between each case (GSR=1 is indicated as the red value on 

the x-axis). Each contour is 1/20th of the full scale bar and illustrates the differences 

between each case. The lower right panel (Undersides of overhangs) has ranges for 
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several spacecraft undersides currently or shortly to be on Mars indicating their GSR 

values as a proxy for how much shelter these artificial structures produce (see Table 4). It 

should also be noted that the minimum rate of organic infall of 7.69x105 martian years 

per gram of C per m2 (corresponding 5.9 on the log-10 axis for glycine; Stoker and 

Bullock, 2003, based upon Flynn and McKay, 1990).  corresponds to colors warmer then 

the blue-green interface, thus there is sufficient shielding in zones of green, yellow, 

orange and red for meteoritic infall to accumulate (see section 2.4.3). 

 

Table 3: GSR Ranges for Spacecraft on the surface of Mars 
 

Spacecraft Name  Latitude  GSR Range 
 

Viking Lander 1   22.70°N   2.8 – 5.4 
Viking Lander 2   48.27°N   2.8 – 5.4 
Sojourner   19.30°N   3.7 – 4.9 
MER-A (Spirit)   14.64°S   1.8 – 3.5 
MER-B (Opportunity)  2.06°S   1.8 – 3.5 
Phoenix    70°N   2.8 – 3.5 

 
Note: latitude value for Phoenix is a maximum value; the actual landing site, once selected, will differ 
from this value 
 

The most significant example of this effect is for overhangs. Here, the survivability is 

remarkably unaffected by changes in latitude with slightly better protection being offered 

towards the poles. These geometries provided the greatest reduction in incident energy 

and also provide the longest preservation times of any geometry at 6.0±4.4x107 martian 

years g-1 m-2 for glycine below overhangs (Fig. 7, lower left) and 5.2±3.8x108 martian 

years g-1 m-2 for glycine on the undersides of overhangs (Fig. 7, lower right). These 

results are mirrored for B. pumilus with maximum times to the LD100 level of 

3700±820sols (5.5±1.2 martian years) for surfaces below overhangs (Fig. 7, lower left) 
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and 31,000±6800 sols (46±10 martian years) for undersides of overhangs (Fig. 7, lower 

right).  

 

This second case is of particular interest in the context of planetary protection as almost 

all landed spacecraft have an underside which may harbor terrestrial organisms.  In order 

to demonstrate where martian spacecraft fall in terms of planetary protection, ranges have 

been placed on the undersides of overhangs graph for survival time of B. pumilus ( Fig. 7, 

lower right) the specific numbers used for each spacecraft are shown in Table 4. The 

ranges arise from the fact that spacecraft are not infinitely thin hovering square plates, but 

are irregular with minimum and maximum values of GSR which may be calculated by 

taking different dimensions as characteristic of the vehicle. 

 

The GSR values for the undersides of the Viking and Phoenix landers, and the Sojourner, 

Spirit, and Opportunity rovers range between 2 and 6 (Fig. 7; lower right), thus, the 

number of sols required to achieve the LD100 rates for B. pumilus would be approximately 

100 sols for both equatorial and polar landing sites.  As such, microbial inactivation on 

the undersides of current Mars spacecraft would be expected to be achieved in no longer 

than approximately 100 sols. Higher GSR values than 2-6 are not anticipated for the 

undersides of future Mars landers and rovers, but can be achieved in polar facing sides of 

components on the upper decks of vehicles and in small deep pits or cracks on lander 

surfaces. Furthermore, niches within the martian terrain are likely to achieve shielding 

effects with much higher GSR values, and, thus, would be expected to offer significant 
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UV protection for terrestrial bacteria if they were to become dislodged from spacecraft 

surfaces and survive the dispersal to the UV-protected locations. 

 

After overhangs, pits were the most effective shielding geometry considered. The 

maximum value for survival of glycine in a pit (Figure 7, top right) was 2.2±1.6x106 

martian years g-1 m-2 and the longest time to reach the LD100 level for B. pumilus in a pit 

(Fig. 7, top right) was 210±46sols. Both of these values were found at the highest 

latitudes and GSRs considered. However, it is important to keep in mind the relatively 

low limiting GSR of 3.4 in the case of pits.  

 

Finally the least effective shielding geometry, poleward faces, were considered. The 

maximum value for survival of glycine behind a rock (Fig. 7, top left) was 

4.5±3.3x104martian years g-1 m-2 and the longest time to reach the LD100 level for B. 

pumilus behind a poleward rock face (Fig. 7, top left) was only 3.0±0.7sols.  

 

2.4  Discussion 
 
2.4.1  Model Limitations 
 

The model results cover a large range of surface features found on Mars today. However, 

while the results presented in this chapter are for idealized geometries, these are rarely 

found in the field. As such, these results should be mainly used to gain an approximate 

understanding of the reduction in UV radiation provided by specific features, and 
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especially to elucidate how different types of features in and around a landing site can 

affect the amount of incident biocidal UV radiation which reaches the surface.  

 

Since the code used to perform the analysis was developed from a one-dimensional 

radiative transfer model, the results are subject to all the limitations of this formulation. 

This means that all atmospheric constituents are homogenous within each plane-parallel 

layer and no horizontal variation is permitted. As such, situations in which the surface or 

atmospheric properties vary, such as a zone of the surface exhibiting patches of material 

with different albedos, grain sizes, or the presence of partial cloud cover, cannot be 

properly modeled.  The plane parallel nature of the code also means that once the solar 

zenith angle exceeds 90° (i.e. the sun is below the horizon) the entire surface is in 

absolute darkness. This is not the case on a spherical planet where diffuse light from over 

the horizon can continue to irradiate the surface during twilight even after the sun has set. 

 

The second important point is that the model only considers modern martian conditions 

of carbon dioxide pressure, atmospheric opacity (including both dust and ozone) and 

obliquity. While the results imply that the survivability of many of these geometries may 

be greatly enhanced under current conditions, it is important to remember that changes in 

solar parameters and obliquity over long timescales have not been considered since the 

total survivability of organics then becomes path-dependent and requires knowledge of 

the initial concentration of organic material present. As well, without knowing what the 

specific quantitative climatological consequences of changing obliquity will be in terms 
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of changing the total atmospheric pressure and the dust loading of the atmosphere, it is 

not possible to accurately determine the reduction in incident energy. This effect should 

be even more pronounced for ozone which is currently anti-correlated with water vapor 

abundance (Lefèvre et al, 2004). 

 

Also, even though the model is capable of simulating a division between ice particles in 

the upper atmosphere and dust particles in the lower atmosphere, only a composite 

particle supported by evidence from in situ spacecraft measurements has been simulated. 

Since sub-micron ice particles in the upper atmosphere would scatter UV light much 

more effectively then the composite 1.6 micron particle, this could lead to much higher 

intensities of UV light in the diffuse sky, provided that the concentration of such particles 

was sufficiently high. This would tend to reduce the effectiveness of blocking geometries, 

particularly at high optical depths. 

 

Lastly, we have only considered the UV-induced degradation of bacterial viability and 

the organic molecule, glycine. There are many additional factors that are likely to 

contribute to loss of viability of microorganisms and organics on Mars. In a recent paper 

on the interactive effects of hypobaria, low temperature, and CO2 atmospheres on the 

growth of seven Bacillus spp. under simulated martian conditions, Schuerger et al. (2006) 

listed 13 biocidal factors on Mars, including (not in priority): (1) solar UV irradiation, (2) 

low pressure, (3) extreme desiccating conditions, (4) extreme diurnal temperature 

fluctuations, (5) solar particle events, (6) galactic cosmic rays, (7) UV-glow discharge 
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from blowing dust, (8) solar UV-induced volatile oxidants [e.g., O2
–, O–, H2O2, NOx, O3], 

(9) globally distributed oxidizing soils, (10) extremely high salt levels [e.g., MgCl2, 

NaCl, FeSO4, and MgSO4] in surficial soils at some sites on Mars, (11) high 

concentrations of heavy metals in martian soils, (12) likely acidic conditions in martian 

regolith, and (13) high CO2 concentrations in the global atmosphere. Thus, the time 

estimates for bacterial survivability are likely to be actually much shorter than those 

reported herein once other interactive factors are modeled.  And of the biocidal factors 

mentioned above, (1) solar UV, (2) UV-glow discharge from blowing dust, (3) solar UV-

induced volatile oxidants, and (4) globally distributed oxidizing soils are likely to be 

confounding factors in the persistence of organics on Mars.  For example, Stoker and 

Bullock (1997) reported significant increases in the UV degradation of glycine under 

Mars conditions if the amino acid samples were mixed in with simulated martian regolith.  

However, given that it takes only a small depth of regolith on the order of a few mm 

(Morris, 2008) to entirely shield organic molecules and bacteria, the factors listed above 

are expected to dominate the degradation of this material at depth. 

 

2.4.2 Implications for Organic Survivability and Planetary Protection 
 

However, even given these caveats, the current study has helped constrain the discussion 

on the survivability of UV-resistant bacteria and organics similar to glycine on Mars.  

The current results support previous work (Newcombe et al., 2005; Schuerger et al., 

2003; 2006) that indicated survival times of spacecraft microbial contaminants are likely 

to be measured in numbers of hours on sol 1 after landing for fully sun-exposed 
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spacecraft surfaces, and we have extended those findings to indicate that even on the 

centers of lander undersides, inactivation of significant populations of terrestrial 

microorganisms may be achieved within approximately 100 sols. In addition, the current 

study supports the conclusion that terrestrial microorganisms that are dislodged from 

spacecraft surfaces and land in UV-protected niches in the local martian terrain with high 

GSR values may be able to survive for tens of martian years.   

 

In contrast, the predicted survival times on Mars for organic molecules similar to glycine 

are much greater, and, thus, offer support to the idea that indigenous organics may persist 

near the martian surface if they reside in UV-shielded niches with high GSR values.  The 

long residence times predicted by these Mars UV models are consistent with two recent 

papers on the UV degradation of organics under martian conditions (Stoker and Bullock, 

1997; ten Kate et al., 2006). In these papers, the persistence of glycine was measured 

under a diversity of martian conditions and survival rates were reported in time ranges up 

to tens-of-thousands of Mars years. Thus, our models support earlier conclusions that 

accumulated UV on shielded niches within the martian terrain are long enough to provide 

significant protection for indigenous organic molecules. However, this does not imply 

that organic molecules may be found in these locations since the results do not say 

whether these molecules were ever present in sufficient quantities in these regions.  This 

begs the question of how any putative organic materials may have arrived in the first 

place.  
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There are two possible sources, first that the material is ancient in origin, produced during 

a warm and wet phase billions of years in the past (McKay et al, 1992) when UV 

conditions may have been more clement (Cockell et al, 2000). While the best 

survivability of 5.2±3.8 x108 martian years g-1 m-2 for glycine suggests that this might be 

plausible, it ignores both the more extreme changes in insolation and obliquity thought to 

occur over both shorter (Ward, 1992) and longer timescales on Mars (Touma and 

Wisdom, 1993). Furthermore, long survival times predicted here for glycine do not take 

into consideration any geological processes which may have occurred in the interim. 

Even so, if organic materials were emplaced in ancient times, buried and only recently 

exhumed, it might be a suitable source of surface organics on Mars. Meridiani Planum, 

where ancient evaporite deposits indicative of liquid water are currently being exposed by 

erosion (Squyres et al, 2004), might be a region where such a scenario is plausible. In 

fact, previous work (Kanavarioti and Mancinelli, 1990) shows that given sufficient burial 

and a reasonable accumulation rate in the past, regolith located below the oxidizing 

surface layer should contain between 2.5x10-11 and 2.5x10-9g of amino acids per g of 

regolith. This implies an areal density of as much as 7mg m-2 m-1 depth of the organic 

rich layer, assuming a regolith density of up to 2800kg m-3. 

 

The second possibility is meteoritic infall of organic material which accumulates on the 

surface of Mars at a rate of between 1.3x10-6 g m-2 martian year-1 to 9.8x10-5g m-2 year-1 

(Stoker and Bullock, 2003, based upon Flynn and McKay, 1990). While Stoker and 

Bullock showed that the rate of destruction of organic carbon on unshielded surfaces 
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exceeded the rate of infall, might some of the geometries discussed preserve and 

accumulate such material? The slowest destruction rates for organics similar to glycine 

are 1.7±1.2 x10-8 g m-2 martian year-1 on surfaces below overhangs, 4.5±3.3 x10-7 g m-2 

martian year-1 for pits and cracks, and 2.2±1.6 x10-5 g m-2 martian year-1 for polar faces. 

The undersides of overhangs are excluded since it is unlikely that infalling material will 

accumulate on a downward facing surface. Examining these rates, materials are unlikely 

to accumulate next to polar facing rocks due to generally higher UV fluence rates, while 

material falling into pits and cracks or blown by the wind under overhangs could 

accumulate over geologic time. Note that the survivability of this material is greatly 

enhanced if the organic carbon is found in moderately large chunks rather then fine-

grained dust (Bland and Smith, 2000). As well, it remains an open question as to whether 

organic molecules such as glycine can remain thermally stable on the timescales 

suggested above. 

 

Even if there are no organic molecules to be found at the surface, it is possible that 

shielding geometries may mark regions where subsurface organic-rich zones more 

closely approach the surface. Many of the oxidants which work to sterilize the 

unprotected surface of the planet are a direct result of the intense UV bombardment of the 

surface (Hunten, 1979). Thus, if this incoming radiation is lessened, so will the 

production of these oxidizing molecules and as such, the depth to which the subsurface is 

sterilized may be reduced. This means that for a spacecraft with the ability to perform 

digging or trenching operations anywhere within a given field, the locations near pits, 
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cracks, rocks with poleward faces and overhangs would carry the greatest likelihood of a 

successful detection of organic materials. 

 

A final note is required on the effect of the geographic distribution of glycine within any 

one of the discussed geometries on the derived destruction rates. The implicit assumption 

in Stoker and Bullock’s (1997) work is that glycine is not coated over the surface in a 

monolayer, but is distributed in discrete chunks many monolayers thick which themselves 

cover the entire surface. Thus, the destruction of a single monolayer exposes a second 

monolayer and so forth. The result is that the destruction proceeds in a linear fashion. 

There are two corrections that can to be made to this situation to extend it to other 

circumstances. It should be noted beforehand that if the destruction of glycine is mainly 

the result of secondary processes activated by UV, for instance interactions with 

palagonites, then neither of the next two situations apply. 

 

The first needs to be applied to situations in which the distribution of glycine over the 

surface is either larger or smaller then what was used by Stoker and Bullock (1997) but is 

still present as discrete multi-monolayer chunks of material. Based on their mixing ratios 

and assuming that the palagonite and glycine dusts were equal in size, the areal coverage 

of the glycine was approximately 1%. As a result, it is possible to use the fact that UV 

irradiation will be approximately constant over the whole of a surface to derive that the 

rate of destruction will be proportional to the amount of glycine coverage. Thus if the 

areal coverage is 25%, the destruction rate in g of Carbon per square meter per Martian 
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Year will be 25 times the value reported in the graphs and the survivability will be 25 

times shorter. 

 

The second potential extension applies when the areal coverage is decreasing due to most 

of the glycine present being expressed as a single monolayer. This could represent, for 

instance, the last remaining organic residue from formerly thick aggregations. In this 

case, the destruction rate more closely resembles a half-life formulation as each 

individual molecule has an equal and finite chance of being hit with a UV photon of just 

the right energy to be decomposed. However, this may represent only a small part of the 

lifetime of any surficial organics, consisting of a small mass of only 1.766x10-4 g of C m-

2 for a fully coated surface and a small proportion of the total organic loading for all but 

the most minute organic traces. 

 

As for the planetary protection implications, no extrapolation in time is necessary since 

even the most shielding geometry present (excepting completely enclosed surfaces) will 

completely sterilize the UV-resistant bacterial spores of B. pumilus SAFR-032 after at 

most 46±10 Martian years. The exception to this rule has to do with the nature of how the 

spores are arranged on the spacecraft. For instance, while these results would work well 

with monolayers of spores, the survivability of these organisms will be enhanced if they 

are instead arranged as large aggregates or colonies. Here the quickly deactivated surface 

spores will provide protection for other spores at deeper levels within the aggregates 

(Mancinelli and Klovstad, 2000; Schuerger et al., 2003). However, even with multi-
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layered aggregates of spores complete UV inactivation may still be possible (Schuerger et 

al., 2006).  

 

As a result, the derived values for Bacillus pumilus have a more significant impact on the 

operational phases of missions, during which the spores will remain viable and could 

represent a false-positive detection of Martian microorganisms. However, by removing 

protective geometries from any spacecraft design, such as by maintaining a sufficient 

ground clearance, the deactivation time can be greatly reduced. Furthermore, the rate of 

deactivation on sensitive equipment can be greatly enhanced by exposing such equipment 

to the sun, as kill times for unshielded surfaces are in all cases less then one sol. Of 

course, this does not mean that the organic molecules that make up the bodies of the 

deactivated Bacillus are themselves disrupted which means that a false positive detection 

of martian organics could still occur, even though a test for viable organisms might fail. 

 

 

2.4.3 Application to Planetary Trenches 
 

While the version of the code used to produce the data presented in this chapter has only 

one small patch on the surface beneath the geometry in question, this code is derived 

from a more complex version designed to look at variations of flux over a surface. 

Originally intended as a planetary protection tool, this version of the code can be used to 

examine how incident energy varies over a specific geometry.  
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Figure 8: Base-10 logarithm of the distribution of energy integrated over a single sol 

within a potential north-south oriented trench located at the highest possible latitude of 

the Phoenix Lander (70°N) on LS = 87 with a sky of optical depth 0.5.  

The trench has dimensions of 80cm x 20cm x 10cm and the mesh size is 1cm by 1cm. 

This demonstrates how the calculated flux varies over the dimensions of a specific 

geometry (pits & cracks) compared to the calculated flux in the centre of such a 

geometry. There can be up to an order of magnitude less flux observed in certain parts of 
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the trench (the south-bottom edge), however, all Bacillus species would be rendered non-

viable after a single sol of exposure 

 

As such, a pertinent question in terms of the effect of a blocking geometry is to examine 

how the predicted incident energy found in the middle of a common geometry, as shown 

in section 3, relates to the energy predicted at the edges. In three out of the four 

geometrical cases considered, that of an overhanging plate, the underside of that plate and 

pole-facing rocks, the surface patch is centered with respect to the geometry, where the 

greatest reduction in incident energy should be located. However, this is not the case for 

pits and cracks where the greatest reduction in UV fluence is expected near the edges and 

not in the center. 

 

Furthermore, the Viking landers (Klein et al, 1976) and Mars Exploration Rovers have 

created “pits” of their own by trenching the soil in an effort to better understand the 

subsurface environment. The fact that the Phoenix Lander intends to follow this digging 

procedure with its robotic arm in order to attempt to uncover martian organics, makes it 

imperative to study the distribution of biocidal UV over any trench to be created. This 

will be key to determining how long such trenches may be allowed to stand open before 

any traces of martian organics are obliterated, and what parts of each trench are most at 

risk. It will also aid in determining the effect on any terrestrial contamination which may 

settle within the trench so that it cannot be misidentified as martian in origin. 
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Using this same code a small study of a typical Phoenix trench with typical dimensions 

(10cm deep, 20cm wide and 80cm long) has been undertaken. Figure 8 demonstrates the 

distribution of daily incident energy at LS = 90, near the start of the mission. 

 

As can be seen in Fig. 8, the most energy is received on the vertical sides of the trench 

with minimum values seen on the south lower edge. The difference between the 

maximum and minimum values is greater then an order of magnitude and the predicted 

value corresponding to the results of section 3 lies near the typical value for the trench. 

As such, organics will degrade as much as 1.5 times as fast as predicted in parts of such a 

trench, while protection near the edges may be significantly increased. However, given 

the long degradation times of a pit with a GSR = 0.125 to 0.5, UV-degradation of 

organics should not be a significant factor within trenches over the lifetime of a typical 

landed Mars mission. 

 

Finally, when factoring in the additional reduction in incident energy observed for this 

case as shown in Fig. 8, all terrestrial organisms will be rendered non-viable after a single 

sol of exposure (provided that they are not buried within the tailings of the trench-digging 

operation).  

 

2.5 Conclusions 
 

We have examined the effects of various geometries at protecting the surface from UV 

radiation responsible for bacterial inactivation and degradation of organics. These 
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included smooth horizontal surfaces, pits & cracks, polar faces of rocks, and overhangs. 

The most effective of these geometries in shielding UV radiation were overhangs, 

reducing the calculated flux to 9.0±0.9x10-5 times the unprotected value on surfaces 

below the overhangs and up to 1.8±0.2x10-5 on the undersides of the overhangs 

themselves. This effect is equally effective at all latitudes. Of the other two geometries, 

pits and cracks were found to be most effective at polar latitudes with reductions of up to 

4.5 ±0.5 x10-3 of the unprotected UV fluence rate for the range of GSR considered in the 

model. Polar faces were the least effective geometry with reductions of only 1.1 ±0.1 

x10-1 of the unprotected UV radiation. Polar Faces were most effective at mid-latitudes. 

 

Our data suggest that this reduction in the destruction rate is sufficient that organic 

meteoritic infall can accumulate in certain shielding geometries.  In the extreme case 

considered of an overhang underside with a GSR of 100, survivability of a glycine-like 

organic molecule may be as high as 5.2 ±3.6 x108 martian years g-1 m-2.  

 

In addition, these results suggest that while the surface of Mars may be generally 

inhospitable to the survival of organic molecules over long timescales, small scale 

geometries can provide sufficient protection to significantly extend the survivability of 

these molecules at the surface. They may also represent zones where the habitable region 

of the subsurface extends closer to the surface due to a reduction in photo-chemically 

created oxidants. As such, any surface mission searching for the presence of organic 

molecules would have the greatest chance of success if it searched in the shadow of the 
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most protected geometry available in their field of operations. In the case of overhangs 

and pits and cracks, the rate of destruction is significantly less than the organic infall rate 

suggesting that material may build up over time, ignoring all other destruction 

mechanisms. 

 

These geometries, however, do not support the long-term survival of most UV-hardy 

terrestrial bacteria, such as Bacillus pumilus. Under the nominal conditions and 

geometries considered here, terrestrial microorganisms typically recovered from 

spacecraft surfaces would likely be rendered non-viable within a few hours on sol 1 after 

landing for sun-exposed surfaces on the upper deck; between 1-10 sols for protected 

niches on polar faces of spacecraft components, pits, and martian surfaces below 

overhangs; and not more than 100 sols for the centers of the undersides of landers similar 

to Viking. Only under extremely high GSR shielding scenarios (e.g., small but very deep 

pits, very large landers held very close to the martian terrain, and locations within the 

landers that are only partially exposed to solar UV will long term bacterial survival 

extend to 46±10 martian years.   

 

Finally, an examination of the distribution of incident energy within a simulated Phoenix 

trench (measuring 10 cm deep, 20 cm wide and 80 cm long) over a single sol showed that 

while the UV flux may be enhanced in some regions, any organics found within the 

trench should not be significantly degraded over the course of most missions. 

Furthermore, even under these conditions, all terrestrial organisms deposited into a trench 
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are likely to be rendered non-viable after only one sol, unless the spores are buried by the 

trenching operation.  
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CHAPTER 3: CRACK PROPAGATION BY DIFFERENTIAL INSOLATION ON 
DESERT SURFACE CLASTS 

 

 

3.1.1 Bridge 

 

Chapter 2 demonstrated that substantial reductions in surface UV are possible simply 

from small-scale variations in the surface topography, the types of variations expressed as 

rocks, pits, cracks and overhangs. A more effective way of shielding organic molecules 

would be to bury them – if the UV flux received is zero, then these molecules will persist 

as long as they are thermodynamically stable, or can resist destruction at the hands of 

other factors (i.e. oxidants, cosmic rays).  

 

However, despite considerable evidence for erosive processes in the past (i.e. Carr, 

1996), erosive processes today are slow: liquid water is thermodynamically unstable, ice 

masses too cold to easily flow, the atmosphere thin. Despite this there is abundant 

evidence for soils on Mars ranging from the surfaces examined and dug by the Viking, 

MER and Phoenix spacecraft, as well as orbital imagery showing vast dune fields as well 

as frequent dust storms, devils and plumes. This begs the question of whether all this 

material is of ancient origin, or whether it continues to be produced today.  

 

3.1.2 Introduction 
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This is a difficult question to answer; however, we can begin to address it by analogy 

with arid regions on the earth. The breakdown mechanism of surface clasts in arid 

environments has been a topic of debate for almost a century. A central question in this 

debate is whether thermal stresses or hydration weathering is the dominant processes of 

clast breakdown (Mabbutt, 1977). Recently, McFadden et al. (2005) documented a 

preferred N-S orientation in the cracks of surface clasts in deserts of the Southwest US 

with the effects of rock fabric and shape removed (Figure 9). Since surface clasts are 

deposited randomly, this preferred orientation develops after clast deposition. McFadden 

et al. (2005) argued that this pattern provides direct evidence for the predominant role of 

thermally-induced mechanical stresses resulting from differential heating of clasts as the 

sun moves across the sky during the course of a day. Other breakdown mechanisms can 

also be influenced, however, directly or indirectly, by solar insolation. As such, it is 

important to quantitatively develop and test multiple alternative hypotheses for the 

factors influencing clast breakdown on desert surfaces.  
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Figure 9: 10° binned rose diagram of crack orientations unrelated to local conditions or 

rock fabric after McFadden et al, 2005 

using the frame of reference as described in this publication with North indicated at 0°. 

The cracks are oriented with two major modes represented, a primary N-S mode and a 

weaker ENE-WSW mode. It may be argued that the N-S mode may divided into two 

separate modes, however, the relative strength of these peaks to the N-S mode is weak 

compared to the strength of the N-S and ENE-WSW modes (as measured by peak 

frequency divided by the frequency of immediately adjacent points) 

 

Diurnal air temperature variations of at least 24°C are possible (Leathers et al, 1998, data 

for Wilcox,AZ) in near-surface desert environments, with even higher values possible 

within surface clasts. This variation causes surface clasts to expand and contract, 

generating mechanical stresses within the rock. At the scale of individual mineral grains, 

these stresses are the result of different thermal expansion coefficients. At larger scales, if 
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the rock is larger then the depth of the diurnal thermal wave, stresses may build up 

between zones of different temperature (Simmons and Cooper, 1978). The magnitude of 

these thermal stresses, however, has been suggested to be generally not sufficient to 

fracture rocks catastrophically (Blackwelder, 1933). If rocks break down by mechanical 

stresses, it is most likely through repeated cycling at stresses below the failure stress of 

the material (Griggs, 1936).  Early experiments designed to test the efficacy of this 

fatigue-breakdown process in very dry environments (Griggs, 1936) were unable to 

detect any disintegration or crack growth even on a microscopic scale after cycling 

several specimens for an equivalent of 244 years of diurnal temperature cycles. Fredrich 

and Wong (1986), however, detected small cracks in thermally-cycled materials. These 

results suggest that significant crack growth could occur due to thermal stresses at 

temperatures as low as ~140°C in certain crustal rocks. Studies examining the 

microseismic properties of thermally-cycled rocks have found that there is no clear 

evidence of damage done by cracking until rocks have reached 200°-400°C (Clark et al, 

1981; Simmons and Cooper, 1978; Johnston and Toksöz, 1980). Changes in 

microseismic properties below these temperature values are largely due to outgassing of 

volatiles. These temperatures are all much higher then peak temperatures typically 

observed on desert rocks (McFadden et al., 2005). 

 

In experiments, the situation changes once moisture is introduced. Griggs (1936) found 

that samples of rock which had survived the equivalent of 244 years of diurnal cycling 

disintegrated noticeably within ten days of cycling (equivalent to about 2-3 years of 
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exposure) when cooled with a mist of water (Griggs, 1936). Barton also found that there 

was a correlation between the presence of moisture and the degree of disintegration of 

ancient monuments in Egypt. Here, areas with higher relative humidity and rainfall but 

equivalent insolation exhibited greatly enhanced breakdown rates (Barton, 1916, 1938). It 

has also been observed that the oldest surface clasts on Earth, as determined by cosmic 

ray exposure ages, are found in the most hyperarid deserts (Dunai et al., 2005), 

suggesting that aridity is inversely correlated with clast breakdown rate. 

 

These results suggest that the moisture concentration in clasts is the limiting factor in 

clast breakdown. Clast breakdown occurs by a complex combination of hydration 

weathering and thermally-induced mechanical processes. Hydration weathering in this 

context refers to any process by which water acts as a catalyst for rock breakdown, 

including salt weathering, dissolution, freeze-thaw microfracturing, and granular 

disintegration. In all these processes, breakdown is driven either directly or indirectly by 

the moisture concentration of the rock. As such, a better understanding of rock 

breakdown requires that the recharge and discharge of moisture into surface clasts be 

quantified within a process-based framework. Since cracks offer partial shielding from 

solar insolation, they act as locations of enhanced water retention by the rock. In this 

way, crack orientations that offer preferential shielding from solar insolation will retain 

the most water and hence can be expected to grow at the expense of cracks with other 

orientations.  
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3.2. Model Description 
 
3.2.1 Introduction 
 
Given that water must be present in order to break down rock, then differential insolation 

of cracks must be considered. The reason for this is that cracks, in general, represent 

areas of a rock in which water can be retained for longer times then directly on the 

surface because their concave geometry provides a low point in which water can 

accumulate, they shield their interiors from solar insolation, and, if they are deep enough, 

they can shield their interiors from the daily thermal wave penetrating into the rock from 

the surface. As such, cracks oriented to receive more insolation will evaporate more 

water from their interiors and will bake out entirely before cracks of other orientations. 

This means that if water is required for a crack to grow, those cracks that preserve their 

internal water for the longest period of time will grow preferentially. These preferential 

cracks will be those with the lowest amount of insolation over the timescales relevant to 

crack formation. 

 

From where do these cracks arise? No real-world material is a perfect single crystal and 

as such any rock will have an abundance of grain boundaries, defects, and mechanical 

microcracks from striking other rocks. In general, these flaws in the surface of the 

material should be randomly oriented and any cracks which follow the fabric of the rock 

have been filtered out of Figure 9 by McFadden et al. (2005). Since any surface clast will 

have a large number of these randomly oriented microcracks, it is reasonable to assume 

that all orientations are present initially. Not only will these microcracks differ in 
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direction, but they will also differ in size and in their depth-to-width ratios. This last 

variation is not entirely random as more shallow cracks are to be expected compared to 

deeper cracks. As such, cracks of all orientations and depths to width ratios will be 

considered in the model scenario. 

 

3.2.2 Modeling Differential insolation 
 

The solar insolation within the cracks is modeled using a plane-parallel radiative transfer 

code. Originally designed by Martin Tomasko to perform calculations in the atmosphere 

of Titan, (Tomasko et al., 2005) the code has been successfully adapted to Mars (see 

Sprague et al., 2006) and to the Earth in order to perform calibration calculations for the 

Phoenix Lidar instrument. For the purposes of this model, given the low optical depths, 

the clear-sky nature of arid regions and the isotropy of scattering in the terrestrial 

atmosphere, we consider only the attenuated direct beam and not the diffuse sky 

irradiance. As such, the modeled atmosphere contains no Mie scattering centers (dust 

particles, clouds or other aerosols) and a sea-level standard 1 bar of Rayleigh scattering 

gas with the properties given by the ASTM G173-03 1.5 airmass standard (ASTM, 2003).   

 

The wavelength range of study, 400nm to 980nm, comes from the extents under which 

the Tomasko code is well tested and comprises 70% of the shortwave energy received at 

the surface of the Earth. It is reasonable to consider only visible light as many rocks are 

dark and absorb optimally within the visible portion of the spectrum. Additionally, short-
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wave infrared is also highly directional and will produce the same patterns as visible 

light. 

 

The cracks themselves are modeled as rectangular trenches (thus “trenches” will be used 

to refer to the geometries described by the code and “cracks” will refer to the geometries 

which the code is intended to model) with flat bottoms and sides, as previously discussed 

in Chapter 2 and shown schematically in Figure 10. The assumption has been made that 

the cracks are found on a flat, horizontal surface, both for simplicity and because this 

orientation of crack can retain the largest amount of water. As the Sun moves across the 

sky during the day, the model determines if it can be seen from each of 200 individual 

area elements located on the bottom of the trough. If the Sun is not seen, the incident flux 

on that panel is zero for that configuration of the Sun in the sky. The rock surface is 

considered sufficiently dark that reflections from the trench walls are not significant. The 

energy variations to be presented in section 3.3 describe the total energy received at the 

bottom of the trench. As such, this can be considered as characteristic of the amount of 

down-welling radiation at a characteristic depth. Trough deepening is accomplished by 

deepening the floor of such a trench while keeping the cross section constant. These 

troughs will be described by their aspect ratios in the manner of length:width:depth. 

 

The final piece of information required to plot the path of the Sun on each day of interest 

is the latitude of the observer. Since this model will be tested against the orientations 
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shown in McFadden et al. (2005), a latitude of 35°N, a typical value for the sites 

surveyed in this study was chosen. 

 

 

Figure 10: Geometry of the simulated cracks with aspect ratios of 8:1:1 (A) and 8:1:3 (B). 

Both cracks are shown in an E-W configuration corresponding to a rotation angle of 90°. 

The direction of increasing rotation angle is shown in both panels and is consistent with 

the frame of reference shown in Figure 1. 

 

In order to build up diurnal, seasonal and yearly variations, the model tracks the Sun in 

the sky at 5-minute intervals during the day for 8 values of the solar longitude (LS) 

equally spaced over the year (LS=0° or vernal equinox, LS=45°, LS=90° or northern 

summer solstice, LS=135°, LS=180° or autumnal equinox, LS=215°, LS=270° or northern 

winter solstice, and LS=315°). Intermediate values, when necessary, are obtained by 

interpolating between these points.  
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In a similar manner, rotation of the trench allowed the simulation of different crack 

orientations. This consisted of 90 equally spaced points between 0° (a North-South 

orientation) and 90° (an East-West orientation) for seasonal and annual variations. This is 

the frame of reference shown in all rose diagrams. As the energy received when the crack 

is oriented to the west of north south is equivalent to the energy received when the crack 

is oriented east of north (due to the symmetry of the path of the Sun in the sky on any 

given day) it was not necessary to rotate the crack through 180° except when calculations 

were performed within a day (diurnal variations). This allowed for finer precision in 

trench orientation. 

 

3.2.3 Time scales of Crack Recharge and Discharge 
 

Before examining the distribution of energy in cracks of different orientations, the time 

scales of crack recharge and discharge must be considered. This will determine whether 

diurnal, monthly, seasonal, annual or longer variations in insolation must be considered 

for each mechanism or if only a subset is necessary. The motivation for this analysis is to 

determine when cracks can be considered wet and when they can be considered baked 

out. It will be seen that recharge of cracks, dependant on liquid infiltration of the region 

near the crack tip, occurs quickly while discharge through diffusion of water vapor is a 

much slower process. This section will quantify this observation. 

 

It is first necessary to define the basic parameters of the problem. A simple model will be 

used; the crack tip is assumed to represent an entranceway into a network of cylindrical-
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pore “tubes.” As such, two parameters are required to estimate the time scale of discharge 

and recharge: the radius of the pore tubes and the length of the connected porosity 

network. Since larger pores serve as entrances to smaller pores with lower fluxes, a range 

of pore sizes must be considered. For typical unfractured granitic rock, observed pore 

radii range widely from a few nm (Iñigo et al., 2000) to a few tens of nm (Klobes et al., 

1997) or even a few hundreds of nm to microns (Geraud et al., 1992) or larger for other 

volcanic and sedimentary rocks. Pore tube lengths have been determined by Schild et al. 

(2001) by injecting granitic samples with an acrylic resin before coring and removal. The 

penetration depth into the rock in these experiments was observed to be ~5 cm. This 

gives a minimum length of connected porosity because typical granitic rocks have low 

porosity compared to other surface clasts, as well these pathways are highly tortuous and 

hence the total distance is likely to be much greater than the straight-line distance of 5 

cm. For this analysis we choose a conservative value of 10 cm to represent the pore tube 

length within this order of magnitude analysis.  

 

First, let us consider the mechanism of crack recharge. When a crack is full of water 

some of the liquid will be drawn into the pores by capillary action. Neglecting the height 

of water in the crack, the pressure differential corresponding to the capillary force acting 

to fill the pores can be expressed as: 
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where r is the radius of the capillary and γ is the surface tension of water in Nm-1. The 

contact angle, θ, is taken to be 20°, characteristic of a typical hydrophilic surface. Note 

that the fluid density, ρ, located in the denominator has been absorbed into the constant. 

This will allow a cancellation in the next equation. Since the pores are small, we can 

assume a laminar Poiseuille flow within the capillaries. This allows us to determine a 

recharge time, τRecharge, by dividing the mass of water that the capillary would have if 

entirely full, MCapillary, by the rate of flow into the capillary, QCapillary, assuming that the 

crack represents an infinite reservoir compared to the capillary pores: 
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Where Δp is the pressure drop over the capillary from [7], Δl is the length of the capillary 

and η is the dynamic fluid viscosity.  In the discharge case, liquid present in the 

capillaries must evaporate and diffuse out of the capillary. Since the diameter of the 

capillaries under consideration spans the mean free path of water vapor in air of about 10-

8 m, we must consider both molecular and Knudsen diffusion processes (in which there 

are more collisions of gas particles with the capillary walls then with other gas particles). 

In the Knudsen regime, the diffusion coefficient can be expressed as (Clifford and Hillel, 

1983): 
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Where R is the specific gas constant (462 m2/s2·K for water vapor), T is the temperature 

(in Kelvin) and r is again the capillary radius. For pore radii larger then 10-8 m, the 

molecular diffusion coefficient for water vapor in air (fit to Appendix 3 of Gates, 1980) is 

used: 

 

 57 10991.110505.1 −− −= xTxDM       [10] 

 

for T in Kelvin. From this we can calculate a particle speed by approximating the 

diffusion equation using finite differences: 
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For pathways ending at the walls of the larger crack, the temperature of the crack walls 

and the temperature of the air in the crack is a controlling factor on the number of 

escaping particles. This is the result of escaping water molecules being thermalized to the 

same temperature as the crack over a very short length scale by striking the walls of the 

capillary or air molecules in the vicinity of the capillary exit. If the number of diffusing 

molecules exceeds the maximum allowed by the saturated vapor pressure they will 

condense and flow back down into the capillary as liquid. In this way, the temperature at 
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the surface of the crack, as dictated by the amount of solar insolation absorbed, can 

control the flux of escaping water from that crack. Thus, it will be assumed that the 

output of the capillary is saturated and that the crack volume is an infinite sink of 

humidity (i.e. Relative Humidity = 0% enforced at the crack/capillary boundary). The 

discharge time can now be written as: 
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Equations [8] and [12] can now be plotted for the pore size range of interest (Figure 11) 

using values for the various constants taken at 20°C (ρliquid = 1000kg/m3, ρvapor = 

0.02kg/m3; ν, the mean velocity of the gas exiting the pore is a function of Δl, the length 

of the pores). The most significant feature of this plot is the observed roll off in the 

discharge rate for pores larger then a few tens of nm. This means that for the largest pores 

which represent the largest volume of water and the major pathways into the smaller 

pores and microcracks, recharge can not only happen very quickly, on the order of hours, 

but occurs much more rapidly then crack discharge. As a result, unlike ponded water in a 

macroscopic crack (which will evaporate quickly due to direct contact with the 

atmosphere) water in these pores and microcracks is stable on long timescales and will 

continue to recharge smaller microcracks and pores during this period. The characteristic 

timescale of discharge is of the order of 2x107 s, or about two thirds of a year.  
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This is most likely a lower bound for several reasons. First, even in the driest parts of the 

US Southwest, a relative humidity of 0% is almost never achieved in reality. Any 

increase in the relative humidity within the crack above 0% will tend to reduce the 

concentration gradient over the capillary network and reduce the rate of vapor exiting the 

capillary. Secondly, if the capillaries are not entirely discharged before the next recharge 

event, the smallest pore spaces which are the last to be filled and the last to be baked out 

will gradually fill up over time. Thus, progressively, a much longer timescale will be 

required to bake out these cracks which will also retain a progressively larger fraction of 

their internal water. Also, any process which causes weathering products to accumulate 

within the crack will enhance this process since the pore network will be effectively 

lengthened and more water can be protected from the Sun (this topic is briefly discussed 

in section 3.4.1). 
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Figure 11: Recharge and Discharge rates from convoluted capillary pores of length 10cm 

according to equations [8] and [12] respectively for a constant crack temperature of 20°C 

and a relative humidity of 0%. The rates of recharge and discharge are similar for small 

pores, but drastically different for large pores due to the transition between the Knudsen 

and Molecular Diffusion regimes. 

3.3. Results 
 

3.3.1 Insolation Variations between Different Orientations of Cracks 
 

 

 



 
 
 

94 

 



 
 
 

95 

Figure 12: Daily variation in insolation for cracks of different orientations at 35°N on 

March 21st 

for (A) a shallow crack with an aspect ratio of 8:1:1 and (B) a deeper crack with an aspect 

ratio of 8:1:4. As the crack deepens, the range of orientations which receive insolation at 

any one time decreases. 

 

Figure 12 shows the variation in insolation for a family of cracks varying only in their 

orientation over a single day for (a) a shallow crack (aspect ratio of 8:1:1) and for (b) a 

deeper crack (aspect ratio of 8:1:4). As can be seen from Figure 12, as the crack deepens, 

the range of orientations over which insolation is received at any one time of day 

becomes progressively restricted. Also, the peak height of the insolation at any time 

becomes lower; this is a result of averaging over the crack bottom, the entirety of which 

may not be illuminated at once for deeper cracks. This effect can also be seen in panel A 

of Figure 12 in which the interplay of shadows from different sides of the crack cause a 

jagged curve in contrast to the sharp curve seen in panel B in which only a small portion 

of the crack bottom is illuminated at any one time. 

 

At some time during the day almost any orientation of crack may instantaneously receive 

the most insolation; however, upon looking at the seasonal plots (Figure 13) for both 

these depths which integrate the received insolation over the course of the day, east-west 

cracks receive more insolation in summer and N-S cracks receive more insolation in 

winter.  This seasonal change is due to the path of the sun in the sky. In the summer 
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months, the maximum declination of the sun in the sky at noon is small (less then 12° at 

35°N) resulting in E-W oriented cracks receiving insolation over a much greater 

proportion of the day then N-S oriented cracks. The opposite is true in the winter months 

when the sun is always in the south, favoring N-S oriented cracks over E-W cracks which 

remain in perpetual shadow. As the crack deepens, the proportion of the year which 

exhibits the ‘winter’ behavior increases at the expense of the ‘summer’ period.  

 

Finally, Figure 14 displays the relative total over the entire year. These cracks have an 

interesting dependence, with three different regimes in insolation depending upon the 

depth of the crack. The first regime (Fig 14, panel A) is a monotonic increase with E-W 

oriented cracks receiving the most insolation. This is the result of a domination of the 

summer months in the insolation curve in which E-W cracks receive more insolation then 

the N-S cracks. This regime extends from the shallow end to relative depths of 1 to 1.2 

units. At large crack depths, greater then 2.5 to 2.8 units in depth, the opposite 

relationship is true (Fig 14, panel C) with N-S cracks receiving more insolation as the 

‘winter’ regime dominates. However, there is an interesting crossover region between 

these two in which latitudinal effects dominate and a minimum is observed at about 35° 

N of E-W (Fig 14, panel B). 
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Figure 13: Insolation by season for the cracks shown in Figure 10.  

Note that only 0-90° are displayed since the path of the sun in the sky is symmetric. 

‘Winter’ behavior is exhibited by three of eight LS at a depth of one unit, but seven of 

eight LS behave in this way at four units of depth. 

 

3.3.2 Crack Growth in response to insolation variations 
 

By examining the graphs in Figures 12-14 it is readily discernable that minimums in 

insolation exist in each dataset which will correspond to maxima in the ability of these 

cracks to retain water. Based on our assumption that water is required for cracking, the 

orientations which correspond to these maxima should therefore indicate the directions of 

cracks which would be expected to grow preferentially.  The insolation variations used 

correspond to the three timescale classifications discussed in section 3.3.1, sub-diurnal, 

diurnal to seasonal and annual. From section 3.2.3, annual variations are expected to be 

most significant for discharge of cracks. The effect of crack recharge shall be discussed 

separately in section 3.3.3. 
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Figure 14: Annual insolation on cracks divided into three regimes. 

Cracks with a minimum in insolation at N-S orientations (A), cracks with a minimum in 

insolation away from E-W or N-S (B) and cracks with a minimum at E-W orientations 

(C). Open squares and circles indicate the identity of the line, resolution is 1°. 

 

First, the annual variation for discharge is considered. To highlight the possible resulting 

crack directionality if there is a limit on the amount of water that each crack can hold, a 

threshold in energy has been added beyond which cracks are considered to be baked out. 

Results are presented in Figure 15 the three regimes shown in Figure 13 (Note that the 

three energy thresholds used were 1.65x109J yr-1 m-², 4.70x108 J yr-1 m-² and 1.12x108 J 

yr-1 m-² for A, B, and C classifications respectively - see section 3.4.1 for a discussion of 

the different values of the evaporation threshold). The effect of the evaporation threshold 

is to cause N-S oriented cracks to propagate when the incipient cracks are themselves 

shallow as E-W cracks are permanently baked out due to the large amounts of insolation 

received in the summer. If the incipient cracks are deeper then 1.2 units, a second 

population of cracks with ENE-WSW and ESE-WNW orientations can be produced. 

Finally for deep incipient cracks (3 units or more) E-W orientations are favored. Extreme 

examples of each case have been shown in Figure 15 to demonstrate the possible modes 

of the system. Even so, note that this is not simply a rotation of the most favoured crack 

direction with increasing crack depth. Analogously to the three regimes discussed in 

section 3.3 for the annual average insolation of cracks, the three peaks shown in Figure 

15, panels A, B, and C are the only three peaks seen in the data. 
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While not expected to be significant, the seasonal variation was also examined. Once 

cracks are permitted to respond to seasonal variations, all cracks produced are E-W 

oriented. The reason for this is that there is always a global minimum of insolation for all 

depths of crack in the wintertime at an E-W orientation. As such, all cracks will grow 

most easily at this time of the year if the timescale of discharge is sufficiently short to 

respond to this signal. Since this E-W orientation is not well expressed in the data set of 

McFadden et al. (2005), seasonal variations cannot be important for discharge. 

 

Before concluding this section, it is important to point out how it is possible to reconcile 

the differences in insolation at different depths. For instance, considering Figure 14, it 

can be easily seen that for shallow cracks, N-S orientations are favored (Panel A) while 

for intermediate cracks (Panel B) ENE-WSW and WNW-ESE orientations are favored. 

Since a growing crack will become more highly favored and be more able to hold on to 

its internal water the deeper it gets, this begs the question that if shallow ENE-WSW and 

WNW-ESE cracks cannot grow, how can they ever be favored? The solution lies in the 

initial random distribution of cracks. Recall from section 3.2.1 that the assumption has 

been made that rocks will tend to have randomly distributed surface cracks initially 

which also will differ in their depth to width ratios. Some rocks will initially possess only 

slightly damaged surfaces on which shallow microcracks will dominate while other rocks 

will possess more heavily damaged surfaces with deeper microcracks being more 

common. Thus the initial state of the rock will determine which class of preferred 
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orientation will grow. Based on the assumption that there are more rocks with shallower 

microcracks/surface defects then rocks with deep microcracks it is expected that there 

would be more examples of rocks in the shallowest crack regime, with fewer rocks in the 

intermediate regime and fewer still in the deep-crack regime. This is what is consistent 

with the field observations documented in Figure 15.  

 

 

 

Figure 15: Rose diagrams of preferred orientations for water retention corresponding to 

the three regimes shown in Figure 14. 
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Depending upon the depth, cracks may be produced with any of the three forms. Panel A 

corresponds to a crack depth of 0.2, Panel B to 1.5 and Panel C to 4.0. The energy 

thresholds used were 1.65x109J yr-1 m-², 4.70x108 J yr-1 m-² and 1.12x108 J yr-1 m-² for 

each panel respectively. Cracks which receive more energy then this threshold are 

considered baked out and are not shown. 

 

3.3.3 Crack recharge 
 

The secondary mode is exhibited only along an ENE-WSW axis in Figure 9, instead of 

being symmetric about the N-S axis (i.e. there is no WNW-ESE mode represented) as 

seen in the results from section 3.4.3 and in Figure 15. Since the position of the Sun in 

the sky is symmetric about the N-S axis, it cannot be an insolation effect on a seasonal or 

annual time scale and must instead be a diurnal effect. This suggests a closer examination 

of crack recharge which, from section 3.2.3, is expected to be most important on an 

hourly to daily timescale, depending upon the largest pore size. As such, it is necessary to 

determine whether there is any orientation bias in the amount of available recharge.  

 

Since it was seen in section 3.3.1 that there is a selection bias for different crack 

orientations at different times of the day, the diurnal pattern of precipitation is key to 

understanding this effect. To this end, diurnal precipitation patterns were considered for 

Los Alamos, New Mexico (Bowen, 1996) a typical location near the New Mexico cluster 

of studied data points in McFadden et al. This data shows that for much of the year, there 

is no significant hourly preference for precipitation, however, in the summer months 
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there is a strongly expressed peak in precipitation at 14:00. In general, the afternoons tend 

to be much wetter then the mornings, as is typical for convective activity in the summer 

time. This trend is confirmed by a second study in which the frequency of precipitation 

was analyzed for 8 separate study areas within southern New Mexico (Tucker, 1993) at 

different elevations which bracket the elevations of the study areas examined by 

McFadden et al. Each of these 8 stations reports a peak in precipitation during the 

afternoon. 

 

Which crack orientations will this favor? The most likely candidates are those 

orientations which receive most of their insolation in the morning, before 2PM. Since 

these cracks will typically be shielded after precipitation has fallen, they should be able to 

retain this water for a longer amount of time (potentially overnight) which will allow 

more water to diffuse into the rock for these orientations. This can be calculated from the 

tables of insolation produced for the diurnal variation described in section 3.3. The 

cumulative energy received by 13:20PM on August 6th (LS ~ 135) as a fraction of the 

total energy received on August 6th is displayed in figure 16 for several different crack 

depths and orientations. For all depths, more energy is received for orientations between 

90° and 180° then for orientations between 0° and 90°. This effect increases for 

increasing depth extending from an average 7.4% differential for an aspect ratio of 8:1:1 

to 26.8% for an aspect ratio of 8:1:4. In particular, at the two orientations of 60° and 

120°, much more of the daily insolation has been received at 120° by early afternoon 

suggesting that this orientation should be able to retain more water for a longer period as 
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it will not be baked out significantly following precipitation. This 120° mode is precisely 

the mode expressed in the work of McFadden et al. (2005). 

 

 

 

Figure 16: Cumulative Insolation by 13:20 at Los Alamos, NM by crack orientation. 

ENE-WSW cracks receive less insolation by the early afternoon compared to WNW-ESE 

trending cracks at all depths of the initial crack. The differential is more extreme for the 

variation shown in Figure 6, panel C (120° vs 60°) then for panel B (20° vs 170°).  Open 

squares and circles indicate the identity of the line, resolution is 1°. 
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Since N-S cracks are also favored in the summer months, these should respond to the 

same diurnal pattern. However, since the asymmetry is less pronounced for cracks near 

0° and 180° in orientation and disappears entirely for deep cracks, it should represent a 

lesser effect. This is a possible explanation for the 7° vector-mean offset described by 

McFadden et al. since cracks with orientations between 150° and 170° (NNE-SSW) are 

slightly favoured over cracks with orientation between 10° and 30° (NNW-SSE). This is 

also seen in the rose diagram after McFadden et al. (2005) in Figure 9. 

 

3.4. Discussion 
 

3.4.1 Model Limitations 
 

My goal in this chapter was to quantitatively model the growth of cracks as a function of 

depth and orientation, assuming that crack growth correlates with moisture concentration 

in water-limited environments. A complete process-based understanding of clast 

breakdown will require that specific mechanisms (e.g. hydration weathering, thermally-

induced mechanical stresses, etc.) be modeled in detail at a range of scales from grain 

boundaries to whole rock as well as a consideration of different shapes, albedos and 

minerologies. In this section, these and other model limitations will be discussed. It will 

be argued that many of these limitations are higher order effects which will not 

significantly affect the results that have been derived using the model. Instead, the results 

of this chapter clearly show that differential solar insolation exerts a first-order control on 

the discharge and recharge of water into rocks. To the extent that clast breakdown is 
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controlled by moisture, therefore, differential solar insolation also exerts a first-order 

control on clast breakdown.  

 

 

It is worthwhile noting that while cracking along the preferred directions exhibited in 

Figure 15 represents a minimum-energy solution (i.e. it is more difficult to maintain 

water to cause breakdown in other orientations of crack) there are factors which will tend 

to broaden or add noise to this cracking variation. Any event, such as an earthquake or 

landslide which is able to re-orient rocks after cracks have formed without disrupting the 

rock will broaden the peak orientations seen in Figure 15 as small reorientations are 

likely more common then large reorientation events. This could be one reason for the 

fairly broad peaks seen in Figure 9.  

 

Additionally, cracks can be the result of mechanical damage caused by other rocks. 

McFadden et al. (2005) attempted to correct for this problem by removing fractures 

relating to rock shape and fabric. (zones or inherent weakness in the rock) however, if a 

rock happened to be mechanically fractured in such a way as to escape this filter, random 

noise would be added to the sample as these false-positive clasts should, statistically, be 

randomly oriented. A similar effect is expected for non-planar rocks. In reality, rocks in a 

field do not all possess a flat upper surface to present to the sun. However, it is expected 

that the vector average of all face orientations will be upwards, as such, an upward face is 

a reasonable approximation. 
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Another model uncertainty concerns the value of the threshold energy required to remove 

all the water from a crack, ET. ET is an unknown parameter that will vary according to 

rock type, degree of disintegration, number of open pathways and relative humidity. For 

instance, the ability of surface clasts to retain water may be highly enhanced as incipient 

cracks deepen and the rock in the vicinity of the crack becomes more weathered. This 

increases both the surface area on the inside of the crack and the number and size of 

capillary-like openings within the interior of the rock (Iñigo et al., 2000) both of which 

would be expected to increase ET. As such, the value of ET will be different even amongst 

different rocks in the same field. However, ET  should be the same for all incipient cracks 

located on the same rock, thus in the localized setting of that rock the specific value of ET 

will cause either (a) all cracks to propagate equally for ET  greater than the maximum 

energy of all orientations in which all cracks are equally hydrated, (b) a preference for a 

certain direction of crack, the case considered in section 3.3.2 for which ET is less than 

the maximum energy but greater than the minimum energy of all orientations and some 

cracks are hydrated while some are baked out or (c) no crack propagation at all for ET less 

than the minimum energy of all orientations and all cracks are baked out. 

 

It may seem artificial to only consider case (b) when dealing with this parameter. 

However, when examining rocks in the field, rocks with all cracks propagating equally 

(case a) will appear to have disintegrating crusts while rocks on which cracks can not 

propagate (case c) will appear pristine. In examining the orientation of rocks with a 
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predominant crack, these other two cases will be ignored due to the sampling method. 

After all, the large number statistics of McFadden et al. give average trends in orientation 

and are not meant to imply that every single rock in a given field is fractured or fractured 

in the same way, nor that any one rock has more then one predominant fracture direction. 

As such, since I am describing tendencies which encourage the formation of a 

predominant crack, the selection of ET to lie in the range that produces aligned cracks 

simply accounts for the observational selectivity inherent in building up a database of 

rocks with aligned cracks by the simple fact of rightly ignoring rocks without aligned 

cracks. 

 

As a result of this analysis, it is not expected that albedo will be a controlling factor, as 

albedo changes only the threshold energy by changing the efficiency of heat absorption. 

Similarly, absorption of heat at different levels of a clast due to minerologies of varying 

translucence (Hall et al., 2008) as well as different thermal diffusivities for individual 

grains would also affect this threshold value, but not the overall pattern of cracking. 

Instead, the energy threshold change due to changing the mineralogy of a clast may push 

it into zones where the (a) and (c) cases dominate preventing a cracking pattern from 

occurring at all. If the clast remains within the zone governed by the case (b), it is 

possible that the rate or efficiency of crack formation may change, however, recall that 

the patterns themselves are not dependant on this rate of crack propagation. It has also 

been pointed out that albedo does change with the angle of illumination for many 

materials (e.g. Hapke, 1993) which would have an effect beyond a simple change in ET. 
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This has been neglected in our analysis as this variation for many materials is small 

compared with the magnitude of the mean albedo, neglecting specular reflection.  

 

It is important to emphasize that this model is a simple model and is not intended to be 

exhaustive. The effects of different shapes, cracks resulting from mechanical damage, 

and the effects of different albedo materials and different energy deposition depths have 

been discussed. As well, the justification for using an energy threshold in deriving the 

minimum-energy orientations has been considered in depth. However, the model does not 

explicitly take into consideration any specific material properties whatsoever. This 

formulation was used, as McFadden et al. (2005) did not observe changes in preferred 

orientations for vastly different materials. This, more then anything else, argues against 

specific material properties as a controlling factor. While it would be possible to produce 

a model which takes as a parameter space different minerologies of clast, different sizes 

of clast, different shapes of clast, and different energy deposition profiles in each of the 

different sites observed by McFadden et al. (2005) this would be akin to modeling each 

specific rock observed! It is not clear that undertaking this gargantuan task would shed 

any more light on the problem of preferred orientations then does the general case. This 

does not mean that these material parameters are unimportant and cannot have significant 

effects for individual rocks, however, they do not appear to be controlling. 

 

Finally, where permitted by climate, cracks in rocks can be havens not only for liquid 

water but also for fine-grained mineral dust and biological organisms. The presence of 
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these factors may enhance the propagation of cracks which are able to grow large enough 

to admit either of these elements. Beginning with fine grained material, soils have been 

seen to enhance weathering. For instance, Barton (1916) recounts observations of 

enhanced weathering which he attributes to an ancient soil line on granite monuments in 

Egypt. This makes sense as fine grained material will have a low thermal inertia, thus 

protecting lower layers from being baked out and will be able to preserve water for long 

periods of time in pore space and in contact with the walls of the rock. This process 

promotes weathering and can even loosen mineral grains from the rock which then 

become a part of the sediment in the crack (Certini et al., 2002). Retention of moisture by 

organisms including plants, algae and lichen can also help to enhance cracking along 

preferred directions. In fact, in more arid climates, the growth of lichens in preferred 

environments, such as shielded cracks, can be a major cause of granular disintegration 

(Guglielmin et al., 2005).  

 

3.4.2 Thermal Cycling vs. Differential Insolation:  Application to other environments and 
solar system bodies 
 

Can differential solar insolation be expected to be a significant factor in breakdown in 

other arid environments throughout the solar system? Here we consider three examples: 

the Antarctic Dry Valleys, Mars and the Moon. These environments provide 

opportunities to examine the thermal cycling model and test it against the differential-

insolation model described here.  
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An interesting geomorphic possibility can potentially be found in polar arid regions, such 

as the Antarctic Dry Valleys. In areas such as these, strong gradients in temperature of 

rocks are possible which overlap with the freezing point of water (Hall and Hall, 1991). 

As such, it may not be those cracks with low amounts of insolation which propagate most 

easily, but instead those cracks which receive the most insolation and are thus able to 

mobilize any internal water for a significant part of the year.  

 

This is an especially pertinent case as there is a significant body of work analyzing the 

thermal state of rocks in polar regions (Hall, 1997; Hall 1998; Lewkowicz, 2001; Hall 

and André, 2003). That thermal cycling could contribute to the breakdown of rocks is a 

natural assumption (for instance, Ishimaru and Yoshikawa, 2000) in areas known for 

significant freeze-thaw weathering and where permafrost has been seen to repeatedly 

fracture upon thermal contraction to form polygons. However, in those areas containing 

clasts made of consolidated rock and with ample sunlight, it may be necessary to consider 

differential insolation as well, especially if the cracking which occurs is directional in 

nature (for instance, French and Guglielmin, 2007). As with desert rocks, moisture may 

play a role as saturated highly porous materials (Mackay, 1999) are seen to fracture 

easily, whereas freeze-thaw damage is not observed where the moisture content is low 

(Hall, 1997). Additionally, some researchers have found that rock grains may be more 

susceptible to damage at lower temperatures (French and Guglielmin, 2000) as polar 

deserts are much more accessible than Mars or the Moon, they provide an excellent place 

to test thermal cycling against differential insolation. 
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Secondly, Mars possesses a significant daily thermal range, a thin atmosphere, and at 

least occasionally may have liquid water available at the surface (Malin et al., 2006). As 

well, erosive processes which do occur are slow as evidenced by the significant cratering 

of the entire planet at all scales (Strom, 1992). As such, it is likely that rocks may sit on 

the surface undisturbed for extremely long periods of time, compared to terrestrial 

deserts. Also Mars has been surveyed by several landed spacecraft that have provided a 

rich dataset of thousands of images for examination. While a comprehensive study of 

these data products is beyond the scope of this chapter, there is reason to believe that this 

process may be significant for Mars. Periglacial processes are known to occur at northern 

latitudes as evidenced by ice polygons (Mangold, 2005) and it is known that rocks may 

exceed the 0°C threshold in summer at equatorial to mid latitudes (Christensen et al., 

2001). Water ice frosts have also been observed at mid latitudes by Viking Lander 2 

(Wall, 1981).  

 

These data suggest that if differential insolation is significant for a dry polar terrestrial 

location, such as the Antarctic Dry Valleys, it likely has applications to Mars where water 

vapor condensed on the inside of rocks may be cycled through heating. Even so, whether 

this process is significant for Mars may be difficult to determine as it may not be possible 

to observe rock fabric from the image set and thus screen out this component of cracking. 

Also, the obliquity of Mars and hence the insolation at any point on the surface varies 

considerably with time. This oscillation, termed an obliquity cycle, can change the 
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effective angle of the Sun for by more then 20° over periods of ~105 years with larger 

variations over longer timescales (Laskar et al., 2004), this will need to be taken into 

account in any simulation of crack propagation.  

 

Lastly, the Moon and other airless bodies are considered. While airless bodies do not 

provide an environment where differential-insolation cracking can take place, they do 

provide a place where thermal cycling could play a role. Diurnal temperature variations 

on the Moon are very severe compared to the Earth (Lodders and Fegley, 1998), as well, 

without an atmosphere, the insolation contribution by the diffuse sky (especially in the 

infrared) is zero. As such, if directional fractures appear here similar to those observed by 

McFadden et al., it would suggest that thermal cycling is the causative agent. If there are 

no directional fractures, then the differential insolation model described in this chapter is 

more likely to be relevant for the Earth.  

 

3.5. Conclusions 
 

Numerical modeling of solar insolation in cracks of different orientations and depths 

show that certain orientations of cracks can receive more insolation then other cracks on 

all time scales. The pattern of orientations that are favored changes for different depths of 

crack under the same conditions. By assuming that crack growth is proportional to 

moisture content in a crack which is itself inversely proportional to the received 

insolation on the crack bottom, it is possible to determine which orientations would 

propagate most rapidly.  
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For the US Southwest, three different modes were exhibited, a N-S population when the 

initial crack was shallow, an ESE-WNW and ENE-WSW population when initial cracks 

were of intermediate depth and an east-west population when initial cracks were deep. 

The first two modes correlate well to the data retrieved by McFadden et al. (2005) for 

cracked rocks at several sites in the US Southwest. Thus, the pattern of yearly average 

insolation in selecting certain orientations for growth and not others correlates well with 

the observed data. The east-west mode predicted by the simulation is not seen and could 

result from a lack of deep initial cracks compared to shallow cracks and an inability of 

the discharge of moisture to respond to variations in insolation shorter then a year. This 

relative lack of east-west cracks compared to ENE-WSW cracks which are themselves 

less common then N-S oriented cracks correlates well with the idea that these modes are 

associated with progressively shallower initial cracks which are progressively more 

common in the initial surface cracking of rocks. 

 

The apparent offset in the N-S mode and the lack of an ENE-WSW mode in the dataset 

of McFadden et al. is also correlated with the diurnal cycle of rainfall in the summer 

which promotes recharge of certain crack orientations and not others. This suggests that a 

record of both the annual variation in insolation and the daily pattern of rainfall could be 

preserved in the orientations of cracks on rocks in the US Southwest. 
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CHAPTER 4:EXPERIMENTAL OBSERVATION OF HDO FRACTIONATION IN 
DUSTY DISAGGREGATED WATER ICE: IMPLICATIONS FOR COMETS AND 

MARS 
 

 

4.1.1 Bridge 

 

In chapters 2 and 3, we have explored two elements which directly affect the ability of 

any extant organic molecules to survive on or near the Martian surface. Specifically, the 

ability of small scale topography to shield organics from UV and a mechanism to produce 

soils which could bury these molecules has been discussed. However, neither of these 

investigations addressed the likelihood that these molecules or organisms ever existed.  

 

On the earth, we know that aqueous (liquid water based) chemistry has been integral in 

creating and maintaining the biological systems which produce the organic signatures 

that are preserved. The greater the amount of water available in the Martian past, and the 

greater the amount remaining today, the greater is the probability of producing 

recognizable organic signatures. As such, chapters 4 and 5 will attempt to address a 

central tenet of our current understanding of the size of Martian water reservoirs, the 

deuterium to hydrogen ratio observed in the atmosphere. The enrichment of HDO relative 

to H2O has often been sited as diagnostic of the amount of water lost to space over the 

history of the planet. However, very little work has been done to determine whether this 

enhanced signal we observe is the result of a bulk loss of water, or simply a byproduct of 
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cycling at cold temperatures in the presence of large quantities of dust. These two 

chapters attempt to address the problem of modern-day cycling to begin to understand 

how much of the observed enhancement in HDO is the result of ancient water removal 

and how much enhancement can be attributed to modern day processing. 

 

4.1.2 Introduction 

 

The deuterium to hydrogen ratio (D/H) of water is often used to infer the evolution of 

water inventories on planetary bodies (for instance, Drake, 2005; Hunten 1993). It is a 

particularly effective tool for several reasons. First, the signatures of D and H-bearing 

molecules can be detected and distinguished spectroscopically (Owen, 1988; Kransopoly, 

1997) in the atmospheres of other planets. Secondly, there is a high potential for large 

mass-dependant fractionations upon dissociation as D and H have the largest mass 

difference of any isotope pair, with D being twice as massive as H. This must be 

considered along with the tendency of terrestrial planetary atmospheres to evolve towards 

more oxidated states as hydrogen is lost to space through Jeans escape from the 

atmospheric exobase (Hunten, 1993). If the water inventory of the planet is exchangeable 

with the atmosphere, the signature of this missing hydrogen will be partly preserved in 

the remaining water reservoir as a large enrichment in D/H. 

 

This argument is often used to assert that planetary bodies with elevated D/H ratios in 

their present day-atmospheres lost most of their water during the early evolution of their 
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atmospheres (Hunten et al., 1987). However, there are two important caveats to this 

conclusion. First, in order to assess the amount of fractionation it is necessary to know 

the initial D/H values of the reservoir in question (Drake, 2005). This is a difficult task 

even for the bulk solar system as the initial store of deuterium in the solar system’s 

largest reservoir, the Sun, was consumed early in the life of the solar system. The 

protosolar value can be obtained, through analysis of the Jovian atmosphere and solar 

wind implanted isotopes (Geiss and Gloecker, 2003), however, this remains more 

difficult for specific bodies. For instance, while Vanysek (1991) argues for a primitive 

origin for comets, two distinct reservoirs with different D/H ratios are required to explain 

the observed values. 

 

The second caveat is more straightforward: that no processes which could fractionate the 

major planetary water reservoirs have been active since the surface and climate evolved 

to its present state. As a result, explanations for large variations in the observed D/H 

ratios between different Solar System bodies, such as the 5.5-fold enrichment of the 

heavy isotope seen in the Martian atmosphere (Owen, 1988; Kransopoly, 1997) 

compared to VSMOW or the 15-fold enrichments in comets (Eberhardt et al., 1995; 

Bockelée-Morvan et al., 1998; and Meier and Owen, 1998) compared to protosolar 

values (Meier, 1999; Geiss and Gloecker, 2003) have largely ignored the potential long 

term isotopic effects of sublimation processes. Given the fractionations that are possible 

on the Earth during volatile cycling between reservoirs (Gat, 1996), it is important to 

quantify this effect. 
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The isotopic fractionation of water ice during sublimation on planetary bodies has been 

considered a simple temperature-driven process in which colder ices tended to fractionate 

more heavily than warmer ones due to the differences in lattice binding energy between 

H2O and HDO (Matsuo, 1959; Merlivat and Nief, 1969; Dansgaard, 1964; Van Hook, 

1972). This energy difference results in lower equilibrium sublimation pressures for 

HDO, the more refractory form of water, and intensifies at lower temperatures, increasing 

the relative refractory nature of HDO compared to H2O. Typically, when this information 

is applied to planet-scale analyses, either just this equilibrium value has been used (Yung 

et al, 1988) or is first combined with the concept of a static lattice in which no 

fractionation occurs due to a buildup of the more refractory isotope on the surface until 

the ice sublimates at the bulk ratio (Carr, 1990).   

 

Adding to the confusion, recent laboratory experiments have shown that the sublimation 

of water ice is not a simple and steady process, and that D/H ratios in the vapor can be 

time variable, mimicking to a degree the Rayleigh-like fractionation seen in the 

evaporation of liquids (Brown et al., 2008 ).  Previous experimental work (Sears et al., 

1999 provides a good summary) also indicates that realistic samples containing mixtures 

of ices or contaminating dusts can severely impact the sublimation rate and isotopic 

character of the escaping gas. The observations of the KOSI (Kometen Simulation) 

experiments (Huebner, 1991; Kochan et al., 1989; Grun et al., 1991a,b,c, 1992, 1993; 
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Seidensticker et al., 1995), designed to simulate sublimation on cometary bodies, are 

particularly relevant to the work to be described in this chapter. 

 

The KOSI experiments were a major initiative to understand the processes that affect 

comets made up of eleven individual experiments conducted at the DLR Institute of 

Space Simulation, Cologne. Collectively, these experiments examined many different 

compositions of comets and ice/dust ratios (Sears et al., 1999) and significantly advanced 

the field. However, there are two areas where these experiments need to be extended in 

order to examine the long-term isotopic behaviour of samples. First, none of the KOSI 

experiments lasted longer then 59 hours and this temporal horizon must be extended. 

Secondly, only two of the experiments, KOSI-7 and KOSI-11, used isotopic tracers and 

only KOSI-11 employed any HDO enrichment (Sears et al., 1999). As such, even though 

there is data on the isotopic character of some of the remaining sample condensate 

(Roessler et al., 1992) there are no D/H profiles of the sublimate gas available to identify 

how the sample changes with time. 

 

Thus, this chapter will describe the results of an experimental investigation into the 

sublimation of realistic samples of porous, dissagregated and dusty ices in order to study 

the evolution of fractionation between the solid and gas with time. Additionally, some 

theory about how realistic samples of ice will fractionate in planetary settings will be 

discussed as well as the implications that the results have for specific solar system bodies 

and their evolution. 
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4.2. Materials and Methods 
 
4.2.1 Experimental Apparatus 
 
4.2.1.1 Description 
 

The experimental apparatus (shown schematically as a cartoon with accompanying P&ID 

in Figure 17) consisted of a sample chamber with a volume of 150mL and a cross 

sectional area of 10cm2. The sample chamber walls are constructed of thin-walled 

stainless steel, insulated by vacuum within a Kurt J. Lesker cubic conflat flange, and 

equipped with three silicon diode temperature sensors at 50mm intervals. At the base a 

soldered copper plug acts as a thermal capacitor and was connected to a CTI cryogenics 

closed-cycle helium cooler. An additional silicon diode temperature sensor was attached 

to this plate and served as the control input into a Lakeshore temperature controller. At 

the top of the chamber, a sapphire window allowed heat to be applied to the sample from 

above, and a ring extension of the sample chamber provided two gas feed-throughs and a 

pressure-relief valve. 
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Figure 17: P&ID for the Brown System described in this chapter. 

System designed and built by Robert H. Brown and located at the Lunar and Planetary 

Laboratory, Tucson AZ. 

 

Two lines were attached at this feed-through ring. One of these, a quarter-inch blow-

down line, was linked to a 30L/s Pfeiffer turbomolecular pump. This line was used for 

the initial evacuation of the chamber from atmospheric pressure preceding runs. A 1-torr 

capacitance manometer and a broad-pressure thermocouple gauge were used on this line 

to determine when the chamber was sufficiently evacuated to open the analysis line. This 

½-inch analysis line linked the chamber with a Stanford Research Systems (SRS) QMS-

100 (Quadrupole Mass Spectrometer) gas analysis instrument with an integrated 70L/s 

turbomolecular pump. In addition to the QMS, a cold-cathode gauge located near the 

pump and a 20mtorr capacitance manometer located near the chamber monitored 

pressure in the system during runs. 

 

Finally, a quartz-tungsten-halogen (QTH) spot lamp (3400K, 50W bulb) was mounted 

above the chamber and heated samples from above. This lamp was driven by a direct-

current source and was variable between 0 and 50W of power, with typical supplied 

power ranging from 1 to 4W. This lamp represents solar illumination that would be 

experienced either diurnally on a planet or moon or close to perihelion for a comet. As a 
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result, the setup simulates the period during which there is the greatest gradient in 

temperature and thus the greatest motion of sublimating material. 

 

4.2.1.2 Limitations and Calibrations 
 

The most significant limitation on the system is pressure. In order to maintain the QMS in 

its preferred linear range, it was necessary to maintain the pressure at the QMS inlet at or 

below 5x10-5 torr. As there was no way to throttle the output from the sample chamber, 

this pressure limitation in turn limited the range of temperatures that could be run within 

the chamber. This was found to be most significant for more porous samples which 

tended to support a larger thermal gradient between the cooling copper plug and the 

illuminated surface compared to solid samples. In all cases, the basal temperature was 

controlled directly using the Lakeshore controller with the sample taking on a 

temperature gradient appropriate to its thermal properties.  

 

Practically, these arrangements limited basal temperatures to 230K or lower for thin 

entirely solid samples and 150K or lower for porous samples. For these samples, a lower 

basal temperature was needed to avoid the non-linear range of the detector. However, 

generally the lamp was used to obtain an initial surface temperature and pressure close to 

the maximum permissible pressure. 

 

The cold-cycle cooler was able to maintain the temperature of the copper plug as low as 

60K with a sample located in the chamber with lower temperatures being possible, but 
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never used or tested. Tests using melting samples and liquid nitrogen to produce an 

isothermal chamber demonstrated that the temperature sensors mounted on the outside of 

the chamber walls effectively reported temperature over the range considered in this 

chapter. 

 

Finally, using plugs of gas of a known mass, the reported throughput of the mass 

spectrometer was verified within the range used. 

 

4.2.2 Experimental Procedure 
 

A typical run consisted of three stages: sample preparation, sample insertion and sample 

observation. Sample preparation involved mixing measured volumes of H2O and D2O 

together with a measured mass of dry dust samples. Typically, ~50mL samples were 

prepared by combining 47.5mL of H2O with 2.5mL of D2O yielding an initial D/H ratio 

of 0.053 present almost entirely as HDO due to rapid proton transfer. This liquid was 

then combined directly with an appropriate mass of dry dust (the properties of the dusts 

used will be described in section 4.2.3) to achieve the desired mass fraction, shaking well 

to incorporate all the components thoroughly.  

 

Sample insertion procedures evolved over the course of the experimental runs; however, 

this does not appear to have had a noticeable effect on the results based on the results of 

blank samples. Early on, the sample chamber was filled with liquid nitrogen (LN2) and 

the liquid water-dust mixture created during sample preparation was poured directly into 
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the chamber in small amounts, shaking the remaining liquid between pours. Later on, a 

step was added in which small amounts of the prepared liquid were poured into a mortar 

filled with LN2 where the resulting dirty ice was crushed to sand-sized particles using a 

pestle. This water-dust-liquid nitrogen slurry was then transferred to the waiting LN2-

filled sample chamber. The advantage of the additional step was that it produced a more 

even surface layer as the sand sized particles settled. 

 

LN2 was used as a medium for two reasons. First it was able to rapidly freeze and cool 

the ice-dust liquid mixtures before growing ice crystals were able to exclude the dust 

particles. Microscopy of prepared ices (Figure 18) shows that the dust is well 

incorporated into the final icy samples created using this method. Secondly, LN2 boil-off 

during sample freezing prevented room air from condensing on the samples, hence 

preventing significant contamination. 

 

Once the samples were inserted, but before the LN2 had evaporated down to the surface 

level of the sample, the relief valve was closed and the sapphire window placed upon its 

gasket. This allowed the sapphire to act as a pressure relief on the sample chamber 

without admitting room air until the nitrogen had evaporated. Once the nitrogen pressure 

had decreased to almost atmospheric pressure, the window was clamped down onto its 

gasket and the blow-down line was opened. This procedure cleaned the sample which 

continued to outgass rapidly at this point, and removed any residual nitrogen. To remove 

solid nitrogen, the basal temperature was temporarily increased to 150K.  
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Figure 18: Microscopy of Different mixtures of TiO2 dust and water ice following flash 

freezing in LN2. 
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Several different mixtures are shown: 5wt% (Panel A) 25wt% (Panels B&D) and 45wt% 

(Panels C&E). Generally, dark spots are dust and lighter or clear zones are ice. Generally 

the mixtures start out disordered as individual grains with lower concentrations of dust 

associated with larger grains, but take on structures as they warm depending on their dust 

concentration. For 25wt% this is a hexagonal structure with larger structures growing at 

the expense of smaller ones (panel D shows a moving front of large hexagons consuming 

smaller ones). However, a banded structure is the result at 45wt% (panel E). 

 

Finally, once a sufficiently low pressure had been achieved in the chamber, the sample 

observation phase could begin. At this point, the blow-down line would be shut, the 

analysis line opened up, and the lamp moved into position and turned on. Logging of all 

sensor outputs including all three temperature sensors, the basal temperature, 20mTorr 

and cold cathode pressure gauges as well as the partial pressures of all species from the 

QMS would also be started. Generally, no external changes were permitted over the 

course of an experimental run. 

 

4.2.3 Dust and Regolith Simulants 
 

Not including the blanks, five separate compositions and sizes of dusts and regolith 

simulants were used. These were: (a) Titanium (IV) Oxide (TiO2 Rutile) in 1-2µm sized 

particles (b) Silicon Dioxide in 1-2µm sized particles (c) cuttings from the Fukang 

Pallasite in 10-50µm sized particles (d) crushed and water settled JSC Mars-1 Regolith 
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Simulant 1-10µm sized particles and (e) dry sieved JSC Mars-1 Regolith Simulant 76-

105µm sized particles. 

 

The initial experiments were performed with TiO2 due to its availability and low cost in 

fine powder format combined with its low solubility, rather than its applicability as a 

planetary analogue. As such, SiO2 and Pallasite cuttings, more appropriate analogues, 

were also tried. Finally, the most extensive survey of parameter space was conducted 

using JSC Mars-1 Regolith Simulant. However, in order to obtain a grain size 

representative of martian airfall dust, ~1.6 µm sized particles, as determined by studies of 

the martian atmosphere (Lemmon et al., 2004; Tomasko et al., 1999; Pollack et al., 1995) 

it was first necessary to process this material. The 1-10µm material was produced by 

taking raw JSC Mars-1 and crushing it using a mortar and pestle before pouring the 

resulting detritus into a water settling tank 10cm deep for 30 minutes. Those particles still 

in suspension were poured off along with the water and were desiccated and collected as 

chips. Microscopy confirmed the expected grain size distribution. As well, subsequent 

XRD Analysis of this material (Appendix C) did not show any significant change in the 

mineralogy of the material following this processing.  

 

TiO2 and SiO2 are both pure materials, whereas the cuttings from Fukang and the JSC 

Mars-1 Palagonite dusts contain a variety of different minerals and grain sizes. Mars-1 is 

a standard martian regolith simulant noted as spectrally and chemically similar to 

observations on the martian surface and consists of water-modified glassy volcanic ash 
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collected from the Pu’u Nene cinder cone on the island of Hawaii (Allen et al., 1997). 

The material is primarily SiO2 (43.7wt%) Al2O3 (23.4wt%) and Fe2O3 (11.8wt%) with 

smaller amounts of CaO (6.2wt%), TiO2 (3.8wt%), FeO (3.5wt%) and MgO (3.4wt%) in 

addition to trace constituents. 

 

Fukang pallasite cuttings are a byproduct of cutting samples using high purity ethanol 

from the main body of the Fukang meteorite which resides at the Southwest Meteorite 

Center (Lauretta et al., 2006). The grains themselves are distributed between 1 and 50μm 

in size and are largely equally partitioned between mainly Fe-metal particles (kamacite, 

taenite, some schreibersite) and olivine grains with a few silica inclusions. Smaller 

amounts of chromite, troilite, whitlockite and pyroxene are also observed (Lauretta et al., 

2006). 

 

Smaller-grained materials, such as the carbon particles employed in the KOSI 

experiments (Sears et al., 1999), were not attempted due to concerns that they could be 

lofted into the tubing from the sample chamber and into the QMS inlet, potentially 

damaging the mass spectrometer.  

 

4.2.4 Calculating the D/H Ratio of the Sublimate Gas 
 

In order to properly calculate the D/H ratio, it is first necessary to understand the isotopic 

makeup of the sample to determine which masses need to be measured. As mentioned in 

section 4.2.2, the sample prior to freezing is assembled by mixing together H2O and D2O 
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in a 19:1 ratio by volume (also expressable as 0.053 volume fraction D or 0.058 mole 

fraction D). The proton transfer equation for the primary constituents can be written as: 

 

OHOHDODOH 16
2

1616
2

16
2  182 19 +⇔+   [13] 

 

Using the gibbs energy of formation for each of these species at SATP (Job and 

Herrmann, 2006 ; Wagman et al., 1982) we can calculate the equilibrium constant kpt = 

3.49. This implies an equilibrium ratio of D2O/HDO of ~0.0073 for this sample 

enrichment in its liquid state. Since freezing does not tend to cause much isotopic 

fractionation (Satoh et al., 2004; Lehmann, 1991) it will be assumed that this value is also 

true for the solid samples we have prepared as a starting point. 

 

This addition of extra deuterium to the sample will cause a shift in the observed peaks in 

the mass spectra to be taken. For instance, as the amount of deuterium in the sample 

increases the peak at mass-19 will be minor until the signal from HDO at this mass 

becomes comparable to the abundance of H2
17O.  Thus, in order to determine which 

peaks need to be monitored, and the amount of contamination from other ions at each 

peark, a theoretical analysis of the expected mass spectrum of a typical sample is 

necessary. In ordinary water with VSMOW-like isotopic compositions a 70eV source like 

the one in the QMS will produce peaks in the non-enriched water group (masses 16 

through 20) with relative strengths of 81.85‰ for Mass-16, 171.13‰ for Mass-17, 

744.05‰ for 18, 0.744‰ for 19 and 2.232‰ for 20 (Stanford Research Systems, 2005). 
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The main peaks at each mass are 16O+ at 16, H16O+ at 17, H2
16O+ at 18, similar 

contributions within an order of magnitude by HD16O+, H2
17O+ and H18O+ at 19 and 

H2
18O+ dominating at Mass-20. All ions above dominate their mass peak with the 

exception of the interference at 19. 

 

The relative peak strengths and dominating compounds change somewhat when the extra 

deuterium is added. By assuming that HDO and D2O fragment similarly to H2O with the 

exception that the branching ratio is pushed 2:1 in favor of breaking the OH-bond over 

the O-D bond we can calculate this change after increasing the HDO concentration in the 

starting material to 5.3mol%. Now, monitoring the extended water group (masses 16-22), 

we have relative strengths of 82‰ at Mass-16, 160‰ at 17, 680‰ at 18, 74‰ at 19, 

1.9‰ at 20, 0.15‰ at 21 and 0.0011‰ at Mass-22. Within this range, the dominant 

species are 16O+ at 16, H16O+ at 17, H2
16O+ and D16O+ at 18, HD16O+ at 19, approximately 

30% D2
16O+ and 70% H2

18O+ at Mass-20, HD18O+ at 21 and D2
18O+ at Mass-22. In this 

case, signal at Mass-19 should be clear, with better then 99% attributable to HD16O+, the 

primary deuterium bearing species. As well, the peak at mass-18 is not significantly 

encumbered by the presence of the D16O+ fragment of HD16O+, with better then 98% of 

the signal deriving from H2
16O+. 

 

As a result of this analysis it is possible to greatly simply the equation for calculating the 

D/H ratio of the sublimate gas. Very clean signals for the main D and H-bearing species 

can be seen at masses 19 and 18, respectively. As such, it is preferable to consider simply 
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these two masses and ignore the rest when calculating the D/H ratio of the sublimate gas. 

As such, a factor needs to be applied to convert the signals at these masses to the actual 

concentrations of HDO and H2O. These are AHDO = 1.34, and AH2O = 1.32. Note that these 

constants do not change significantly with changes in the D/H value of the sublimating 

material. For instance, for a D/H ratio of 0.01 we obtain AHDO = 1.34, and AH2O = 1.29 

and for D/H = 0.1 we obtain AHDO = 1.30, and AH2O = 1.35. The equation for calculating 

the D/H ratio of the sublimate gas can now be written simply as: 

 

[ ]
[ ] [ ] 18219
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gas +
=

+
=   [14] 

 

where the mass spectrum peak height at masses 18 and 19 are given by M18 and M19 

respectively. 

 

4.3 Theory of Deuterium Fractionation 
 

Throughout section 4.4 results are presented detailing the evolution of the sublimate gas 

emitted by the solid sample. Ultimately, the fractionation of the solid left behind is of 

greater interest. As such, it is important to relate the two as even the longest of the 

experiments which will be described sublimate only a tiny fraction of the available 

material. This implies a very small overall fractionation of the remaining solid, no matter 

what pattern is seen in the gas over the course of our experiments. As a result it was not 

possible to compare the fractionation in the gas with the fractionation in the solid. In 
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nature, however, with many millions or billions of years for processing to occur, any 

fractionation would have a large effect on the remaining solid. Thus, in order to 

determine ultimate trends from these short experiments it is important to understand the 

processes which lead to the separation of the different isotopes of water. As such, this 

section will outline some of the theory of different possibilities. 
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Figure 19: Diagram showing four model runs of three different classical sublimation 

regimes  

demonstrating the evolution of the D to H ratio in the gas over time (graph) as well as the 

actively sublimating Boundary Layer (BL) where applicable. Panel A represents 

Rayleigh Fractionation (SSD much faster the Sublimation) in which the entire sample 

remains well mixed, but both the gas and condensate become isotopically heavier with 

time. Panel B describes a static lattice (SSD much slower then Sublimation) in which a 

surface enrichment develops. Panel C describes a dynamic lattice where both effects are 

competitive (Brown et al, 2008). Here sublimation is initially similar to the static lattice 
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model, however, the presence of diffusion greatly delays rise time. Eventually Rayleigh 

fractionation takes over in finite samples as the heavy material diffusing away from the 

boundary layer is restricted. If we have a half-space, such as in panel D, the static lattice 

behavior is the only behavior observed. Note that all three regimes suggest that the D/H 

of the gas should increase with time. 

 

No matter which case is to be considered, the D/H ratio of the sublimate gas and hence 

the material remaining in the condensed fraction depends directly on the concentration of 

HDO at the sublimation surface. As such, the process of changing this value can be 

considered as a competition between solid state diffusion and sublimation (Brown et al., 

2008). Solid state diffusion attempts to remove the concentration gradient and reduces the 

surface HDO concentration. Sublimation, through the Kinetic Isotope Effect will tend to 

preferentially remove H2O, thus increasing the surface HDO concentration. Depending 

upon which of these occurs faster, or whether the two are competitive, three different 

regimes are classically possible, as illustrated in the cartoon shown in Figure 19. Each of 

these will be discussed in detail in the following sections.  

 
 
4.3.1 Equilibrium Fractionation of Well Mixed Samples (Solid State Diffusion Wins) 
 

The equilibrium fractionation of well-mixed samples, such as the liquid-vapor system 

important in meteorology, is well understood.  This is primarily a temperature-dependant 

process (Matsuo et al. 1964; Dansgaard, 1964; Merlivat and Nief, 1967; Van Hook, 

1967) in which the key variable is the fractionation factor, α. Note that in most literature 
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occurrences, as well as in this chapter, αD relates purely a ratio of the concentration of D 

to H in the gas phase compared with the condensed phase. Since these are not the actual 

gas species, they must be related as shown to H2O and HDO using equation [14] and 

Raoult’s law: 
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where all p are equilibrium vapor pressures and χ represent the mole fraction of that 

species in the condensed phase. The rightmost approximation is typically used since χHDO 

<< 2χH2O for most concentrations in nature. In our case, in which the mixing ratio is 9:1 

in favor of H2O over HDO, this simple approximation would introduce an error of only 

6% in the change of the fractionation factor (i.e. αD-1).  As such, we can use the 

fractionation factors as modeled by Van Hook (1967, p.1240) by rearranging his table V 

for HD16O in terms of αD. While this data has only been validated down to 230K, its 

extension to lower temperatures, as needed, will be considered later. 

 

We can make use of the fractionation factor in order to determine the long-term evolution 

of a well mixed source material. This type of evolution is referred to as Rayliegh 

fractionation if the gas is removed from the system on a short timescale compared with 

its rate of sublimation/evaporation, such that it does not interact further with the solid 

sample. This is the case in the experiments detailed in section 4.4. In a system undergoing 
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Rayleigh fractionation, the D/H ratio of the gas is expected to begin at a lower value than 

the condensate material, as determined by the fractionation factor appropriate to the 

temperature of the evaporating surface as dictated by the kinetic isotope effect.  

 

As a result of this process, isotopically light water is preferentially removed from the 

system leading to greater and greater fractionation with time of the remaining condensate. 

This process is well described by Dansgaard (1964) and Criss (1999), but two points are 

worth emphasizing. First, the evolution of both the gas and condensate is continuous and 

extends until the condensate is entirely evaporated. Secondly, while very heavy 

fractionations can be produced, the process is slow in that the remaining fraction of 

condensate must become very small before significant fractionation may occur. For 

instance, before the gas and condensate can be enriched by a factor of two at 230K where 

αD=1.2323, almost 95% of the sample would have had to evaporate. Note also the sign of 

the resulting fractionation, in that the D/H ratio of the gas will increase with time. 

 

4.3.2 Fractionation of Static Solid Samples (Sublimation Wins) 
 

The conventional wisdom is that solid ices are not well mixed. As such, this supposition 

will be explored here, namely that the ice lattice is entirely static with all molecules 

entirely frozen into place following freezing. As with Rayleigh fractionation, the first 

vapor is determined by the appropriate fractionation factor for the temperature of the 

sublimating/evaporating surface. However, the preferential removal of the light isotope 
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leaves the surface enriched in the heavier isotope. With no mechanism to incorporate this 

additional deuterium, it remains on the surface. 

 

The sublimate gas responds by growing progressively richer in the heavier isotope as the 

surface layer progressively becomes heavier. This process of enrichment of the sublimate 

gas continues until the D/H ratio of the sublimate gas reaches the bulk D/H ratio of the 

condensate at which point enrichment stops. The reason for this effect, is that a steady-

state has been achieved by the sample by organizing itself into a (i) a bulk which cannot 

communicate with the surface and remains at the bulk D/H ratio and (ii) a thin highly 

enriched surface layer. As the enriched surface layer ‘cuts down’ through the sample via 

sublimation, it absorbs material from the bulk at the bulk D/H ratio. Thus, for steady state 

to be valid, the sublimate gas emitted must also have the bulk composition. As such, the 

enrichment of the surface layer is limited, it cannot enrich beyond the D/H ratio required 

to produce a bulk-composition sublimate gas, because at that point the number and rate of 

H2O and HDO molecules entering and exiting the enriched layer is balanced. Effectively, 

the gas and sample stop fractionating relative to each other. 

 

Unlike Rayleigh fractionation, there is ultimately no net fractionation of either the gas or 

the condensate as a result of the highly enriched boundary between the two. This 

boundary can also be created on a much shorter timescale, restricting the evolution of the 

gas to a short transitory period. Based on data from Brown et al. (2008) this can occur 

within a few weeks at ~210K after sublimating less then a millimeter of ice, a small value 
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if the sample is thick. Fractionation of Static Solid Samples cannot, by definition, 

produce a sublimate gas in which fractionation increases with time, provided the 

temperature is not changing. 

 

4.3.3 Fractionation of Dynamic Solid Samples (Solid State Diffusion and Sublimation are 
Competitive) 

 

The situations described in sections 4.3.1 and 4.3.2 represent endpoint cases of what is 

possible in a solid ice that is permitted to change dynamically through diffusion of 

species or through proton transfer (Park et al., 2004). In any realistic material there will 

be two competing processes, sublimation, which removes material from the top of the 

sample, and diffusion which attempts to smooth out the gradients in composition created 

by the preferential removal of lighter isotope from the surface. Section 4.3.1 described 

Rayleigh fractionation, in which the speed of the diffusion front is infinite, whereas 

section 4.3.2 described the opposite situation in which the diffusion speed is zero. If the 

rates of sublimation and diffusion are competitive, an intermediate case will result. 

 

This is discussed at length in Brown et al. (2008) along with cross-over values for this 

case. In terms of the D/H ratio, the effect of increasing competitiveness of diffusion is 

manifested by a lengthening of the time required for the sample to achieve the steady 

state described in 4.3.2. During this additional time, diffusion will operate on the entire 

sample, increasing the D/H ratio such that it will be possible for the D/H ratio of the 
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sublimate gas to eventually exceed the initial bulk ratio and increase with time according 

to a Rayleigh-like fractionation curve. 

 

4.3.4 Fractionation of Highly Porous Solid Samples 
 

Once porous samples are considered, the possible fractionation processes are complicated 

by gas diffusion from the sublimating surface and from the bulk sample. The extent to 

which this plays a role is governed by the accessibility of the subsurface and its structure. 

At one extreme, it has been proposed that the entire bulk is so accessible so as to be 

considered nearly well mixed, (Podolak et al, 2002) at the other, the subsurface is entirely 

impenetrable. While for each individual ice particle the methodology listed above should 

be significant, the response of the sample and the sublimate gas it produces can be more 

then the sum of its parts. 

 

Once gas diffusion becomes important it is possible for vapor liberated at the sublimating 

surface to recondense at levels within the sample where the temperature is lower. From 

section 4.3.1, lower temperatures imply a more significant fractionation factor which 

could cold-trap the heavier isotope over time. Thus, using this method it may be possible 

to produce a sublimate gas which gets lighter with time, as more and more deuterium 

becomes incorporated at depth. The critical factor will be the manner in which the sample 

evolves since sublimation and condensation will alter the inner structure of the sample, 

changing the porosity by opening new passageways and clogging others. 
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Some insight can be gained by considering the results of the KOSI experiments along 

with simulations performed by Hesselbarth et al. (1991). In both cases, it was observed 

that refractory material evaporated from the surface would penetrate into the subsurface. 

However, due to the decrease in temperature this material recondensed quickly. As such, 

a short distance below the surface, a peak was seen in the diffusing material, followed by 

a drop-off to normal conditions in the deeper interior. This suggests that volatile transport 

will be localized to a layer near the surface, and that the concentration of the more 

refractory component, HDO, will increase at the surface due to preferential transport of 

the lighter H2O. This is what has been observed in the KOSI experiments where the D/H 

ratio in the near surface was seen to be slightly enriched in deuterium by 47.7‰ at the 

end of the 34-hour KOSI-7 run (Roessler et al., 1992). 

 

4.4 Results 
 

The experimental runs conducted are summarized in Table 4 which lists their duration, 

maximum fractionation factor, particulate grain sizes, composition and mixing ratio, 

basal temperature, and preparation method. Note that the basal temperature is simply an 

experimental parameter, not the bulk temperature of the sample and not representative of 

the temperature of the actively sublimating surface. The actual temperature of the surface 

is most directly determined by the initial gas pressure and related to the basal temperature 

only by the thermal conductivity of the sample. As such, for those samples with very low 

thermal conductivities, it was necessary to specify a very low basal temperature in order 
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to keep the temperature of the sublimating surface low enough to avoid overwhelming 

the mass spectrometer. 

 

Table 4: List of Experimental Runs 
 

Run Composition Grain Size Dust Content Duration Basal T    max(αBULK)
 

1♣ TiO2 (rutile) 1-2µm  25wt%  36.0 days 150K  2.6 
2♣ TiO2 (rutile)* 1-2µm  25wt%  19.2 days 150K  1.4 
3♣ SiO2  1-2µm  1wt%  11.1 days 150K  1.6 
4♣ Blank  N/A  0wt%  18.6 days 150K  1.1 
5♥ Blank  N/A  0wt%  30.5 days 150K  0.98 
6♣ Fukang Palasite 10-50µm 5wt%  31.6 days 100K  1.3 
7♥ JSC MARS-1 1-10µm  1wt%  7.8 days  60K  1.0 
8A♥ JSC MARS-1 1-10µm  3wt%  12.8 days 60K  1.2 
8B♥ JSC MARS-1** 1-10µm  3wt%  7.0 days  60K  1.1 
9♥ JSC MARS-1 1-10µm  6wt%  17.8 days 60K  1.2 
10♥ JSC MARS-1 1-10µm  9wt%  19.6 days 60K  1.9 
11♥ JSC MARS-1 1-10µm  25wt%  36.0 days 60K         2.7(1.6) 
12♥ JSC MARS-1 105-150µm 9wt%  15.6 days 60K  1.0 

 
♣ Flash-frozen in LN2 directly in Sample Chamber *Repeated Measurement to verify observations 
♥Crushed outside sample chamber   **Following Excavation of topmost layer 
 

 

4.4.1 Observations Common to all runs 
 

Before discussing specific runs and series, it is helpful to point out some common 

observations. In all cases, the overall pressure observed in the chamber as well as in the 

QMS inlet was seen to decline monotonically over the course of the experiment with the 

pumping speed (volume) held constant. The declines were significant; from one to over 

two orders of magnitude between the start and end of the runs were observed for all 

samples none of which fully reached steady state in terms of pressure, even for runs 

lasting longer then a month. This topic is further discussed in section 4.5.1. 
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Secondly, the sublimation pressure cascades observed by Brown et al (2008) are also 

observed in dusty samples for all grain sizes and compositions. These events typically 

last for an hour, and produce an overpressure of between 10% and 500%. The only 

change from this previous work on solid water ice is that in the current case with a 

thoroughly disaggregated sample, the frequency of cascades appears to be increased. 

Figure 20 compares the spacing of cascades and their base pressures (the pressure on 

which the cascades superimpose themselves) with the work of Brown et al (2008) shown 

in red. Blue, cyan, and black are dusty runs and green points represent the two blanks. As 

can be seen from this figure, the frequency of cascades does not decline nearly as fast 

with decreasing pressure for the disaggregated cases as it does for the solid cases. Put 

another way, lower pressures are required in the disaggregated case considered here 

compared to the solid-ice case in order to choke off the cascades. 

 

A second difference observed in the cascades is a more complex temperature structure 

observed in the sample during the cascade. While each cascade begins with the same 

latent heat loss, this latent heat loss is quickly reversed and a net heating effect is 

observed at all levels within the sample, most likely due to re-condensation. This 

supports the assumption of plentiful pathways within these samples and is more 

pronounced an effect for samples which were created by crushing to sand-sized ice 

particles before insertion in the chamber. 
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Figure 20: Time between cascades vs. the observed base pressure  

of the second cascade. Solid ices from Brown et al. (2008) are represented as Red. Blue, 

cyan, and black are dusty runs and green points represent the two blanks. All dusty and 

disagregated cases display a much shallower curve then the solid ices, confirming that 

cascades occur more frequently in non-ideal materials at lower temperatures. 

 

Finally, all samples responded very quickly to very slight step changes in external 

illumination, in many cases reaching 90% of their maximum values within 10 minutes or 
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less. This is best seen in the pressure graphs where an increase in pressure over this 

timescale by a factor of 20 is not unusual (for an example, see Figure 25).  

 

4.4.2 TiO2 and SiO2 series 
 

This series consists of three runs with idealized materials including two with Titanium 

dioxide and one with Silicon Dioxide. Two blanks were also used to test the effect of 

different preparation methods. The two TiO2 runs and the SiO2 run are shown in Figure 

21 while the two blanks are shown in Figure 22 and discussed at greater length in section 

4.4.3. 

 

The first run with TiO2 (Figure 21, top panel) was the first dusty sample examined and 

produced an unexpected result in which heavy fractionation is seen to occur. As such, it 

was necessary to run a second sample to verify the result. This is shown in the middle 

panel of Figure 21. Both samples were prepared in an identical manner and contained the 

same amount of dust (25wt%).  Comparison of these two panels illustrates well the 

imperfect nature of working on these types of disaggregated samples; however, they both 

show the same characteristic decrease in the D/H ratio with time. For the first sample, 

one month of observation has reduced the D/H ratio to one half of the initial value, a 

fractionation of almost 2.5 times compared to the bulk ratio. Surprisingly, this case is 

different from all of our expectations as discussed in 4.3, in which an increasing ratio of 

D/H or a stable ratio was expected in the sublimate gas. 
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Figure 21: Evolution of the D/H ratio in the sublimate gas from early experiments 

prepared without crushing samples.  

D/H is in terms of HDO and H2O only with 25wt% TiO2 (top and middle panels) and 

1wt% SiO2 (bottom panel) shown. All dusty cases display a decreasing D/H ratio with 

time indicating that the heavier isotope is being concentrated in the solid sample. 

 



 
 
 

148 

This effect is apparent in other runs as well. The lower panel of figure 21 illustrates the 

effect of using SiO2 instead of TiO2 as the contaminant dust. Additionally, the 

concentration of the dust has been reduced to 1wt%. Even with this reduction, the pace of 

fractionation is surprisingly fast. The D/H ratio is reduced to 0.035, a fractionation factor 

of 1.4, after only 10 days. This is comparable to the rate observed in the much more 

heavily contaminated TiO2 sample. 

 

In all three panels, the evolution of the D/H ratio does not proceed linearly with time. 

There are many jogs, plateaus and fractionation reversals evident in the graphs. Some of 

these are associated with the sublimation cascades, described earlier and most clearly 

seen in the lower panel describing SiO2, however, most are not. These features are likely 

symptomatic of the nature of the samples produced with contain many microscopic 

pathways and thus have a complex evolution compared to the crystalline samples 

considered by Brown et al. (2008). This also contrasts with the better behaved palagonite 

samples to be discussed in section 4.4.4, especially Figure 24, Panel E, which describes a 

similar degree of fractionation without the jogs common to these early samples. 

 

Initially, the SiO2 run was to be the first of many; however, given the consistency of 

results with monolithic materials, it was decided to move directly to more realistic 

samples. To determine if the decreasing D/H ratio (increasing fractionation with time) 

was the result of the sample preparation method and independent of dust content it was 

necessary to produce two blank runs. 



 
 
 

149 

 

4.4.3 Blanks 
 

These two blanks are documented in Figure 22. Neither of these samples contains any 

dust and both are flash-frozen in liquid nitrogen. They differ only in the details of their 

preparation; the top panel shows a sample which had been crushed following flash 

freezing and the lower panel describes one which had not been crushed. In both cases no 

significant fractionation is evident during the run. The top sample shows a rapid increase 

in D/H from equilibrium conditions while the second shows a rapid decrease, probably 

from contamination within the system disappearing. 

 

Two surprising observations during the blank runs relate to the amount of vapor transport 

which is occurring within the sample. First, the samples were seen to arrange themselves 

to form ‘corn snow:’ visual inspection of the sample at the end of the run showed it to be 

composed of uniform-sized individual spheres of ice a few millimeters in diameter in 

contrast to the surface seen at the start of the run. Additionally, both samples produced 

pressure cascades at a very rapid pace. These are visible as the pronounced spikes which 

resemble noise in both panels. The first run exhibits 91 of these events and the second 

193 giving average times between runs of 4 to 5 hours, much higher then the typical day 

or longer spacing of the dusty runs. This pronounced effect can be seen in figure 20 

where the blank runs are shown as the green points.  
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Figure 22: Results of two blank runs to test preparation method.  

No significant evolution of the D/H ratio with time is observed. The top panel 

demonstrates a sample that has been crushed, whereas the bottom panel is a sample that 

has been flash frozen without crushing. Both exhibit very large numbers of cascades. 

 

In these two aspects the two runs are similar and demonstrate that the contaminating dust 

is the cause of the decrease in the D/H ratio with time, along with choking off the flow of 

vapor and preventing macroscopic reworking of the sample. Furthermore, it shows that 

crushing the sample into distinct particles is not dissimilar from producing a single 

porous mass.  Still, there are some notable differences which should be addressed. 
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First, there is a difference in the final value of D/H between the two experiments. The 

first panel hovers, towards the end of the run, just under a D/H value of 0.050, slightly 

below the bulk value. The second run, by contrast, exhibits a higher value of between 

0.055 and 0.060, slightly above the bulk value. This difference is larger then any error 

introduced by the mixing procedure or the noise in the signal from the mass spectrometer. 

Since the second run immediately followed the first, this is puzzling.  

 

A second point is that while the samples are in general better behaved then the TiO2 and 

SiO2 cases, the fractionation reversals are also seen here. These are much more prominent 

in the sample which has not been crushed, but in both cases these events are accompanied 

by a change in the pressure slope. The most notable of these are around the 6-day mark in 

the top panel and just before the 24-day mark in the lower panel. However, despite this 

change in behavior the sample seems to asymptote back to the baseline D/H ratio after a 

period of time.  

 

4.4.4 Pallasite Run 
 

The pallasite run was the first attempt to use a planetary analogue dust mixed with ice 

instead of a simple single mineral compound. The D/H trace of this experiment is 

reproduced in Figure 23. From the stardust mission it is now known that the material in 

cometary coma are more similar to typical inner solar system crystalline silicate materials 

then pallasites (Burnett, 2006; Brownlee et al, 2006); however, as thin sections of Fukang 

had been prepared at the University of Arizona, cuttings from this meteorite were readily 
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available and used. This series was not continued past a single run in order to pursue the 

Palagonite series described in section 4.3.5. However, from the plot shown in Figure 23, 

the fractionation pattern of decreasing D/H with time in the sublimate gas looks much as 

it did in the earlier TiO2 and SiO2 experiments. The samples were also difficult to work 

with as certain grains within the cuttings were hydrophobic and would not combine well 

with the water during flash freezing. 
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Figure 23: Results from a run conducted with 5wt% cuttings from the Fukang Pallasite. 

 The thin lines indicate power failure of the monitoring computer. While the trend is 

shallow, fractionation increases with time for this sample. 

 

This particular run differs from the TiO2 and SiO2 runs in that the extent of fractionation 

is not as heavy after 30 days, the D/H ratio falling only to 0.04 by the end of the run, a 

fractionation factor of only 1.3. While the sublimate gas remains lighter then the bulk for 

the entire run, the decrease is not monotonic. Two high peaks in D/H are observed near 

day 2 and day 11. It seems likely that these are due more to the nature of the sample as 
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they share similarities with peaks observed during the blank runs and the other dusty 

runs. 

 

However, following day 12 an interesting event occurs. The sample appears to settle 

down, exhibiting a steady decline in D/H interrupted only by cascades. This is surprising 

given the results of other runs and suggests that the sample may have organized itself into 

a stable configuration following the transitional effects of the first 12 days. Another 

peculiarity which may relate to this effect is the lack of pressure cascades before the fifth 

day. 

 

4.4.5 Palagonite Series 
 

The Palagonite series is the most in-depth examination of parameter space to be 

presented. In all, there are seven runs displayed in figure 24. The major variable being 

examined is dust content which varies from 1wt% in panel A through 3wt% in panel B 

and C, 6wt% in panel D, 9wt% in panel E and 25wt% in panel F. Panels C and G 

represent special investigations. Panel C demonstrates the effect of cleaning the surface 

of a sample which had been sublimed for a long period (13 days) by removing 1cm of 

overburden. Panel G examines the effect of changing the size of particles, from 1-10μm 

to 76-105μm, at a particular mass concentration, 9wt%. As dust concentration is often 

described as a mass mixing ratio this was an effective way to examine the effect of 

particle size and hence the areal density of the particulate on fractionating ice.  
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Figure 24: Palagonite series.  

From top to bottom 1wt% 1-10µm particles (A) 3wt%  1-10µm particles (B) 3wt% 1-

10µm particles following excavation of the top 1cm of sample (C) 6wt% 1-10µm 

particles (D) 9wt% 1-10µm particles (E) 27wt% 1-10µm particles (F) 9wt% 76-105µm 

particles (G). Only dust contents 9wt% and 27wt% are heavily fractionated by the end of 

their runs, while all ices contaminated with fine dusts show some degree of increasing 

fractionation with time. Run G is identical to the blank runs. 

 

Unlike all other experiments with the exception of the first blank (Figure 22, Panel A), 

the palagonite series samples were prepared by crushing the sample prior to insertion. 

This created a macroscopically disaggregated sample with a flat surface. This process 

also resulted in (initially) a very rapidly outgassing sample, so much so that it was 

impossible to turn on the lamp without overwhelming the turbomolecular pump in the 

mass spectrometer. As such, the samples were allowed to sublimate freely under 

evacuation through the blow-down line until a low pressure was achieved in the sample 
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chamber at which point the lamp could be activated. This process took from a few hours 

to 5 days depending upon the particular sample in question. As a result there is an initial 

large jump in pressure which often shows up as a large jump in the D/H ratio within the 

first five days of each run that corresponds to this event, such as just before day 5 in 

panel B, day 2 in panel D, day 1 in panel E, day 2 in panel F and day 1 in panel G. A 

clear jump due to this effect cannot be discerned in panel A, and panel C represents a 

continuation of panel B – therefore it is fair to say that the jump occurs between the two 

runs. 

 

From this series of experiments it is possible to discern a trend. The lowest dust 

concentration, 1wt%, is shown in Figure 24, panel A and is similar in form to the blank 

runs with almost 40 cascades occurring in 8 days. As well, no fractionation is evident 

with the D/H ratio remaining stable at 0.052, near the bulk ratio. Note that the lamp is 

first turned on at 27 hours (1.13 days).  

 

At 3wt% (panels B and C) it is possible to discern a slowing in number of cascades and a 

slight downward trend in the D/H ratio bottoming out around 0.045. Interestingly, there 

seem to be several fractionation reverses despite the appearance of somewhat stable 

pressure behavior. Most notably these occur at day 10 in panel B, around day 3 in panel 

C and from day 5 to day 7 in panel C. As mentioned above, panel C describes the sample 

following the removal of the top cm of material. From the initial high D/H value, it 
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appears that at depth, the sample remains unfractionated. However, once this surface is 

exposed it begins to fractionate just as the original surface had. 

 

At 6wt% (panel D) the fractionation becomes slightly more pronounced, declining to a 

D/H of 0.044 at the end of the run, but is largely similar to the behavior seen at 3% in 

terms of fractionation. The frequency of the cascades also declines further to just 6 in 16 

days. At 9wt%, the D/H value declines to 0.028 by the end of the run, a fractionation 

factor of 1.9 and the cascade frequency declines to just five over 18 days. This run 

exhibits the largest fractionation of any run completed. 

 

After 9wt%, which exhibited similar fractionation to the 25wt% TiO2 samples, the dust 

content was increased to 25wt%. This sample (shown in panel F) exhibited a dramatically 

different behavior compared to samples with lower dust contents. In particular, the 

sample began to fractionate heavily even before the lamp was illuminated just after day 2, 

a fractionation which reversed after peaking at a factor of 2.5. By the end of the run, D/H 

had increased only to 0.032. This suggests that this heavy fractionation may be a long 

term effect and not simply transitory.  

 

15 cascades were observed during this run, more then with the 9wt% sample, but still a 

low number. In contrast to the other dusty runs, the pressure cascades in the 25wt% case 

are accompanied by an increase in the light isotope (low D/H, heavier fractionation, more 

H2
16O). Each other run has seen an increase of the heavy isotope (HD16O) during 
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cascades instead. This phenomenon has been observed previously by Brown et al in 

crystalline samples approaching steady state, which could be indicative of a similar 

approach to steady state in this sample, at a significantly fractionated level. 

 

The final panel of Figure 24 describes the effect of replacing the 1-10μm particles of the 

9wt% case with 76-105μm particles. This drastically changes the behavior of the sample. 

The degree of fractionation is much less then the 1-10μm case, and the number of 

observed cascades increases substantially. The result is a run which shares aspects of 

behavior with the blanks and the 1wt% case. 

 

As a final note, this last panel illustrates the response of samples to changing illumination 

conditions. At day 1 and again just prior to day 15, the intensity of the lamp was 

increased as a step. The immediate response of the D/H ratio was to increase as well. This 

is also observed for all the other palagonites, particularly the lower wt%, but not for the 

25wt% sample which saw a decrease in the D/H ratio of the sublimate gas upon being 

illuminated. 

 

4.5. Discussion 
 

This section begins by discussing the observed trends in pressure and temperature 

described in section 4.5.1. This must be addressed first and may shed light on the central 

question raised by section 4.5, namely why is it that samples contaminated with dust 



 
 
 

160 

exhibit increasing fractionation with time? We will address this in section 4.5.2 before 

ending with a discussion of the implications of this observed fractionation for icy solar 

system objects in section 4.5.3. 

 

4.5.1 Observed Trends 
 

The decline in pressure observed in all samples over time is puzzling when considered in 

light of temperature readings which are essentially constant. Typically, for a sublimating 

sample, these two variables are highly correlated – in an equilibrium thermal process, it is 

the temperature which uniquely determines the pressure in the sample head space – and 

the mismatch must be explored. A typical pressure decline, shown for the 9wt% 

palagonite (Figure 24E) is shown in Figure 25 along with the corresponding temperature 

trace. Additionally starting pressures, ending pressures and the corresponding 

temperature of the sublimating surface, assuming a saturated equilibrium in the chamber, 

are given in Table 5.  

 

It is noteworthy that this kind of profile can also be seen in previous work. The KOSI-9 

experiment in which the dust to ice ratio was 0.11 (9.9wt%) is a particularly good 

example. Here, over a three hour stretch where the illumination was held constant, the 

flux of escaping particles increases, peaks and begins to fall before the lamp power is 

reduced (Grun et al., 1993). Unfortunately, the lamp output does not remain constant for 

long enough to determine the nature of this pressure profile.  
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Figure 25: Evolution of the pressure at the 20mtorr manometer and the temperature 

sensor near the sample surface for the run described in Figure 24, panel E.  
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Note the large decrease in pressure observed over the course of the run compared to a 

lack of an appreciable temperature change. 

 

Table 5: Pressure/Temperature Decay Parameters  
 

 PSTART  TSURF* PEND  TSURF* γEVAP Pressure Decay Constants 
Run (mtorr) (K) (mtorr)  (K) x10-5 A  D (x=3cm)  R2 

 
0** 11 216 0.53  195 30 4.3x10-2  1.4x10-6m2/s 0.82 
1 3.8 208 0.16  188 <25 5.9x10-2  7.5x10-7m2/s 0.79  
2 4.6 209 0.050  181 <6.6 5.5x10-2  8.8x10-7m2/s 0.73  
3 1.3 201 0.027  178 <12 1.4x10-1  1.3x10-7m2/s 0.62 
4 >19 >220 0.24  190 <7.8 5.8x10-2  7.9x10-7m2/s 0.68 
5 >19 >220 0.28  191 <9.1 NA*** 
6 5.6 211 0.010  174 <1.1 1.6x10-1  1.0x10-7m2/s 0.61 
7 2.5 205 0.21  189 <50 1.6x10-1  1.1x10-7m2/s 0.70 
8A 2.7 206 0.060  182 <13 2.3x10-1  4.8x10-8m2/s 0.69 
8B 3.0 207 0.18  189 <36 1.3x10-1  1.5x10-7m2/s 0.73 
9 3.5 207 0.049  181 <8.4 1.8x10-1  7.8x10-8m2/s 0.74 
10 2.9 206 0.040  180 <8.3 2.3x10-1  5.1x10-8m2/s 0.79 
11 4.8 210 0.034  179 <4.3 3.6x10-1  2.0x10-8m2/s 0.70 
12 6.6 212 0.043  181 <4.0 1.8x10-1  8.1x10-8m2/s 0.62 

 
*Based on Starting/Ending Pressure (Saturation Assumed) may not be representative of the actual 
temperature 
**Slowly frozen ice from Brown et al (2008) ***Solution not possible due abnormal pressure 
profile 
 

 

One reason for the lack of correlation between the temperature and pressure might be that 

the coupling between the sample and the sensors is not good. The sensors do not actually 

touch the ice directly, but are located on the back of the thin steel walls. To make matters 

worse, as was noted in section 4, dusty and disaggregated samples can support very high 

thermal gradients as a result of their low thermal conductivity. Finally, in the early runs 

(TiO2, SiO2) the ice tended to form large peaks which meant that there was no contact 

between the sample and the chamber wall at the level of the temperature sensor. While 
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the move to crushing samples prior to insertion, the method used for all palagonites, 

addresses this problem, the previous difficulties remain.  

 

As such, the temperature sensors cannot be trusted to give an accurate reading of the 

temperature of the sublimating surface. This is not entirely unexpected; given the 

parameters of the sample chamber, an equivalent amount of energy is transported to the 

cold finger though the sample as through the chamber walls for sample thermal 

conductivities of less then 1.4W/m·K. Since solid ice has a thermal conductivity at these 

temperatures of ~2.5W/m·K (Chamberlain, 2006) it does not take much porosity before 

the ice becomes thermally invisible to the sensors. This effect is observed in our data with 

the magnitude of the latent heat loss as calculated from the temperature change associated 

with the sublimation cascades becoming smaller as the samples become more porous 

without a corresponding decrease in the amount of released material. Furthermore, this is 

consistent with modeled values for porous, disaggregated materials (Presley and 

Christensen, 1997) which suggest values of thermal conductivity of substantially less 

then 1W/m·K for our materials. 

 

If we neglect the temperature sensor data, and instead rely upon pressure alone, there are 

several possible explanations for the pressure decrease. First, most directly, the 

sublimating surface may be cooling. If the entire sample is outgassing, then this would 

imply a bulk loss of heat. Secondly if the evaporation coefficient, a measure of how much 

surface area is involved in sublimation and condensation, is small, declining surface area 
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or physical armoring of the active areas against sublimation could cause a reduction in 

the observed pressure. This could be as simple as a rounding of ice grains or involve the 

buildup of a surface lag. As well, the effect could come from isotopic surface enrichment 

in which the less volatile isotope of water builds up on the surface to the point where it 

dominates the pressure of the sample. Most exotically, the trend could result from photon 

desorption of water molecules from the sublimating surface.  

 

However, neither of these explanations seems wholly satisfactory. The predicted curves 

for a cooling sample do not match the data and require an unrealistically large 

temperature decrease. For its part, an isotopic lag cannot explain the magnitude of the 

pressure decrease. Photon desorption, while attractive in that the modeled form of the 

pressure decrease matches well with the actual data, suffers from a lack of photons; 

requiring absurdly high energy densities comparable to laser illumination of the surface 

(Muralidharan, 2008) which are not supported by the low output of the QTH illumination 

source. These three possibilities are each considered in depth in Appendix A. Finally, 

while the timescale of the decline is too long to be explained exclusively by a low 

evaporation coefficient (see Appendix A), the formation of a dust lag and the resulting 

change in the evaporation coefficient is a plausible contributing factor. Furthermore, 

reduction in sublimation flux to a dust lag has been seen (Grun et al., 1993) before. Thus 

it will be assumed that this effect dominates. Unfortunately, while this effect has been 

previously modeled (Ibadinov et al., 1991), the chamber pressure and particle flux 
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depend partly on the pumping efficiency of the apparatus and this must be taken into 

consideration in the following analysis. 

 

Before determining how great a barrier this dust mantle is to escaping particles, it is 

necessary to calculate the amount of dust lag that is expected from a sublimating sample. 

Typical rates of sublimation seen in dusty runs are of order 10 µm/day of clean ice 

equivalent. If it is assumed that the excavated dust is loosely packed with porosities 

approaching 50%, typical for bulk JSC Mars-1 (Allen et al, 1997) then the thickness of 

lag creation should vary from 0.08µm/day to 2.7µm/day for 1wt% to 25wt% dust mixing 

ratios, respectively. Of course, the rate of lag creation will vary over time, thus it is useful 

to look at the total lag built up by the end of the run. This is estimated based on the total 

mass of material sublimated and tabulated in columns 2 and 3 of Table 6. 

 

Table 6: Dust Lag and Diffusion Timescales for 1-10 µm Palagonite Series 
 

Run H2OEq Layer Estimated.Lag Mantle Diffusivity R2 Effective Pore  
   Thickness     Radius 

 
7 536.8 µm 6.78 µm  5.0x10-7m2/s  0.54 6.7x10-10m 
8A 421.3 µm 16.3 µm  2.3x10-6m2/s  0.48 3.1x10-9m 
8B 325.4 µm 12.5 µm  2.1x10-6m2/s  0.69 2.8x10-9m 
9 408.8 µm 32.6 µm  2.5x10-7m2/s  0.48 3.4x10-10m 
10 250.2 µm 30.9 µm  4.2x10-7m2/s  0.52 5.6x10-10m 
11 547.0 µm 228 µm   1.2x10-6m2/s  0.50 1.6x10-9m

 
 

The production of a dust mantle creates two complimentary effects which both tend to 

increase the fractionation factor of the system. The first of these is the production of a 

barrier to vapor diffusion. This process will favor light gasses over heavier gasses which 
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are not able to diffuse as fast out of the lag deposit. No temperature distribution is 

expected within the dust mantle as even after 36 days the lag thickness remains small. 

Given the lag thickness and reasonable assumptions about the thermal conductivity of 

these lags suggest that the temperature drop across them will be less then 0.01K. 

 

Using this information, the thickness of the lag at any time (and the corresponding 

chamber pressure) can be calculated by solving the following equations. First, Fick’s first 

law for the molecular flux (molecules/m²·s) in terms of pressure can be expressed as: 
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Where the temperature has been separated from the derivative as the temperature drop 

across the lag layer is expected to be small and mH2O refers to the mass of a single water 

molecule. D is the diffusivity in m2/s, z is the lag thickness in m, P is the pressure in Pa, T 

the temperature in K and R is the specific gas constant for water of 462m2/K·s2. All 

constant terms are absorbed into A for simplicity, and psat is the vapor pressure of the ice 

at the actively sublimating surface below the lag. As water molecules are evaporated, the 

lag will thicken according to: 
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Where Mm is the molar mass of water, NA is avagadro’s number, χZ and χH2O are the mass 

fractions of dust and water, respectively, ρZ is the density of dust, and γZ is the proportion 

of the volume of lag that is dust, as opposed to open space. As before, constant terms are 

absorbed into the constant B. Finally, using the parameters of the setup, we may relate the 

flux of escaping particles to the pressure in the chamber by: 
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Where kB is Boltzmann’s constant, TQMS is the temperature of the tubing at the throat of 

the QMS, taken to be equal to the room temperature of 295K, Asurf is the surface area of 

the sample, esys is the efficiency of the system (the ratio between the pressure at the throat 

of the QMS and in the chamber, nearly a constant 0.015 over the pressures involved) and 

the final constant is the pumping speed of the system, a nearly constant 70L/s. Note that 

in the limit of a system with completely free sublimation the back pressure tends towards 

zero. 

 

Solving these three equations yields expressions for the escaping flux of particles, 

chamber pressure and the lag thickness in terms of t, the time elapsed: 
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where z0 is the thickness of the lag at t=0 and accounts for any lag which has accrued 

from insertion of the sample and chamber pump-down.  Interestingly, as t becomes large 

compared to the initial conditions, the chamber parameter-specific constant, C, 

disappears and the flux of particles approaches: 
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This form is similar to the decrease in pressure due to dust mantling observed during the 

KOSI experiments and modeled by Ibadinov et al. (1991). Their expression for flux can 

be reduced to: 
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For these experiments, Ibadinov et al. (1991) found that C had a value of 2.3x10-5 at an 

input flux of 1300Wm-2 and 0.5x10-5 at 320Wm-2 where the flux is given in units of 10-4 
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g cm-2 s. In terms of molecules and mks units, these constants are 7.7 x1018 molecules m 

kg-1 s-0.5 and 1.7 x1018 molecules m kg-1 s-0.5.  It is possible to compare the two 

experiments to determine the value of C in our experiments. First, it is necessary to 

perform curve fitting to determine the diffusivity of the mantle which is the only 

unknown parameter in the diffusive constant, A. The results of these fits, along with the 

goodness of fit R2 parameter is documented in Table 6.   

 

Using the average value for the diffusivity of 1.1x10-6 m2 s-1, along with the saturation 

pressures of water vapor at 210K of 0.6 Pa the typical value of C for the experiments 

documented in this chapter is 2x1019 molecules m kg-1·s-0.5. This value is higher then the 

KOSI experiments by a factor of three. One reason for this could be the spectrum of 

illumination. The KOSI experiments used solar simulators whereas all the energy in our 

experiments was dissipated in the infrared where water ice is much less reflective. 

Furthermore, comparing the dissipated power of the light source to the surface area of the 

sample, a flux of up to 4000W m-2 is calculated using 100% efficiency in converting 

energy dissipated by the lamp. As such the increased fluence can partly explain the 

discrepancy. The remainder can be explained by considering the particle size distribution. 

Examination of the dust grain size employed in KOSI-9 (Grun et at., 1993), shows a 

similar main peak between 1 and 10 microns for the major olivine component, similar to 

the palagonites used in this chapter. However, there is a significant smaller fraction 

present in the KOSI experiments along with the use of nm-sized carbon powder, neither 

of which was employed in this work. This smaller grain size would cause a faster choking 
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of the flow and smaller flux constants would be observed. Finally, if the reduction in 

pressure is due to more then just diffusion through a dry mantle, the shortness of the 

KOSI runs could explain the difference as different constants will fit the data depending 

upon the length of the run. 

 

While the formulation of Ibadinov et al. (1991) folds all components into one constant, it 

is possible to use equation [18.a] or more properly equation [17.c] in combination with 

the expression for Knudsen diffusion through cylindrical pores to determine what the 

effective pore size would be if the dust mantle could be considered as a soil. This can be 

expressed as (from Clifford and Hillel, 1983): 
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where R, represents the specific gas constant and r is the radius of the pore through which 

particles diffuse. 

 

The pore radii derived using [19] are shown in Table 5 and are very small, on the order of 

Angstroms. As such, the tortuosity of the dust mantle must be extremely high, since 

escaping water molecules are severely impeded, or this may imply that a sublimation 

mantle produced from such small-scale dust is not properly described by diffusion. This 
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effect is not unique to our experiment, but would also apply to any previous work as 

described by equation [18.b] with a similar KOSI-constant. 

 

Of course, other effects could also be playing a role and are expected since, as mentioned 

previously, the fits seen are not ideal. If there are interactions taking place between the 

dust and the gas such as chemisorption, adsorption or changes in lattice binding energy 

near dust particles, this could have an effect on the total amount of gas sublimated at a 

particular insolation. In fact, if gas-dust interactions are significant, the passage though 

the mantle could be better modeled as scattering then diffusion.  

 

There is also the possibility of a complicating factor not associated with the dust. In clean 

ice samples, thermal behavior (a constant vapor pressure at constant temperature) is 

observed when the sample is not illuminated from above and the depth kept small in 

order to prevent complication from radiative energy through the chamber walls. 

However, when the lamp is turned on, decreasing pressure with time is observed 

analogous to the dusty samples, but smaller in magnitude. Interestingly, when this 

experiment is attempted with a dusty sample, a decline is seen both with and without 

illumination. This suggests that the lag which would be expected to arise from thermal 

sublimation begins to restrict the output of molecules from the sublimating surface. 

 

As such, the pressure decline for dusty samples can be attributed to at least two different 

effects. The first is an unknown effect due to insolation from above which may also 
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contribute to the cascade phenomenon observed by Brown et al. (2008). Secondly, the 

increasing dust lag also acts to continuously reduce the pressure as it grows. 

 

4.5.2 Heavy Fractionation 
 

Neither of the expected trends discussed in section 4.3 are seen in the samples described 

in this chapter in which the composition of the gas becomes progressively richer in the 

isotopically lighter species with time. There are likely several contributing factors to this 

effect including the kinetic isotope effect (Criss, 1999), vapor diffusion (separation) 

through a dust mantle, solid state diffusion within individual ice grains (though this 

would only limit the enrichment without directly causing the trends seen), vapor diffusion 

of the deuterated molecules to colder areas of the sample (Cold Trapping) and 

preferential adsorption (either physisorption or chemisorption and including gas 

chromatographic processes) of the heavier isotope onto dust grains and perhaps dust-

lattice interactions. The effect of these processes can be seen by gradually increasing the 

complexity of the sample. 

 

4.5.2.1 Clean Ices: Solid and Dissaggregated 
 

Beginning by taking a solid sample, such as that described in Brown et al. (2008), the 

concentration of deuterated molecules at the surface will increase with time, also 

producing an increasing concentration of deuterated molecules in the gas phase over 

time. However, since this enrichment effect is localized at the surface, eventually the D/H 
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ratio of the sublimate gas will stabilize as the number of deuterated molecules in the gas 

equals the difference between the number of deuterated molecules being consumed by the 

advancing sublimation front and the number of deuterated molecules diffusing away from 

this front. This is the behavior described in section 4.3.3 in which the progression to the 

bulk ratio is damped by competitive solid-state diffusion. 

 

The next step is seen by creating a porous sample consisting solely of water, such as the 

blank runs previously described in section 4.4.3. These runs exhibited a flat D/H profile 

near the bulk ratio over their entire duration. This is initially a puzzling result since it is 

known that these samples contain pathways for vapor to travel deep within the sample. In 

fact, vapor diffusion must be moving significant quantities of gas as evidenced by the 

evolution of these samples into mm-sized spheres of ice on the surface by the end of the 

blank experiments.  

 

At lower temperatures, such as those which exist in the now-accessible lower layers of 

the sample, the difference in vapor pressure and hence the fractionation between HDO 

and H2O is greater. However, this applies only to sublimation and not to condensation. 

Condensation depends, to first order, only on the temperature of the surface on which the 

vapor condenses and the pressure at which this gas arrives. The lamp-driven surface layer 

with a high temperature and sublimation rate will dominate the pressure and hence the 

source material for condensation within the sample. If this layer can be considered well-

mixed, it will undergo a Rayleigh-type fractionation, with sublimate gas starting out with 
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a concentration of HDO below the bulk ratio and increasing with time. This is not what is 

observed in the samples.  

 

However, if we use our results from studying solid ice, and assume behavior more like 

the steady-state model of section 4.3.3, the surface layer will rapidly evolve to the point 

where the material sublimated is equal in composition to the bulk. As such the material 

condensed out at deeper layers within the sample will also be of bulk composition. While 

these deeper, colder layers will sublimate at a more hydrogen-rich composition (at least 

initially), the magnitude of these flows is small compared to the amount of sublimation 

occurring at the surface. As such, the sublimate gas and all internal surfaces become 

coated with ice at the bulk ratio which is essentially unchanging over short (compared to 

the time required to sublimate the entire sample) timescales. 

 

How does the diffusion of vapor through the sample pores affect this situation? Altering 

equation [16.a] such that the temperature is allowed to vary and applying it to the sample 

interior instead of the dust mantle, the rate of diffusion through the sample can be 

calculated based on some simple assumptions about the nature of the sample. For the 

samples considered in this chapter, a pore radius of 0.5mm and a temperature gradient of 

30K/cm is characteristic, which implies utitlizing the Knudsen diffusion equation once 

more. For clean H2O where the surface mole fraction of H2O is high and the evaporation 

coefficient (locally) can also be considered high, the rate of sublimation far exceeds the 

rate at which material can be moved through gas diffusion. In fact, there is no reasonable 
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diffusion coefficient for this chamber which would bring the two rates close. As such, it 

is not necessary to consider diffusive separation when considering fractionation in clean 

ice. 

 

Even so, as diffusion is the process by which sublimated material travels, it is possible to 

get an idea of how deep into the sample material can penetrate. This is shown in Figure 

26. As can be seen, the rate of transfer becomes relatively small below one centimeter 

from the surface. This perhaps explains why the D/H ratio appears to have been reset in 

the dusty runs (8A and 8B) where the top 1cm was removed between runs. This also 

makes sense in light of the KOSI findings that volatilized material only penetrated a short 

distance into the sample (Roessler et al., 1992). 

 

4.5.2.2 Fractionation in Dusty Runs 
 

However, this highlights a difficulty in explaining the decreasing D/H ratio in the 

sublimate gas observed in the dusty runs. The extra deuterium missing from the phase 

must remain behind in the sample, but there is no simple way to reorganize the sample 

over the timescales involved in these experiments such that deuterium is sequestered at 

depth. Calculating the diffusion rates for H2O and HDO separately, it can be seen that 

unless the D/H ratio of sublimate gas from the active layer substantially exceeds the bulk 

D/H ratio, the gas diffusing into the sample will be lighter then the material sublimating 

from deeper layers. As such, material at depth will become more enriched in the lighter 

isotope with time.  
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Figure 26: Model results showing the normalized rate of gas diffusion at different levels 

and the D to H ratio of the diffusing gas in the sample at the beginning of a run with a 

surface temperature of 210K and a thermal gradient of 30K/cm.  
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Total depth is 5cm (0.05m). Below 1cm from the surface, the fluxes become very low, 

restricting the flow of material. As such, (1) large amounts of gas will condense out 

before it is able to reach the highly fractionating bottom layers. Also, (2) since 

condensation greatly exceeds sublimation at depth, the inward-travelling gas is 

isotopically light, composed principally of H2O. 

 

This effect can be modeled by making use of equation 16.a and applying it throughout the 

sublimating sample. Figure 26 shows a plot of the D/H ratio of the diffusing gas over the 

depth of the sample for a temperature gradient of 30K/cm where the pressure at each grid 

point is equal to the saturated vapor pressure of HDO or H2O at the temperature 

corresponding to that depth. At all levels the mole fraction of HDO decreases even 

though the equilibrium fraction of HDO in any sublimate gas increases due to an 

increasing fractionation factor with decreasing temperature at depth. The reason for this 

is that condensation is much more important then sublimation due to the presence of 

relatively high-pressure layers which outgas closer to the surface. 

 

As a result the active surface layer will become heavier with time and not lighter under 

all conceivable circumstances. Additionally, any diffusive separation of HDO and H2O as 

the result of the presence of a dust mantle will only aggravate this situation, concentrating 

HDO near to its source at the surface resulting in an increase with time of the 

concentration of HDO in the gas.  
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Even more perplexing then the low value of D/H obtained is the decrease in the ratio with 

time. How then can this repeated observation be explained? As the blank runs and those 

runs with low dust surface area (low contamination or larger particles) show the least 

fractionation, it seems likely that an interaction between the ice and the dust itself must 

be responsible. For instance, if the dust was preferentially able to adsorb HDO over H2O 

at a rate comparable to the rate at which gas is emitted from the sublimating surface, then 

as the amount of exposed dust increased, the fraction of HDO escaping would decrease 

due to the increase in interaction time of any one particle with the dust. 

 

Eventually, this effect would lessen first as the rate of dust production declines and then 

as adsorption sites on the dust become saturated with HDO. As a result, the curve would 

be expected to level off and then the D/H ratio of the sublimate gas would begin to 

increase asymptotically towards a stable value. This may be what is happening in Figure 

24, panel F where the sample rapidly achieves a very high fractionation value before 

asymptotically increasing in HDO content.  Notably, this is the dustiest sample used in 

which the most interaction with dust would be expected. Furthermore, this is the only 

sample in which negative cascades, featuring a lower D/H value then the bulk, were 

observed. Negative cascades have been previously observed (Brown et al, 2008) in highly 

evolved solid ice samples approaching steady state and may be indicative of more stable 

long-term behavior. 
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This argument is further reinforced by considering the jumps in the D/H ratio that are 

observed upon turning on the lamp. These can be seen in Figure 24, panels B, D, E and G 

as a short, intense spike in the calculated D/H ratio. The first material to be heated by the 

lamp will be the dust, and thus the very first evolved gas, once the lamp is illuminated, 

should come from material adsorbed onto this dust, unless it is truly dry. If the dust 

preferentially adsorbs HDO over H2O, then this material should have a very high D/H 

ratio, consistent with the strong signal of HDO observed just after the lamp has been 

turned on. 

 

Another possibility is that dust is affecting energies of sublimation within the lattice itself 

by changing the lattice energy field in the direct proximity of the dust grains due to 

disorganization of the lattice structure at the interface. For instance, if molecules of HDO 

were more tightly bound to the dust or some component of the dust than to each other, 

their sublimation energies could be higher then if the lattice were made exclusively of 

ice. This would only have a significant fractionating effect if the increase in sublimation 

energy for HDO was higher then for H2O. However, if this is the case, then a secondary 

effect could manifest, whereby a dust grain embedded in the ice becomes a more stable 

vicinity for HDO molecules diffusing through the lattice. This, in turn, sets up a 

concentration gradient in which HDO will preferentially diffuse by solid state diffusion 

towards the dust grains and away from the sublimating outer layer.  
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Both of these effects would cause the sublimate gas to become lighter in isotopic 

character with time. As well, both of these effects are surface-area dependent and would 

be enhanced by increasing the dust load as well as decreasing the grain size (which 

increases the area/mass ratio). Changing both of these variables does, in fact, appear to 

increase the amount of fractionation observed.  When this is combined with the lack of 

any fractionation seen without dust, it suggests strongly that, whatever the specific 

mechanism, the presence of dust is the factor that causes the samples to retain 

progressively more HDO with time. 

 

4.5.3 Implications for the D/H History of Sublimating Water Ice on Planetary Bodies 
 

4.5.3.1 General Implications 
 

For bodies containing significant amounts of dust, the solid is able to hold onto more 

deuterium than is predicted by the Kinetic Isotope Effect. As a result more fractionation 

can take place between the ice reservoir and the sublimate gas. Therefore the observed 

concentration of HDO in the sublimate gas will be lower then expected, or the source 

material will be richer in HDO then expected, depending on which planetary reservoir is 

being observed. As a result, the key to determining the significance of this experimental 

result on our understanding of the history of water in the solar system hinges on our 

knowledge of the plausible cycling between different reservoirs in a planetary setting. 

Thus, even though the precise mechanism for producing the result we see is not well 

understood, the implications can be discussed. 
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There are a great number of icy bodies in the solar system, but of these, this effect is 

likely to be significant for only two examples: Comets and Mars. While the icy moons 

certainly contain large amounts of water ice, the vapor pressures involved are too small to 

mobilize this material, even over the timescale of the solar system, and their surfaces do 

not suggest large amounts of contaminating dust. Comets outgas heavily as they pass 

through the inner solar system and are known, from spectroscopy and space missions 

(e.g. Brownlee et al., 2006;  Burnett, 2006; Jorda et al., 2006), to contain a great deal of 

dusty material. The polar caps of Mars are also known to be rich in dust (Clifford et al., 

2000) with up to 6% by weight on the surface, as determined by the OMEGA instrument 

on MEX (Langevin et al., 2005) and potentially more at depth. 

 

4.5.3.2 Comets 
 

In some ways, the experiments discussed in this chapter are a perfect analogue of a 

comet. Porosity estimates of our experiments were, typically, near 40% or higher which 

is consistent with the data on cometary nuclei (Rickman, 1989). As well, the temperatures 

simulated in the lab were analogous to surface temperatures seen on comets, with back-

pressures of about a Pa also being somewhat representative of the estimated surface 

pressure. The major differences between the experiment and reality are twofold. First the 

typical temperature gradient of 30K/cm is likely far higher then what can be expected on 

comets. This means that the mixing zones may be larger if the temperature gradient is 

smaller, but that the rate of movement of this material will be smaller since this depends 
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on equation [16.a] and is related to Δ(p/T)/Δz. Secondly, comets likely have a layer of 

dry overburden much thicker then in our experiment where less then a millimeter was 

present by the end of the runs. As such, diffusive separation may play a larger role. 

 

Comets are thought to represent early solar system materials, perhaps being made up of 

the ice originally condensed from the solar nebula and which has not since been 

transported to another reservoir. As such, the isotopic composition of comets should be 

indicative of material present in the early solar system. It is in light of this information 

that the high value of the D/H ratio for cometary coma, twice VSMOW (Eberhardt et al., 

1995, Bockelée-Morvan et al., 1998, and Meier and Owen, 1998), is puzzling. This value 

is enriched significantly compared to most other solar system reservoirs and represents an 

enrichment of almost 15 times compared to inferred protosolar values. Much of the work 

to date has, understandably, focused on attempting to explain how the observed enriched 

values of D/H in the coma could imply a much lower HDO concentration in the nucleus 

(i.e. Podolak et al., 2002; Brown et al., 2008). One of the main questions driving this 

debate is the source of water on the terrestrial planets. If comets are enriched in HDO 

compared to the earth, it becomes very difficult to form a set of circumstances under 

which a significant fraction of the Earth’s water can be delivered by comets (Drake, 

2005). 

 

The results discussed in this chapter suggest that cometary nuclei should be even more 

enriched in HDO compared to their coma then is currently believed, taking into account 
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only kinetic isotope effects. As such, this makes it even less likely that comets are a 

major source of water for the earth as their coma ratios are expected to belie significantly 

higher nuclei D/H. However, it is important to recognize that the amount of this 

additional enrichment depends on the initial concentration of dust and the size of the dust 

grains. As such, the strongest implication of the results reported here are that the coma is 

unlikely to be an accurate representation of nuclei material. Thus, direct sampling of 

cometary ice is required to determine the appropriate D/H ratio of the bulk body. 

 

As a final comment and motivation to this effect, it is worth noting that a heat wave will 

pass through a comet as it approaches the Sun. Once the comet passes perihelion, the 

surface will begin to cool, and if the comet has a large dust fraction, the thermal inertia 

will be very low. As a result, the outermost layer will cool quickly while the interior 

remains warm. This outer layer will then act as a cold trap, condensing gas which 

diffuses out of the warm, insulated interior. While this condensed material will initially 

be representative of the nucleus, cold working at the very high fractionation factors of 

low temperature during the long return may substantially increase the D/H ratio of the 

surface material. In this way, the initial sublimate gas may be very highly enriched in 

deuterium compared to the bulk reservoir, much as were spikes seen when the lamp was 

first illuminated in the runs shown in Figure 24.  

 

4.5.3.3 Mars 
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Unlike a comet, the history of Mars contains numerous transfers between different 

reservoirs. As such, there is an extensive literature studying the D/H history of the planet 

in terms of plausible volatile cycling histories (Yung and Kass, 1998). The surface is 

covered with dendritic features presumed to be dry riverbeds (Carr, 1996), and the Mars 

Exploration Rovers have recently discovered mineralogy most consistent with pooled 

water which has since evaporated (Squyres et al., 2004). Additionally, it has been argued 

that fractionation could occur during hydrodynamic escape in the early history of the 

planet (Hunten, 1986) or as the result of impacts (Wallis, 1995). Finally, the variations in 

the orbit of Mars cause long term variations in the climate of the planet which can result 

in the movement of ices on the surface, including ice deposited in the regolith by vapor 

diffusion (Chamberlain, 2005), even in geologically recent times. This effect is difficult 

to model beyond a horizon of 10-20Ma before the present day due to the chaotic nature of 

the system (Touma and Wisdom, 1993), however, changes in obliquity of more then 60° 

are likely in the martian past (Laskar et al., 2004).  

 

More recently, there is evidence of large-discharge outflow channels which spilled vast 

quantities of water onto the northern plains (Carr, 1990). As well, juvenile, unfractionated 

fossil water has likely also been introduced to the surface in the recent geological past on 

Mars by volcanism (Greeley, 1987). All routes from these ancient sources of water lead 

to the present-day polar caps where most of the modern surface ice currently resides 

(Clifford et al., 2000). Even here, the cap is marked by numerous layers and 
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unconformities recording hundreds of advances, retreats, and additions to the ice cap 

which may be linked to past climate cycles (Laskar et al., 2002).  

 

These ice caps are themselves highly enriched in dust (Clifford et al., 2000). This dust is 

most likely similar in character to the atmospheric particles which cover the planet. These 

particles average 1.6 microns in radius as determined from the Imager for Mars 

Pathfinder (Tomasko et al., 1999) and Mars Exploration Rover missions (Lemmon et al., 

2004) and are similar in spectra and composition to JSC Mars-1 analog, the dust simulant 

used in our experiments. Despite differences in their histories, comets and the martian 

polar caps are not terribly dissimilar in terms of their surface temperatures, pressures of 

water vapor, and regolith thickness hence their sublimation regimes should be 

comparable.  

 

The major compounding factor is the presence of Carbon Dioxide. This will act restrict 

the flow of molecules, however, it should be noted that the values of the diffusivity listed 

here are already much smaller then typical martian diffusivities measured in the lab (e.g. 

Chevrier et al., 2008). It is common practice that in the Knudsen regime, the molecular 

diffusivity of any additional interstitial gas can be ignored (e.g., Clifford and Hillel, 

1983) since collisions occur much more frequently with the walls. This situation will 

change drastically once molecules have escaped the surface of the material, as molecular 

diffusion will dominate. Here advection of water vapor from the surface becomes 

important, as any back pressure will tend to restrict the diffusion rate by changing the 
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pressure drop across the regolith. However, models have suggested that advection of the 

lighter H2O and HDO in the heavier CO2 on Mars may be more effective then 

sublimation into an atmosphere of pure water vapor (MacClune et al., 2003 based on 

Ingersol, 1970). In fact, considering the model of Toon et al. (1980), the typical advected 

flux at 203K (H2O pressure of ~0.5Pa) it is possible to determine a flux of 7x1017 

molecules s-1 m-2. This is comparable to the range of escape rates seen in the apparatus at 

this temperature of 7x1016 to 2x1019 molecules s-1 m-2. As such, the results should be 

applicable to the Martian situation 

 

An additional advantage when considering Mars is the availability of fossil D/H ratios 

from martian meteorites. The oldest of these, the nahklites, chassigny and ALH 84001, 

all show relatively low D/H ratios of between 1 and 2 times VSMOW (Leshin, 1994). 

Since these meteorites are basaltic, it is presumed that the trapped water represents the 

primordial water of the Martian mantle which is likely representative of the initial D/H 

ratio of Martian water in general. Furthermore, the overall composition of the trapped 

water in QUE94201, a more recently formed shergotite, can be decomposed into a 

mixture of two sources, the first with a ratio of 1.9 times VSMOW assumed to be 

representative of the interior, and the second with a ratio of 5.2 times VSMOW, thought 

to be representative of the atmosphere (Leshin, 2000). 

 

In the literature, sublimation on Mars has only rarely been concerned with isotopic 

differences. Here, there are two schools of thought. The first of these is to consider ice on 
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Mars as a continuously well mixed reservoir as one might consider the Earth’s ocean, this 

is the solid-state diffusion dominated case. Yung et al (1988) took this approach when 

they calculated total fractionation effects from surface to space. Carr (1990), however, 

took a different approach, considering the opposite sublimation dominated case in which 

no fractionation occurred at all. Both of these models were attempts to use the D/H ratio 

of Mars today to determine the size of the exchangeable water reservoir. Yung et al. do 

an excellent job of characterizing the fractionation of the atmosphere to space, which is 

significant and well modeled (e.g. Fouchet and Lellouch, 2000; Montmessin and Bertaux, 

2001; Krasnopolsky, 2002; Cheng et al., 1999; Miller and Yung, 2000) and Carr does an 

excellent job of quantifying the overall infalling water fluxes. However, neither model 

examined surface fractionation upon sublimation in detail. As such, our results provide 

the missing piece in the analysis. 

 

The consequences of this distinction are significant. Under the Carr model, no amount of 

present-day movement of material creates any fractionation effect. This appears to be 

reasonably correct, as long as there is no dust involved. As such, massive ice, such as a 

sublimating frozen ocean or pond will not show a significant fractionation in the gas they 

release. However, deposits which were laid down by precipitation from the atmosphere 

around dusty nucleation centers or contain a great deal of dust which has been churned up 

from the surface, such as outflow events, are more likely to sublimate according to the 

results of section 4. 
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Are the fluxes of material so-derived reasonable for the polar cap of Mars? The presence 

of Carbon Dioxide was not simulated in this experimental apparatus, however, by using 

standard atmospheric models of advection for Mars (Ingersol, 1971; Toon et al., 1980) 

we can determine if the flux through the apparatus is reasonable. Using values from 

Figure 24, Panel E, the 9wt% case, the flux off the surface which travels through the 

QMS is ~7x1017 molecules m-2 s-1 at the end of the run. However, at the ending pressure 

of about 4x10-5 torr, the flux that can be moved through natural advection is ~2x1016 

molecules m-2 s-1. The difference between the two values is a factor of 350, which 

suggests that on Mars, solid state diffusion would be expected to be more effective then 

in these experiments. What effect will this have on the behavior of samples? This 

depends on the specific mechanism for the fractionation. While a reduction in the 

observed fractionation to the equilibrium value would be the likely result if this were bare 

ice, both putative ice-dust interactions would be enhanced. If HDO is diffusing in the 

solid state towards dust particles, a lower net sublimation rate would give these molecules 

more time to move, increasing the fractionating effect. If HDO vapor is becoming 

adsorbed on dust grains, then an equilibrium sublimation rate would allow for a lower 

starting D/H ratio of the initial feedstock gas, as the ice would sublimate at a constant 

4mol% HDO instead of the 5.3mol% predicted by steady state. 

 

As such, upon sublimation of these deposits, more and more HDO will be concentrated in 

the condensed phase. As a result, the very last material to be sublimated will have a very 

high D/H ratio. This material will saturate the atmosphere and condense out on top of the 
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polar cap from which it will be able to re-enter the atmosphere each year. This means that 

the very last deposit to be sublimated, which is not at all representative of the bulk water 

reservoir, will dominate the observable system, i.e. the atmosphere and the surface of the 

polar caps, until it is completely lost via the atmosphere to space or mixes with the 

remainder of the water reservoir by diffusion. The net result of the presence of this 

material in the system is that Mars would appear to have a higher HDO concentration 

then it would otherwise. 

 

The case has been made that most of the water on Mars has been lost to space over 

geological time because the atmospheric fractionation effect is the only significant 

fractionation which is occurring (Yung et al., 1988). However, since sublimation can 

itself fractionate, as our results show, and the entire surface reservoir of Mars’s water is 

frozen and cannot easily be mixed, it is possible to imagine plausible scenarios in which 

Mars could appear to have a high-Deuterium surface and atmosphere without having lost 

a great deal of water. As such, direct sampling of the surface water reservoirs is required 

to determine the bulk ratio, with coring of the polar cap being even more attractive as a 

means to deconvolve the isotopic effects of repeated volatile cycling over geologic time. 

 

4.6 Conclusions 
 

Sublimation experiments have been carried out to determine the effect of mixing dust 

with porous ice on the isotopic composition of the sublimate gas. Disaggregated samples, 

in particular, were produced with high porosities by flash freezing in liquid nitrogen and 
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crushing to sand (mm) sized particles. When no dust was mixed in with the samples, the 

composition of the gas rapidly converged to the bulk D/H ratio of the subliming solid as 

per the static lattice model discussed in section 4.3. No further fractionation was observed 

in these samples. When dust was added to the flash frozen mixtures, the D/H ratio of the 

sublimate gas was seen to decrease with time from the bulk ratio. The more dust was 

added to the mixture, the more pronounced was this effect. 

 

Two possible mechanisms for producing this effect were identified, migration of material 

within the sample and interactions between the ice or gas and the dust. Simple models for 

migration of HDO within the solid sample were prepared which included sublimation, 

condensation and vapour diffusion within the sample, however, there were unable to 

reproduce the decreasing trend. Each of the three regimes discussed in section 3 were 

attempted. As such, it seems unlikely that Rayleigh fractionation is occurring in these 

samples. Instead, it seems more likely that an ice-dust or vapor-dust interaction is the 

source of the declining D/H ratio. This possibility is bolstered by the fact that identical 

samples without dust did not fractionate. 

 

These results imply that dusty porous ices are more able to retain HDO then are clean 

porous ices. This has significance for the major reservoirs of sublimating dusty ices in the 

solar system; comets and the martian polar caps. In both cases, measurements of 

sublimate gas alone have been made and from these measurements a bulk ratio in the 

solid has been inferred. This work suggests that the estimates of the bulk ratios of these 
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bodies need to be adjusted higher by up to a factor of 2.5 depending on whether the 

trends seen in our experiments are short term effects, or long term trends. As such, 

comets should contain higher concentrations of HDO then previously thought in the 

exchangeable surface layer, while the bulk ratio may be entirely unrelated to the 

concentration of HDO in the cometary coma. As for Mars, given plausible histories of 

water cycling on the planet, scenarios in which the atmospheric D/H ratio bears little 

resemblance to the bulk ratio of martian water are possible. As such, Mars may possess a 

greater fraction of its original water then previously considered possible. 

 

In both cases, this work highlights the need for ground truth. Only direct sampling of 

Martian and Cometary water will be able to reliably determine the D/H ratios of the 

different reservoirs. In fact, for Mars, coring of the polar ice cap may be necessary in 

order to determine typical values if the deposits of water ice are stratified from repeated 

cycling, as seems likely. 
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CHAPTER 5: ISOTOPIC FRACTIONATION BY ADSORPTIVE SEPARATION:  
 

EXPERIMENTAL RESULTS WITH APPLICATIONS TO MARS 
 
 

 

5.1.1 Bridge 

 

Admittedly, the results of chapter 4 are somewhat confusing. However, it seems clear that 

adding dust prevents gaseous HDO from escaping the system, even if the mechanism for 

producing this result is not well understood. One of the most promising possibilities was 

the production of thin mantles of dust which are exhumed from the water ice-dust 

mixture upon sublimation of the surrounding ice. In chapter 5 this mechanism will be 

studied in detail as we examine the percolation of water vapor from sublimated ice 

through a constant thickness of regolith. We will see that the results achieved in this 

investigation will cast light upon the mechanism responsible for the changes we see in 

chapter four. In chapter 6, these insights will be applied to our previous results. 

 

 
 
5.1.2 Introduction 
 

The high deuterium to hydrogen (D/H) ratio observed in the atmosphere of Mars has been 

the subject of intense study ever since its discovery (Yung and Kass, 1998). The typically 

quoted value for D/H is 5.8±2.7 obtained by Owen et al. (1988) by spectrally observing 

the full disk of Mars at a single HDO line at 3.7µm and one H2O line at 1.1µm (Bjoraker 
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et al., 1989 also report a value with better precision of 5.2±0.2 by comparing 30 separate 

H2O lines and 35 HDO lines). As the martian atmosphere is optically thin in the infrared 

and the decomposition products of water vapor seen in the upper atmosphere, as seen by 

spectroscopy of the limb (Krasnopolsky et al., 1998), are unfractionated compared to 

terrestrial values, the value obtained mainly refers to the lower atmosphere which is 

actively exchangeable with the surface. As such, investigations have tried to determine 

how this value helps the understanding of the history of volatile transport and ultimately 

volatile loss on Mars (Carr, 1990;1996; Yung et al., 1988;1998; Krasnopolsky, 

1998;2002).  

 

At the root of this endeavour lies an apparent contradiction. Present-day Mars is a cold, 

dessicated planet with water confined to the polar caps and less then a milimeter of 

available precipitation available, even in the wettest of observations (Carr, 1996). 

However, its surface bears the hallmarks of alteration by immense quantities of water in a 

geomorphology of dry riverbeds, lakes and deltas, craters with fluidized ejecta blankets, 

polygonal terrains, glacial-like moraines and vast outflow channels (Carr, 1996; Strom, 

1993). It is in the geology as well; recently, the Mars Exploration Rover mission has 

discovered evidence of water-altered minerals on opposite sides of the planet (Squyres et 

al., 2004). 

 

How can these opposing world views be reconciled? Classically, the D/H ratio provides 

an elegant explanation. Most of the water reservoirs on Mars have been lost to space. In 
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response, the remaining water has become enriched in HDO, the heavier isotope, which is 

preferentially retained by the atmospheric processes which transport water from the 

surface to the exobase (Yung et al., 1988). However, there are some problems with this 

explanation. The current rate of water loss is insufficient to remove enough of Mars’s 

estimated original endowment of water over geologic time, unless most of this water was 

lost in the distant past. In addition to this problem is the complex cycling of volatiles at 

low temperatures on the Martian surface each of which can have a significant effect on 

isotopic makeup of the transferred material (e.g. chapter 4). 

 

Therefore, the first step in decoding the significance of the atmospheric ratio is to 

determine what reservoirs currently exist on Mars and what fractionations occur between 

them. This has led to the term “exchangeable reservoir” to describe the set of reservoirs 

which can interact with the atmosphere and thus affect the observable D/H ratio. The 

most significant contribution is from the polar caps, from which water ice is seen to 

sublimate in the summer and condense out in the winter. Opposite the exchangeable 

reservoirs, are the non-interacting reservoirs. These include the deep cryosphere, the 

mantle and any as yet un-breached outflow sources. By and large, these are not 

observable, and their water content, if any, is unknown. 

 

The importance of the final reservoir had been debated until recently. While it had been 

suspected, it was unknown if the regolith itself supported a solid ice table (Leighton and 

Murray, 1966), and even if it did, whether this ice table would be capable of interacting 



 
 
 

195 

with the atmosphere, or was simply a diffusively stable remnant of ancient ice (Clifford 

and Hillel, 1983). The Gamma Ray Spectrometer experiment on board the Mars Oddsey 

spacecraft was the first to positively identify the existence of this reservoir as an elevated 

hydrogen signal in the polar regions (Boynton et al., 2002; Feldman et al., 2002). It was 

later found that this elevated hydrogen signal corresponded well to the predicted 

geographical extent of subsurface ice. However, the key was the discovery, from 

extensive analysis of the data that the estimated depth to ice corresponds to the predicted 

stable depth of the ice table (Mellon et al., 2004). This is a clear indication that the 

ground ice is not ancient, and does exchange with the atmosphere. In fact, the two are in 

diffusive equilibrium with the atmosphere serving as a source for the ground ice when the 

stability level is shallowing, and as a sink when the stability level of the ground ice is 

deepening.  

 

This intimate contact requires that the fractionation between this reservoir and the 

atmosphere be constrained. This experiment will be performed in the field by the 2008 

Phoenix Mars Lander, in which the Thermal Evolved Gas Analyzer experiment will 

determine the ratio between the atmosphere and the underlying ice by measuring both. 

However, laboratory experiments are required to help interpret this data, and to place the 

derived fractionation factor in context. 

 

As part of this effort, experiments were undertaken to simulate the icy regolith of the 

northern plains of Mars within a simulation chamber named ᑐᐊᖅ (tuaq). Tuaq is an 
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Inuktitut word which means “old ice frozen into new ice,” a concept which captures the 

purpose of the chamber of determining how the ice found in the regolith fits into the 

overall scheme of past water on Mars. This chapter will describe this apparatus along 

with the experiments used to determine the fractionation factor and diffusivity of regolith 

simulant JSC MARS-1. Much of the present work in water transport on Mars has 

concentrated on simply determining the flux of water without considering stable isotopes. 

However, the anomalous nature of the isotopic signature of the Martian atmosphere needs 

to be reconciled with any putative volatile transport scheme. It is this reconciliation 

which this chapter will endeavour to address. 

 

5.2. Materials and Methods 
 
5.2.1 Description of Experimental Apparatus 
 
5.2.1.1 Overall System and Sample Chamber Description 
 

The experimental apparatus is intended to simulate a high-latitude near surface zone on 

Mars including buried ice, the ice-dry overburden interface and the dry overburden-

atmosphere interface. To this end, it consists of a stainless steel walled sample chamber 

which is cryogenically cooled from the bottom, vacuum insulated at the sides and can be 

maintained at any arbitrary CO2 gas pressure by a closed loop control system. A 

turbomolecular (TM) pump is connected to the sample chamber via two lines; a large ½ 

inch high-conductance “blow-down” line used for rapid pumping of the system, along 

with a second variable conductivity ¼ inch line with a very fine metering valve. Within 

this second “analysis” line is a 2 ¾ inch ConFlat tee housing an SRS RGA 200 gas 
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analyzer which monitors the gas state of the system. Each of these systems shall be 

discussed individually in subsequent sections while this section will concentrate more on 

the overall design. A cartoon of the system is shown in Figure 27 and Appendix B 

contains detailed blueprints from which the chamber was manufactured. 
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Figure 27: P&ID of the TUAQ apparatus showing valves and gas flow lines along with 

the position of sensors.  

Note that the chamber is primarily headspace. 

 

The chamber itself is cylindrical in plan and 9.843 cm in diameter and 33.655 cm in 

height. These dimensions were large enough to allow a human operator to reach into the 

chamber and use tools on the sample when necessary, as well, they allowed for a 

reasonably substantial simulated martian atmosphere to be present in the chamber 

headspace. The sidewalls of the chamber were fabricated of 1/16 inch stainless steel, and 

the chamber bottom consisted of a ½ inch thick copper plug which acted as a thermal 

capacitor for the system.  

 

The entire sample chamber was housed within a Kurt J. Lesker 8 inch conflat full nipple 

by welding the sidewalls to a specially manufactured plate at the top of the conflat nipple. 

The bottom of the chamber was permitted to float. When sealed from the bottom with 

another specially manufactured plate and pumped out, the vacuum gap provided 

insulation for the chamber and the cryogenic cooling system. 

 

On to the top of this assembly a feed-through collar was added which was sealed down to 

the upper plate by means of an O-ring and fastened with screws. This feed-through collar, 

constructed of aluminum, provided ports for gas and vacuum management (CO2 input 

port, analysis and blow-down lines to the TM Pump), pressure measurement as well as 
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sample observation via a fused-silica quartz window (FSQ), polished and prepared from 

the rough state by the Department of Optical Sciences, University of Arizona. This FSQ 

Window also permitted the sample to be irradiated from above using an Oriel lightsource 

with a 500W Quartz-Tungsten-Halogen (QTH) lamp. Fused Silica Quartz was selected 

for its ability to pass relatively long thermal wavelengths as well as ultraviolet radiation 

such that the effect of either could be examined if desired. 

 

All custom construction for the system was performed by the University Research and 

Instrumentation Centre machine shop at the University of Arizona based off the 

blueprints composed by the author and available in Appendix B. The two exceptions 

being specialty bushings to provide a better seal for the feedthrough collar gas 

management lines and the cryogenic heat exchanger which were both designed and 

constructed by Brett Laurie and Bill Verts of the Lunar and Planetary Laboratory 

machine shop at the University of Arizona. 

 

5.2.1.2 Cryogenic Cooling System 
 

The cryogenic cooling system was designed to directly cool the sample from the bottom 

and to precisely maintain the basal temperature. In order to accomplish this, a closed loop 

control system was implemented using an Omega Engineering micromega controller and 

an Aalborg proportional solenoid valve. In this control system, a direct line from a liquid 

nitrogen dewar was fed through the bottom plate in the sample chamber assembly and 

attached to a copper coil heat exchanger. The output tube from the heat exchanger was 
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then fed back though the bottom plate and the diameter of the opening controlled by the 

proportional solenoid valve. The heat exchanger was designed in such a way that the 

liquid nitrogen would boil off in the tube. As a result, the control of the output aperture 

allowed the system to control the back-pressure of nitrogen at the output and hence the 

flowrate of nitrogen.  

 

A 4-wire platinum RTD was bolted to the copper plug and the reported temperature used 

as the control variable. The temperature reported by this sensor will be referred to later in 

this chapter as the basal or commanded temperature. During steady state, control of the 

temperature was good, never deviating more then ±0.3°C and which produced no 

detectable corresponding thermal noise in the sample as both copper plug and ice plug 

acted as thermal capacitors. While the system was able to track the changes in pressure as 

each 180L nitrogen dewar emptied by making automatic adjustments to the control 

variables, care needed to be taken when introducing step changes in the input pressure, 

such as when changing out these same dewars. This resulted in some temperature 

fluctuations lasting for up to an hour following dewar changes. This appeared to have a 

negligible effect on the D/H ratios in the system and even in the extreme case of a dewar 

failure, as recorded in one run, all ratios were seen to return to normal following 

reconnection of a fresh LN2 supply. 

 

This system was especially critical to the correct functioning of the overall apparatus for 

the reason that excessive warming of the sample, if left unchecked, could cause large 
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quantities of water to flow through the analysis line. This would severely damage or 

destroy the sensitive equipment borrowed to monitor gas composition. As a result, an 

open-loop webcam monitoring system was used such that the basal temperature could be 

monitored from remote locations. 

 

5.2.1.3 Gas and Vacuum Management System 
 

In steady state, the gas and vacuum management system was responsible for maintaining 

the pressure of CO2 in the chamber at 6.1mBar while allowing sufficient gas to be drawn 

through the analysis line for efficient sampling. This was accomplished by controlling the 

input of CO2 into the system from a 1000 psi storage tank. As with the cryogenic cooling 

system, an Aalborg proportional solenoid valve and Omega Engineering micromega 

controller were employed with an MKS Baratron capacitance manometer gauge replacing 

the 4-wire platinum RTD. Components of the system were also employed in an open-

loop mode to perform tasks relating to sample preparation and insertion, including 

chamber backfill, initial chamber evacuation and regolith degassing.  

 

The specific gas used was a 98% (minimum purity) bone dry CO2 provided by the 

University of Arizona Stores certified to contain less then 5ppm water vapour. This 

means that for our chamber, pressurized to 6.1mBar, contamination from the input gas 

should be at most 3.1x10-8 Bar, or about a factor of 200 lower then the inherent 

contamination in the chamber (to be discussed at length in section 5.2.2.1). This gas was 
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also seen to not produce any significant peaks other then at 44 and the expected 

subsidiary 70eV fragments (Stanford Research Systems, 2005). 

 

In addition to the closed-loop control system three additional valves and a regulator 

participated in the control of gas flow through the system. The first two of these were 

located on the CO2 input line and consisted of a CO2 regulator, which stepped the 

pressure from the input cylinder of 1000 psi down to 20 psig, and a needle valve which 

restricted the flowrate of gas into the chamber. This second valve was particularly 

instrumental at improving the precision with which the solenoid valve was able to control 

the gas input in the system at the low gas throughput rate (discussed in section 5.2.2.4). 

The second valve was the metering valve located on the analysis line. This valve 

controlled the conductance of the line and hence, the rate at which gas was drawn from 

the chamber to be sampled in the RGA and the pressure drop from the chamber to the 

RGA. The value for this valve (5 turns open) was kept identical for most runs to maintain 

the pressure of the CO2 at the RGA at ~5x10-5 torr. The final valve consisted of an angle 

bellows valve located on the analysis line, just ahead of the point where the analysis and 

blow-down lines converge into the 70l/s Varian Mini-Task pump. This valve was used to 

isolate the RGA tee during blow-down of the system to minimize contamination of the 

RGA filament. 

 

The control on this system was much better then that achieved using the cryogenic 

system, with deviations in pressure during steady state of only ±0.005mBar and typically 
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much less then this. However, there was still some instability resulting from sudden 

changes in the system, such as turning on the lamp. Changes in basal temperature 

produced little change in gas pressure, as the gas temperature responded sufficiently 

slowly that it could be tracked by the gas management system. 

 

5.2.1.4 Temperature, Pressure and Mass Spectrometry Sensory System 
 

The record of sensory outputs is the main data product produced by the system. For the 

most part, these are passive measurements with the exception of the basal temperature 

and chamber pressure which directly control the system state by serving as control inputs 

to the closed loop control systems. In addition to these two previously mentioned sensory 

outputs, eight temperature sensors were attached to the outside of the sample chamber 

walls using a thermal epoxy (omegabond thermally conductive epoxy) at 274mm, 

242mm, 208mm, 170mm, 137mm, 102mm, 65mm and 30mm levels above the base of 

the copper plug. These will be referred to later in the chapter as T1 (274mm) through T8 

(30mm). Each sensor was an Omega Engineering 2-wire Platinum RTD and was directly 

connected, via a vacuum feedthrough on the base plate, to a Measurement Computing 

USB-Temp data acquision card. The reduction in accuracy from a 4-wire RTD was 

judged to be an acceptable trade-off in order to double the number of temperature 

sensors. 

 

A Vacuum Research Corporation Piriani gauge was also located at the throat of the TM 

pump and served as an indication of when it was safe to energize the RGA filament. 



 
 
 

205 

Finally, the RGA itself, borrowed from the Thermal Evolved Gas Analyzer Group of the 

2008 Phoenix Mission, was used both to determine the composition of the gas in the 

chamber, but also the pressure of the gas at the RGA tee. This allowed the mass 

throughput of the system to be determined, given the absolute pressure measurements 

provided by the Baratron capacitance manometer gauge. 

 

5.2.2 Quantification of the System Parameters 
 
5.2.2.1 Ultimate and Background Values 
 

The chamber described in section 5.2.1 has a tested minimum guage voltage of -0.295 V 

which was used as a zero point, as tested with an MKS Baratron Gauge. Additionally, the 

apparatus was able to produce controllable basal temperatures between -190°C and 

ambient. The pressure of CO2 in the chamber is also controllable over a wide range by 

changing the set point of the controller. For the mode used in this experiment full scale 

consisted of 1V (10 torr) and the error in the controller listed by the manufacturer, Omega 

Engineering, was 0.3% of full scale equivalent to 3mV or 0.03 torr. 

 

The background contamination of the system was determined using two methods. First, 

the system was examined in an empty state with the measurement tee open and closed off 

from the main system. With the tee closed off, the levels of all contaminants were seen to 

drop to less then 10-8 torr. Problems were encountered when background measurements 

were taken with the chamber open. Since the chamber has much more surface area and 

volume compared to the tubing, due to the short lengths of tube employed, the chamber 
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contained a great deal of water when warm. Pumping on the chamber for long periods 

was not effective, since each sample introduction “re-contaminated” the chamber.  

 

Furthermore, the background pressure in the chamber is dependant on how much of the 

wall is exposed and at what temperature. What was needed was a way to calculate a 

whole system background with an actively sublimating sample in the chamber. This can 

be accomplished by taking measurements of the sample pressure at different 

temperatures, waiting for equilibrium, and assuming that the total signal is the sum of the 

actual and background signals at each temperature. This yielded a background signal of 

2.3x10-6 Bar in the chamber. This method proved consistent across all temperatures 

tested, each producing very similar background values. 

 

5.2.2.2 Energy Balances 
 

There are two methods which provide information on energy fluxes within the chamber. 

The first of these is pressure reconstruction from the mass spectrometer which can be 

used to directly determine the temperature of the surface of the ice based on determining 

the H2O/CO2 ratio and comparing this to the total pressure observed in the chamber. 

Since the equilibrium water vapour pressure varies rapidly at martian temperatures this 

means that the ice surficial temperature can be reliably determined with ease when the 

surface is bare ice even if there is significant uncertainty in the H2O or CO2 values. 

However, the majority of thermal information is derived from the array of eight Platinum 
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RTD temperature sensors located vertically along the outside of the sample chamber and 

report the temperature of each station along the sample chamber wall. 

 

This temperature distribution observed on the sample chamber wall is a combination of 

the influence of a number of heat flux sources, many of which are unavoidable in a 

physical apparatus. For instance, ideally the temperature of the sample alone would be 

measured, however, in addition to radial conduction from the sample there are a number 

of parasitic energy flows. Thus, the additional energy incident on any temperature sensor 

is a combination of vertical conduction along the steel chamber walls, 

convection/conduction from the gas between the inner and outer walls, 

convection/conduction of gas from within the sample chamber and radiation received 

from the outer walls.  

 

As mentioned in section 5.2.1.1, many elements of the design mitigate against these 

factors, and almost all are negligible in the steady-state case. However, there remain three 

factors which cannot be entirely ignored; radiative transfer between the inner and outer 

walls, vertical conduction along the inner wall and insulation by a narrow gap between 

the steel inner wall and the ice sample. By far the most important of these is radiative 

transfer between the “hot” outer walls and the cold inner walls which induces a false 

apparent downward flux of energy up to 2000W m-2 depending upon the temperature 

sensor and chamber condition under consideration. 
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This particular flux can be handled easily (after Kreith and Bonn, 2001), by considering 

the radiation incident on the inner walls by the outer walls to be a volumetric heat source 

within the inner walls which then become entirely thermally isolated from the outside 

world. This is a reasonable transformation since the heat capacity of the walls is low 

compared to the ice, and its temperature is therefore more affected by external fluxes. For 

the simplest case of an evacuated, empty chamber it was determined experimentally that 

the internal and external walls equilibrate such that there is a linear distribution of 

radiative heating which increases as the cooling plate is approached. This produces a 

third order variation in temperature as predicted, according to the steady-state heat 

diffusion equation with internal energy generation: 
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It is worthwhile to note that this energy flow cannot be “corrected for.” In fact it is this 

heating of the walls which is ultimately responsible for the gradient which can be found 

within the ice itself and is a limitation of the apparatus. However, the analysis above is 

critical for understanding how this temperature gradient arises and the effect of changing 

internal conditions within the chamber. 

 

Vertical conduction within the walls of the chamber is significant due to the large thermal 

conductivity of the stainless steel used to construct the walls. As a result, even though the 
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walls are very thin compared to the diameter of the chamber, they are able to transmit a 

significant amount of heat. Thus they constitute a heat transfer conduit operating in 

parallel with the ice. As such, it is possible to determine a composite thermal conductivity 

for the entire system using (Kreith and Bonn, 2001): 
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Where k refers to the thermal conductivity in W/m·K and A to the cross sectional area of 

each element contributing to conductive heat transfer in the column. 

 

A more subtle consideration is conduction/convection due to carbon dioxide filling the 

thin gap which exists between the ice column and the walls. This gap was discovered 

after rapidly cycling the gas found in the sample chamber which produced rapid changes 

in the observed temperature over the course of several minutes. For instance, while cold 

with a commanded temperature at the base of -70°C, evacuation of the chamber was seen 

to produce a sudden +10°C warming of the temperature readout 17.3mm above the base 

of the sample at T8. Reintroduction of CO2 caused the temperature to return to the 

previous low. Allowing the chamber to saturate with H2O vapour produced an 

intermediary result. This observation is explainable in terms of varying degrees of 

insulation between the steel chamber walls and the ice. The metal chamber walls with a 

lower thermal capacity then the ice respond quickly to the change in radial thermal 
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conductivity under “heating” from the external walls, creating this apparent discontinuity 

whose magnitude depends on the degree of thermal disconnection which occurs. 

 

This gap likely exists as the result of volumetric contraction of the ice during chilling 

following freezing. The maximum width of this gap is readily calculated by assuming 

both that there is no pressure exerted by the wall on the ice during freezing and that all 

volumetric contraction that occurs goes into creating this gap. Even so, the gaps which 

exist at low temperatures are small, just 0.2mm at -70°C, for instance. Also, the effect of 

this spacing on the temperature observed at steady state is minor when the chamber is 

filled with a typical amount of CO2, amounting to only 1°C or less at most temperatures 

under consideration. This has been verified by comparing the measured surface 

temperature of the ice (by considering the equilibrium pressure of H2O) with the inferred 

temperature from thermal considerations. Finally, this factor has a negligible effect on the 

equivalent thermal conductivity and was not included above. 

 

In summary, the sample chamber may be considered to be a substantially isolated system 

in which the reported temperatures by temperature sensors are close to the ice 

temperature. The system may be considered to be entirely isolated, once the 

transformation is made in which the radiative heat transfer from the outer walls is 

replaced with heat generation within the inner walls. This becomes the only source of 

heating of the system and the cooling at the base the only heat sink. As a result of this 

simplification combined with the existence of a narrow gap between the sample chamber 
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walls and the ice, the reported temperatures are slightly higher then the actual mean ice 

temperatures by 1 to 2°C. Finally, the system may be said to have an equivalent thermal 

conductivity which varies by depth due to changing temperature and is the result of 

conduction through the sample chamber walls and ice core working in parallel. 

 

5.2.2.3 Lamp Heating 
 

The only source of energy introduced to the system which is intentional is the heating 

from a QTH lamp located above the sample and which shines down upon the sample 

surface. This lamp consisted of an Oriel 500W Light Source which was provided by the 

Descent Imager/Spectral Radiometer team at the University of Arizona. A DC power 

supply, provided by the Phoenix Mission Testbed was used at 330-350W output power to 

drive the lamp. All runs were conducted at 60V potential with 5.5A being required near 

the beginning up to 5.9A near the conclusion of the experiments probably due to lamp 

aging. Within each run, lamp power was constant and did not suffer from significant 

drift. 

 

Since it is important that the ice surface be irradiated under Mars-normal conditions one 

of the most critical calibration measurements performed was to determine the amount of 

heating provided by the lamp to the surface of the ice. First, the most direct method of 

using the equilibrium vapour pressure of the ice for ice with and without lamp input was 

considered. 676mL of water was frozen and allowed to equilibrate with 6.1mBar of CO2 

at a base temperature of -100°C. This created a column of ice 102mm in height with an 
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average equivalent thermal conductivity of 3.873 W m-1·K-1. Measured steady state 

surface temperatures before and after the lamp was applied were 214.27K and 219.50K 

which are close to the values measured by the temperature sensor at the ice surface of 

211.85K and 217.90K. Using the vapour values, the additional downward flux in the 

stack due to the lamp is 225.1Wm-2. A similar value is obtained by considering the two 

additional temperature sensors located below the surface of the ice. 

 

In order to determine the actual input power, the proxy for solar illumination, the effect 

of albedo must be removed. This is a difficult problem to solve for this particular 

apparatus since the walls are reflective and the observing window is almost entirely 

blocked by the Oriel light source leading to multiple reflections. Furthermore, since a 

QTH lamp at 66% to 70% output was used and not a solar simulator, the spectrum will be 

skewed towards the infrared. However, since the purpose of the lamp is to provide 

heating from the surface, it is sufficient to consider an equivalent physical situation. 

Since this model will be applied to Mars, and similar values for induced lamp heating 

have been obtained for a surface covered in JSC Mars-1 regolith simulant, a good 

spectral equivalent to martian soils (Allen et al. 1998), the bulk albedo of Mars of 0.135 

to 0.275 will be used (Kieffer et al., 1977). This suggests that the lamp is equivalent to a 

solar input power of 260-310W m-2. 

 

This is a reasonable value for the range of fluxes seen at mid to high latitudes on Mars. 

The reason for this is that while the lamp was always at zenith with respect to the sample 
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in the chamber, the typical height of the Sun in the sky at high latitudes is much lower. 

For 65°N, a typical northern plains latitude which might exhibit buried ice (Chamberlain, 

2005) the solar insolation during the day is 128W/m2 (Moores et al, 2007) averaging over 

all daylight hours during the year, assuming an optical depth of 0.5 and that the total 

radiation striking the surface is 12.6 times the UV irradiation (ASTM, 2000). However, 

peak values must also be considered. For 65°N the greatest daily average is 243W/m2 and 

for an equivalent southern latitude, the largest daily average is 366W/m2. In both 

locations intraday high fluxes may range up to 450W/m2. 

 

5.2.2.4 Mass Balance 
 

In order to verify the assumption of a quiescent, steady state chamber, it is necessary to 

calculate the throughput which sampling requires. The throughput of the system in a 

typical operating mode was determined by conducting several tests with measured 

amounts of carbon dioxide gas.  First the chamber was evacuated entirely, next carbon 

dioxide was injected and the system was allowed to equilibrate. Once all temperature, 

pressure and mass spectrometer readings became stable, the input gas stream was cut and 

the system emptied. The readings from the RGA were then calibrated, requiring a 

compensating factor of approximately 0.25. 

 

For a typical run this means that a value of close to 5 torr in the chamber is reduced by 

the metering valve to 5x10-5 torr at the RGA filament, resulting in a flowrate of carbon 

dioxide of 1.5x10-6 g s-1. This corresponds to a mean residence time in the system of 
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3.6x104 seconds for each molecule of carbon dioxide, or approximately ten hours. This 

supports the assumption of a quiescent chamber. Furthermore, the addition of CO2 in the 

chamber to compensate for gas lost to sampling had a negligible effect. Even though the 

adiabatic expansion of the carbon dioxide from the 1000 PSI holding tank dramatically 

chills the gas, this effect removes only at most 0.027 W m-2 from the sublimating surface, 

a negligible amount of energy. 

 

5.2.3 Experiment Plan 
 
5.2.3.1 Archetypical Run 
 

A typical run of the system was performed to determine the evolution of the D/H ratio for 

a specific condition of a sample with (i) a specified temperature of the underlying ice, (ii) 

thickness of the overburden (regolith stack) and (iii) grain size distribution of the 

overburden. These runs were conducted at several different values of each variable (i-iii). 

However, the procedure outlined below discusses primarily the insertion of new 

overburden samples required when changing (ii) or (iii). The changing of temperature 

was done without preparing new samples and this will be discussed towards the end of 

this subsection. Separate runs, for the purposes of calibrating the system and determining 

background values have been discussed previously in this section, while runs completed 

to test the effect of diurnal cycling will be discussed later in this chapter. 

 

The archetypical runs were begun immediately following the run which preceded them. 

Once the surface had been cleaned of regolith, the ice plug was permitted to melt in order 
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to homogenize the D/H ratio of the surface. Since each experiment enriched the plug to a 

negligible extent due to the small masses of water being removed from the system, this 

was deemed preferable to the removal of the entire plug and remixing of a new sample. 

Any remaining unrecoverable regolith was seen to sink to the bottom during the several 

hours that it took for the ice plug to melt and was not a factor in the next run. 

 

Once the ice plug was entirely melted, the chamber was sealed by evacuating it to a very 

rough vacuum pressure (several hundred mbar). Next the ice was cooled by commanding 

the copper plug to a temperature of -70°C and allowed to freeze. Once liquid was no 

longer present on the surface, the chamber was fully evacuated, the blow-down line 

closed and the analysis line opened. The RGA and Temperature sensor readouts were 

monitored until the sample achieved a steady state temperature and water vapour pressure 

(typically a few hours sufficed for this stage). This value was used as a background value 

to determine the actual D/H state of the sample prior to the application of regolith. 

 

Meanwhile, the next sample of regolith had been sieved to a specific grain size profile 

and had been left to bake in an oven. Once the ice plug had achieved steady state, the 

chamber, previously at high vacuum, was backfilled with carbon dioxide which served to 

exclude room air during the sample transfer process. The baked-out regolith was 

retrieved and doused with liquid nitrogen. This served two purposes. First, no water 

vapour was introduced into the regolith sample and room air was excluded from the 

mixing container and sample chamber by the LN2 boil-off. Secondly, it prevented the hot 
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sample (at ~200°C) from melting the ice. Once the regolith-LN2 slurry had been 

prepared, the chamber was briefly opened, the slurry poured in on top of the ice and the 

mixture flattened using a specialized tool. 

 

After regolith insertion, the FSQ window was replaced and allowed to act as a pressure 

relief mechanism for the remaining LN2 on the regolith in the chamber. Once the LN2 

had boiled off, the blow-down line was again opened up and any water which had 

persisted on the regolith was suctioned off during the night (a degassing period under 

maximum vacuum of about 14 hours). In order to minimize water loss from the ice plug 

during this blow-down operation, the temperature at the copper plug was set to -85°C.  

 

Finally, the next morning, the blow-down line was closed, the analysis line opened, CO2 

introduced to the system, and measurements using the RGA begun. These continued until 

the sample achieved a rough steady state, before moving on to a higher temperature. In 

this way, measurements could be made of an identical stack of regolith and ice at 

different temperatures without introducing the error inherent in preparing a completely 

new sample. Furthermore, since each temperature under consideration was higher then 

the temperature which preceded it, the water vapour pressure increased, allowing the 

system to head towards steady state more quickly (since the regolith had already 

adsorbed some water) and for the maximum water concentration observed during the 

preceding run to give an idea of the maximum contamination. 
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5.2.3.2 List and Description of Runs attempted and completed 
 

The parameters of the runs completed with regolith in CO2 are summarized in Table 7. 

Due to time limitations on the availability of the borrowed equipment, it was decided to 

gather a sparse matrix of data, rather then to concentrate on any one specific area so that 

the resulting model to be developed could be anchored at points throughout the range. As 

a result, the runs are short, lasting between 23.9 hours and 196.5 hours with all runs 

except for one lasting 4 days (96 hours) or less. The idea is that since near-equilibrium 

conditions occur within the chamber that the trends recorded in these short runs can be fit 

to models and interpolated where necessary to final values. 

 
Table 7: List of completed runs with CO2 and regolith 

 
   Regolith  Basal   
Run Grain Size Thickness Temperature Duration  Notes 

 
1 550-1000µm 10mm  233K  67.8 hrs  low pressure unknown 
2 550-1000µm 10mm  218K  49.6 hrs 
3 550-1000µm 5mm  203K  29.7 hrs 
4 550-1000µm 5mm  188K  23.9 hrs  low background 
5 550-1000µm 20mm  218K  70.8 hrs 
6 550-1000µm 20mm  203K  47.9 hrs  low background 
7 106-150µm 5mm  203K  64.7 hrs 
8 106-150µm 5mm  218K  31.8 hrs 
9 106-150µm 5mm  233K  59.0 hrs 
10 1-10µm  3mm  203K  96.5 hrs 
11 1-10µm  3mm  218K  69.7 hrs 
12 distribution 5mm  203-233K 196.5 hrs temperature increase  
13 distribution 5mm  203 K  80.6 hrs   diurnal cycles 

 

 

5.3. Approach and Theory 

Determining these values depends on a robust theory able to explain the observable 

system. The calibration values from section 5.2 can be used to describe the system when 
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it is empty, however, once ice, CO2 and regolith have been inserted the response becomes 

more complicated. This section will deal with the theory that will be used to describe 

each situation beginning with the most simple, in which bare ice is overlain by CO2, and 

proceeding to ice overlain by regolith. 

 

5.3.1 Ice overlain by CO2 
 

In the simplest case, where ice is overlain only by headspace filled with CO2, the 

standard equation for the diffusion of an infinite source into a half-space can be used to 

explain the observed variation in pressure with time as the result of a step change in 

temperature. This equation is, simply: 
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Where x is the effective diffusion distance between the source and the detector, in our 

case, the height of the headspace between the ice surface and the QMS inlet, p0 is the 

pressure before the step change in temperature and Δp is the change in pressure. As the 

chamber is very large compared to the mean free path, only the molecular diffusion 

coefficient needs to be considered for D. Nominally, for H2O in CO2 at Mars 

temperatures and pressures, the molecular diffusion coefficient, as derived by Wallace 

and Sagan (1979) based on the experimental work of Schwertz and Brow (1951) is given 

by: 
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Using the apparatus, this formulation will be tested. Additionally, curves will be fit to 

HDO diffusion to determine if there is any separation between the two species. Since 

there is a mass-dependant difference in the two species depending on the inverse square 

root of the particle mass, it is expected that the HDO diffusivity in CO2 will be only 97% 

of the diffusivity of H2O in CO2. If this is the only effect, it is unlikely that the equipment 

will be sensitive enough to detect any difference within experimental error. 

 

5.3.2 Ice overlain by regolith 
 

Once regolith is added, the diffusive effects of the gas may be ignored as small compared 

to the interactions between the vapor and the regolith (see section 5.4). There are two 

forms this interaction may take. The first of these is, like the CO2 case, as a diffusively 

resistive layer. Clifford and Hillel (1983) describe their modeling of diffusive transfer 

through regolith as being composed of two regimes: Knudsen and Molecular diffusion. 

Knudsen diffusion occurs when a gas is diffusing though a solid in which the separation 

between the walls is less then the mean free path. As such, collisions with the walls are 

more frequent then collisions with other particles.  
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In order to model this diffusive case, the full unsteady diffusion equation must be solved. 

If we assume that the diffusion coefficient is approximately constant over the regolith 

stack and within the CO2 headspace, the unsteady diffusion equation is: 
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Subject to boundary conditions: 
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The first condition enforces the saturated vapour pressure at the ice-regolith interface, 

whereas the second condition is the flux from the top of the regolith stack, an apparatus-

specific coefficient. This second boundary condition is derived from the diffusive flux 

expressed in Fick’s first law following the method of Moores et al. (2008a). The pumping 

constant, k, describes the efficiency of the system at removing gas from the chamber and 

based on the tests described in section 5.2.2.4 is approximately 3.2x1013 molecules Pa-1. 

This flux is measured at the top of the headspace at the inlet to the QMS. An additional 
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constraint [25.c] is required at the interface between the regolith and headspace to bind 

them together in the model.   

 

The second complication is adsorption of vapor onto and into grains of the regolith 

simulant. This is expected to play a role based on the literature (i.e. Chevrier et al., 2008) 

and the observation of a significant decrease in the pressure of CO2 following the initial 

introduction of the gas into the headspace of each sample. Furthermore, given that JSC 

Mars-1 simulant shares an origin as a water-modified volcanic material with zeolites, the 

material used as a getter in cryo-sorption pumps, some adsorption seems likely.  

Following the method of Chevrier et al. (2008) for the case in which the grain size and 

porosity are constant, we may modify eq. [24] using Langmuir theory, which assumes a 

monolayer of adsorbed water, to include adsorption: 
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Where D, once again, is the diffusion coefficient expressed either as [23] in the molecular 

regime or [9] in the Knudsen regime and θ is the fraction of adsorption sites which are 

occupied by a water molecule. We can express the constant Ψ and the change in θ with 

pressure as: 
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In [26.b] R is the specific gas constant for water vapor (462 m2/s2·K for water vapor), T is 

the surface temperature, ρH2O is the liquid density of water (1000kg/m3), ρRegolith is the 

bulk density of the overburden (0.8kg/m3 for JSC MARS-1), AAdsorption is the specific 

surface area of the grains and lH2O is the thickness of an adsorbed water monolayer 

(2.75x10-10m). In [26.c] a represents the Langmuir adsorption constant and kd is the 

desorption kinetic constant.  

 

There are several problems with applying this equation directly. For instance, the specific 

surface area of our samples, and thus the value of ψ is unknown, though it is likely of 

order 2x106Pa based on data from other sources (Chevrier et al., 2008). As such, we may 

write: 
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Deff is an “effective” diffusion coefficient which folds in the adsorption terms, 

represented by C. Note that for the purposes of modeling the effective diffusivity was 

kept constant even though there is a dependency on pressure and time inherent in C. This 

equation was discretized and the resulting computer model used to determine the 
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evolution with time of the pressure at the QMS inlet. This was done by curve-fitting to 

the data by varying the effective diffusion coefficient. 

 

While it is tempting to think of the effective diffusivity as the diffusivity of the regolith 

under all circumstances, this is not the case. Recall from [26.a] that the denominator 

depends on the change in the relative surface area covered by adsorbed molecules with 

pressure. Thus in the case where the pressure is not changing, the Diffusivity becomes 

simply D and the denominator in [27] reduces to 1. As such, adsorption acts to dampen 

the response of the vapor pressure to changes in temperature or flux in a way that mimics 

diffusion, but does not interfere with the long term flux out of the regolith for which the 

use of the standard diffusivity is appropriate. 

 

5.3.4 Curve Fitting Pitfalls and Error Considerations 
 

A brief note is required on the pitfalls of conducting the curve-fitting which will be 

presented in section 5.4. While it is very simple to conclude that a curve does or does not 

fit a particular type of profile, such as a diffusive profile, it is more difficult to determine 

the values of each constant with certainty. The reason for this is that it is often possible to 

model the physical data and get equally good fits with different sets of constants if the 

system is not sufficiently constrained. However, it can be difficult to constrain all values, 

particularly if one of the parameters is not well known, such as the state of the regolith 

prior to the beginning of a run. To make matters worse, this instability in one constant 

can have severe impacts on another.  
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As an example, when using equation [22] in section 5.4.1, equally good fits can be 

achieved for a range covering at least two orders of magnitude of the diffusivity. Even 

when the remainder of the constants are constrained to the limit of the knowledge of the 

system, the diffusivity can still vary by up to 50%. The main influencing factor here is the 

uncertainty in the precise time of the step change in the temperature for which a slight 

change can drastically change the calculated diffusivity. This uncertainty is largely due to 

the fact that the temperature change is not itself instantaneous and does not occur 

immediately following the change in the commanded temperature. As such, there is no 

simple way to get around large uncertainties in the data. 

 

However, while deriving constants is useful, it is important to point out that the chamber 

and system were not designed in order to measure the diffusivity of JSC Mars-1, or any 

other constant. Instead, the chamber is meant to provide a realistic simulation of the 

Martian surface. As such, wherever possible in the upcoming sections, the simplest 

interpretation of the results will be used. This does not mean that no derivable constants 

will be discussed; however, the constants derived should not be critically compared on a 

pointwise basis to other datasets performed in other apparatuses. Instead, it is the trends 

in the values obtained which are most significant. 

 

5.4. Results and Analysis 
 
5.4.1 Diffusion of H2O and HDO in CO2 
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The headspace was analyzed first. The chamber was allowed to stabilize at a basal 

temperature of -40°C while containing 6.1mBar of CO2 following which four 

temperature steps were initiated, first from -40°C to -55°C and then from -55°C to -70°C 

and from -70°C to -85°C. While a -85° to -100°C run was attempted, the data obtained 

was too noisy to use. During this time the pressure of various species were monitored 

including H2O, HDO and CO. CO (mass 28) was used as a reference gas since it is close 

in mass to the species of interest at masses 18 and 19, and had a better sensitivity then 

CO2 while being linearly proportional to the amount of CO2 present in the system. This 

data was used to perform fits to equation 22. 

 

5.4.1.1 Sensitivity Analysis 
 

Before discussing the fits achieved, the sensitivity of the derived diffusivity to several 

uncertainties must be discussed. First, there is the uncertainty in the timing and delay of 

the temperature step. This is the result that a step change in commanded temperature at 

the base does not result in an immediate step change at the sample surface. Instead, this 

process takes some time, about 10 minutes or less to better then 90% of the entire 

temperature drop to steady state, as measured by the mid-ice temperature sensor. As such, 

there is an uncertainty of about the same amount of time in t0. Note that the cooling of the 

ice should not have a significant effect on the estimate of diffusivity as the diffusivity of 

ice in the chamber is much smaller then the diffusivities for H2O in CO2 suggested by 

equation 23.  
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By assuming that the step-change time is known ±5 minutes, the resulting difference in 

calculated diffusivities can be determined. For the -55°C to -70°C case, this amounts to 

an uncertainty in the diffusivity of ±55%. However, this uncertainty is likely 

overestimated as the value of the initial pressure needs to be modified far beyond what is 

reasonable in order to achieve good fits (R2>0.8). 

 

It was expected that uncertainty about the chamber contamination would also incur a 

significant effect on the diffusivity, however, this was not found to be the case with very 

little change observed for different values of contamination between zero and 3x10-8 torr 

of H2O at the RGA head. 

 

5.4.1.2 Calculated Constants 
 

Since the precise length of the diffusing column (headspace plus tubing) is not known, 

Equation [23] is used to determine the value of x for the longest high pressure run, -55°C 

to -70°C temperature drop. The best fit value is x = 0.85±0.3 m, which is equal within the 

uncertainty to the physical length of the system (about 30cm of headspace and another 

30cm of tubing to the RGA inlet at the metering valve). Using this value, the diffusivities 

associated with each temperature drop can be calculated by curve fitting using equation 

[22]. These results are tabulated in table 8. All the fits are very good with R2>0.8. 

 

The values obtained show that there is no significant difference between the diffusivity of 

HDO in CO2 and the diffusivity of H2O in CO2 in the apparatus, at least within 
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experimental error. This is consistent with previously derived ratios in Nitrogen 

(Merlivat, 1977). Also, while the magnitude of the diffusivities for the first two 

temperature steps are in reasonable agreement with the published values (Wallace and 

Sagan, 1979), the -70°C to -85°C value is significantly different. This could be the result 

of contamination from the walls which are at a higher temperature then the ice at the 

bottom due to radiation through the sides of the container or adsorption of gas onto the 

walls at very low temperature. Furthermore, the estimated value for the H2O pressure in 

the chamber at -85°C is close to the apparent background signal. This suggests that 

multiple sources may be contributing to the signal at -85°C and at lower temperatures. 

This is further reinforced by the fractionation between H2O and HDO at low temperature, 

as there is no reason that the additional sources will outgas with the same D to H ratio as 

the ice. 

 

Table 8: H2O and HDO diffusion in CO2 
 

   H2O  HDO  Eq 4 
Temperature Step  D (cm2s-1) D (cm2s-1) D (cm2s-1) 

 
-40 to -55°C  15±9  15±9  19.4 
-55 to -70°C  17±9  17±9  17.4 
-70 to -85°C  1.7±0.9  1.4±0.9  15.5 

 

 

5.4.2 Diffusion of H2O and HDO in Regolith 
 

Next, the bottom of the headspace was filled with several different sieved fractions of 

JSC MARS-1 regolith simulant. Several different heights and grain sizes of regolith were 
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used at different values for the basal temperature of the underlying ice. The results from 

these regolith runs will be discussed in this section. 

 

5.4.2.1 Sensitivity Analysis 
 

The key parameter which must be extracted from the experimental runs is the diffusivity 

of the regolith, as such the uncertainty in this value is the most important uncertainty to 

pin down. There are several sources of this uncertainty which include the uncertainty in 

the particle flux removed from the chamber, as well as several model parameters 

including the saturated pressure at the base of the regolith stack and the initial pressure 

profile. Luckily, of all the experimental parameters, the diffusivity is the least sensitive to 

large changes in the other parameters. This is due to the fact that it is the diffusivity of the 

regolith which impacts most directly upon the shape of the pressure rise while the other 

parameters tend to move the entire curve as a unit. As such, from analyses of the effects 

of other parameters, the diffusivity is known to better then ±50%, whereas the saturated 

vapour pressure is known to a much lower precision, no better then about ±80%. As such, 

the values for the saturated vapour pressure should not be considered to be highly reliable 

and are provided for reference only. 

 

5.4.2.2 Derived Diffusivities 
 

The derived diffusivities of H2O and HDO of the different runs are tabulated in Table 9 

along with the corresponding saturated vapour pressures at the base of the regolith stack. 
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Before discussing each of these runs in detail, a note is required about the runs tabulated 

in table 7 which are not reproduced in table 9. Two observations are not included in the 

table as the model is able to produce a wide range of different equally good fits due an 

additional free parameter. In all three cases cases this results from an inability to capture 

the pressure turn-around. This feature occurs as a result of the change from stagnant to 

dynamic conditions in which the upper layer of the regolith degasses faster then vapour 

can be provided via diffusion. Eventually, as the saturated pressure at the base of the 

regolith increases, the pressure will begin to increase at the top of the temperature stack. 

As such, the timing and value of the minimum pressure provides an anchor point for the 

model, improving the accuracy. 

 

Table 9: Effective Diffusivities 
 

Run Basal Surf.* DH2O
EFF  CH2O  DHDO

EFF  CHDO D/H  
(n°) T (K)  T (K) (m2s-1)  (x105)  (m2s-1)  (x105) (end value) 

 
2 218 225 20 x10-10 0.85  11 x10-10 1.6 0.0354 
3 203 208 1.2 x10-10 14  0.80 x10-10 21 0.0280 
5 218 226 12 x10-10 1.4  7.5 x10-10 2.3 0.0321 
7 203 214 0.83 x10-10 20  0.53 x10-10 32 0.0269 
8 218 225 7.0 x10-10 2.4  4.0 x10-10 4.2 0.0319 
9 233 239 13 x10-10 1.3  13 x10-10 1.3 0.0358 
10 203 211 0.6 x10-10 28  0.24 x10-10 71 0.0610 
11 218 223 4.0 x10-10 4.2  1.1 x10-10 16 0.0365 
12a 203 210 0.95 x10-10 18  0.6 x10-10 28 0.0262 
12b 208 214 1.8 x10-10 9.4  1.1 x10-10 16 0.0303 
12c 213 218 5.2 x10-10 3.3  2.7 x10-10 6.3 0.0314 
12d 218 222 13 x10-10 1.3  9.5 x10-10 1.8 0.0321 
12e 223 227 15 x10-10 1.1  14 x10-10 1.2 0.0325 
12f 228 232 16 x10-10 1.1  16 x10-10 1.1 0.0333 
12g 233 237 19 x10-10 0.90  18 x10-10 0.94 0.0356 

 
* Derived from pressure values in the chamber 
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There are two different situations to which this applies. First, if the lowest pressure and 

corresponding time in an ascending profile were missed by starting the data logging too 

late, as was the case in Run 1. Secondly, if the profile decreases monotonically, as in 

Runs 4 and 6 it cannot be uniquely fit. Run 1 is displayed in Figure 28, row 2 as the D to 

H and pressure data are relevant to the upcoming discussion, however, due to additional 

concerns about contamination runs 4 and 6 have been omitted from the figure. 

 

In several cases, the pressure rise was too fast to capture this pressure turn-around, or the 

model predicts no pressure turn around at all. While these runs could not be modelled if 

they stood alone, if they directly follow a previous run, within a few minutes, then the 

starting time and pressure are uniquely known. This method of chaining together several 

observations severely limits the variation in the start time parameter, allowing good 

model fits without a pressure turn-around. There are three chains in all, a 3-part chain at 

the 106-150µm grain size from -70 to -40°C, a 2-part chain at the 1-10µm grain size from 

-70 and -55°C, and a 7-part chain with unsieved JSC MARS-1 featuring a distribution of 

grain sizes from -70 to -40°C. This method was very successful for determining 

diffusivities. Unfortunately, none of the runs with the 550-1000µm fraction were chained, 

as such all of these will be presented as stand-alone runs. 
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Figure 28: Ascending profiles of single runs with the >550 micron fraction of JSC-1. 
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 The thin black line represents experimental data while the grey bar is the model. The 

profiles are largely explained by diffusion on their initial rise, but modification of the 

D/H ratio continues to take place, in particular this can be seen in the [1cm, -40°C] run 

where the HDO concentration continues to increase after the H2O concentration has 

reached a steady state. 

 

From table 9, it can be seen that the diffusivities obtained are very low, on the order of 

10-11 to 10-9 m2s-1. This is a very surprising result, especially for the large grained 

samples which would be expected to have very little effect on the diffusion of water 

vapor. For these samples, it was expected that the pressure rise would be similar to the 

pressure rise seen for diffusion in pure carbon dioxide, the method used for large grains 

by Clifford and Hillel (1983). However, the time required for the pressure to rise when 

regolith is present is much longer then when just CO2 is present in the chamber. Given 

that the stack height of the regolith is much smaller then that of CO2, this indicates very 

low effective diffusivities. 

 

5.4.2.3 Observations of Pressure Profiles in Stand-Alone Runs 
 

The observed pressure profiles from all ascending stand-alone runs are presented in 

figure 28. Descending pressure profiles are not plotted for the reasons listed in the 

previous section. Figure 28 describes the stand-alone runs with the 550-1000µm fraction. 

The top two rows have 1cm of overburden while the third row has 2cm and the final row 

0.5cm of overburden. The first column is the pressure profile of H2O during the runs, the 
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second column is the pressure profile of HDO and the third column is the D/H profile of 

the run. Rows 1,3 and 4 have had the diffusive model fit and this is shown on the graphs 

as a thick grey bar. Where only the thin black line of the data is visible, the model and the 

results match exactly. Row 2 is not modeled since the turn around pressure occurred 

before the start of logging. 

 

In all of the H2O pressure profiles, the pressure appears to level off to a constant value 

before the end of the run. However, many of the HDO profiles appear to continue rising 

after their initial pressure increase. The 1cm, -40°C profile in particular shows this 

behaviour with a flat H2O profile and an almost linear increase in the pressure of HDO 

following the initial diffusive rise. This suggests reworking of the water storage within 

the regolith stack following the initial diffusive separation. 

 

This diffusive separation is apparent even without the need to model. For instance, in row 

3, it is possible to visually determine that the rise of HDO from its base value is slower 

then the rise of H2O. This can also be seen to a lesser extent in rows 1 and 4. For row 2, 

the rise times appear equal, though they are both sufficiently rapid that it is difficult to 

discern differences. This diffusive separation-like effect and the accompanying evolution 

of the D/H ratio will be discussed in the following section. The apparent lower signal to 

noise ratio in this last row compared to other rows is due to the scale of the axes. Since 

the initial pressure was not caught by the pressure logger, only the tail end of the rise is 

visible.  
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There are also second-order effects which are worth noting. Rows 2, 3 and 4 contain 

significant pressure jogs. In certain cases, such as in rows 3 and 4, these correspond to 

liquid nitrogen tank changeovers which caused a temperature oscillation within the 

temperature controller. In other cases, such as in row 2, the change is not so easily 

explained, and must be the result of some change within the sample itself. For instance, if 

accumulation of ice within the regolith closed off passageways, it might be manifested as 

a reduction in pressure, however, the suddenness is puzzling. In this final case, the jog is 

also recorded in the temperature data as a decline in the temperature recorded at T8 of 

0.7°C and directly follows a short warm spike. Prior to this warm spike a slow and 

gradual climb in temperature at T8 was recorded from -32.7 to -32.0. During this time the 

basal temperature remained constant at -40°C. Similar temperature rises are observed for 

rows 3 and 4, and row three shows a similar temperature event at T8 at five hours, 

however, this is not manifested in the pressure data 

 

A similar decrease can also be seen in the first chain, shown in Figure 29 during the -

70°C run. In this case, a tank changeover does occur, but there is also a temperature 

decrease of nearly 1°C. Similar behavior is also seen in the -55°C portion of the second 

chain (Figure 30). In all cases, the pattern appears to be that the temperature of the ice 

slowly increases and is followed by a sharp correction back to the typical value which 

begins to increase again. 
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5.4.2.4 Observations of Pressure Profiles in Chained Runs 
 

The chained runs shown in Figures 29, 30 and 31 are similar to the stand-alone runs in 

terms of their pressure profiles. Like the stand alone runs shown, all are ascending 

profiles. It is possible to visibly discern in certain chains that lower temperatures exhibit 

lower diffusion coefficients and that the diffusion coefficients of HDO are lower then 

those of H2O. These effects are particularly apparent in the case of Figure 31. Each of 

these chains will be discussed briefly in turn. 

 

The first chain consists of three temperatures, -70, -55 and -40°C using the 106-150µm 

fraction of JSC MARS-1. The diffusive model fits the entire chain well. Also, while 

difficult to see due to the log-scale on the pressure axis, the -40°C run is peculiar in that 

the pressure of H2O decreases with time while the pressure of HDO increases following 

the initial diffusive rise. This is in contrast to the middle –55°C run in which the pressure 

of HDO increase while that of H2O does not. 
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Figure 29: A series of three temperatures using grains between 106 and 150 microns in 

size.  

Note how for both H2O and HDO that higher temperatures are associated with faster rises 

and higher diffusion coefficients. Additionally, transitions to higher temperatures create 

positive jumps in the D/H ratio which are larger in magnitude then can be explained by 

the Kinetic Isotope Effect. 

 

The second chain is composed of two separate runs at -70 and -55°C using the 1-10 µm 

fraction of JSC MARS-1 following crushing and water settling according to Moores et al. 



 
 
 

237 

(2008). The thickness of the overburden is only 0.3mm due to an accidental spill of this 

very fine material which was nicknamed “Niven Dust” due to its tendancy to flow when 

disturbed at low temperature. There are three interesting aspects of this chain. First, the 

pressure of HDO is abnormally high during the -70°C run. This could be due to HDO 

adsorbed onto the grains during a prior experiment (Moores et al., 2008) in which HDO 

was seen to disappear from the sublimate gas. The recovered particles were baked out for 

several hours; however, this may not have entirely removed all the adsorbed water. In 

fact, it is possible that this process preferentially removed the lighter H2O leaving the 

grains further enriched. This material may then have been activated by the lamp during 

the -70°C run. 
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Figure 30: Two runs at -70 and -55°C which immediately follow one another.  

The high D/H observed during the low temperature run may be representative of the 

material on the grains before utilization. Furthermore, a tank failure near 52 hours which 

increased the temperature of the sample led to an increase in D/H but not a significant 

modification of the sample, as the curve returned to its base course. Most of the decrease 

in the D/H ratio at -55°C appears to be due to sample modification after diffusion has 

reached a steady state. 
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The second notable event is a tank failure which occurred at just over 51 hours into the 

experiment. During this event the temperature of the ice warmed rapidly 22.3°C up to -

38.3°C before the failure was discovered. This rise in temperature was followed quickly 

by a rise in the pressure of H2O and HDO, however, the rise in H2O was larger then that 

of HDO. Despite this stress on the system, the temperature and pressure spike were 

followed by a quick return to the conditions which had been prevailing before the event. 

As such, this does not seem to have led to any significant modification of the ice or 

regolith stack. 

 

Finally, the -55°C run within this chain shows unusual behaviour in that the H2O pressure 

rises following the initial rise while that of HDO does not. There are several jogs which 

take place during this process, two of which are fairly prominent near 95 and 120 hours 

into the chain. These correspond to more of these temperature realignments described in 

section 5.4.2.4. However, by the end of the 100 or so hours of this run, the change in 

temperature is only 0.7°C warmer then at the start. 
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Figure 31: Modelled and actual data using the natural range of particle sizes found in JSC 

MARS-1 Martian regolith simulant.  

Plateaus are at 5°C intervals as indicated. Visually, it is possible to discern from the rate 

of pressure rise that the diffusivity at low temperatures is lower then at higher 

temperatures and that it is lower for HDO then for H2O. The D/H ratio jumps at some 

temperature transitions. All of these jumps are negative, going to higher temperature, 

except for the -45 to -40°C jump which is positive. 
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The last chain to be considered is shown in Figure 31 and consists of an overburden of 

0.5cm of unaltered JSC MARS-1. This chain provides the finest resolution in temperature 

consisting of 7 5°C temperature steps. The change in diffusivity is more apparent here 

then in any other chain. Even so, this chain was also well modelled by our diffusive code. 

This run proved to be the best behaved of all the experimental runs showing consistent 

behaviour from step to step. As the temperature of the regolith increased, the pressure of 

HDO tended to change more significantly following the initial diffusive rise while the 

pressure of H2O remained constant. 

 

5.4.2.5 Observations of Deuterium to Hydrogen Ratios 
 

The main interest in performing these experiments is to observe the evolution with time 

of the D/H ratio of water vapor as it travels through regolith overburden. As such, 

discussion of the D/H ratios of this effluent gas has been reserved until now so that all of 

the observations could be collected into a single section. In figure 28, the third column of 

figures displays this ratio, while for figures 29 through 31 this is displayed as the 

bottommost panel. The terminal D/H ratio of each case is shown as well in the rightmost 

column of Table 9. 

 

In all cases, the D/H ratio of the water used at the base of the stack was 0.05. As very 

little fractionation is expected upon freezing (Satoh et al., 2004; Lehmann, 1991) the ice 

is expected to have a similar D/H ratio. This was confirmed prior to insertion of the 

regolith or turning on the lamp by calibrating the equilibrium gas of each sample run. In 



 
 
 

242 

all cases, this was consistent with a D/H ratio of the solid sample of 0.05±0.002. The 

equilibrium D/H ratio at the temperatures of interest for the experimental runs can be 

obtained from Van Hook (1967). For any given temperature below the freezing point for 

Ice Ih, the equilibrium fractionation factor is given by: 

 

⎟
⎠
⎞

⎜
⎝
⎛ −+= 15929.03315.355.11484exp 2 TT

α   [28] 

 

This means that for the experiments detailed in the figures, the plausible D/H ratios of the 

sublimate gas range from 0.039 to 0.043 using the reported temperatures at T8 as the 

approximate surface temperatures. 

 

Keeping this information in mind, it can be seen that all of the experiments begin at a 

very low D/H ratio, lower then can be explained by the kinetic isotope effect. In most 

cases, the D/H ratio has not recovered up to the equilibrium value by the end of the 

experiment. However, for one run shown in Figure 28 (1cm, -40°C, 550-1000µm) it is 

close and in another run, shown in Figure 30 (0.3cm, -70°C, 1-10µm) the expected value 

is significantly surpassed. Also, in all cases, except for one shown in Figure 30 (0.3cm, -

55°C, 1-10µm), the D/H ratio is seen to increase with time.  

 

Another surprising observation regarding D/H ratios is how little they are affected by 

sudden changes in chamber conditions. For instance, in Figure 28, rows 2, 3 and 4, there 
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are severe jogs in the pressure trends which are not seen in the D/H trends. It could be 

that the magnitude of these changes is simply too small to be discernable in the noisier 

D/H ratio as might be the case for rows 3 and 4. However, the results from row 2 suggest 

that in some cases the rearrangement of the sample could be to blame. It seems suspicious 

that a jump would be recorded at the point where the D/H ratio has finally achieved the 

equilibrium value without regolith for this temperature. No matter the cause, if the 

temperature change is small, the change in the D/H ratio may be visible only as a change 

in the slope of the general curve. This is best seen in Figure 31 where several small jumps 

of +5°C in temperature blend together at the colder end of the chain. 

 

Of course there is a significant exception to this last trend as exhibited in Figure 30. Here 

a large spike in pressure associated with a tank failure is seen just after 51 hours. This is 

reproduced in the D/H ratio. The reason this may be visible is likely the result of the 

magnitude of the sudden change (+22.3°C) which would be expected to cause diffusive-

like separation initially favoring H2O over HDO, hence the low value of D/H for this 

pressure excursion. 

 

In many ways this evolution of the D/H ratio within this particular chain is peculiar when 

compared to other runs. First there is the exceedingly high apparent D/H value at -70°C 

of 0.062. This value is significantly higher then what is expected as it is both above the 

equilibrium D/H ratio of the underlying ice and the bulk concentration. This cannot be a 

diffusive separation effect since, based upon Table 9, HDO has a lower diffusion 
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coefficient then does H2O which which would tend to favour H2O over HDO, not the 

other way around. The best explanation, as proposed in the previous section, is that this 

regolith material became enahanced in deuterium during the experiments conducted by 

Moores et al. (2008) and is now outgassing this material. This offers one more line of 

evidence arguing for a strong interaction of the water vapour with the regolith. 

 

This chained observation is also unique in that it contains, at -55°C, the only run for 

which the D/H ratio was seen to decrease with time, despite an initial increase in 

temperature. The most plausible explanation here is that there is only so much deuterium 

rich gas which can be adsorbed onto the regolith. At -70°C, when the pressures due to the 

underlying ice is low, the outgassing from the regolith is able to compete with the particle 

flux originating at the ice surface. However, at -55°C, the particle flux from the 

underlying surface becomes too great and this heavy material is slowly flushed out over 

time, producing a D/H profile which lessens with time. Note as well, that the final value 

of D/H for the -55°C run is ~0.036, significantly lower then the equilibrium value, 

suggesting that in cold cases, even with modification of the concentrations within the 

regolith, diffusive separation will yield a lower D/H ratio at the surface then would be 

expected considering only equilibrium values at the ice surface. 

 

As a final note, the jumps associated with changing temperature for the chained runs will 

be considered. As noted, these would be expected to be negative for increases in 

temperature. This is generally what is observed. However, there are a few exceptions. 
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Positive jumps are observed in Figure 31 between -45°C and -40°C, and between -70°C 

and -55°C and -55°C and -40°C in Figure 29. All three are easily resolved by examining 

the data at very fine resolution. Here, all the initial jumps are actually negative, but the 

D/H ratio increases very quickly at higher temperatures swamping the earlier signal. At 

higher temperatures, the pressures are significantly higher, while the difference between 

the H2O and HDO diffusion coefficients are lower which leads to a net higher D/H ratio 

then at the lower temperature. This effect is not observed as significantly in Figures 30 or 

31 due to the abnormal D/H in the 1-10µm chain and the small size of the jumps in the 

JSC MARS-1 chain.  

 

5.4.2.6 Diurnal Cycling 
 

While relatively long runs with constant conditions are good for discerning general trends 

and behaviour, on Mars conditions are continuously changing. The shortest period 

oscillation which will affect the insolation of the surface and thus the temperature of the 

regolith is the diurnal variation. As such, a run was completed in which the lamp was 

cycled over a 24-hour period. This run is displayed in Figure 32 showing the pressure of 

H2O, HDO and the D/H ratio in three separate panels. The basal temperature during this 

run was -70°C, and the regolith simulant used was 0.5cm of unsieved JSC MARS-1. In 

order to simulate a high northern latitude in summer and to better accommodate a work 

day, the cycle used was 8 hours of darkness followed by 16 hours of illumination. This 

run directly follows the chain shown in Figure 31. 
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As can be seen, the lamp has a significant effect comparable to a temperature swing of 

almost 10°C. The depths of each pressure trough are comparable and the entire sample 

appears to be approaching steady state by the end of the run. As such, the regolith is 

certainly able to respond to a diurnal cycle, at least regolith of a very shallow depth. This 

response is also consistent between runs. This suggests that, at least for shallow soils 

which are thinner then the depth of the diurnal temperature wave, it may be possible to 

directly apply the results shown in the figures as the day and night values are relatively 

independent of each other. 

 

An interesting feature is apparent if we examine the rise following the two “night” cycles. 

Here, the pressure of both H2O and HDO rise to above the steady state pressure before 

decaying away. This can only occur if during the “night” the regolith accumulated 

material which burns off in the “mornings.” This material appears to be recently 

accumulated material based upon the D/H ratio which is comparable to the typical 

daytime value. That is to say, a decay or change in the D/H ratio is not observed as this 

signal decays away.  

 

This type of behaviour is not unexpected. Based upon the grain size and models of the 

thermal conductivity of highly porous materials (Presley and Christensen, 1997), the 

thermal conductivity of the dry overburden will be very low compared to the ice surface. 

Thus when the lamp is turned off, the regolith will cool rapidly and may, in fact, become 

cooler then the ice surface itself. As such, the regolith can become a condensing surface 
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for water vapour, becoming gradually less effective as time goes on. This could explain 

the rising pressure profiles during the night and the very low D/H ratios observed which 

are consistent with a fractionation during condensation which would preferentially 

deplete the diffusing gas of HDO. 
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Figure 32: Following cooling of the sample in Figure 5 to -70°C the lamp was cycled 

twice with 8 hours off followed by 16 hours on to simulate diurnal lighting.  

This is comparable to what would be experienced at mid summer at a high northern 

latitude. Note that the two cycles appear very similar and that a return to a higher flux 

regime with the light on results in an increase in the pressure above equilibrium. This 

suggests that the lamp is causing the grains to outgass, a contribution which eventually 

disappears. This behaviour is similar to what has been seen on fine grains embedded in 

ice (Chapter 4). 

 

5.4.3 Analysis of Diffusion and Adsorption of H2O and HDO in Regolith 
 

The values of diffusivity obtained for the stand-alone experiments and the three chains 

presented in section 5.4.2 are plotted in Figure 33 against inverse temperature. Of the 

three dimensions explored in parameter space; grain size, regolith depth and temperature, 

temperature has the most significant effect on the diffusivity as evidenced by the fall-off 

in diffusivity at lower temperatures (to the right on Figure 33). Grain size has the next 
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largest effect with the largest grains plotting higher then the natural distribution of JSC 

MARS-1 given by the open circles, the mid-range fraction plotting lower then this and 

the finest fraction lower still. The effect of the regolith thickness appears to be the 

smallest effect of the three. Surprisingly, the 1cm and 0.5cm thicknesses plotted above 

the bulk distribution while the 2cm regolith sample plotted much closer to the bulk 

distribution.  

 

As temperature is the dominant effect this needs to be explored in greater depth. This will 

be a combination of several different effects. From [23] we know that D, the molecular 

diffusivity of CO2 is proportional to T 3/2, from [26], ψ is proportional to T, however, the 

most significant temperature-dependant effect lies with adsorption. We may express this 

process as an equilibrium reaction between adsorbing and desorbing molecules: 

 

)(2)(2 adsorbedg OHOH
←
→

 [29] 

 

Where the forward and backward kinetic rates can be related to the fractional coverage of 

the surface , as in (Chevrier et al., 2008) by: 

 

 RFWD = ka ( 1 – θ ) [30.a]  

 RREV = kd θ  [30.b] 
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And the adsorption constant: 

 

 
d

a

pk
k

a =     [30.c] 

 

Where the two reaction constants refer to adsorption and desorption, respectively. Since 

there is an energy barrier involved, by definition we may treat this as an Arrhenius 

process, that is: 

 

 ⎟
⎠
⎞

⎜
⎝
⎛=

RT
E

TaTa aexp)()( 0   [31] 

 

Since the effective diffusivity has only a small dependence on Temperature, we can 

neglect this and write for the effective diffusivity: 

 

⎟
⎠
⎞

⎜
⎝
⎛ −≈

RT
E

TDTD aexp)()( 0   [32] 

 

Thus, by plotting the natural logarithm of the effective diffusivity against 1/T it is 

possible to determine the process activation energy, Ea. The most complete data set 

available to perform this calculation is the JSC MARS-1 natural particle distribution 

chain which is comprised of seven different observations at 5°C temperature intervals. 

However, when least-squares fits are attempted to the entire data set, the resulting 
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confidence is low. If instead, the span of the set is divided into two separate regimes with 

a cross-over near -55°C good fits can be achieved. These are shown as the dotted lines on 

both panels of Figure 33 with the activation energies presented in Table 10.  

 

Table 10: Effective Diffusion Activation Energies 
 

Basal Temperature  Diffusing Species   Ea 
 

-55°C to -40°C   H2O    10.2 kJ/mol 
    HDO    17.4 kJ/mol 
-70°C to -55°C   H2O    65.7 kJ/mol 
    HDO    67.4 kJ/mol 
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Figure 33: Plotted diffusivities for the values in Table 9 against inverse temperature.  

Stand-alone runs with the 550-1000µm fraction of JSC MARS-1 are shown as open 

squares. Triangles represent the 106-150µm chain, diamonds are the 1-10µm chain and 
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open circles represent the chain conducted using the full distribution of JSC MARS-1. 

The dotted line is the least-squares fit to the -40 to -55°C and -55°C to -70°C portions of 

the open circles, interpreted to be indicative of two different diffusive regimes in regolith. 

The third panel shows the quotient of the HDO and H2O diffusivities for each point. At 

high temperatures, these values are very similar, while for lower temperatures the 

diffusivity fraction is close to 0.6 in most cases. 

 

Before discussing the values, a few caveats need to be made. First, given the 50% 

uncertainties on each measurement of diffusivity, there is no statistically significant 

difference between the values for H2O and HDO in the high temperature regime, as can 

be seen in diffusivity fraction shown in the third panel. This is particularly true for HDO 

as the value at -55°C is significantly lower then expected based on the three higher 

temperature points and this affects the value of Ea derived for the high temperature 

regime. If the switchover for HDO is at a higher temperature then -55°C, this could 

explain the anomalously low value. However, the difference in Ea between the two 

regimes is significant for both gasses. 

 

Another conclusion that can be drawn from this data is that while there is no significant 

difference in the effective diffusivity at high temperatures, there is significant separation 

at lower temperatures. In fact, below -55°C the measured effective diffusivity of HDO is 

rarely larger then 60% of the measured H2O value. This is evidenced by the evolution of 

the D/H ratios of warm samples as compared to cold samples as seen in Figures 28 
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through 32 and discussed in section 5.4.2.5. In warmer samples, D/H values rise to near 

the theoretical equilibrium values for bare ice, while for colder samples the D/H ratio 

remains far below this value. Thus, to reiterate, separation of H2O and HDO is significant 

at low temperatures. 

 

The derived values for the activation energy strongly support the assumption that 

adsorption dominates the movement of material through the regolith. The reason for this 

is that while the activation energy at high temperatures of 10-20kJ/mol is small compared 

with the energy of sublimation at these temperatures of close to 50kJ/mol, the low 

temperature activation energy of almost 70kJ/mol is higher. This suggests that more 

energy must be supplied to the gas, per mol, to cause it to diffuse through the regolith 

stack then for it sublimate. Thus the regolith is actively controlling the flow of material to 

a greater extent then is the actively sublimating surface.  

 

Given that we are considering adsorption, why is the curve expressing the trend in 

activation energies a broken line? One possibility that has been observed before is a 

transition from a monolayer to several layers of adsorbed water, known as the 

Langmuir/BET boundary. This involves a change in the kinetics, though the form of 

equations [26.a] and [32] do not change. Interestingly, values in the literature for Ea in the 

BET (high temperature, pressure) regime of 7.6±1.6kJ mol-1 (Chevrier et al., 2008) are 

similar to our derived value of 10.2±5.1 kJ mol-1, however, the pressure crossover is 

puzzling. Typically, 100-120Pa is the observed boundary between these two regimes, 
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however, in our data the break in the curve occurs at close to 2Pa of water vapor. It seems 

unlikely that the experimental setup is underestimating the pressure in the chamber by a 

factor of fifty. This would imply that temperature as derived by the sensors is off by 

almost 30K which also seems unlikely. This discrepancy could be due to the high 

temperature nature of Chevrier et al.’s (2008) data in which much higher temperatures 

(none lower then 270.2 K) were investigated using much thicker regolith layers.  

 

More insight into the possible explanations for this break can be gleaned from the 

observed dichotomy in the D/H ratios of the adsorbed material. The major assumption 

under the BET theory is that for layers beyond the first, the heat of adsorption (Ea) is 

equivalent to the latent heat of condensation at that temperature. As such, adsorption onto 

higher-order adsorbed layers on regolith would seem to offer no differences compared to 

condensation on solid ice. Thus there should be no isotopic fractionating effects at higher 

temperatures beyond what is expected under KIE. This is what is observed, and it 

suggests that more then a monolayer of material is adsorbed at these temperatures. 

 

At lower temperatures, some mechanism must be occurring which favors the preferential 

adsorption or capture of HDO over H2O. JSC MARS-1 is similar in composition to 

naturally occurring zeolites and contains a significant amount of SiO2, as such, it would 

be expected to adsorb and trap polar molecules, such as water vapor. Given that HDO is 

slightly more polar then H2O due to the shortening of the OD bond length compared to 

the OH bond length, it is expected that HDO would be preferentially adsorbed. In fact, 
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over time, HDO could become even more enriched on the surface of the adsorbate as it 

exchanges with adsorption sites already filled by H2O. This could explain the continued 

rise of the HDO concentration in figure 28, row 2, beyond the time that H2O reaches 

equilibration. Furthermore, if the dust grains tend to become highly enriched in HDO, 

this could explain the puzzling results observed in Figure 30 in which we observe a very 

high concentration of HDO when using recycled dust. 

 

5.4.4 Calculating the adsorption fractionation factor 

The ratio of effective diffusivity at low temperatures of DHDO
eff ~ 0.6 DH2O

eff cannot be 

directly converted to a fractionation factor on dust grains, as such, a direct method is 

used. By assuming that the final values of H2O and HDO are stable long-term values, a 

mass-balance can be performed on the chamber. In this analysis any condensation on the 

ice surface is neglected as all temperature changes are increases. As such, all gas flux 

which is not removed from the chamber must be adsorbed on the grains. This can be 

integrated over the length of each experimental run and the quantity of adsorbed H2O and 

HDO can be compared to derive the D/H ratio of the adsorbed gas. This has been shown 

in Table 10 which also includes the effective diffusivity ratio and approximate delta-D 

values for the end D/H values that were used to calculate the dust fractionation factor. 

These are expected to be minimum values since for many samples, the pressure of HDO 

continued to increase after the pressure of H2O had leveled off, suggesting a long term 

exchange between HDO and H2O on the surface was in progress. 
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Table 11: Fractionation factors 
 

   Reg.  Surf DEFF approx. δD* Dust Fract Overall 
Run Grain Size Thickness T (K) Ratio (End Value) Factor**  α 

 
2 550-1000µm 10mm  225 0.55 -141  1.52  1.9 
3 550-1000µm 5mm  208 0.67 -287  1.44  1.9 
5 550-1000µm 20mm  226 0.63 -221  1.43  1.8 
7 106-150µm 5mm  214 0.64 -314  1.22  1.6 
8 106-150µm 5mm  225 0.57 -226  1.49  1.9 
9 106-150µm 5mm  239 1.0 -166  NA*** 
10 1-10µm  3mm  211 0.40 +554  NA***  
11 1-10µm  3mm  223 0.28 -114  0.29  0.37 
12a distribution 5mm   210 0.63 -332  1.27  1.7 
12b distribution 5mm   214 0.61 -241  2.21  2.9 
12c distribution 5mm   218 0.52 -226  1.32  1.7 
12d distribution 5mm   222 0.73 -221  1.37  1.7 
12e distribution 5mm   227 0.93 -223  1.20  1.5 
12f distribution 5mm   232 1.0 -214  1.11  1.4 
12g distribution 5mm   237 0.95 -171  1.60  1.9 

 
* Compared to the Expected Value using only the Kinetic Isotope Effect 
** For material adsorbed during the time of the run, using the end D/H value as the Equilibrium Value 
*** HDO concentration is decreasing while H2O concentration is increasing 
 

To determine the overall fractionation of the material found on the dust with respect to 

the ice, these values for the fractionation factor will need to be multiplied by the 

fractionation factor due to KIE. Surprisingly, the high temperature runs do not exhibit 

smaller fractionation factors then do the low temperature runs. This is a symptom of more 

long-term modification of the high-temperature runs compared to the low temperature 

runs which reach steady values in HDO and H2O during the pressure rise.  

 

To solve this problem, we must return to our conceptual understanding of the low and 

high temperature regimes as a single layer of adsorbed water vs. multiple layers. In the 

low temperature case, the gas and regolith interact directly. In the case of multiple layers 

at higher temperature, the gas exchanges first with the upper layers which then interact 
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with the regolith. This allows a gradient in concentration to exist between the adsorbed 

layers on the regolith. This additional step may change the kinetics sufficiently that the 

initial adsorption occurs very rapidly without significant fractionation and most of the 

isotope exchange happening more slowly over time. 

 

5.5. Application to Mars 

5.5.1 Adsorbate reservoir and relative significance 

 

From the experimental results, it seems clear that adsorption of HDO is preferred over 

H2O at low temperatures. As such, the presence of regolith changes the D/H relationship 

between the ice and the atmosphere. It seems likely that the atmosphere and ground ice 

table communicate though diffusive transfer, given the similarity of predictions of ice 

table depth and extent based on models (e.g. Chamberlain, 2006; Mellon et al., 2004) and 

what has been observed on Mars by the GRS instrument (Boynton et al., 2004). However, 

it is certain that the regolith, and particularly the fine dust, communicate with the 

atmosphere on a short timescale. As a result, this may imply that the “exchangeable” 

reservoir of water on Mars is even more fractionated then has previously been thought. 

 

How big a reservoir is the regolith? First data on the specific surface area of Martian 

regolith is required. Viking data (Ballou et al., 1978) suggests a value of close to 17m2g-

1 for a bulk value. Surprisingly, this value suggests a smaller particle size then the 1.6 

micron windblown fines. This suggests either that the particles may be porous on a very 
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small scale, or that a significant fraction of the regolith is made up of material small 

enough to hide in the laminar boundary layer and thus too fine to be lofted by the wind. 

As such, no assumption will be made about changes in the specific surface area with 

depth. 

 

Next a quantity of regolith is required. This demands a communicable regolith thickness. 

No doubt this will vary geographically, from being very thin on much of the northern 

plains where the depth to ice is small, to much larger values in impact basins and in the 

polar ergs where sediment accumulates. This problem has been considered before by 

other authors and the estimate from Zent and Quinn (1995) of 5-15m will be used as a 

characteristic value. Note that at typical diffusivities of Martian regolith of 1.7x10-4 m2s-

1 (Chevrier et al., 2008) this implies a diffusion timescale of 1.5 to 13x105s or 1.6 to 15 

Martian days, thus any adsorbed material would be sensitive to the seasonal cycle. Given 

this depth of material a total of approximately7-22x1014m3 of regolith should be 

available, or, using the bulk density of JSC-1, about 5.8-17x1018kg. 

 

It is known that water vapor can displace carbon dioxide vapor on adsorption sites as the 

heat of desorption of water vapor is much greater then that of carbon dioxide (Zent and 

Quinn, 1995). As such, the presence of CO2 can be ignored. Thus, a worst case will be 

assumed in which all sorption sites are occupied. Using equation (10) from Chevrier et al. 

(2008), and the assumptions above the carrying capacity of the martian regolith is 

approximately 2.7-7.9x1016kg. This is consistent with spectroscopy of the regolith from 
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orbit using the OMEGA spectrometer on Mars Express (Milliken et al., 2007) which 

suggests a surface concentration of 2-15wt% H2O depending on the geographic location 

of the measurement. While smaller then the amount of water vapor sequestered in the 

polar caps, this amount is much greater then the atmospheric water vapor content which 

never rises above about 1.5x1010kg (100 precipitable microns) in recent times.  

 

5.5.2 Geographic variations in D/H due to adsoption 

 

As a result, given the expected interplay between the regolith and the atmosphere, 

preferential adsorption of one species over another could have a significant effect. First 

and foremost, given the fractionation factor between the gas and the dust near 210K of 

about 1.5, the D/H ratio of adsorbed particles should be close to 9 times VSMOW as a 

global average. However, recalling that the spectroscopic measurements of D/H were 

conducted using the full martian disk, it is worthwhile noting that equatorial latitudes will 

contribute more strongly to the HDO signal, since their projected area and share of the 

martian disk, as viewed from earth, is greater. Furthermore, given that the emission 

pressure is ~5mBar (Bjoraker et al., 1989) the portion of the atmosphere being measured 

is close to the surface only for the disk center. Higher latitudes, particularly in the 

northern hemisphere where the elevations are lower will inherently be surveying higher 

altitudes. 
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It is possible to calculate what latitudinal distribution of D/H ratios would give the 

observed value of 5.5 x VSMOW.  Neglecting differences in the observed D/H ratio in 

the atmosphere with height, this can be written as: 
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This expression is valid for any arbitrary distribution of D/H ratios with increasing 

latitude, φ. For the simplest possibility, a distribution in D/H ratios that varies linearly 

with latitude, and arbitrarily fixing the D/H ratio in the polar regions at 1 x VSMOW it 

can be determined that a peak enrichment at the equator of only 8.6 x VSMOW is 

required to match the observed D/H ratio. 

 

Given this potential bias in the D/H measurements of the Martian atmosphere is there any 

mechanism which would enhance the D/H ratios in equatorial regions and at higher 

altitudes at the poles? To answer this question, possible cycles involving martian dust 

must be considered. Near the poles, ground ice is known to exist, as well, the sublimation 

of the polar caps produces high values of water vapor in the atmosphere. Thus, the 

regolith will be in equilibrium with a fairly high water content portion of the atmosphere. 

If this material is then moved from the polar regions to the equatorial band, for instance, 

by a dust storm, it will tend to bake out. This process will release material that is heavy in 

deuterium into the atmosphere (where it will exchange with H2O in the equatorial 
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regolith) as the transported particles achieve a new equilibrium. Once the particles return 

to the polar regions, they will once again preferentially adsorb deuterium-enhanced 

material. In this way, heavy material will preferentially travel towards the equator. This 

scheme only works, however, if most of the adsorbed mass held by the regolith is 

desorbed upon arrival at the equator.  

 

Another possibility is that the signal from the equator is the last remnant of ice deposited 

at the equator during times of high obliquity. Since essentially all of this material has 

migrated to the poles in the present era, fractionations of Deuterium could be very high. 

The reason for this is that a combination of the kinetic isotope effect and the long 

diffusion times required by sublimation through regolith will cause Rayleigh 

fractionation to occur in the ice as it evaporates. The heaviest portion of the evaporating 

gas will be captured and further fractionated in the regolith. Once the ice has been 

entirely removed, the regolith will gradually become heavier as well; HDO being more 

tightly bound to the surface then is H2O. Thus, as the regolith proceeds down the 

Langmuir isotherm towards lower pressures, additional enhancement will occur. 

 

A full examination of these two effects is beyond the scope of this dissertation; however, 

both of these are possible as a direct result of the preferential adsorption of HDO. In the 

case of the first, this is obvious for grains which are not enriched will not change the 

distribution of D/H geographically no matter their movements. In the second, two 

separate effects work in concert. The first is the large reduction in the escape rate of 
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molecules as a result of adsorption. As we have seen, adsorption acts to as a buffering 

device on changes in pressure creating a lower observed diffusivity during changing 

pressure conditions even after a long period of time. This in turn allows more time for 

solid state diffusion in any icy layer to homogenize that layer. Thus a more Rayleigh-like 

fractionation of the buried ice occurs. As the adsorption is more effective at reducing the 

escape rate of HDO compared to H2O (at least in the Langmuir regime) this remaining 

ice may be more easily fractionated. Furthermore, once the ice is gone, the regolith will 

be in equilibrium with the most highly fractionated gas. This means that the material that 

remains as adsorbate will be even more heavily enriched in D then is possible simply 

from an evaporating ice layer. 

 

5.6. Discussion 
 
5.6.1 Limitations of the Experimental setup 
 

While the experimental setup attempts to provide a simulation of the martian surface, 

there are limitations which prevent this approximation from being ideal. The most 

obvious of these is the interface with the outside world provided by the chamber walls. 

The entire chamber was vacuum jacketed to reduce the amount of interaction, however, 

this was still significant with the few watts of radiant energy from the outer walls of the 

container adding up to almost 2000W/m2 equivalent (15.2W total) at the liquid nitrogen 

heat exchanger. The net result is an unrealistically high heat gradient through the ice 

layer, regolith and gas headspace. This has several effects. 
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First, the ice surface was warmer then expected. This can be compensated for, to an 

extent, by relying on the temperature sensors close to the ice surface and the downward 

flux. Given the composite thermal conductivity of the ice layer and steel walls of 3.182 

Wm-1K-1, the difference between the basal temperature and the temperature of the 

actively sublimating surface, 3cm higher in the stack, is up to 19K warmer. While this 

does not directly affect the results obtained, it may changes where each of the points plot 

on the temperature axis. However, the pressure calibration tells a different story. Here, 

the results suggest that the ice surface temperatures are within ±2K of the basal 

temperatures, using the saturated vapour pressures for ice. 

 

This discrepancy could be the result of the ice pulling away from the walls. This is 

certainly unexpected due to the higher thermal contraction of stainless steel when 

compared to ice. However, the evidence from the temperature sensors, particularly T8, 

the sensor at mid-level to the ice, is hard to explain otherwise. A significant and sudden 

increase in temperature at the ice surface of 10K was noted immediately whenever the 

chamber was filled with CO2 up to 6.1mBar. One possibility is that the carbon dioxide 

helped to facilitate heat transfer with the hotter chamber walls higher in the chamber and 

the viewing window. However, given the thermal capacity of the ice and the rate at which 

the temperature increase occurred, this seems unlikely. More likely is that heat transfer 

over a gap between the ice and the steel suddenly accelerated such that the temperature 

read off T8 was a closer approximation to reality. 
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This, however, brings up two other temperature related points. First, given that the higher 

we go in the chamber the hotter the walls, it seems unlikely that the carbon dioxide 

temperature is comparable to the ice surface. However, given the orientation of the 

chamber with hot walls on the top and a cold sample on the bottom, convective heat 

transfer is discouraged which should maintain a colder headspace at the bottom. 

Furthermore the low thermal conductivity of the gas should effectively decouple it from 

the walls. Secondly, warmer headspace gas and potentially warmer regolith should act to 

inhibit regolith condensation and increase the carrying capacity of the headspace itself. 

The fact that material condenses on the regolith in spite of this suggests that the 

condensation is very highly favored. 

 

The chamber walls themselves, in addition to supplying unwanted heating to the system 

also provide unwanted sites for water molecules to be adsorbed. Luckily, the increased 

heating on these walls discourages the adsorption of molecules during the experimental 

runs, however, they are the source of a background signal of up to 0.4Pa in H2O and 

0.04Pa in HDO. This is non-negligible for runs below a basal temperature of -70°C, and 

limits the range of temperatures that may be explored with the apparatus. However, the 

walls do not appear to have a significant isotopic effect. This can be seen in figure 32 

where the D/H ratio rises when the lamp is turned on. If contamination were significant, 

it would be expected that the D/H ratio would fall as the walls, rich in light water, 

degassed.  
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A second limitation is the spectrum of the lamp used. Since this was not solar, it could 

have had an effect; however, it is expected to be minor. The main purpose of the lamp 

was to supply a variable heat flux from above equivalent to solar heating on the northern 

plains of Mars. This has been confirmed by measuring the changes in the sample with the 

light on and off and the corresponding changes in the observed flux. 

 

Third, JSC MARS-1 is not identical to Martian regolith. There are similarities in terms of 

magnetic properties (Allen et al., 1981; Morris et al., 1990; Morris et al., 1993) as well as 

spectroscopy and chemistry (Allen et al., 1997) but there are also significant differences. 

Martian soils are almost certainly more oxidizing (Hunten, 1979) which could interfere 

more with diffusion of interacting species such as water. More significantly, based on 

Viking Gas Exchange (GEX) measurements of the specific surface area of martian soils 

of 17m2g-1 (Ballou et al., 1978), a significant fraction of the weight of martian soil is 

made up of extremely fine particles. For a uniform grain size of spherical particles this is 

equivalent to a particle size of 0.14 microns (Moore et al., 1979), however, as Clifford 

and Hillel (1983) point out, Martian soils are likely made up of a number of different 

grain sizes. Even so, they found that the vast majority of particles were required to be less 

then 1 micron in size, a distribution not supported in JSC MARS-1 is much larger then on 

Mars. However, Clifford and Hillel (1983) also point out that the presence of smectite 

clays or other extremely high specific surface area grains of more then 100 m2g-1 can 

skew the distribution and allow for more large particles. In the end, this may not be a 

major difficulty as the diffusivity was not found to vary significantly with grain size. 
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However, the possibility exists that this will change when dealing with extremely fine-

grained soils. 

 

The final significant limitation of the system is the gas flux. This was tuned such that the 

mass spectrometer could operate in an ideal way, but is the throughput of water vapour 

reasonable for Mars? This is considered with the main temperature of interest, -70°C. At 

this temperature, a typical ultimate pressure was 0.5 Pa which corresponds to a flow rate 

away from the sublimating surface of 2.1x1015 molecules s-1 m-2. Using the advection 

model of Toon et al. (1980) it is possible to determine the flux for this pressure, 7x1017 

molecules s-1 m-2. This means that the minimum flow rate away from the surface is 

significantly higher on Mars then it is in the simulation chamber. This is a concern, but 

was an unavoidable one. The only way to rectify the flux would be to increase the 

pumping power of the system to give a flow rate 100 times greater for the same pressure 

drop. This would require a system capable of pumping on the order of 7000l/s, much 

more then is practical in a small setup, and beyond the budget for this experiment. 

 

5.6.2 Motivation for a transect/coring of the polar caps 
 

From the results obtained in section 5.5, it appears that the highly fractionated nature of 

martian water cannot be explained entirely by adsorption on regolith, even though this 

effect may contribute significantly. However, there is one set of circumstances under 

which large fractionation is possible. This possibility arises as the isotopic evolution of an 

icy solid can be portrayed as a competition between sublimation and solid-state diffusion 
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(Moores et al., 2008; Brown et al., 2008). Sublimation attempts to create an enriched 

surface layer by preferentially removing lighter molecules from the surface. Solid state 

diffusion attempts to extend this enrichment to the entire sample by eliminating isotopic 

concentration gradients. 

 

By placing this ice sample underneath a regolith that restricts the flow of molecules, such 

as is the case with the polar layered deposits on Mars, the scale is tipped in favour of 

solid-state diffusion. This means that the ice will undergo Rayleigh fractionation whereby 

very high enrichments in deuterium can be realized if the reservoir size becomes very 

small. This is the same argument that is typically employed for the whole of Mars in 

analyses arguing that the highly fractionated nature of the martian atmosphere implies 

great water loss from the system, i.e. to space. In the case of the regolith ice reservoir, if 

it has ever been entirely removed at any point over martian history, then the last solid to 

be deposited on the polar cap may be very enriched. If it is this material which is 

currently represented in the atmosphere then the atmospheric value would have very little 

to do with the bulk concentration of deuterium in Martian water and whether Mars has 

been severely depleted in water over geologic time.  

 

Furthermore, the cap itself shows numerous episodes of advance and retreat which could 

also fractionate water vapour on the surface of the cap (Moores et al., 2008; Brown et al., 

2008). Thus to truly understand the history of water on Mars, samples need to be taken 

from all three reservoirs; the atmosphere, which has been extensively studied, the 
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regolith, as the Phoenix Mission will do in 2008, and especially the deep polar cap. This 

last reservoir is particularly valuable as it may contain a record of past climate change on 

Mars longer then any equivalent record on the Earth with variations that are much larger 

in magnitude.  

 

To properly assess the meaning of any variation, it is important to have an understanding 

of how long variations will last. For instance, if the spacing between the layers of the 

polar cap is indicative of the amount of material moved over the course of an obliquity 

cycle (Laskar, 2002; Milkovich and Head, 2005) the calculation can be made for the 

length of time the resulting enrichment in the remaining ice layer will persist. Using the 

observed spacing on the order of 10m between dark units in the polar layered deposits we 

have a total enhancement of ~15mol/m2 each obliquity cycle using the results of Moores 

et al. (2008) which are consistent with the fractionation factors found in this work. Next, 

the RMS displacement of a molecule moving in three dimensions, analogous to solid 

state diffusion, can be written (Glicksman, 2000) as:  
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It has been suggested (Brown et al., 2008) that this expression is a good approximation 

for a molecule diffusing in one dimension down a concentration gradient in solid ice. 

Furthermore, if we assume that the ice – now buried below the annual temperature wave 

with most vapor pathways filled in – remains initially close to the surface, it will have a 
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typical temperature (at high obliquity) of 170K (Larsen and Dahl-Jensen, 2000) and we 

may use a diffusion coefficient of HDO16 into H2O16 of  6.38x10-18m2s-1 (Livingston et 

al., 1998).  

 

Given these values, an easily detectable 1xVSMOW (~20%) deviation in the observed 

D/H ratio will be preserved for 825 million years and the deuterium peak found in the 

stratigraphy of the polar cap ice will have a mean width of 1m. This preservation figure 

should be viewed as a lower bound for near surface deposits since during low obliquity, 

the temperature of the polar cap is on average lower (Larsen and Dahl-Jensen, 2000) than 

during high obliquity. However, deeper deposits, being somewhat warmer should age 

more rapidly. 

 

Still, this preservation age when combined with the depth of the PLD suggests that it may 

be possible to preserve a very long record of climate change in the polar caps on Mars 

provided that vapor diffusion may be suppressed by compaction in the ice sheet. Here the 

D/H ratio may function analogously to the O18/O16 ratio in ice cores on the earth. This 

signal would be best detected by in-situ coring, however, since the Polar Layered 

Deposits are exposed by the polar troughs, it may be possible to detect the climate signal 

by performing a transect with a rover on the surface. 
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5.6.4 Applications to Comets 
 

As a final note, D/H ratios have also been used to infer history on comets (for a more 

complete discussion, see Chapter 4). Like Mars, water is primarily moved on Comets 

through sublimation. Also like Mars, comets have a significant dry regolith overburden 

which separates the sublimating core from escape to space. Thus this regolith may itself 

fractionate as in the experiments conducted here. This sort of effect has been noted in 

several experiments including those conducted at the University of Arizona (Chapter 4) 

as well as the KOSI experiments (Roessler et al., 1992). 

 

However, there are some significant differences which should not be discounted. First, 

unlike the significant back pressures in the experiments detailed in this chapter, the back 

pressure of cometary “atmospheres” should be exceedingly small due to the low gravity 

and free sublimation regime. Secondly the lack of Carbon Dioxide filling pores should 

further increase the diffusivity of the material and may provide more sites for adsorption 

on the regolith, increasing the carrying capacity of this material, and its ability to 

fractionate gas. 

 

5.7. Conclusions 
 

13 separate experimental runs were conducted using the specially constructed TUAQ 

chamber. The conditions in the chamber during the runs were intended to simulate 

conditions on the northern plains of Mars in terms of temperature, atmospheric pressure 



 
 
 

272 

and regolith depth. To this end, 4 different grain sizes and distributions of regolith were 

simulated using various sieved and unsieved fractions of JSC MARS-1 regolith simulant. 

These were then laid down over ice in four different thicknesses ranging from 3mm to 

20mm and at basal temperatures of 188K to 233K. During the runs the partial pressures 

of H2O and HDO in the chamber were monitored by a mass-spectrometer and the 

temperature was recorded at 8 different locations and logged with time. From the 

behaviour of the samples over time, the effective diffusivity of the regolith and the 

fractionation factor of the regolith were derived. 

 

It was found that the movement of water vapor could be well modelled using a 1-

dimensional explicit finite-element code which extended from the ice surface to the RGA 

chamber inlet and bounded by a Dirichlet Boundary Condition at the ice surface and a 

Newmann Boundary Condition at the RGA inlet. This code employed an effective 

diffusivity which included the effects of adsorption in addition to those of diffusion. 

 

When no regolith was in the chamber, the diffusivities derived matched previously 

published results for H2O in CO2. The corresponding diffusivities for HDO were 

indistinguishable from those of H2O, thus carbon dioxide alone cannot significantly 

fractionate HDO. This conclusion remained unchanged when regolith was added and 

experiments were conducted at high (>-55°C) temperatures. This was supported by a lack 

of long-term difference in the D/H ratio and the value predicted by the kinetic isotope 
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effect. However, when the temperature was reduced, a significant difference between the 

diffusivities of H2O and HDO was observed. 

 

In addition to the difference in the effective diffusivity fraction, the slope of the 

diffusivity changes significantly near -55°C. Using values from the run with the natural 

distribution of JSC MARS-1, and modelling the diffusivity as an Arrhenius process, an 

energies of interaction were derived of 10-20kJmol-1 for temperatures above -55°C and 

60-70kJmol-1 for temperatures from -55° to -70°C. The former value is similar to 

published results for the heat of adsorption in the BET regime, and the second is similar 

to results for the Langmuir regime. This argues strongly that the break in the curve is the 

result of the filling of the first adsorbed monolayer. 

 

At all temperatures studied, HDO was preferentially removed from the gas phase 

compared to H2O. At low temperatures in the Langmuir regime, this was the result of 

HDO effective diffusivities that were, on average, 40% lower then similar diffusivities in 

H2O. In the high temperature BET regime, a similar preference for adsoption of HDO 

was observed, but in this case, long term transfer of HDO from the gas to the grains 

appeared to be the cause. 

 

The preferential adsorption of HDO molecules on dust grains allows for processes which 

will segregate HDO latitudinally either by bulk transportation of dusts or through long-

term movement of ice due to climate changes. In both cases, this is driven by the capacity 
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of the dust to hold on to and fractionate water vapor. A simple case was explored in 

which a linear distribution of D/H values with latitude was examined. Arbitrarily the 

polar D/H value was set as unfractionated compared to terrestrial (VSMOW) values. This 

case required very little enrichment in equatorial values, at 8.6 x VSMOW, compared to 

the measured full-disk value of 5.5 x VSMOW. 
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CHAPTER 6: SYNTHESIS AND OVERALL CONCLUSIONS 
 

 

The results of three out of four investigations are positive developments for the potential 

habitability of the northern plains of Mars. First, our investigations into the ultraviolet 

protection offered by the small-scale topography, the nooks and crannies of the martian 

landscape, showed that biological organisms are not at as much of a disadvantage then 

has previously been thought (Stoker and Bullock, 1997). Moreover, traces of any ancient 

organics or other signatures of past martian life should be detectable for a very long time, 

even at the surface (Moores et al., 2007). Next, a consideration of the formation of desert 

soils through the breakdown of clasts showed that rocks in arid contexts can be broken 

down by the action of Sun and water alone (Moores et al., 2008a). This suggests that 

similar processes may operate on Mars where water and Sun are available and the 

expected residence times of rocks are long. This provides a geomorphological method for 

producing soils which will provide refuge for organisms without invoking any other 

weathering processes on present-day Mars. 

 

Finally, two separate investigations into the sublimation of water which attempted to 

simulate the northern polar caps and the regolith ice table, showed that significant 

fractionations of deuterated water molecules are possible (Moores et al., 2008b; Moores 

et al., 2008c). An abundance of deuterated water molecules are the hallmarks of lost 

water, with higher enrichments being characteristic of a greater fraction of lost water. 
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However, it is necessary to reconcile the positive fractionation of water, with more 

deuterium retained by the solid ice and regolith in both cases, from each of the two 

sources. 

 

This can be accomplished by re-evaluating the work of chapter 4 in the light of the 

discussion on adsorption in chapter 5. It was seen in chapter 5 that absorption due to JSC 

MARS-1 can be very significant. Furthermore, during changes in pressure, adsorption 

gives rise to diffusion-like behavior in which the apparent diffusion coefficient is much 

lower then values expected either for Knudsen or molecular diffusion. This provides a 

clue to help interpret the trends in diffusivity seen as the result of a thickening dust 

mantle. The average value of the dust diffusivity observed through the experiments in this 

chapter was 1.1x10-6 m2 s-1 using the KOSI-like analysis or from 1x10-7 to 1x10-8 using 

an effective diffusivity as described in table 5. These values range from two to four 

orders of magnitude greater then the values seen at similar temperatures in carbon 

dioxide in chapter 5 of about 1 x 10-10 m2 s-1. 

 

To reconcile these two values requires consideration of equation [27] in which the 

effective diffusivity is proportional to the actual vapor diffusion rate through the material 

once adsorption has been neglected. For JSC MARS-1 this value has typically been 

measured as 1.7x10-4 m2 s-1 (e.g., Chevrier et al., 2008), which is smaller by an order of 

magnitude from the molecular diffusivity predicted for H2O in CO2 by Wallace and 

Sagan. However, this diffusivity applies only if the regolith is sufficiently thick that the 
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regolith provides a barrier to molecular escape. This is certainly the case in chapter 5, 

however, in chapter 4, the regolith layer is incredibly thin (so much so that it was never 

directly observed) and may not function effectively as a regolith at all. Despite this, many 

molecules would be expected to strike the regolith, many from above, and as such 

adsorption would still be a factor. 

 

As a result, how can we calculate the non-adsorption diffusivity of the chamber? The key 

is to consider the flow of gas in the apparatus itself. The maximum pressure observed at 

the capacitance manometer on the analysis line was ~1Pa and depending upon whether 

the gas is in free molecular flow or continuum flow the temperature of this gas will be 

between 210K and 295K (i.e. depending on whether collisions with the walls are 

important). However, this has relatively little effect on the mean free path which, at 2 to 

2.3cm is larger then the diameter of the walls in the ½ tubing line by a factor of two. 

While this gas is technically within the complex slip flow regime, it is on the free 

molecular flow side, and as the pressure rapidly drops falls firmly into the regime where 

Knudsen diffusion applies. Thus, equation [19] is valid and we can express the diffusivity 

of the system as close to 3 m2 s-1. Since the non-adsorption diffusivity is three to four 

orders of magnitude greater without CO2 then it is with CO2, and the effective diffusivity 

of the former is three to four orders of magnitude greater then the latter there is no 

discrepancy to explain. Adsorption explains both sets of pressure data. 
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Adsorption also provides a convenient explanation for the decrease in the D/H ratio with 

time. As more and more material is excavated, more adsorption sites become available. 

Since the first monolayer is likely unfilled, given the temperatures and pressures 

observed, these extra adsorption sites allow the gas to be depleted more rapidly in HDO. 

As such, it is suspected that this extra deuterated water is, like in chapter five, not 

retained by the ice, but collected by the grains. The result of this analysis is that both the 

polar cap and the ground ice may be isotopically lighter then the bulk atmosphere as the 

regolith can preferentially remove HDO from the sublimate gas during sublimation. 

 

As mentioned in chapter 5, this sequestration of the heavier isotope in the regolith, the 

reservoir which exchanges most easily with the atmosphere, can lead to geographic 

variations in the stable D/H ratio of the atmosphere itself. This depends upon the stable 

water pressure at various latitudes and the abundance and transport of HDO-enriched 

dusts. Chapter five also discussed the inherent bias towards equatorial D/H values in the 

spectroscopic measurement of the D/H ratio from earth-based observations. It was seen 

that it is possible for a slightly higher D/H ratio at the equator to compensate for a much 

lower or even unfractionated value (compared to terrestrial values) at the poles. Given the 

sizes of the polar reservoirs, this could imply that the bulk of martian water does not 

possess a high D/H ratio. At the very least, the ability of the regolith to preferentially 

adsorb HDO means that we can not directly relate the atmospheric value to the bulk D/H 

ratio for water on mars. 
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Instead, the way to determine this is to sample the caps directly and to do it at depth. This 

will also be extremely helpful for studying martian climate and assessing the age of the 

cap or whether there was a significant redistribution of volatiles at higher obliquities that 

could lead to a concentration of HDO at the equator. From the discussion of climate 

signal preservation in chapter 5, we know that deuterated signals will not propagate 

within the caps or the ground ice and thus these reservoirs cannot be considered well-

mixed.  As such, the true history of water on Mars and its significance for life and 

habitability, past and present, lies waiting to be unlocked in the reservoirs of the planet 

hidden below the surface and in the depths of the polar caps. 
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APPENDIX A: ADDITIONAL POSSIBILITIES FOR THE PRESSURE PROFILE 
SEEN IN CHAPTER 4 

 

 

 

This appendix provides a more in-depth examination of the factors which could lead to a 

declining pressure profile. Each in turn is examined in detail and ultimately rejected for 

the experiments documented in this appendix. Recall that the rejected mechanisms were 

comprised of (1) the formation of an isotopic lag, (2) effects relating to a low evaporation 

coefficient, (3) a temperature decline in the surface and (4) photon desorption. 

 

A.1 Isotopic Lag? 
 

The magnitude of the pressure change is simply too great to be a response to a highly 

deuterated surface layer. Even if the entire surface was enriched until it essentially 

consisted solely of HDO, the 60-fold change in pressure seen in Figure 25 could not be 

achieved without the action of another effect at any reasonable sample temperature.  

 

A.2 Low Evaporation Coefficient? 
 

The second, armoring of the surface, depends strongly on the internal conditions inside 

the chamber, specifically the degree of disequilibria. Using the pressure reported from the 

20mtorr capacitance manometer, Figure 25 shows a typical pressure decrease from 

~3x10-3torr to ~4x10-5 torr which corresponds to sublimation rates over the sample 



 
 
 

281 

surface area of ~2x1018 molecules/s to ~2x1016 molecules/s using equations from 

Lebofsky (1975). Over the same period the molecular flux through the QMS declines 

from ~2x1016 molecules/s to ~7x1013 molecules/s.  

 

At first glance, it appears that the chamber can be considered to be nearly saturated with 

relative humidities near 99%. However, this neglects the evaporation coefficient which 

can reduce the rate at which molecules escape the surface. This constant can be taken to 

be one for liquids (Maa, 1967), but even for clean ices it can be lower by two orders of 

magnitude (Davis and Richter, 2004). It is a common assumption that the evaporation 

coefficient and the condensation coefficient are equal. If this is the case, then for ice of a 

given temperature the same pressure and number of molecules will be present in the 

chamber regardless of evaporation coefficient.  

 

However, the removal of molecules from the chamber will impart a greater stress to a 

system with a low evaporation coefficient as this type of system will take longer to 

replace the lost molecules, exhibiting a gradual pressure decline if the rate of removal is 

greater then the rate of sublimation. When the two rates are equivalent it becomes 

possible to calculate the evaporation coefficient by equating equations for both rates: 

 

ationSubQMS dt
dN

dt
dN

lim

=     [38] 
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These can be expressed in terms of the declining pressure in the chamber by substituting 

in the relevant parameters. As the system has a characteristic pressure drop between the 

chamber and the QMS we can equate the pressure in the chamber with the pressure at the 

QMS. There is a slight dependence on the specific chamber pressure (at high pressures 

the pumping efficiency of the QMS is reduced), however, over the pressures of interest, 

we can approximate the system pressure drop as: 

 

 015.0≈= system
chamber

QMS e
P
P

    [39] 

 

Thus, equating the two rates and using equations from Lebofsky (1975) yields: 

 

 

μ
π

γ

SURF
OH

samplesatevap

QMSB

chambersystem

RT
m

AP
Tk

VPe

2
2

=
&

   [40a] 

 

Where V is the volumetric flowrate of the vacuum pump, kB is Boltzmann’s constant, T is 

the temperature at the QMS (assumed thermalized through collisions with the tubing to 

295K) and at the surface of the sample, R is the universal gas constant, μ is the molar 

mass of water, A is the sample area, and γevap is the evaporation coefficient. Solving for 

the evaporation coefficient as a function of chamber pressure yields: 
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μ
π

γ SURF
OH

QMSBsatsample

chambersystem
evap

RT
m

TkPA
VPe 2

2

•

=   [40b] 

 

Note that these are the values of the evaporation coefficient and chamber pressure once 

the pressure has stabilized. Also, it will be assumed that the saturated pressure is roughly 

equal to the initial or maximum pressure. As a result it is now possible to solve this 

equation. For the solid ice run described in Brown et al. (2008) and analyzed previously 

here, the terminal chamber pressure is ~7x10-2Pa and the value of γevap is ~ 3x10-4. This is 

an extremely small value. If the assumption is made to trust the temperature sensor in this 

case, as it refers to a case with solid ice, the corresponding change in TSURF (from 216K to 

211K) and Psat (from 0.011torr to 0.0057torr) result in an increase in the value for the 

evaporation coefficient to 5.6x10-4. 

 

It is possible to use equation 11b to determine upper bounds on the evaporation 

coefficients of the dusty samples. The results are displayed in Table 6, in the 6th column. 

It is important to note that since no dusty sample came to pressure equilibrium over the 

course of the run, these values are only upper bounds, and it is assumed that if the 

samples were permitted to sublimate for longer periods the observed pressure and 

evaporation coefficient would also continue to decline. From the data in the table it is 

clear that only two dusty runs have higher evaporation coefficients then the pure ice 

sample. If those runs lasting less then 10 days are excluded, all samples have lower 

evaporation coefficients. This supports the expectation that the formation of a dust lag 
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will cause a decrease in the rate of sublimation and hence the pressure observed in the 

chamber. 

 

While this explanation of the pressure decline as the result of low evaporation 

coefficients tends to hang together well, with the exception of the extremely low values 

derived, there is one counter argument which is difficult to ignore. The time required for 

the pressure decrease appears to be too long. This will be discussed next in terms of time 

scales. 

 

The simplest way to calculate the mean residence time of molecules in the system is to 

divide the total number of molecules in the system at any time by the rate at which 

molecules are removed from the system. In order to overestimate this parameter, it will 

be assumed that the pressure in the sample chamber exists in all the system tubing up to 

the mass spectrometer and that all molecules are at the sample temperature. When a 

sample is running, there is approximately 10cm of headspace in the chamber (100cm3) 

and the open line consists of 2m of ½” tubing (<253cm3). As such, the mean residence 

time of a molecule will be: 

 

VeT
VVT

Tk
VPe

Tk
PVV

systemsample

tubingchamberQMS

QMSB

chambersystem

sampleB

chambertubingchamber

residence &&

)(
)(

+
=

+

=τ   [41] 
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The value of this constant is maximized for smaller values of Tsample with all other values 

fixed. Using the minimum reasonable temperature from Table 5 of 174K for this value, 

the mean residence time of molecules in the system is ~0.5 seconds. In fact, if the system 

is modeled purely as a mass balance on the sample chamber with only sublimation, 

condensation and pumping permitted, the resulting solution to the differential equation 

for the number density of the chamber with time for the basic solid-ice case is: 

 

N(t) = 8.016x1015+1.637x1017e-2.285t  molecules/m3   [42] 

 

which gives a time to 90% of the steady state value of 1.26 seconds. This is much shorter 

then the actual time required of 11 hours or more. As a result, the observed pressure 

decline cannot be due to a low and static evaporation constant, but instead requires a 

change in the evaporation constant which parallels the change in the pressure. 

 

Thus, while the pressure decline might imply a changing evaporation constant, a low 

evaporation constant does not have any explicative value on its own. While some of the 

decline in the evaporation coefficient may be the result of the creation of a dust lag layer, 

especially in the latter part of dusty runs when the pressure undergoes many jogs, the fact 

that declines occur for samples that are not dusty implies that this part of the curve cannot 

be explained entirely by a dust lag. As such, some other mechanism such as a change in 

the surface temperature of the sample is required. 
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A.3 Temperature Decline? 
 

Anomalously low evaporation coefficients have been suspected to occur due to 

evaporative cooling of the near surface of icy samples (Maa, 1967) due to latent heat loss. 

As such, the pressure decline may be the result of an actual decline in the temperature of 

the sublimating surface. Even so, the form of the pressure declines is not typical for a 

thermal process. It was expected that once the lamp was illuminated, the sample would 

begin warming until a new equilibrium state was achieved with a higher pressure 

observed in the chamber. Thus it is suspected that a change in the temperature of the 

sublimating surface due to equilibration of the sample though diffusion cannot explain 

the temperature curve. However, to prove this assumption, the pressure decrease as a 

result of heat diffusion must be modeled. 

 

The sudden exposure to vacuum and the heating lamp causes a step change in the 

boundary conditions of the sample which must propagate to the sample bulk. This results 

in a change in the thermal state of the sample with time as the bulk and surface 

equilibrate according to: 

 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
Δ+= ∞ )(2

·)(
0ttD

xerfTTtTSURF     [43] 

 

Where TSURF is the temperature of the sample surface at time t, t0 is the time at which the 

step change in conditions occurred, D is the heat diffusivity of the sample, T∞ and ΔT are 
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the temperature of the surface at infinite time, and the magnitude of the step change in 

temperature between the two equilibrium states. Note that in order to write this equation 

explicitly for the surface temperature, the bulk is considered cold compared to the surface 

and the process is modeled as an absence of heat diffusing upwards. As the temperature 

of the sublimating surface is related to the equilibrium vapor pressure near the frost point 

by (CRC, 1997): 

 

 5426.72.2664log10 +
−

=
T

P       [44] 

 

It is possible to write an equation for the pressure change expected for a thermally 

diffusive sample: 

 

5426.7

)(2
·

2.2664)(log

0

10 +

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
Δ+

−
=

∞ ttD
xerfTT

tP    [45] 

 

This equation was fit to the observed pressure decline curves. Only for the solid icy 

sample of Brown et al (2008) was the fit reasonable. Even in this case, the value obtained 

by curve fitting, assuming a diffusive length of the sample geometric mean of 3cm, the 

diffusivity of the ice was far too low at 6.5x10-8m2/s. 
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A much more troublesome problem is the lack of any decline in the temperature sensors. 

As these sensors are sensitive to the temperature and pressure changes that occur during 

cascades, and after the lamp is initially illuminated, it seems unlikely that a cooling by 

20K or more, even of a small area, could go unnoticed. Additionally, given that the 

samples are prepared by cooling in liquid nitrogen, it is expected that they will warm, not 

cool. Furthermore, in a thermal process, the surface would be expected to warm 

monotonically without cooling until the heat source (the lamp) is removed. Since this is 

not what is observed, it argues strongly against a thermal origin for the pressure decline 

observed. 

 

A.4 Photon Desorption? 
 

While equation 45 is a poor fit to the pressure decline, equation 43, written in terms of 

pressures instead of temperatures produces a good fit to most datasets. The value of the 

diffusivity is provided in Table 6 for all samples and all represent reasonable values for 

their thermal diffusivities, given their porous state. This suggests that the pressure decline 

has to do with the distribution of lattice energy in the sample which is transferred 

analogously to heat though molecular collisions. A hint to the mechanism comes from 

early experiments conducted under vacuum with the same apparatus in which samples 

were warmed using the cold finger instead of using a lamp. These samples acted 

thermally and did not exhibit a decline in pressure. As such, it seems likely that the 

introduction of the lamp may be the root cause of the pressure decline. 
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A possible mechanism of the pressure increase and subsequent decline is a phenomenon 

known as photon desorption. In photon desorption, photons of a particular wavelength 

collide with surface molecules whose sublimation energies equal that of the incoming 

photon. The result is that the molecule is emitted (sublimated) from the surface. As such, 

there will be a gap in the Boltzmann energy distribution of the surface corresponding to 

the energy of the emitted molecule which must diffuse from the interior to be replaced. 

Additionally, if the missing energy is close to the average thermal energy of the sample, 

this will occur without a net loss or gain of heat. 

 

Photon desorption can explain the pressure profile better then any other mechanism. 

Once the lamp is illuminated, molecules at the surface with just the right energy are 

rapidly emitted, providing the rapid initial increase in pressure. This continues until that 

energy state is depleted in the surface, at which point further sublimation above the 

thermal level requires diffusion of that energy state to the surface. The result is a decline 

in pressure driven by the diffusion of energy within the sample without a corresponding 

temperature change.  

 

For this effect to be significant there must be a sufficient flux of photons at the most 

common energy of sublimation. Since the enthalpy of sublimation of water ice near 200K 

is 51 kJ/mol (CRC, 1997) or 0.531eV/molecule, the photon wavelength of interest is 

2.3μm. This wavelength is well within the pass-band spectrum of the sapphire glass 



 
 
 

290 

window. However, there are simply not enough photons, by orders of magnitude, near 

this wavelength available to explain the resulting pressure rise (Muralidharan, 2008). 
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APPENDIX B: BLUEPRINTS AND EXPERIMENTAL TIMELINE FOR THE 
SYSTEM DESCRIBED IN CHAPTER 5 

 
 

 

This appendix contains the blueprints which became the basis for the machining of the 

Apparatus discussed in Chapter 5 along with a timeline of the sample runs which were 

completed. The original design is by John Moores with suggestions for improvements by 

Chuck Fellowes and Bill Verts incorporated into the design shown here. Larry Acedo of 

the University of Arizona Research Instrumentation Center (URIC) performed the 

machining while Marty Valente at the University of Arizona department of optical 

sciences performed the polishing of the FSQ Window. 

 

This diagram only shows the sample chamber and does not display any piping or control 

system diagrams. These are shown in Cartoon form in Chapter 5. Additionally, the LN2 

Heat Exchanger coil designed and built by Bill Verts and Brett Lawrie at the Lunar and 

Planetary Laboratory Machine Shop is not shown. As well, additional vacuum bushings 

developed by John Moores and Brett Lawrie and machined by Brett Lawrie at a later 

stage to improve the seal in the chamber and repair a deficiency in the original gas port 

O-Ring seals are not shown.  
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Figure 34: Blueprint of Fully Assembled System. 
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Figure 35: Blueprint of Base Plate Layout 
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Figure 36: Blueprint of Gas Management Feed-Through Collar 
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Figure 37: Blueprint showing Non-Machined Hardware 
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Figure 38: Blueprint of Reducing Plate 
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Figure 39: Blueprint of FSQ Window Retaining Ring 
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Figure 40: Blueprint of Inner Sample Chamber 
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Figure 41: Timeline of Measurements from Chapter 5 for reference 
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Figure 42: Timeline of Measurements from Chapter 5 for reference 
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APPENDIX C: X-RAY DIFFRACTION (XRD) SCANS OF SIMULANT MATERIALS  
USED IN CHAPTERS 4 AND 5 

 
 
 
 

This appendix contains a set of X-Ray Diffraction (XRD) scans of the JSC MARS-1 

simulant materials used in the experiments described in chapters 4 and 5. A total of seven 

samples were analyzed including three sizes of sieved JSC MARS-1, a powder created by 

crushing, water settling and desiccation dubbed “Niven Dust,” and three representative 

samples of material recovered after experimentation. As the graph shows, there is very 

little difference in the set of samples, this suggests that the crystallography and 

mineralogy of the samples changes little as the result of dessication, sublimation and that 

all size fractions contain similar materials – indicating a very homogenous sample. The 

legend for the graph is provided below with the graphs themselves overlain on the next 

page. 

 
Table 12: XRD Scans of Analog Materials 

 
Designator Grain Size  Description  

 
JM1      >550um  material recovered from July 24, 2cm run (Appendix B)     
JM2      106-150um  material recovered from Aug11, 0.5cm run (Appendix B) 
JM3      1-10um  material recovered from Aug20, 0.3cm run (Appendix B) 
JM4      1-10um Niven Dust prepared by grinding and water settling 
JM5      <75um      Dry-Sieved JSC-1 
JM6      >550      Dry-Sieved JSC-1 
JM7      106-150um      Dry-Sieved JSC-1 
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Figure 43: Combined XRD Scan of the seven analog materials from table 12 
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APPENDIX D: PAPERS CURRENTLY IN PUBLICATION OR IN PRESS 
 
 
 
This section contains reprints of the first-author papers which formed the basis for 

chapters 2 and 3. These are: 

 
D1: Moores, J.E., Smith, P.H., Tanner, R., Schuerger, A.C. and Venkateswaran, K.J. 

2007. The Shielding Effect of Small-Scale Martian Surface Geometry on 

Ultraviolet Flux. Icarus. 192 pp.417-433. 

 
D2: Moores, J.E., Pelletier, J. D. and Smith, P.H. (2008) Crack propagation by 

differential insolation on desert surface clasts. Geomorphology. In-Press doi: 

10.1016/j.geomorph.2008.05.012 

 

Both journals are part of Elsevier B.V. whose author rights/acceptable use policy 

http://www.elsevier.com/wps/find/supportfaq.cws_home/rightsasanauthor] states: 

“As an author, you retain rights for a large number of author uses, 
including use by your employing institute or company. These rights are 
retained and permitted without the need to obtain specific permission 
from Elsevier. These include:  

…the right to include the article in full or in part in a thesis or 
dissertation (provided that this is not to be published commercially)” 

Specific licenses from the publisher have been obtained to reproduce both of these papers 

in full and have been included here prior to the presentations of each paper. 
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APPENDIX D1: THE SHIELDING EFFECT OF SMALL-SCALE MARTIAN 
SURFACE GEOMETRY ON ULTRAVIOLET FLUX 

 

 

 

Reference: 

 

Moores, J.E., Smith, P.H., Tanner, R., Schuerger, A.C. and Venkateswaran, K.J. 2007. 

The Shielding Effect of Small-Scale Martian Surface Geometry on Ultraviolet 

Flux. Icarus. 192 pp.417-433. 
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APPENDIX D2: CRACK PROPAGATION BY DIFFERENTIAL INSOLATION ON 
DESERT SURFACE CLASTS 

 

 

Reference: 

 

Moores, J.E., Pelletier, J. D. and Smith, P.H. (2008) Crack propagation by differential 

insolation on desert surface clasts. Geomorphology. In-Press doi: 

10.1016/j.geomorph.2008.05.012 
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