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Abstract
Understanding the physical properties as well as the potential for organic material
in the Martian near-surface environment can give us a glimpse into the history of the site
with regards to water, soil formation processes, as well as the conditions necessary for
life. This work is done to support the interpretation of data from the Phoenix Mars
Lander as well as other past and future landed missions.
The Antarctic Dry Valleys are a hyper-arid cold polar desert that is the most
Mars-like place on Earth. Soils from two different soil and climate regimes are analyzed
to determine their physical properties such as mineralogy, particle size, shape, color, and
specific surface area. These data are used to describe the sample locations in Antarctica
and infer properties of Martian soils by comparison to Antarctic sites. I find that the
particle size distribution can be used to determine the water history of the site and that the
behavior of soluble species in the soil can also be used to trace the movement of water
through the soil and could be instructive in understanding how soil organic material is
processed by the environment.
Continuing with the theme of soil organic matter, we revisit the Viking
conclusions with regards to organics on Mars and look at the Phoenix data on the same
subject. First, we assume that Mars receives organic material from meteoritic infall.
These organics will be processed by chemical oxidants as well as UV light down to 200
nm. Chemical oxidation is predicted to produce molecules such as mellitic acid, which
could preserve up to 10% of the original organic mass. Using mellitic acid and other
similar organic molecules, we irradiate these molecules with Mars-like ultraviolet light,
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analyzing the gases that come off as irradiation takes place. We find that organic
molecules can survive Mars-like UV conditions as layers of UV-resistant organics build
up, shielding the remaining organic material. Additionally, the gas products of
irradiation depend on the composition of the original organic molecule, implying that
even irradiated molecules will carry some information about the composition of the
original molecule.
Finally, we take this irradiated organic/soil stimulant mixture and analyze it via
pyrolysis, similar to the Viking GC/MS and TEGA instruments that are the only
instruments operated on Mars capable of detecting organics. We find that the pyrolysis
of mellitic acid (and other similar) molecules primarily produces inorganic fragments but
that the reduced carbon fragments released depend on the composition of the original
organic. However, the introduction of perchlorate, discovered on Mars by the Phoenix
Lander, complicates the issue by creating the conditions for molecular oxidation. The
high-oxygen content and high pyrolysis temperatures lead to organic combustion during
thermal analysis, meaning that, regardless of the initial composition, most soil organics
will be oxidized to CO2 during the detection process. By assuming that organic material
was oxidized to CO2 in the Phoenix and Viking samples. We show that this assumption
gives organic concentrations consistent with meteoritic accumulation rates. This finding
reopens the possibility for organic molecules in the near-surface environment at the
Viking and Phoenix landing sites.
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Chapter 1 – Introduction
1.1

Astrobiology
Though the discipline of astrobiology is relatively new, the questions it addresses

are not. The 2008 Astrobiology Roadmap [Des Marais et al., 2008] establishes the
overarching questions addressed by astrobiology as:
1) How does life begin and evolve?
2) Does life exist elsewhere in the universe? And
3) What is the future of life on Earth and beyond?
These are three lofty questions that address the nature of life itself. Astrobiology asks
questions regarding our origins, our future, and our place in the universe and as a result, it
has broad public appeal. This broad interest in topics related to astrobiology is manifest
in the media attention given to the astrobiological implications of any space mission,
when the actual science is frequently more focused on geology, chemistry, or geophysics.
Another bit of evidence is that the film Avatar, which definitely includes aspects of
astrobiology, is currently the highest grossing film in history. Clearly, both scientists and
the general public are interested in the study of astrobiology because it addresses who we
are and we are fascinated by what else might be out there.
However, as every serious student of astrobiology knows, the field has an
elephant in the room so large that it must be mentioned frequently. That is, for all of our
experiments, models, and hypotheses, when it comes right down to it, we have a data set
with a sample size of one: Earth. Everything we know about life is colored by the fact
that we only have one example. This fact has many implications. First, it creates a
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problem of definition. At every astrobiology conference I‘ve ever attended, there has
been a discussion on how to define life [Cleland and Chyba, 2002]. The end result of
every one of those discussion is best stated: we‘ll know it when we see it. As a scientist
who participates in space missions and designs laboratory experiments, this is a catch-22.
How can one construct an instrument designed to detect life if we have no clear definition
of what life is? To get around this problem, the current assumption in the astrobiological
community is this: even though there might be other forms of life, we will focus first on
detecting earth-like life elsewhere and then go from there. Though we may be missing
life that we don‘t know how to search for, the discovery of another example of earth-like
life with an independent genesis would be an incredible discovery that would provide a
crucial second data point to the field of astrobiology.
An alternative to looking for life itself is to look for the building blocks of life,
organic molecules. Though looking for organics as a sign of life requires the same
assumption that other life will be based on the same biochemistry as earth life, detecting
organics is easier than detecting life. To date, organic molecules have been detected in
the interstellar medium, in asteroids, comets, in the atmosphere and on the surface of
Titan, in the plumes of Enceladus, and have been postulated to exist on Europa [Chyba
and Phillips, 2002; Ehrenfreund and Charnley, 2000; Israel et al., 2005; Lorenz et al.,
2008; Waite et al., 2006]. Despite the existence of organic molecules, it is unlikely that
life as we know it exists any of these places as they are all so cold that the biochemical
reactions necessary for life would occur too slowly. However, it is possible that transient
events such as an impact could create high enough temperatures for life on Titan, specific
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locations in the interior of Enceladus could be warm enough for life, and there may also
be possible geothermal heat sources at an ocean/rock interface on Europa. Based on our
current knowledge, these scenarios are possible, but may not be very likely, and in any
case, they are very difficult to investigate.
One place that we know receives organic material (though we have yet to detect
it), is warmer than Europa and Titan, had extended periods of liquid water activity as well
as a warmer past, is Mars. Mars is an ideal place to look for a second genesis of life as it
is the most accessible planet with the most earth like conditions. As such, much attention
has been devoted to searching for life, and organics, on Mars.
1.2

Astrobiology and Mars
Since the 1600s when newly-invented telescopes were first turned to Mars, the

idea of life on Mars was widespread. Even prominent scientists such as Christiaan
Huygens simply assumed that other planets harbored life [Sheehan, 1996]. Over the next
two centuries as more and more was learned about Mars, the debate over life on Mars
continued. The debate peaked around the turn of the century in the early 1900s when
Percival Lowell (among others) championed the existence of Martian ―canals‖. To
Lowell, these canals were indisputable evidence of intelligent life on Mars and he
championed his cause with a series of public lectures and books culminating with his
work Mars and its Canals. Though popular with the public, Lowell‘s theories were never
widely accepted by the scientific community and were disproved by telescopic
observations as early as 1909.
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Though the existence of Martian canals, and therefore any evidence for intelligent
life on Mars, had been disproved, the idea of Mars as a habitable world continued well
into the 20th century. Werner von Braun, one of the chief architects of the space age,
wrote as late as 1956 that Mars is, ―a small planet of which three-quarters is cold desert,
with the rest covered with a sort of plant life that our biological knowledge cannot
encompass‖ [Portree, 2001]. It was not until the first close-up images of Mars were
returned by Mariner 4 in 1965 that the idea of widespread vegetation on Mars was
permanently debunked (see Figure 1.1). Even though Mariner 4 returned images of a
moon-like world that seemed unlikely to harbor life, Mariner 9 (the first spacecraft to go
into orbit around Mars), returned views of large volcanoes and ancient riverbeds, reviving
hope for the presence of life, albeit in a much more limited form, on Mars.
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Figure 1.1 – An image taken by the Mariner 4 spacecraft on July 15, 1965. The Mariner
data showed a planet much more similar to the moon than the Earth, disproving theories
of widespread life (at least vegetation) on Mars that had been long-held. The largest
crater in the image is Mariner crater (named after the spacecraft), which is about 250 km
on a side. (Image courtesy of NASA)
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The Viking mission is without a doubt the most ambitious Mars mission
attempted to date. The two landers and two orbiters that made up the project were
designed with equally ambitious (if not more so) scientific goals: to search for life on
Mars. The scientists and engineers behind the Viking project knew that searching for life
on Mars was ambitious and could fail; however, they believed that the question was
important enough to warrant the risks. Norman Horowitz, a biologist at Cal Tech who
participated in the Viking mission said this about the search for life:
"The search for life on Mars is not sustained by optimism about the outcome.
Anyone who is carrying on this work because he is sure he is going to find life, I
think, is making a mistake. The search is sustained by the tremendous importance
that a positive result would have, scientifically and philosophically, and until then
we are obliged to continue the search." [Ezell and Ezell, 1984]
The Viking life detection instruments returned confusing results, with control runs
returning positive results for biological activities as well as the runs on Martian samples
[Horowitz et al., 1977; Klein, 1977; Levin and Straat, 1977; Oyama and Berdahl, 1977].
Along with the life detection package, the Viking landers carried a molecular analysis
instrument capable of detecting organic as well as inorganic molecules. This instrument,
consisting of a gas chromatograph and a mass spectrometer (GC/MS), failed to detect
organic material in any of the four Martian soil samples it analyzed. These results,
coupled with those of the life detection experiments, lead to the following statement
about the possibilities for life on Mars:
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Viking not only found no life on Mars, it showed why there is no life there.... the
extreme dryness, the pervasive short-wavelength ultraviolet radiation... Viking
found that Mars is even dryer than had previously been thought... The dryness
alone would suffice to guarantee a lifeless Mars; combined with the planet's
radiation flux, Mars becomes almost moon-like in its hostility to life [Horowitz,
1988].
This view of life on Mars, while not universally held, has been the a priori assumption
regarding life on Mars since the Viking Project.
The discovery of methane in the Martian atmosphere [Formisano et al., 2004;
Krasnopolsky et al., 2004] has challenged this overly pessimistic view and breathed new
life into the search for life on Mars. Furthermore, the atmospheric methane seems to vary
both temporally and spatially which is very strange as the temporal variations are on
timescales two orders of magnitude shorter than what is predicted from photochemical
loss rates [Mumma et al., 2009]. Either biologically or geologically, Mars must be alive
in order to produce this methane signature.
1.3

The Phoenix Mission
One of the stated goals of the Phoenix Mars Scout Mission was to assess the

habitability of the Northern Plains of Mars [Smith et al., 2008]. Along with other
instruments with the ability to characterize the chemistry, mineralogy, and some physical
properties of the site, the TEGA (Thermal and Evolved Gas Analyzer) instrument aboard
the Phoenix Lander was the first instrument operated on Mars since the Viking GC/MS
instruments capable of detecting organic molecules. On May 25, 2008, Phoenix landed at
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68.22° N, 234.25° E (areocentric) in an area of the Northern Plains that is covered by
polygonal terrain. This patterned ground is associated with a high hydrogen signal
detected by the Gamma Ray Spectrometer on the Mars Odyssey spacecraft [Boynton et
al., 2002], which was interpreted to be due to a shallow ice table. To assess the
habitability of the landing site, the Phoenix Lander carried instruments capable of
determining the air and soil temperature of the site, the thermal inertia of the soil, the
soluble chemistry of the soil, some aspects of soil mineralogy, as well as the depth to the
ice table. The overall summary of the habitability of the landing site is discussed in
Stoker et al. [2010], a paper on which I am a co-author, and will not be discussed at
length here.
The impetus for this work was my involvement in the Phoenix mission as a
science team member and represents lab work to support the interpretation of data from
the Phoenix mission. If the earth is a laboratory for astrobiology, then Mars is currently
the best and closest field site. And though it may be the best field site, it is still rather
difficult and expensive to reach which is why terrestrial analogues, such as the Antarctic
Dry Valleys, are used to inform our understanding of Mars.
1.4

Antarctica and Mars
As shown in Figure 1.2, Mars is currently colder and more arid than the Antarctic

Dry Valleys (ADV), which are among the coldest and driest locations on Earth.
However, Mars has not always been as it is today. Over the past 25 Ma, Mars‘ obliquity
has been as high as 45° [Laskar et al., 2004]. This high obliquity results in the transport
of large amounts of water from the polar caps to lower latitudes, which could produce
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transient episodes of a slightly warmer and wetter climates at some locations on Mars
[Richardson and Mischna, 2005]. These conditions would cause portions of Mars to be
more similar to the ADV for short periods of time. Similar to the Northern Plains of
Mars, large portions of the ADV contain wet permafrost (ice) in the soil column. This
wet permafrost is present either as massive ground ice or ice-cemented soil [Bockheim et
al., 2007]. The Phoenix Lander uncovered nearly pure water ice a few centimeters below
the surface on the side of a polygon as well as ice-cemented soil closer to the polygon
center [Smith et al., 2009].
Along with the similarities in climate, the ADV are also strikingly Mars-like in
their hostility to life. One of the most interesting things to notice when looking at photos
of the dry valleys is that there is almost no vegetation, which is incredibly rare on the
Earth. Despite the lack of widespread macroscopic vegetation, the ADV are not totally
devoid of life. For example, some bacteria/archaea have carved out a niche for
themselves living underneath a few millimeters of rock [Friedmann, 1982]. These
endolithic microbes survive in conditions of extreme cold and aridity, and could provide
a useful analogue for the type of organism that might survive on Mars. In addition to
being almost totally without macro-scale biology, the dry valleys are notable in that a
Viking-like instrument was unable to detect any organic molecules in one particular
Antarctic soil, despite the fact that the soil had 0.03% Allison organic carbon (Allison
carbon is a measure of the total reduced carbon of a sample extracted by wet combustion
according to the Allison method [Allison, 1965; Allison, 1960]). For these reasons, the
ADV are the best terrestrial analogue for Martian studies.
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Figure 1.2 – A plot comparing the ADV with Mars as a function of temperature and
precipitation. Morphogenetic regions for climate-based geomorphology on Earth are also
listed. Present-day Martian conditions are plotted in red by latitude (30, 50, and 60).
Conditions at the terrestrial locations such as the Taylor Dome (T), Vostok (V), and
Beacon Valley (B) are also plotted. Inferred temperature and precipitation for Antarctica
during the last glacial maximum (LGM) is also plotted and is the most similar to presentday Martian conditions. P10 is a calculated value for ancient Mars with a 1000 mbar
atmosphere and P3 is the modeled value for 300 mbar [Baker, 2001].
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1.5

From Antarctica to the lab
Although Antarctica is a good analogue for Mars in general, some questions are

best addressed in a laboratory setting. Chapters 3 and 4 of this work address the question
of organics on Mars; while Antarctic samples could be useful as an analogue for Martian
soils (and have been used as such), the controlled environment of a laboratory is
necessary to resolve specific questions. For example, while it is useful to know that a
Viking-like GC/MS analysis of a particular Antarctic soil did not return a positive result
for organic molecules, it is very difficult to know why, as the soil could be different
compositionally, could have different salts, a different history, a different age, etc. By
carrying out experiments in the lab, I am able to change specific parameters and
investigate the effects of those changes in a controlled environment. Though these
experiments do not perfectly imitate conditions on Mars, they can lead to insight that
allows us to better understand Martian data.
1.6

This Work
This dissertation includes three chapters describing work I have performed as a

graduate student at the University of Arizona. In all cases, I am the lead author and these
chapters show my scientific contribution and conclusions. My work on Antarctic soils
was performed as part of a larger team of scientists including Peter Smith, Leslie
Tamppari, Doug Ming, Chris McKay, Julie Quinn, Sam Kounaves, and Susanne Douglas.
While team discussions contributed to my understanding of the sites and soil processes in
general, the work reported here is my own as are the conclusions. Mercer Medding, at
the Center for Environmental Physics and Mineralogy soil physics laboratory at the
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University of Arizona, performed the particle size, specific surface area, and XRD
measurements and was instrumental in helping me understand the data sets. My work on
putative Martian organics was greatly aided by the assistance of Hiroshi Imanaka, Mark
Smith, Peter Smith, Bill Boynton, and the LPL machine shop staff who provided valuable
input in instrument design and experimental setup.
1.6.1

Antarctic Soil Analysis
The 2007-2009 International Polar Year is a large scientific program focused on

polar science in both the Arctic and the Antarctic. As part of the IPY, a group of Phoenix
mission scientists proposed to make measurements in the Antarctic Dry Valleys that
would be similar to the experiments conducted by the Phoenix Lander on Mars. Along
with those measurements, samples would be gathered in order to perform more in-depth
laboratory-based analyses. The overall goal of the team was to produce a data set that
would serve two functions: 1) it would contribute to the field of Antarctic science by
characterizing select sites in a comprehensive, interdisciplinary manner and 2) it would
take data that could be compared to Phoenix data and would lead to a better
understanding of the Phoenix landing site by making inferences based on Antarctic data.
During the 2007-2008 Antarctic summer, many samples were gathered from pits dug in
Beacon Valley, University Valley (a lateral hanging valley flowing into Beacon Valley),
as well as the lower Taylor Valley adjacent to Lake Fryxell. We decided to focus our
efforts primarily on two pits in locations with different climate regimes, one in Taylor
Valley and one in University Valley.
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My role in this effort, which is written up in Chapter 2, was to measure the
physical properties of the soils from each site. I measured the mineralogy, particle size
distribution, specific surface area, porosity, and sand particle color and size at multiple
layers for each site. These parameters, along with the soluble salt concentration of each
soil layer (measured by another team member) can be used to construct a history of the
site with regards to temperature and the movement of water through the soil profile.
These measurements, and others that will be reported on elsewhere by the entire team, are
useful in characterizing the habitability of the site. For example, the mineralogy can
affect the chemicals available for metabolism and the abundance of clay minerals can
increase the preservation of organic material. The conclusions drawn from this work are
valuable in understanding the dry valleys as well as making predictions regarding the
physical properties of Martian soils.
1.6.2

Irradiation of Organic Material
Notwithstanding the presence of clay minerals or other possible preserving agents

in the Martian soil, organic materials in near-surface Martian soils will be subject to
harsh UV-irradiation conditions. Due to Mars‘ near total lack of an ozone layer, the
Martian surface receives UV light down to 200 nm [Cockell et al., 2000; Patel et al.,
2002]. This will be true for organics delivered meteoritically, produced photochemically,
or biogenically by any organism in the near-surface environment. The high UV flux has
been used by many to explain the apparent lack of organic compounds in the top 10 cm
of Martian soil as reported by Viking [Chun et al., 1978; Stalport et al., 2009; Stoker and
Bullock, 1997; ten Kate et al., 2005; ten Kate et al., 2006]. The results of Stoker and
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Bullock are what initially piqued my interest in this subject as they reported detecting
methane as a product of glycine photolysis which I believed could have been a possible
source of atmospheric methane if it were true.
The work that I have conducted adds significantly to the body of knowledge
previously cited for the two primary reasons: first, I use an organic molecule (and others
similar to it) consistent with what is predicted to survive on Mars after the chemical
oxidation of meteoritic organic material [Benner et al., 2000]. And second, the one
article that does use mellitic acid (the organic predicted in the Benner et al. paper)
performs their irradiation experiments on a pure substance, which produces different
results than when an organic is mixed with a powder simulating a soil. The organic/soil
mixture more closely matches Martian conditions, resulting in more physically realistic
results. In this chapter, I show that the lifetime of Martian organics could be significantly
longer than that reported for pure organics due to the formation of a self-shielding layer
of photolyzed organics, the presence of perchlorate, and the attenuating affects of the soil.
1.6.3

Pyrolysis of Organic Material
The pyrolysis experiments in chapter 4 follow directly from the irradiation

experiments of chapter 3. As previously mentioned, any organic that exists in the nearsurface environment—which I‘ll define here as the top few tens of centimeters of soil,
including that which has been sampled by Viking and Phoenix—has been exposed to
ultraviolet light. To date, the instruments that we have sent to Mars to analyze these
organics have relied on pyrolysis to evolve reduced carbon fragments for analysis. As
will be discussed in greater depth, neither Viking nor Phoenix detected any reduced
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carbon fragments but this does not rule out organics in the soil for a few reasons. For
example, the discovery of large amounts of perchlorate in the soil at the Phoenix landing
site [Hecht et al., 2009], which produces a large amount of oxygen during thermal
decomposition, could very well lead to the destruction of soil organics during analysis. I
show how this is possible and quantify the upper limits of organics at the Phoenix and
Viking landing sites based on the quantity of CO2 evolved by TEGA and the Viking
instrument during pyrolysis.
1.7

Conclusion
The combination of this work on Antarctic soils as an analogue for Mars and

laboratory studies of possible Martian organics provides insight into aspects of the
Martian near surface environment. Developing hypotheses regarding the physical
properties of Martian soils and the potential distribution and concentration of possible
organic materials in the soil provide important direction for future studies and improve
our knowledge and understanding of the Red Planet.

28
Chapter 2 – Physical Properties of Arid Soils
2.1

Introduction
As part of the 2007-2009 International Polar Year, a team of scientists affiliated

with the Phoenix Mars Scout Mission traveled to the dry valleys of Antarctica to gather
soil samples that could be analyzed with Phoenix-like instruments in order to compare
the results with those that would be gathered on Mars. Additionally, the samples could
be examined by X-ray diffraction (XRD) to determine soil mineralogy, gas adsorption to
determine specific surface area, and particle size analysis to name a few, all standard
tools for terrestrial soil analysis that were not performed by the Phoenix Lander. This
approach has the following benefits: first, we are able to characterize the Antarctic soils
that were sampled, helping to better understand soil formation in hyper-arid cold polar
deserts. Second, by comparing our measurements to similar measurements taken by
instruments on the Phoenix Lander, we can find areas of overlap between Mars and the
Antarctic Dry Valleys. Lastly, we can use these areas of overlap to infer unmeasured
properties of the Martian soil/environment based on measurements made of Antarctic
samples.
The Antarctic Dry Valleys (ADV) are a series of predominantly ice-free valleys
with a total surface area of ~4000 km2 that are classified as a hyper-arid cold-polar desert.
The valleys are located in the central Transantarctic Mountains and are bounded on the
west by the East Antarctic Ice Sheet and on the east by the seasonally frozen Ross Sea.
The valleys range in elevation from sea level at the coast to ~2000m near the polar
plateau. The valleys receive some direct snowfall in addition to snow blown off the polar
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plateau (with the ratio between the two varying based on exactly where the valley is
located), but the rate of evaporation/sublimation in the valleys is higher than the
accumulation rate so little permanent snow cover develops [Marchant and Head III,
2007]. Mean annual air temperature in the ADV ranges from -18 to -30°C and mean
annual water-equivalent precipitation ranges from <10 to 100 mm/year [Doran et al.,
2002]. The sub-freezing temperatures lead to extensive permafrost (perennially frozen
ground), with three distinct types of permafrost being present in the ADV. The first is
dry permafrost, which is where the soil temperature is below 0°C but there is no ice
present. Dry permafrost accounts for 43% by area of the ADV. The second is icecemented soil, where water ice fills the pore spaces in soils. This type of permafrost
represents 55% of the ADV. The third is massive ground ice/buried ice, which is mostly
pure ice mixed with some soil, representing about 2% of the ADV area [Bockheim et al.,
2007]. Polygonal terrain (also known as patterned ground) is seen throughout the ADV
and is generally interpreted as being diagnostic of buried ice or ice-cemented soil
[Marchant and Head III, 2007].
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Figure 2.1 - A Landsat 7 image of the Antarctic Dry Valleys. The location of the
pits in University Valley and Taylor Valley are marked.
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2.2

The Antarctic Dry Valleys as a Martian analogue
The hyper-arid, extremely cold conditions of the ADV have long made the region

an area of interest for comparative planetology with respect to Mars. Due to its lack of a
thick atmosphere and distance from the sun, Mars is an extremely cold planet with an
annual mean temperature of 211 K. In the current epoch, the Martian surface receives
little to no precipitation, with the only directly observed precipitation being trace amounts
of snowfall at the Phoenix landing site [Whiteway et al., 2009]. As the temperatures are
so cold, almost any Martian soil could be characterized as ―permafrost‖, as only a small
volume of soil on Mars ever exceeds 0° C. Despite the widespread occurrence of
permafrost, some Martian environments are more comparable than others to the ADV. In
2002, the Gamma Ray Spectrometer aboard the Mars Odyssey orbiter reported the
detection of a large quantity of subsurface ice in the top meter of regolith in Martian high
latitudes [Boynton et al., 2002]. This discovery provided the impetus for the Phoenix
Lander to investigate the Northern Plains region of Mars with a suite of instruments
designed to, among other things, find the ice and measure properties of the ice and soil
[Smith et al., 2008].
The ADV provide a good terrestrial analogue for Mars; with little precipitation,
extremely cold temperatures, relatively low humidity, little biological activity, and
widespread buried ground ice, the ADV are very Mars-like. The Northern Plains of Mars
share many of these qualities, though to a more extreme degree in every case. For these
reasons, the ADV are perhaps the best terrestrial analogue for the Phoenix landing site;
therefore, investigating the soil characteristics in the ADV will help us to better
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understand soil formation processes in cold hyper-arid environments on both the earth
and Mars.
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Figure 2.2 - Polygonal terrain in the Antarctic Dry Valleys and on the
Northern Plains of Mars. (top photo credit: Dave Marchant/National Science
Foundation, bottom photo credit: NASA/JPL-Caltech/University of
Arizona/Texas A&M University)
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2.3

Antarctic Soil Regimes
Campbell and Claridge [1969] subdivided the zonal soils of the ADV into three

distinct classifications: subxerous, xerous, and ultraxerous. Marchant and Denton [1996]
devised a similar classification based on microclimate and geomorphology, which was
subsequently revised in 2007 [Marchant and Head III], dividing the ADV into three
microclimate zones, with Zone 1 being the coastal thaw zone, Zone 2 the inland mixed
zone, and Zone 3 the stable upland zone. As this work is primarily focused on soil
properties, I will use the classification scheme of Campbell and Claridge, but note that
subxerous soils are generally found in the coastal thaw zone, xerous soils in the inland
mixed zone, and ultraxerous soils in the stable upland zone.
Subxerous soils occur in regions that have higher temperatures and precipitation
relative to other ADV sites. As such, they are found primarily in coastal regions in some
parts of the dry valleys. The temperatures and precipitation that form subxerous soils
also result in small streams and lakes which thaw during the summer months. The ice
table in such regions is generally fairly shallow due to the higher moisture content. The
soluble salt content of subxerous soils is generally low as they have been leached out and
removed by the abundant moisture. Subxerous soils also show more signs of chemical
weathering and secondary mineral formation is more common, often leading to higher
clay content.
Xerous soils are the most widespread in the ADV. Temperatures and
precipitation are intermediate between subxerous and ultraxerous soils. Soluble salt
concentration is generally lower than that of ultraxerous soils and is distributed
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throughout the soil profile. Chemical weathering is more advanced than in ultraxerous
soils and the moisture supply is sufficient to allow for some leaching and removal of
soluble species from the profile.
Ultraxerous soils are the least developed and experience the lowest temperatures
and least precipitation. Ultraxerous soils are typically found at high altitudes and
adjacent to the polar plateau. As there is little soil moisture, ultraxerous soils are usually
dry permafrost regions, but there are some areas with ice-cemented soils at depth.
Ultraxerous soils frequently have a very distinct, visible salt horizon up to 10 cm thick
composed primarily of nitrates. The salts are thought to be the residue of precipitates
from snow that sublimes away before melting [Campbell and Claridge, 1982]. These
soils are dominated by physical weathering due to the cold temperatures and lack of soil
moisture [Bockheim, 1997]. The dominant soil forming processes are salinization, or the
accumulation of soluble salts, and rubification, the general reddening of the soil due to
hematite formation [Bockheim, 1990]. Ultraxerous soils are the product of
environmental conditions that are most similar to Mars.
Though the three soil types can appear very different, the cause for the differences
can almost always be broken down to one controlling factor: the availability of moisture
at a given site.
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2.4

Sample Locations
Samples were collected from two primary sites, the first in the lower Taylor

Valley adjacent to Lake Fryxell, and the second from University Valley, a lateral hanging
valley above Beacon Valley near the Quartermain Mountains. The Taylor Valley site is
located at 77° 36‘ 06‘‘ S, 163° 08‘ 19‘‘ E at an elevation of 22 ± 5.5 m, which is in the
coastal thaw zone following the Marchant and Head microclimate zone classification.
The pit was dug ~300 m from Lake Fryxell and a few tens of kilometers from the Ross
Sea (see Figure 2.3). The Taylor Valley site has widespread polygonal terrain with
individual polygons 3-5 meters across which can be seen from the aerial view as well as a
picture taken from a helicopter of a location near the site (Figure 2.3). The morphology
of this site is similar to that seen at the Phoenix Landing site. Data taken at a
meteorological station near Lake Fryxell from 1987-2000 give an average mean annual
temperature of -20° C with a mean annual maximum of -16.7° C and a mean annual
minimum of -23.1° C. The absolute maximum and absolute minimum were 9.2° C and
-60.2°C, respectively [Doran et al., 2002].
The soil surface consists of desert pavement (see Figure 2.4) mixed with glacial
till, volcanic ash, and possible lake sediments from the nearby Lake Fryxell [Quinn et al.,
2010]. The parent materials for Taylor Valley soils include gneiss, schist, dolerite,
sandstone, and perhaps pyroclastic ash. The pit was dug in the center of an ice-wedge
polygon where there is less soil disruption due to cryoturbation, maximizing the
possibility of finding distinct soil horizons.
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Due to the low elevation and proximity to Lake Fryxell, the active zone—or the
depth to which soil temperature exceeds freezing for some portion of the year—extends
to the ice-cemented soil with liquid water moving through the column during summer
months. Soil samples from each distinct soil horizon were gathered at the Taylor Valley
site starting with the surface and extending down to 28 cm where the ice-cemented soil
was encountered. Portions of the ice-cemented soil were gathered and melted in order to
analyze the soil in the top few centimeters. A total of eight different soil samples were
gathered from the Taylor Valley pit.
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Lake Fryxell

Figure 2.3 – Images of the Taylor Valley site. The upper two images are USGS aerial
photos of the Lake Fryxell area (accessed at the Antarctic Geospatial Information Center
website). Sample locations are marked with yellow stars. The bottom image is a picture
taken near the sample site from a helicopter (image courtesy of Doug Ming).
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Figure 2.4 - The surface of the Taylor Valley site before the pit was excavated. There is a
well-developed desert pavement with fewer large rocks than the University Valley site
(Photo courtesy of Doug Ming).
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Figure 2.5 - The Taylor Valley pit. Notice the desert pavement at the surface as well as
one or two possible ancient surfaces around 10 and 18cm. The pit ends at the hard, icecemented permafrost layer ~28 cm below the surface (Photo courtesy of Doug Ming).
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The University Valley site is located at 77° 51‘ 43.6‖ S, 160° 42‘ 23.8‖ E at an
elevation of 1683 ± 5.9 m in the stable upland zone. University Valley is a lateral
hanging valley that opens into the larger Beacon Valley. There is a small snowfield at
the head of the valley that is fed largely by snow that is blown off the polar plateau. The
valley floor has an armored surface of desert pavement and is composed of various tills
including dolerite, sandstone, and granitic boulders [Linkletter et al., 1973]. The valley is
surrounded by an outcrop of beacon sandstone as well as Ferrar dolerite (shown in Figure
2.7). University Valley has ice-cemented soil whose depth increases with distances from
the snowfield at the valley head [McKay, 2009]. The sample pit was dug about 1 km
from the snowfield where the ice table depth was ~34 cm.
As University Valley is significantly higher in elevation and further inland than
Taylor Valley, it is on average much colder and drier. Though no meteorological data
has been systematically gathered in University Valley, it is at a similar elevation to
Linnaeus Terrace (1600-1650 m) in the Asgard Range. Data collected at this location in
1994 give an annual average temperature of -23.3° C with a maximum of -3.8° C and a
minimum of -42.6° C [McKay et al., 1998]. University Valley has a small snowfield at
the head of the valley that has been present for at least the past 28 years and periodically
has a few centimeters of snow on the valley floor that is blown into the valley from the
polar plateau [McKay, 2009].
As shown in Figure 2.6, University Valley also has significant patterned ground.
As in Taylor Valley, the sample pit was dug in the center of a polygon in order to sample
the most developed soil horizons and mitigate the effects of cryoturbation. Figure 2.8
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shows the surface layer of University Valley is also a well-developed desert pavement.
The site had 3 distinct soil layers before encountering ice-cemented soil at 34 cm.
Samples were taken from each soil horizon as well as from the top few centimeters of the
ice-cemented ground for a total of four samples.
2.5

Sampling Methods
For each pit, soil was excavated and placed onto a tarp in order to allow the pit to

be refilled after sampling was complete. Photos were taken of the sample site before
excavation as well as of the excavated pit. In both cases, the pit was excavated down to
the ice-cemented soil layer. The soils were characterized using standard methods [Burt,
2004; Soil Survey Division Staff, 1993]. Samples were taken from each identified soil
horizon using sterile tools and stored in sterile sample containers. Sampling was
conducted from the bottom up to minimize cross-contamination caused by falling
material. Samples were taken from the entire horizon and mixed to produce a
homogeneous sample. In the results section, some of the data is plotted at particular
depths. This depth is the average depth of the horizon though the data represent the
entire horizon, not just the midpoint. The top 3 centimeters of ice-cemented soil was also
sampled using a sterile hammer and chisel.
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Figure 2.6 – Beacon Valley with a blow-up of University Valley, a lateral hanging valley that opens into the larger Beacon
Valley (Image courtesy of Dave Marchant and Jim Head III).
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Figure 2.7 - Images inside of University Valley. The top picture shows the Ferrar
dolerite (the darker rock in the background), an intrusive igneous rock, with an outcrop of
beacon sandstone in the foreground (the much lighter rock also seen in the second
image). The bottom picture is looking at the headwall of University Valley near where
the pit was dug. (Photos courtesy of Doug Ming).
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Figure 2.8 - Image of the University Valley pit area before it was excavated. Notice the
well-developed desert pavement but with a different size distribution and different color
than the Taylor Valley desert pavement (Photo courtesy of Doug Ming).

46

Figure 2.9 - University Valley pit with depth marked in cm. The ice table is at about 34
cm. Notice the lack of large rocks in the soil profile (Photo courtesy of Doug Ming).
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2.6

Experimental Methods
The focus of this work was to determine the physical properties of the soils. As

such, all 12 soil samples were analyzed to determine their particle-size distribution,
specific surface area, as well as the color ratio and shape of the sand-sized soil fraction.
X-ray diffraction (XRD) measurements were performed on four samples, two from each
site. A sample of only the clay size fraction from each pit was also analyzed by XRD.
The particle-size analysis (PSA), specific surface area (SSA), and XRD measurements
were carried out by the Center for Environmental and Physical Mineralogy (CEPM) in
the Soil, Water, and Environmental Science Department at the University of Arizona.
Measurements of the color (RGB) ratio and the size and shape of the sand-sized
fraction were performed on eight samples in total. As the sand fraction did not vary
much between different depths at the same site, only two samples from each pit were
examined, one from a near-surface layer and one from immediately above the ice table.
Additionally, four samples of Beacon sandstone were analyzed to compare to the soil
samples. Two of the samples were gathered from the west side of Beacon Valley (77°
49‘ 33.8‖ S, 160° 36‘ 7.2‖ E) at an elevation of 1306 meters. Another sample was
gathered from part of a cliff on the east side of Beacon Valley (77° 51‘ 33.8‖ S, 160° 41‘
7.5‖ E, similar elevation) that separates University and Farnell Valleys. The fourth
sample‘s provenance was not documented but it was from another outcrop of Beacon
sandstone.
Particle-size analysis. The particle-size analysis was conducted using a Beckman
Coulter LS 13 320 Laser Diffraction Particle Size Analyzer which can detect particles
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with a size range of 40 nm – 2 mm with 116 size bins. The samples were prepared by
soaking them for 24 hours in DI water on a rotating mixer, then adding sodium
hexametaphosphate as a dispersing agent and mixing overnight. The goal of this
preparation is to break apart any samples that are loosely aggregated. Sodium
hexametaphosphate is used as a dispersing agent to deflocculate clays and to disaggregate
larger sized particles. While soaking in DI water, the samples were also sonicated for
five minutes to mechanically disrupt aggregates. The samples are then placed in water
and circulated through the measuring device where the particle sizes are measured by
laser diffraction. Each sample was run four times and the results were averaged.
Specific surface area analysis. Specific surface area analysis was conducted with
a Beckman Coulter SA 3100 Gas Adsorption Surface Area Analyzer that measures
adsorption isotherms to determine the BET surface area of a sample [Brunauer et al.,
1938]. Each sample was run three times and averaged.
X-ray Diffraction. X-ray diffraction was performed using a PANalytical X‘Pert
Pro MPD X-ray Diffractometer using a Cu-Kα radiation source. X-ray diffraction
measurements were performed on bulk samples from two depths in each of the pits. For
one sample from each valley, the clay-sized fraction was separated from the ice-cemented
soil samples and analyzed separately to determine the clay mineralogy. For in depth
XRD analysis on each layer in both pits, see Quinn et al. [2010].
Particle color and shape measurements. The motivation for microscopic analysis
of the particles comes from the Phoenix Lander‘s scientific payload. The MECA
instrument (Microscopy, Electrochemistry, and Conductivity Analyzer) included an
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optical microscope with a resolution of 4 µm/pixel and a field of view of 512 x 256
pixels. The sample acquisition process was designed so that no particles larger than 200
µm could make it into the MECA instrument. This upper bound on particle size and the
lower bound imposed by the instrument resolution meant that the MECA‘s optical
microscope primarily analyzed a fraction of the sand-sized particles in the soil, which are
50µm-2mm in size according to the USDA soil classification guideline [Soil Survey
Division Staff, 1993]. To see what we could learn from MECA-like data, I analyzed our
samples using an optical microscope with similar resolution.
I used a Zeiss Axioplan 2 microscope, utilizing the 2.5x and 10x objective lenses
and reflected light to illuminate the sample, with a polarizing filter in place as this setup
resulted in the best image results. Images were captured using a Zeiss MRc 5 microscope
camera with a resolution of ~2 µm/pixel at 2.5x and a field of view of 2584 x 1984 pixels
and 0.54 µm/pixel at 10x with the same field of view. Two samples from each sample
site were analyzed as we found that there was not much difference in particle color and
shape at a given site. To investigate the origin of the sand fraction, four different samples
of Beacon sandstone, a major source rock for the area (particularly University Valley)
were analyzed. As we were primarily interested in the sand-sized soil fraction, each of
the soil samples was sieved using a 53 µm sieve so that only sand-sized particles
remained. This was to help remove clay and silt particles which covered the sand grains,
obscuring their color and shape. To preserve the clay and silt separates, the sieving was
done dry, which does not remove as much of the smaller particles as wet sieving, but was
found to be sufficient to obtain the desired results.
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The optical microscope was used to collect three primary data sets: first, a
qualitative description of particle shape, size, and color. Then, between 120 and 140
particles for each sample were individually measured to quantitatively determine size and
color. The particle size was obtained by measuring across the long axis and the short
axis. From this information, we estimated the particle radius and hence its volume but
found the data to be more visible when plotted against the long plus short axis since
plotting against volume compresses the smaller size range where most particles lie. To
determine particle color, RGB values of three points per particle were measured and
averaged. The measurement points were chosen to be representative of the sample as a
whole. For every sample, only single particles were measured, with any obvious
agglomerates or questionable particles ignored in order to obtain accurate values for
particle size. Figure 2.10 is an image of a few sand grains showing how particle size and
color were measured.
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Figure 2.10 – An example of three grains from a University Valley sample measured
using the 10x objective lenses. The long axis and short axis of each grain were measured,
as well as three points per particle where the RGB values were measured then averaged
to determine grain color. The RGB points chosen were those that best represented the
color of the overall grain, excluding the particles coating the surface and/or the effects of
the polarizing filter (which was not an issue with this sample but posed some difficulty
with the cleaner quartz grains from the Beacon sandstone samples).
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2.7

Sources of Error and Uncertainty
There are various possible sources of errors and uncertainty in this work, both

systematic and instrumental. These errors, their impacts, and mitigation strategies will be
discussed here. First, there is the possibility of samples from different soil horizons
mixing during the sampling process. This would create confusing results as it would be
unclear if we were actually sampling different layers. The strategy to mitigate this crosscontamination was previously discussed, namely, sampling proceeded from the bottom of
the pit up to minimize inter-layer contamination. Though errors due to crosscontamination of this nature cannot be ruled out, they were minimal based on the care
taken during sampling and visual observations of the amount of cross-contamination.
Another possible source of error is how the samples were divided amongst the various
team members for analysis. It is possible that the soil is not very homogeneous and some
of the samples analyzed did not represent the bulk layer. These systematic errors would
affect all of the samples in ways that are difficult to quantify after the fact. However,
these possible sources of error were identified before sampling took place and before the
samples were divided, so care was taken to minimize the systematic errors.
Instrumental uncertainties also play a role in this work. The measurements with
the least uncertainty are the particle-size and specific surface area measurements. These
physical properties were measured in a professional lab where calibration measurements
are routinely performed to test the performance of the instrument against a known
standard. The measurements with the most instrumental error are the optical microscope
measurements of the different samples. The size measurements have a relatively low
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uncertainty and could easily be reproduced. The color measurements are a different
matter entirely. The RGB color values are very dependent on the exact lighting
conditions used as well as the specific settings of the image acquisition software
(contrast, brightness, etc.). It would be difficult to reproduce the exact conditions under
which the samples were gathered. Two things were done to minimize the effects of this
error. First, all of the samples images were captured in a short amount of time using the
same light and camera settings. Second, we do not use the absolute RGB values, nor do
we compare our results to other work. In every case, R/B color ratios are used and
comparisons are only made between our samples, which gives confidence that the
differences seen in our data are real and not the result of experimental error.
2.8

Results and Discussion

2.8.1

Taylor Valley Physical Properties.
The measurements of particle size, specific surface area, mineralogy, and textural

class in Taylor Valley combine to form a story consistent with soil formation in a
subxerous environment. As shown in Table 2.1 and Figure 2.11, the surface soil is
predominately composed of sand-sized particles. The clay and silt size fraction rise
steadily with depth, with the exceptions of layer 5 and 6, until there is only 14% sand in
the soil sample taken from the ice layer. The progression of soil texture shown in Figure
2.11 also shows the clear trend of increasing silt and clay with depth. Figure 2.12 is
another representation of the same data, showing that both the clay and silt size fraction
increase with depth at the expense of the sand fraction. This type of particle-size
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distribution shows that the soil structure is largely dependent on the chemical weathering
and physical transport of particles at the site.
After they are produced by the weathering of larger grains, silt and clay particles
are small enough to be suspended in small amounts of water. This allows the smaller
particles to move through soil horizons by a process known as translocation. For
translocation to occur, the following conditions must be met: (1) clay must be dispersible
in the original horizon; (2) there must be periodic movement of water through the profile
for clays to move—soils cannot be too arid or continuously wet; (3) the underlying soil
horizon must be able to receive the clay; and (4) the rate of pedoturbation must be low
compared to the rate of translocation [Nettleton et al., 1987].
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Sample
Number
1
2
3
4
5
6
7
8

Sample
Depth (cm)
0-1
1-9
9-12
12-17
17-20
20-24
24-28
28+

Soil
Description*
D
B1w
2BCjjb2
2BCwb3
2BCo3
2BCz4
2C1
2Cfm2

Taylor Valley
Sand Fraction
Silt Fraction
Clay Fraction Specific Surface
USDA Textural
50µm-2mm (%) 2-50µm (%)
<2µm (%)
Area (m2/g)
Class
92.71 ± 0.52
3.41 ± 0.28
3.88 ± 0.26
1.79 ± 0.02 Sand
87.70 ± 0.48
4.63 ± 0.58
7.68 ± 0.86
4.22 ± 0.05 Loamy Sand
85.53 ± 1.30
5.11 ± 0.40
9.36 ± 0.94
6.73 ± 0.52 Loamy Sand
80.43 ± 0.54 11.11 ± 0.14
8.47 ± 0.60
14.99 ± 0.62 Sandy Loam
54.95 ± 2.00 27.68 ± 1.60 17.38 ± 0.58
37.15 ± 2.10 Sandy Loam
70.50 ± 1.80 12.90 ± 1.05 16.60 ± 0.86
19.21 ± 0.71 Sandy Loam
30.82 ± 2.48 26.63 ± 0.76 42.55 ± 3.08
74.26 ± 2.65 Clay
14.50 ± 0.64 40.93 ± 0.24 44.58 ± 0.78
93.08 ± 0.17 Silty Clay

Table 2.1 - Summary of Taylor Valley soil physical properties. The errors reported for the size fractions and SSA are the 1-σ
standard deviation. *from Quinn et al. [2010].

Taylor Valley Mineralogy
Bulk Sample
Oriented Clay Mount
Quartz
Kaolinite
Albite (plagioclase feldspar mineral) Vermiculite
Biotite (mica)
Illite (hydrous mica)
Kaolinite
Chlorite
Tschermakite
Chlorite-Vermiculite intergrade

Table 2.2 – Summary of Taylor Valley mineralogy from X-ray diffraction analysis. The data presented are from sample 8, but
comparison with Quinn et al. shows that the overall mineralogy does not change much with depth, only the relative
abundances which have not yet been calculated. The oriented clay mount analysis is only performed on the clay-size fraction
in order to determine the clay mineralogy.
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Figure 2.11 – Data from the eight Taylor Valley samples plotted on a USDA Soil Texture
Triangle. With the exception of points 5 and 6, it is clear that the general trend is from a
sandy texture at the surface to a more clay and silt rich
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Ice Table = 28 cm

Figure 2.12 - A graphical representation of the particle-size distribution vs. depth for
Taylor Valley.
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Since our data has clear evidence of translocation, we can draw a few conclusions
about the history of our site. First, there is occasional movement of water through the
soil and has been for a long enough period of time to build up the observed particle-size
profile. Observations made in the field while digging the sample pit confirm that there
was water moving through the soil when samples were gathered [Ming, D.W., personal
communication]. Our measurements indicate that this must be a common occurrence but
without further study, we do not know how long this has been the case as rates of clay
formation and translocation would need to be measured to predict the timescale over
which this has been occurring. The second important conclusion we can draw is that the
rate of cryoturbation is slower than the rate of clay formation and translocation. This is
significant as cryoturbation plays a large role in the formation of patterned ground
[Lachenbruch, 1962] and since our profile was dug in an area of widespread patterned
ground, cryoturbation must be occurring at the site.
Furthermore, the clay content of the ice-cemented soil shows that the depth to the
ice table must be variable on a timescale shorter than the development of the clay particle
size profile. When looking at Figure 2.12, if you had no prior knowledge of the depth of
the ice table, it would be impossible to determine where it was from the particle size
profile as it follows a regular trend with increasing depth. If the ice table had been at this
depth for longer than the clay translocation timescale, there would be a discontinuity (not
just a change that you would expect from increasing depth) in particle sizes across the
boundary. It would be instructive to determine the depth of such a discontinuity (if one
exists) as this might represent the deepest point in the oscillation of the depth to ice-
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cemented ground. The lack of any such discontinuity at the ice table demonstrates that
the depth to ice must vary (at least at the centimeter level) faster than the formation of the
particle size profile.
2.8.2

Taylor Valley Mineralogy and Specific Surface Area
Silt and clay-sized particles are produced by two primary processes. First,

physical or mechanical weathering can break down particles through a number of
different processes: freeze/thaw cycling, insolation effects, aeolian transport,
cryoturbation, etc. The products of mechanical weathering retain the mineralogy and
structure of their parent material. Second, material can be eroded by chemical
weathering, which involves chemical reactions of the parent material, usually with water.
Chemical weathering occurs where there is enough water and a high enough temperature
for chemical reactions to take place. In Taylor Valley, these two conditions are most
likely at a maximum relatively close to the surface. Unlike mechanical weathering,
chemical weathering produces daughter products of a different mineralogy from the
source material. Given a sufficient amount of water and high enough temperature,
chemical weathering is a faster process than physical weathering. Identifying the primary
mechanism of small-particle formation can also help determine the water history of a site.
The mineralogy of the Taylor Valley samples—reported in Table 2.2—shows that
the rate of chemical weathering is greater than the rate of mechanical weathering. The
primary evidence for this is the mineralogy of the clay size fraction. Before proceeding,
we should specify that the term clay can be confusing as it has two distinct meanings.
First, clay refers to a size range consisting of particles <2 µm according to USDA soil
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classification guidelines. Second, the term clay can refer to clay minerals which are
phyllosilicates, a type of secondary minerals that are formed by aqueous weathering of a
parent rock. This alteration tends to form small particles so most clay minerals are also
clays in terms of particle size. However, the opposite is not necessarily true—not all
clay-sized particles are clay minerals. Clay-sized particles can also be produced from the
mechanical weathering of larger grains, resulting in clay-sized particles with the same
mineralogy as the parent material.
As the mineralogy data for Taylor Valley indicates that clay minerals predominate
the mineralogy of the clay-sized particles, we conclude that chemical weathering rates are
higher than mechanical weather at this particular location. Again, this is important as it
supports the view that transient liquid water at the Taylor Valley site has existed for long
enough for clay minerals to completely dominate the mineralogy of the clay size fraction.
The specific surface area (SSA) measurements correlate with the increase in clay
concentration at each level and confirm the XRD data. Clay minerals have a very high
specific surface area due to their structure of alternating tetrahedral and octahedral silica
sheets. The measured values for SSA are consistent with increasing amounts of kaolinite
(10-20 m2/g), vermiculite (40-80 m2/g), and illite (65-100 m2/g) [Mitchell, 1976].
Together, the particle-size, XRD, and SSA data show that the soil at the Taylor Valley
sample site is a typical subxerous soil that experiences seasonal liquid water resulting in
chemical weathering of parent rock to clays which move through the soil and accumulate
at depth.
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Sample Sample
Number Depth (cm)
1
1-9
2
9-20
3
20-34
4
34+

Soil
Description*
Bffowz
C1ffjjo
C2ffjj
Cfm

University Valley
Sand Fraction – Silt Fraction – Clay Fraction Specific Surface
USDA Textural
50µm-2mm (%) 2-50µm (%)
- <2µm (%)
Area (m2/g)
Class
66.92 ± 0.76
12.58 ± 0.12 20.53 ± 0.76
3.50 ± 0.16 Sandy Clay Loam
53.25 ± 1.52
17.00 ± 0.90 29.73 ± 1.52
4.24 ± 0.16 Sandy Clay Loam
72.38 ± 0.10
20.66 ± 0.94
6.97 ± 0.10
3.09 ± 0.35 Sandy Loam
68.50 ± 0.90
21.11 ± 0.92 10.40 ± 0.90
3.81 ± 0.17 Sandy Loam

Table 2.3 - Summary of University Valley soil physical properties. The errors reported for the size fractions and SSA are the
1-σ standard deviation. *from Quinn et al.

University Valley Mineralogy
Bulk Sample

Oriented Clay Mount
Quartz
Quartz
Albite (plagioclase feldspar mineral) Kaolinite
Kaolinite
Illite (hydrous mica)
Biotite (mica)
Chlorite*
Pyrophyllite/Talc*

Table 2.4 – Mineralogy of University Valley sample 4. As with Taylor Valley, the overall mineralogy did not change
substantially with depth so this can be taken as the overall mineralogy. The oriented clay mount analysis represents the
mineralogy of the clay-size fraction. *from Quinn et al.
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2

1
3

4

Figure 2.13 - Data from the four University Valley samples plotted on a USDA Soil
Texture Triangle. There is no discernable trend with depth.
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Ice Table = 34 cm

Figure 2.14 - A graphical representation of the particle-size distribution vs. depth for
University Valley.
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2.8.3

University Valley Physical Properties
The University Valley soil is more difficult to understand as it is very different

from the subxerous Taylor Valley soil and is not a typical ultraxerous soil. As can be
seen from the particle size data in Table 2.3, Figure 2.13, and Figure 2.14, there is no
clear trend with increasing depth. The clay size fraction reaches a maximum in layer 2,
which extends from 9-20 cm below the surface; furthermore, the maximum value of 30%
clay is much smaller than Taylor Valley‘s maximum of 45%. However, this particle size
profile has been seen before in soils around the Meserve Glacier, a cold-based alpine
glacier that empties into Wright Valley. K. R. Everett [1971] reported a distinct increase
of clay content somewhere in the upper 20 cm of soil profiles measured in moraines.
However, the Meserve Glacier area is most likely a xerous, not ultraxerous environment
as it is at a slightly lower elevation [Holdsworth and Bull, 1970] and experiences slightly
warmer temperatures, so this site could still represent an atypical ultraxerous
environment.
As mentioned previously, the occurrence of clay translocation is indicative of the
water history of a site. And though the particle size profile is not as simple to understand
as that of the Taylor Valley samples, translocation is not an all or nothing process and can
be useful in describing University Valley soils as well. We propose that the maximum of
clay-sized particles corresponds to the base of a translocation zone. Above 20 cm, the
soil periodically experiences liquid water and the rate of clay formation and migration is
higher than the rate of cryoturbation. Below 20 cm, translocation is not an important
pedogenic process. This tells us one of a few things about the soil: first, the soil
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experiences very few episodes of liquid water which fits with what we know of the
climate for this location. Second, it is possible that any clays present at depth have been
cemented into larger particles. Based on mineralogy alone, this is a possibility as there is
little difference between the silt and clay mineralogy [Quinn et al., 2010]. However, as
there are clays present in the overlying layer and we expect that the topmost layers should
experience periodic liquid water, a soluble cementing agent (such as a sulfate or
carbonate) would make the most sense. As will be discussed below, this is not borne out
by the abundance and distributions of salt in the profile; therefore, we conclude that the
particle size distribution profile is primarily a result of liquid water (with clay-sized
particles in suspension) penetrating to a shallow depth, below which there is no
translocation of clays.
As with Taylor Valley, the particle size data shows us that the depth to the icecemented ground layer is variable on timescales shorter than the soil formation processes.
This is evident as there is very little difference in the particle size distribution of the soil
in the ice cemented ground and that of the soil immediately overlying the ice table. This
is consistent with a varying ice-cemented ground depth set by the frequency of snow
recurrence [McKay, 2009]. We conclude that the active zone in University Valley during
current climatic conditions is 20 cm or less.
2.8.4

University Valley Mineralogy and Specific Surface Area
The University Valley mineralogy (summarized in Table 2.4) shows that the

Beacon sandstone is the primary constituent of the soil and that mechanical weathering is
the dominant form of erosion at this location. The signature of quartz was so high in the
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XRD data that the instrument software only reported quartz present in the sample and
attributed everything else to noise. This is consistent with the composition of some
members of the beacon sandstone which can be up to 99% quartz [Bernet and Gaupp,
2005; Stewart Jr, 1934]. The fact that the clay size fraction of the University Valley soil
also has a large quartz component shows that mechanical weathering plays a larger role
than chemical weathering in the production of small particles. In Taylor Valley, the clay
sized particles were primarily clay minerals. In University Valley, though some clay
minerals are present, the clay sized fraction is primarily made up of smaller pieces of the
parent material.
The specific surface area measurements confirm this conclusion. Though the
peak in SSA correlates with the peak in clay sized particles, the actual value is so low
(4.24 m2/g) that any clay minerals present cannot be very abundant or they would have a
larger impact on the specific surface area of the sample. Again, even kaolinite, which has
one of the smallest SSAs of any clay mineral at ~20 m2/g should have had a larger effect
on the sample‘s SSA if it were present at the 20% level. Instead we see that sample 2,
which has 23% more clay by volume than sample 3 (the layer with the least clay), only
has a SSA that is 1.15 m2/g larger. The lack of clay mineral formation, apparent from the
XRD and SSA data, are typical of an ultraxerous site with limited soil moisture and
where mechanical weathering is a dominant process in soil formation.
2.8.5

University Valley Salts
As mentioned previously, though University Valley is largely assumed to be an

ultraxerous soil, there are some measurements that do not fit with the typical definition of
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an ultraxerous soil. First, the abundance and distribution of clay-sized particles is more
typical of a xerous soil. And second, reported by Kounaves et al. [2010], the salt
distribution is atypical for an ultraxerous soil. Compositionally, the primary salts
detected in University Valley are calcium sulfates, nitrates, and perchlorates. With the
exception of the perchlorate salts that had never been detected before, the sulfates and
nitrates are typical of ultraxerous soils. In general, ultraxerous soils have a well
developed salt horizon that is easily visible to the naked eye and can be up to 10 cm
thick. The salt is thought to be a residue of windblown snow that falls on ultraxerous
soils and sublimes, leaving sulfates and nitrates which are then mixed into the soil. Even
young ultraxerous soils are observed to have clearly expressed salt horizons. In some
older ultraxerous soils, salts are distributed throughout the profile but do not form a
continuous salt horizon [Campbell and Claridge, 1987].
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Figure 2.15 – Graph of salt abundance and clay size fraction versus depth. There is no
measurement for clay size fraction at the surface because there were no sand sized (or
smaller) particles at the surface, only gravel-sized particles and larger. The values for
Ca2+, SO42-, and NO3- are reported in ppm. ClO4- is 3 times the value in parts per billion
to make it visible on the same scale. Note that for Ca2+ and SO42- there are maxima just
below the surface as well as at depth whereas the other ions only have one maximum.
Also, the maximum in clay content peaks the layer below the general salt maximum. As
mentioned previously, although the points are plotted at the midpoint of each soil layer,
the data represent a homogeneous mixture of soil from the entire horizon (listed in Table
2.3). Error bars on the salt data are at the 10% level and the errors for the clay data have
already been reported.
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As shown in Figure 2.15, the salts in University Valley are concentrated in two
layers, not just one. Also, the picture of the pit itself (Figure 2.9) shows that there is not a
visible salt horizon. This observed salt profile does not correspond to any of the typical
ultraxerous soil salt profiles. It is also interesting to note that the clay profile does not
follow the salt abundances. We believe this can be explained by the different behavior of
salts and clays in water. As mentioned previously, clay particles are small enough to be
suspended in water, allowing them to be translocated downward as water moves through
the soil. On the other hand, salts are soluble in water allowing them to move both
upward and downward through the soil with the water. In an ultraxerous environment,
liquid water will move downward with the force of gravity as long as there is more water
(or a high vapor pressure) above it. However, when water/ice on the surface is removed
by evaporation and sublimation, the water at depth can travel upwards in response to a
moisture gradient. This has been observed in the ADVs as thin layers of salt can form on
freshly dug pit walls as water is wicked to the surface, evaporates, and leaves behind a
salt layer. As salts are carried in solution, they can move with the water as it migrates to
the surface; clays, however will be left behind. Therefore, we believe that the relative
maxima in salt abundance in the 1-9 cm layer is consistent with an active zone that is 20
cm or less deep, with water penetrating to around 20 cm deep, depositing the clays, then
carrying the salts back towards the surface as the snow is evaporated/sublimed away. We
do not yet understand the second peak in Ca2+ and SO42- abundance.
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2.8.6

University Valley Synthesis
The data presented here show that despite being in a climatic zone that should

produce ultraxerous soils, the soils University Valley do not show all the signs of a
typical ultraxerous soil. We propose that this is because of the young age and soilformation mechanisms particular to University Valley. As shown in Figure 2.8, the
surface of University Valley is covered by a desert pavement of larger cobbles.
However, as is readily apparent from the pit itself (Figure 2.9), particularly in comparison
to the Taylor Valley pit (Figure 2.5), there are very few rocks in the soil itself underneath
the surface. This is indicative of an inflationary surface [Dregne, 1976], with the
armored surface being formed as larger rocks are continually moved upward through the
soil as finer-textured material is deposited from above. This fits with the surrounding
geology as the Beacon sandstone formations that surround the valley on all sides are a
weakly cemented sandstone [Bernet and Gaupp, 2005] that is very friable and can easily
be broken apart by hand. This could lead to higher rates of soil formation than in other
ultraxerous locations, which would result in a soil that does not possess all of the
characteristics of a typical ultraxerous soil. For example, a younger, rapidly inflating
ultraxerous soil might not have had the time to build up a visible, thick salt layer, and the
salts would be more distributed throughout the profile as is seen in our data.
2.8.7

Particle Size and Color Ratio
Figure 2.16 shows the size and color analysis for Taylor Valley soils. Only data

from layer 2 and layer 7 are plotted as the other samples were very similar. For the sand
fraction of Taylor Valley, we see that the color of the grains does not change significantly
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with depth. The only difference that stands out between the two samples is that there are
fewer large particles deeper in the profile, which is consistent with the particle-size data
already presented. Larger sand grains are either being excluded from soils at these depths
by some process or are being weathered to smaller grains. Rubification, or the reddening
of particles as caused by released iron oxides that coat quartz particles [Ben-Dor et al.,
2006], does not seem to differ much with depth in Taylor Valley, which is consistent with
the macro-scale observations of the pit.
The color and particle size results for University Valley are shown in Figure 2.17.
As with the Taylor Valley samples, there is very little difference between the two
samples. Between sample 1 and 4 in University Valley, there is almost no difference in
the size of the sand fraction (in line with the particle size data), and very little difference
in sample color, with the exception of a few more smaller, redder particles in the sample
at depth. Overall, University Valley particles have a higher R/B ratio when compared to
Taylor Valley samples, with most University Valley particles clustering between 1 and
1.5 and most Taylor Valley grains falling between 0.9 and 1.3 (the difference in redness
can be easily seen in the pictures of each sample pit). These data show that this color
difference is present in the sand-sized grains as well as the silt and clay sized particles.
The standard deviation for all of the R/B color data as well as the size measurements is
±10%.
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(a)

(b)

Figure 2.16 – Plots of Taylor Valley size and color data. (a) is a plot of the R/B color
ratio versus the long axis plus the short axis for each measured particle. This shows the
relative color of each particle. (b) shows the long/short axis ratio versus the long axis
plus the short axis for each particle. This shows an aspect of the general particle shape.
Only two layers are plotted as the others are very similar. The standard deviation for the
R/B color data as well as the particle size is ±10%.
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(a)

(b)

Figure 2.17 – Plots of University Valley size and color data. (a) is a plot of the R/B color
ratio versus the long axis plus the short axis for each measured particle. This shows the
relative color of each particle. (b) shows the long/short axis ratio versus the long axis
plus the short axis for each particle. This shows an aspect of the general particle shape.
As with Taylor Valley, only two layers are plotted as the others are very similar.
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The Beacon sandstone is one of the primary source rocks for the soil of University
Valley and contributes to the composition of the Taylor Valley soils as well. As such, we
analyzed the sand-sized particles of four different samples of Beacon sandstone for
comparison with soil samples from our two sample pits. The locations from which the
samples were gathered was previously mentioned.
Data from the four different samples of Beacon sandstones are plotted in Figure
2.18. From the clustering of sizes of samples 1-3, we can see that parts of the Beacon
sandstone are well-sorted, while sample 4 has a much larger size range and is more
poorly sorted, both being consistent with different formations in the Beacon supergroup
[Angino and Don, 1962; Bradshaw, 1981]. It is interesting to note that samples 1 and 2,
though taken from the same rock, have measurably different R/B ratios representing
different degrees of oxidative weathering in the same rock. There is a similar spread in
the R/B data of samples 3 and 4. This complicates the picture of soil redness as some of
the reddening could have taken place in the parent rock before deposition in the soil. The
long/short axis (or particle shape data) shows that there is a similar spread of shapes
among all the Beacon sandstone samples. The particles were typically well-rounded,
which is typical of sandstones deposited in a fluvial environment.
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(a)

(b)

Figure 2.18 – Plots of Beacon Sandstone size and color data. (a) is a plot of the R/B
color ratio versus the long axis plus the short axis for each measured particle. This shows
the relative color of each particle. (b) shows the long/short axis ratio versus the long axis
plus the short axis for each particle. This shows an aspect of the general particle shape.
The different data point colors represent the four different Beacon sandstone samples
analyzed.
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The optical microscope measurements of the different soils showed that there is
not much variability in the sand-sized fraction at different sites. Therefore, we found
these data to be most useful in comparing between the sites and the source rock, rather
than within the profile itself. Figure 2.19 and Figure 2.20 plot the data for all eight
measured samples. In order to compare between locations, the data from separate layers
at each site and from the four rocks samples are aggregated based on their origin: Taylor
Valley, University Valley, and Beacon Sandstone. First, it is interesting to note that the
size distribution is similar between the Taylor Valley and University Valley samples
except for the fact that Taylor Valley has more and slightly larger particles on the high
end. The Beacon sandstone data all clusters between ~100 and 1000 µm, showing that
the beacon sandstone is either not the only source of sand-sized particles for both valleys
or that the soil‘s sand-sized particles come from a different formation of Beacon
sandstone that we did not sample. For Taylor Valley, either explanation is a possibility.
For University Valley, the high altitude and its proximity to the polar plateau (which
limits its sources of sand grain deposition), and the fact that it is surrounded by cliffs of
Beacon sandstone, makes the latter explanation more likely.
The R/B data show that the University Valley sands are typically redder than the
sandstones, showing that much of the rubification must be post-depositional. The Taylor
Valley samples have R/B values intermediate to the Beacon Sandstone and University
Valley samples. This shows that some oxidation of the sand-sized soil fraction is taking
place, but the comparison is more difficult to make for Taylor Valley as there are
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different sources for sand-sized particles, whereas the University Valley sands are
dominated by Beacon Sandstone particles.
The particle size versus particle shape data can be used to infer two properties of
the soils analyzed. First, as there are no large particles with a high long:short axis ratio,
these larger particles could have come from another formation of the Beacon sandstone
not represented by our four samples. And second, that it is likely that some of the smaller
particles from both soil samples are not from a Beacon sandstone at all. Beacon
sandstones are typically made up of fairly round sand-sized particles which will have a
low long/short axis ratio (almost always less than 2). The higher ratios seen in both
Taylor and University Valley (with ratios as high as 4) suggest a different source for this
minority of smaller particles. Table 2.5 and Table 2.6 confirm that the differences seen in
the R/B color data between sample populations are statistically significant, as well as for
the TV and UV versus Beacon Sandstone size ratio data, but that there is no significant
difference in the size ratio measurements of TV and UV sand-sized particles.
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(a)

(b)

Figure 2.19 – Color ratio comparison between different sites. (a) is a scatter plot of the
R/B color ratios of sand grains from Taylor Valley, University Valley, and Beacon
Sandstone samples. (b) is a histogram of the R/B data showing clear differences between
the sites. Though there is clearly a great deal of overlap between the samples, the Beacon
Sandstone samples have the lowest R/B ratios, with Taylor Valley and University
Samples getting progressively redder.
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(a)

(b)

Figure 2.20 – Size ratio comparison between the different sites. (a) is a scatter plot of the
long/short axis ratio (or particle shape) versus the long axis plus the short axis (or particle
size). (b) is a histogram of the same data showing that the long/short axis ratios are not
significantly different between the three sites. Furthermore, the long/short axis ratio is
close to 1, which would be true for perfectly round grains, showing that the sand-sized
particles in these three locations are consistent with aeolian processes shaping the grains.
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T-Test Results for R/B Data
Samples being
T-value
Two-tail P value
Significant?
compared
TV-UV
12.02
1.92 x 10-29
Yes
-6
TV-BSS
4.68
3.44 x 10
Yes
-12
UV-BSS
7.22
1.49 x 10
Yes
Table 2.5 – T-test results from color ratio data. These data show that the differences
between the three sand-sized particle populations are statistically significant. The t-value
as the two-tail P value are reported for each case. The P value is the probability of error
in accepting that they are different populations.

T-Test Results for Size Ratio Data
Samples being
T-value
Two-tail P value
Significant?
compared
TV-UV
0.076
0.94
No
-4
TV-BSS
3.84
1.41 x 10
Yes
-5
UV-BSS
3.95
9.15 x 10
Yes
Table 2.6 – T-test results from size ratio data. These results are similar to the previous
table, except that in this case, the t-test was performed on the size ratio data. We find that
there is no statistically significant difference between the Taylor Valley and University
Valley samples but that the Beacon Sandstone samples represent a different population of
size ratio particles.
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2.9

Implications for Mars
As mentioned previously, aside from learning more about the nature of ADV soils

themselves, the Dry Valleys can be used to better understand Martian soils. As Mars is
very cold and very dry in terms of the climate zones previously described, the entire
planet would likely be classified as ultraxerous based on its extreme aridity. Though
Mars is colder and drier than both Taylor Valley and University Valley, insight can be
gained by using ADV data to postulate the possible physical properties of Martian soil.
Furthermore, though Mars is currently a cold and dry planet, it has not always been that
way. In order to discuss how our ADV results relate to Mars, we must specify the
Martian epoch we are examining.
2.9.1

Ancient Mars
Despite the current cold and dry environment, geochemical and geomorphologic

evidence suggests that Mars had a wet (but not definitively warm) past. Recent work by
Warner et al. [2010] suggest that this wet period could have extended into the late
Hesperian, possibly as late as 3.0 Ga. During this wetter period, even if the average
temperature was not substantially higher than at present, rates of chemical weathering
would have been much higher than at present in areas of high water availability. At such
times, soil formation rates could have been much higher than today and clay minerals
should have been formed. This is borne out by recent observations of phyllosilicates
minerals on Mars made by the OMEGA and CRISM imaging spectrometers aboard the
MEx and MRO spacecraft, respectively [Bibring et al., 2005; Mustard et al., 2008;
Poulet et al., 2005]. To date, the phyllosilicates detected have been associated with

82
Noachian terrain, implying clay mineral formation took place prior to 3.8 Ga. Future
landed missions capable of measuring particle size vs. depth would be incredibly useful
in determining the water history of one of these sites and could shed light on the climate
of early Mars. For example, a mature soil profile rich in clays that have clearly been
transported and distributed by the movement of water through the soil would indicate a
wetter past. If ancient Mars were warmer and wetter, soils could have a particle size
profile similar to that of Taylor Valley.
Additionally, if the past climate were warmer and clay mineral formation rates
were higher, this could have a large impact on the specific surface area of soils and thus
on Mars current volatile inventory. Gases such as CO2 and CH4 can be adsorbed onto
mineral surfaces. The larger the surface, the more gas can be adsorbed, which could
imply a larger current volatile inventory. This volatile adsorption on clay minerals is an
important consideration as it could explain the current variability in atmospheric methane
[Gough et al., 2010].
2.9.2

Modern Mars
Under current climatic conditions, the rates of chemical weathering on Mars will

be very low due to the low temperature and scarcity of water. However, mechanical
weathering should be active even under current conditions. This should lead to the
production of clay-sized particles similar to those seen in University Valley. As the
source rock is different, the clay-sized fraction wouldn‘t be compositionally similar, but
the amount of clay-sized particles produced by mechanical weathering on Mars should be
similar to that seen on the Earth in arid environments. This is true even if rates of
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mechanical weathering on Mars are much lower than in the Dry Valleys as Mars is less
geologically and hydrologically active and any clays produced have a longer time over
which to accumulate.
Though modern Mars is too cold and too dry for liquid water to be
thermodynamically stable on its surface, there remains the possibility for what is referred
to as transient liquid water potential [Richardson and Mischna, 2005]. TLWP occurs
when the surface pressure is above 610 Pa and the temperature is between the
corresponding melting and boiling points of water, allowing for the existence of
nonequilibrium liquid water. Under current orbital conditions (obliquity, eccentricity,
argument of perihelion), there are areas in the equatorial regions of Mars that experience
conditions allowing for TLWP for up to a few hours a day. However, as these regions
are very dry, it is very unlikely that any liquid water is present.
Mars experiences changes in its orbital parameters over geologically short
timescales. During periods of higher obliquity and perihelion occurring during northern
summer, TLWP is possible for many hours a day at latitudes north of 45° where there is
substantial subsurface ice. Liquid water could occur if the local temperature changes are
faster than the diffusive transport of water vapor to thermodynamically stable locations
on the planet. If present, this transient liquid water and higher temperatures would cause
higher chemical weathering rates that could result in the formation of clay minerals. One
possible product of this weathering is Mars‘ atmospheric dust.
The Martian atmospheric dust, which periodically blankets the planet in global
dust storms, has been measured, based on its optical properties, to have an average
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particle diameter of 3.2 µm, which is just larger than the standard definition of a clay at 2
µm. However, these dust grains are thought to be aggregates of smaller particles which
would then fit the definition of a clay-sized particle [Tomasko et al., 1999]. The
properties of these particles are consistent with a palagonite-like composition [Clancy et
al., 1995]. Palagonite is a generic term used to refer to the altered products of mafic
rocks that can contain different clay minerals such as montmorillonite, kaolinite, or
smectite [Bishop et al., 1993; Quinn and Orenberg, 1993; Stroncik and Schmincke,
2001]. Though palagonites can be traditional clay minerals, evidence suggests that
Martian palagonites are amorphous and must also contain a more silica-rich component
such as allophane [Michalski et al., 2005]. This amorphous material could be explained
by chemical weathering under dry conditions and may be explained by the production of
clay-like amorphous minerals at locations that experience transient liquid water.
Measuring the particle size distribution of soils at any location on Mars and
identifying any clay minerals present would help reveal the history of water at that site.
Figure 2.21 is a simple model of three different profiles and how they might represent the

history of liquid water at a particular location. The first profile, similar to that measured
in University Valley, would represent a soil that experiences periodic liquid water. The
water occurs infrequently, translocating the clays to a shallow depth, and pulling salts to
the surface as water is wicked out of the profile and evaporates into the atmosphere. The
specific surface area of these soils would be low as there is little chemical weathering,
water being present only long enough to affect the distribution of mechanically produced
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clays. As a result, the soil would be compositionally homogeneous throughout the
different soil size fractions.
The second profile is similar to that seen in Taylor Valley and represents a site
that experiences considerably more water along with higher temperatures. Chemical
weathering rates are relatively high, resulting in clay minerals that are compositionally
distinct from the larger sized soil particles. The specific surface area would be high,
consistent with the clay content, allowing for more adsorption of volatile species. The
clays have been translocated to depth by the water, peaking at the base of the active zone.
Salts have maxima at the surface as a result of atmospheric deposition, and at depth,
where they are carried by water through the soil.
Profile 3 represents an azonal soil where rates of mixing are much higher than
rates of clay formation, salt deposition, and translocation. Clays are formed by
mechanical weathering, are not very abundant in the profile, and would be the same
composition as their parent rock. Specific surface area would be low, on the order of 3
m2/g, similar to the layers in University Valley with the lowest clay fraction. This profile
is likely representative of most young Martian soils.
As can be seen from these different hypothetical profiles, measurements of the
particle size distribution and salt content vs. depth for Martian soils could be an important
tool in determining the role of liquid water throughout the history of the planet.
Constraining the rates of soil formation and/or cryoturbation could also provide important
constraints on the timeline of soil formation on Mars.
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Figure 2.21 – Three possible profiles of clay and salt abundance in Martian soils. The abundance shown here is not meant to be
quantitative and thus no units are given. Profile 1 is what you would expect for a soil with chemical and physical weathering at a
site with some water where the clay maxima corresponds to the base of the translocation zone and the salt maxima is at the surface
as it is wicked upward as the transient liquid water evaporates at the surface. Profile 2 shows a soil that has more liquid water
weathering parent material to clay minerals that are then transported to depth with the water. The salts have a maximum at the
surface from the atmospheric source and another peak at depth where they have been carried by leaching. Profile 3 is the case where
liquid water has essentially no impact on the soil profile as the soil is mixed faster than soil horizons can develop.
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2.9.3

The Phoenix Landing Site
The Mars Phoenix Scout Mission landed a small robotic spacecraft on the

Northern Plains of Mars in May 2008. One of the goals of the lander was to analyze
Martian soils by digging trenches and using a combination of imaging and chemical
analysis techniques. The Phoenix Lander was targeted at an area containing patterned
ground overlaying what was suspected to be ice-rich soil at a few centimeters depth based
on GRS data and thermal equilibrium predictions [Boynton et al., 2002; Mellon et al.,
2008] Fortuitously, we found upon landing that both the trough of a polygon and a
polygon center were within the digging area. These two different locations are important
from a soil formation perspective as they represent two endmembers of soil profile
development. The soil in the center of a polygon should be the least disturbed of the two
as it has not been subject to the mechanical mixing (cryoturbation) that has been
experienced by soils in the trough. It is thought that the polygonal pattern is formed as
cracks form and grow deeper to relieve stress in the ice-cemented ground. As the cracks
grow, material around the cracks is disturbed and mixed, destroying any soil profiles that
were preexisting. For these reasons, being able to sample both the center of a polygon
and a trough was important in determining possible soil profiles at the landing site.
Throughout over 150 sols of operations, Phoenix dug many trenches in the
polygon center, trough, and between the two (Figure 2.22). During the trenching
activities, the scoop was periodically commanded in such a way as to make a clean and
smooth cut into the back wall of the trench to expose any layering. In every case, no
layering was seen with the imaging instruments. The chemical evidence gathered by the
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MECA instrument has also not measured any differences in the chemical composition of
the soil at different locations or depths (however, a sample of the soil from the deepest
the arm was able to reach—15 cm depth at this particular location—was never
successfully analyzed). Finally, images taken of the Martian samples with the optical
microscope in the MECA instrument and the Robotic Arm Camera showed no significant
differences in the size, shape, or color of particles taken from all of the sample locations
in the work area. These data show that the rate of soil formation at the Phoenix landing
site is slower than the rate of cryoturbation and/or other mixing processes, producing a
profile similar to profile 3 in Figure 2.21 and that Phoenix soils will be most similar to
University Valley soils.
By analogy to University Valley soils, we can make a few predictions about the
properties of Phoenix soils. First, the soil contains small quantities of mechanically
produced clays or clay minerals that were produced under different orbital parameters.
These clays should be evenly mixed throughout the profile. The low abundance and
nature of the clays implies that the Phoenix soils have a low specific surface area (on the
order of 3 m2/g) and do not adsorb significant quantities of volatile gases. The soil
should be mineralogically homogeneous across its different size fractions (excepting the
contribution of the global dust component). Cryoturbation rates are higher than the rates
of soil profile formation, including clay formation and translocation. Therefore,
constraining the rate of soil formation or the rate of cryoturbation could establish the age
of soils at the Phoenix site if either parameter could be independently constrained.
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1

2

Figure 2.22 – Images of the Phoenix work area. At top is a colored relief map of the
Phoenix digging area. The polygon center is the highest area shown at lower right. The
polygon trough/boundary is in the lower left of the image shown in purple (credit Hannah
Sizemore, University of Colorado). At bottom is a mosaic of the dig area as it looked at
the end of the mission. (1) marks the polygon center and (2) marks the deepest part of
the trough (photo credit: NASA/JPL-Caltech/University of Arizona/ Texas A&M
University).
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2.9.4

Viking
Though the Viking landers did not have any instruments that were designed with

the intention of measuring soil properties, the Gas Exchange Experiment (GEX) results
were used to estimate the specific surface area of Viking soils. The instrument, designed
to detect gases released by metabolizing organisms, measured a BET surface area of 17
m2/g [Ballou et al., 1978]. To date, this is the only measurement of surface area
performed on a Martian soil. The value of 17 m2/g is very interesting as, if correct, it
would imply a soil that contains not insignificant amounts of clay minerals. As we can
see from the University Valley data, even the layer with almost 30% clay-sized particles
only has a specific surface area of 4.24 m2/g. The Viking data supports the idea of clay
mineral formation in the modern epoch, perhaps due to the presence of transient liquid
water as discussed before. However tantalizing this may be, it is one measurement taken
from an instrument that was optimized to search for life. Additional measurements of
specific surface area are needed to confirm this value.
2.10

Connection to Work on Putative Martian Organics
The work I have done on the properties of Antarctic soils relates to my work on

putative Martian organics to be discussed in the following chapters in two ways. First,
clay minerals on Earth have been shown to enhance the preservation of organic material
[Kennedy et al., 2002; Wattel-Koekkoek et al., 2003]. The large specific surface of clay
minerals, including that in the interlayer spaces, provides a location where organic
molecules can be protected from UV photo-oxidation as well as chemical destruction by
oxidizing agents in Martian soils. Second, as will be discussed in chapter 3, UV
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irradiation can affect the water solubility of organic molecules, producing very insoluble
daughter products from very soluble parent material. In a soil profile, soluble organics
would tend to migrate with the salts and insoluble organics would be associated with the
clays.
By examining the solubility of organic material with depth, we could gain insight
into both the nature of Martian organics and learn more about the soil profile itself. For
example, if there is a maximum in salt concentration in the soil that is correlated with
higher quantities of organic material, both being distinct from the maximum in clay
content, we could conclude two things: first, that the organic molecules detected have not
been subject to significant amounts of UV irradiation. And second, that the salts are
separated from the clays as a result of their solubility in water. This could also imply that
the organics are native to Mars as it is difficult to deliver exogenous organic material
without subjecting it to UV irradiation.
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Figure 2.23 - Plots of salt (electrical conductivity or E.C.), clay, and carbon content vs.
depth for two soil profiles at New Mountain, near Arena Valley in the ADV. The clay
concentration values are not reported for 100-140 cm depth for pit 828 [Mahaney et al.,
2001]. Notice that the carbon values are multiplied by 100 in order to plot them on the
same scale.
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Another example would be if the organic concentration is correlated with the clay
concentration and not the salt. In this case, the organics have been exposed to UV
irradiation over their lifetime causing them to partition with the insoluble clays rather
than the salts. These organics could be Martian or meteoritically derived but have been
mixed enough through the soil profile to have been altered by the UV irradiation. There
are other possibilities for the relationships between clay, salt, and organic distribution that
could be used to determine properties of the soil and any organics found in them.
Figure 2.23 shows an example of the concentration of salts, clays, and carbon at
two pits on New Mountain, which is near Arena Valley in the Dry Valleys. This location
is most similar to the University Valley site but differs in that it is on a mountain rather
than in a valley, so the New Mountain site has a higher slope which will affect the
transport of water. Additionally, the parent material for New Mountain soils contains a
large amount of granitic till [Mahaney et al., 2001], differentiating it from the University
Valley location which is composed almost exclusively of Beacon Sandstone and Ferrar
dolerite. In pit 828, the carbon content seems to be anti-correlated to the salt content as
well as the clay content at depth. In pit 829, the carbon abundance appears to be related
to the clay abundance above 20 cm and below 20 cm, all three parameters roughly track
together. This could represent two different epochs of water transport at the site, with the
most recent denoting a shallower active zone and a colder and/or drier climate. As no
information is given on the specific differences between the two pits, it is difficult to infer
much more from the data. It is presented here to show how a dataset like this could be
collected on Mars to construct an integrated history regarding the water, chemical,
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organic, and ultraviolet conditions at a site. The following chapters will discuss in much
greater depth the possibility of organics in the near-surface environment.
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Chapter 3 – UV Irradiation of Putative Martian Organics
3.1

Introduction
In 1976, two Viking landers successfully touched down on the surface of Mars,

carrying sophisticated equipment designed to detect earth-like life as well as organic
molecules. The life detection instruments returned ambiguous results that are debated to
this day [Klein, 1999; Levin et al., 2001]. Despite the continued debate over the results of
the life detection experiments, the majority of scientists do not believe that Viking
detected life, citing the ambiguous results from the control experiments as well as the
results of the two Viking Gas Chromatograph/Mass Spectrometers (GC/MS) that did not
detect any Martian organics above the parts per billion (ppb) level [Biemann et al., 1977].
Though it was not necessarily expected that the Vikings would find life on Mars, it was
surprising that no organic molecules were detected as, even without a Martian biosphere,
organic material is delivered to the surface of Mars in the form of micrometeorites and
interplanetary dust.
Each year, an estimated 2.4 x 105 kg of unaltered carbon from meteoritic material
is delivered to the surface of Mars, with most of this mass being delivered by particles
between 6 and 1240 µm in diameter (see Table 3.1) [Flynn, 1996]. If we assume no
organic destruction in order to establish an upper limit of organic concentration, then the
depth of mixing is the only factor that determines organic abundance. Analysis of
terraced craters in the Xanthe Terra region of Mars puts the regolith depth at around 100
meters [Gilmore, 1999]. Given this depth of mixing, concentration of organics (by
weight) in the Martian regolith should be about 60 parts per million (assuming an
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accumulation time of 3 Ga), which would have been easily detectable to the Viking
instruments (the organic content would be 6 ppm even if the regolith was mixed to a
depth of 1 km). These simple calculation suggest that meteoritic organic material is
destroyed by some other process in addition to being mixed to depth. Alternatively, it is
possible that organics are present at this level but were not detected by Viking for reasons
that will be discussed below.
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Mass
Range
(grams)

Size Range
(µm)

Mass Flux
(kg/year)

101-100
100-10-1
10-1-10-2
10-2-10-3
10-3-10-4
10-4-10-5
10-5-10-6
10-6-10-7
10-7-10-8
10-8-10-9
10-9-10-10
10-10-10-11
10-11-10-12
10-12-10-13
10-13-10-14
10-14-10-15

12400-26800
5760-12400
2680-5760
1240-2680
580-1240
270-580
120-270
60-120
27-60
12-27
6-12
3-6
1-3
0.6-1
0.3-0.6
0.1-0.3

0.02 x 106
0.1 x 106
0.3 x 106
1 x 106
2 x 106
3 x 106
3 x 106
1.5 x 106
0.6 x 106
0.2 x 106
0.07 x 106
0.006 x 106
0.002 x 106
0.0009 x 106
0.0003 x 106
0.00006 x 106

Totals

12 x 106

Unaltered
Fraction

0
0
0
0
0.01
0.07
0.24
0.46
0.75
0.88
0.95
1
1
1
1
1

Unaltered
Mass
(kg/year)

Total Carbon
(kg/year)

0
0
0
0
0.2 x 105
2.1 x 105
7.2 x 105
6.9 x 105
4.5 x 105
1.8 x 105
0.7 x 105
0.06 x 105
0.02 x 105
0.009 x 105
0.003 x 105
0.0006 x 105

0
0
0
0
0.2 x 104
2.1 x 104
7.2 x 104
6.9 x 104
4.5 x 104
1.8 x 104
0.7 x 104
0.06 x 104
0.02 x 104
0.009 x 104
0.003 x 104
0.0006 x 104

2.4 x 106

2.4 x 105

Table 3.1 – A table of the amount of unaltered mass meteoritically delivered to Mars per
year. The totals are broken out by decade of mass range, with a maximum size of 10
grams and a minimum size of 10-15 grams. The organic content of interplanetary dust
particles on earth has been measured to be between 10 and 12% [Schramm et al., 1989;
Thomas et al., 1993], thus the total carbon delivered to the surface of Mars is simply
estimated to be 10% of the total unaltered mass that reaches the planet. Adapted from
[Flynn, 1996].
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Any organic that reaches the surface of Mars will be exposed to both photolytic
and chemical destruction mechanisms. The UV environment on the surface of Mars has
not been directly measured, but can be inferred from models based on absorption by
atmospheric gases and scattering by dust. As CO2, the primary constituent of the Martian
atmosphere, absorbs UV below 200 nm and Mars only has a weak seasonal ozone layer,
the Martian surface is irradiated with light down to 200 nm [Cockell et al., 2000; Patel et
al., 2002]. This high-energy light has been shown to destroy pure samples of simple
organic molecules such as glycine, alanine, and adenine on timescales much faster than
meteoritic accumulation rates [Oró and Holzer, 1979; Stoker and Bullock, 1997; ten Kate
et al., 2005; ten Kate et al., 2006]. The weakness of this work is that they use simple
amino acids as the putative Martian organics. Though some simple amino acids are
found in meteorites, most of the organic material is present as the generic organic
material known as kerogen which is altered but not destroyed by astrophysical ultraviolet
radiation [Bernstein et al., 1999; Bernstein et al., 2002]. Therefore, other organics should
be used to more closely simulate expected meteoritic organic molecules.
Chemical oxidation will also play a role in destroying reduced carbon that is
delivered to Mars and may also explain the results of the Viking life detection
experiments [Hurowitz et al., 2007; McDonald et al., 1998; Yen et al., 2000; Zent and
McKay, 1994]. Though chemical oxidation processes can ultimately convert all Martian
organics to CO2, there are metastable products along the decay pathway that could
accumulate to significant quantities. One of these decay products is mellitic acid
(benzenehexacarboxylic acid), that is produced when kerogens are exposed to generic
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oxidation conditions. The generic oxidation of polycyclic aromatic hydrocarbons also
produces aromatic ring cores with different numbers of carboxylic acid groups attached,
including benzoic acid (one carboxyl group), phthalic acid (two carboxyl groups), trimellitic acid, tetracarboxylic, pentacarboxylic, and hexacarboxylic acids [Benner et al.,
2000]. Benner et al. estimate that up to 10% of the original reduced carbon mass could
be preserved as one of these metastable decay products. An important aspect of these
organic molecules is that they may not evolve organic fragments at temperatures less than
500° C, which was the peak temperature of the Viking ovens. Furthermore, as will be
shown in this work, some of the primary thermal decomposition fragments of these
molecules are inorganic molecules such as H2O, CO2, and CO, which were detected by
the Viking instruments.
3.2

Organic Molecules Used
As stated previously, mellitic acid—essentially a benzene ring with six carboxylic

acid side groups—is a predicted end product of the chemical oxidation of meteoritic
organic material. As such, it is one of the products we chose for our irradiation analysis
and other molecules were chosen that were similar in composition and structure. The
primary considerations for other compounds were: 1) it‘s structural similarity to mellitic
acid, 2) it had a different C:O ratio representing a higher or lower degree of oxidation,
and 3) it had a low enough vapor pressure at room temperature that the organic would not
simply sublime under vacuum. The organics selected are listed in Table 3.1. Different
samples were run with mellitic acid (99% purity, Sigma-Aldrich), trimellitic acid (99+%
purity, Sigma-Aldrich), phthalic acid (99.5% purity, Sigma-Aldrich), 3,5-Dinitrobenzoic
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acid (99% purity, Aldrich), sodium benzoate (99+% purity, Sigma Aldrich), and
tryptophan (99% purity, Aldrich). With the exception of tryptophan, all of the organic
samples have a benzene ring and one to six carboxylic acid side groups (dinitrobenzoic
acid also has two NO2 side groups). Tryptophan is an aromatic compound and is
therefore similar to mellitic acid; however, it is also an amino acid, implying structural
differences from mellitic acid. Tryptophan was used as it is similar to other amino acids
on which irradiation studies have already been performed.
For the majority of the runs, the organic samples were mixed with SiO2 powder
with particles <44 µm in size (Alfa Aesar, 99.8% purity, 325 mesh particle size). The
organics are mixed with silicon oxide powder to simulate organics in a soil matrix, which
would certainly be the case on Mars, as the organics will not be pure but mixed with
Martian regolith. To investigate the possible role of perchlorate in the UV-irradiation
behavior of organics, sodium perchlorate (NaClO4, 99% purity, Aldrich) was added in
some cases as it is a possible perchlorate salt on Mars [Hecht et al., 2009].
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Organic Samples
Sample
Mellitic Acid

C12H6O12

1.00

342.17

6

1,2,4-Trimellitic
acid

C9H6O6

1.50

210.14

3

Phthalic acid

C8H6O4

2.00

166.13

2

3,5-Dinitrobenzoic
acid

C7H4N2O6

1.17

212.12

1

Sodium benzoate

C7H5NaO2

3.50

144.10

1

Tryptophan

C11H12N2O2

5.50

204.23

1*

C:O Ratio

Molecular
Weight

Carboxylic
Acid Side
Groups

Chemical
Formula

Table 3.2 – Information on the organic samples used in this experiment, including the
name, chemical formula, C:O ratio, molecular weight, and the number of carboxylic acid
side groups. *the carboxyl group associated with tryptophan is not a side group of the
aromatic ring (see Figure 3.1).
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a)

b)

c)

d)

e)

f)

Figure 3.1 – Drawings showing the chemical structures of the organics used in this work.
a) Mellitic acid, b)1,2,4-Trimellitic acid, c) Phthalic acid, d) 3,5-Dinitrobenzoic acid, e)
Sodium benzoate, and f) Tryptophan. From the NIST Chemistry WebBook.
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3.3

Experimental Setup and Procedure
The experimental setup is designed to irradiate organic material under ultra high

vacuum in order to measure primary and trace gases evolved during irradiation with a
mass spectrometer. Pressures down to 5 x 10-10 torr are achieved with a Pfeiffer TMU
261 YP turbomolecular drag pump (TMP) with a CO2-calibrated pumping speed of 350
L/s. An Anest Iwata Scroll Meister ISP-250c oil free scroll vacuum pump is used as a
foreline pump to attain low enough pressures for the TMP to operate. The vacuum
chamber itself is stainless steel with oxygen-free high-conductivity (OFHC) copper and
nickel gaskets used for seals. The sample stand consists of an OFHC copper sleeve
mated to a piece of stainless steel tubing and held in place with retaining rings. The top
of the copper piece has been machined to form a cylindrical cup 1.3 mm deep and 10.2
mm in diameter where the sample is placed. The port directly above the sample contains
a deep UV quartz window that transmits light well below 200 nm. The lamp setup
consists of an Oriel Lamp Housing (model #6137), with a Newport 150 Watt UVenhanced xenon arc lamp (model #6254), powered by an Oriel Universal Lamp Power
Supply (model #6124). The lamp output has been measured using a calibrated lamp and
an Ocean Optics USB2000 spectrometer with a grating optimized for measurements
between 190 and 800 nm. The design and operation of the experimental setup is
discussed at length in Appendix A.
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Figure 3.2 – Experimental setup with parts labeled.
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Figure 3.3 – A view of a freshly prepared sample in the copper sample sleeve held in
place on the stainless steel stand with retaining rings.
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Before each sample is irradiated, the quartz window is cleaned with nitric acid to
remove thin films of organic material that are deposited on it during irradiation. Then,
the stainless steel nipple that surrounds the sample sleeve, the copper sleeve itself, the
retaining rings, and the quartz window are cleaned by sonicating them in a bath of
isopropanol for 30-60 minutes followed by sonication in nanopure water for an additional
30-60 minutes. The cleaned pieces are then placed in an oven at 100 °C for more than 2
hours to remove as much water as possible. After being removed from the oven, the
pieces are reassembled and the system is sealed without a sample present. After baking
for a few hours, the temperature of the sample stand is ramped up to 750 ºC to remove
background contaminants introduced during the cleaning process. The copper sample
holder is kept at this high temperature for a number of hours, then is allowed to cool to
room temperature at which point the vacuum is broken again in order to introduce a
sample.
Before being added to the system, the sample is mixed with SiO2 powder that has
been baked under vacuum using a propane torch at temperatures of up to 600 ºC (when
the Pyrex bulb containing the sample starts to deform) for 10-15 minutes. This baking is
to remove any adsorbed water and as many organic contaminants as possible. After
baking, the SiO2 powder is allowed to cool to room temperature at which point the
system is back-filled with dry nitrogen to minimize the readsorption of water. At this
point, one of the organics is added to the SiO2 powder so that the organic constitutes 5%
of the resulting mixture by weight. If perchlorate is added, the organic concentration is
still ~5% of the overall sample and the perchlorate makes up 1.5-2% by weight. Before
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adding the perchlorate, it is ground to a powder using a metal spatula as the perchlorate is
in large clumps originally and would not have mixed evenly with the other substances.
The resulting powder was then mechanically mixed for about a minute to ensure an even
distribution of the different components. While the perchlorate concentration is
consistent with measured Martian values, the organic concentration is orders of
magnitude higher than would be expected. This is necessary for the signal from the
organic being irradiated to be higher than the background noise of ever-present organic
contaminants.
At this point, ~15 mg of powder is weighed and placed on the sample holder. The
copper sleeve is then attached to the stainless steel stand and secured with retaining rings.
The system is then sealed and pumped down to the millitorr range before opening the
sample chamber to the TMP. Care is taken to limit the time the system is open to
atmospheric pressure to less than 30 minutes as I verified that this amount of time
minimizes the contamination caused by breaking the vacuum. After being sealed, the
system is then checked for leaks using the helium leak check mode of the mass
spectrometer. If the seal is found to be good, the entire system is baked and pumped at
120-130 ºC, primarily to remove adsorbed water from the system. After baking for 20+
hours, the system is cooled to room temperature in preparation for UV irradiation.
At this point, the lamp is turned on and the sample is irradiated for anywhere from
100-300 hours. The gases evolved during irradiation were monitored using a Stanford
Research Systems RGA 200, a quadrupole mass spectrometer with 1-200 AMU mass
range, and a dynamic range of 10-6 to 10-13 torr. The instrument was used in full mass
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sweep mode, either from 1-100 or 1-180 AMU, in order to detect a variety of evolved
gases and not simply what we might expect. Irradiation was continued until the evolution
products were no longer above the instrument background or, as was usually the case, the
rate of product decay leveled off to a point where the complete photolytic breakdown of
the sample would have taken orders of magnitude more time to complete.
As stated earlier, a 150 W UV-enhanced xenon arc lamp was used as the light
source as it is a broad spectrum source similar to the solar spectrum. The lamp optics
were chosen to produce uniform irradiation over the entire sample. Figure 3.4 shows the
lamp flux as well as the Martian flux and the similarity in the shape of the spectrum and a
similar absolute intensity are seen. However, it should be noted that the Martian flux
shown is a peak noontime value, not an average over diurnal or annual cycles whereas the
lamp flux is constant over the entire irradiation time. The total UV flux on the Martian
surface is a combination of both the direct and the diffuse flux and is estimated to be
0.687 W/m2 at the equator under fairly normal dust conditions (optical depth = 0.5)
[Moores et al., 2007] when averaged over day and night as well as season. The flux
drops to about 1/3 this value at the poles. The irradiance for our system was calibrated
using the same optics and lamp to sample distance, giving a lamp output of 8.6 W/m2 in
the UVC, more than ten times the Martian value. That the lamp output is ten times the
Martian surface flux will definitely have an effect on the pyrolysis rate, but it should be a
linear effect as the quantum efficiency is linearly dependent on the number of
photons/second absorbed by the sample, as will be shown later.
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Laboratory vs. Martian UV Irradiance
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Figure 3.4 – A plot of laboratory vs. Martian UV flux. The plot shows the irradiance vs.
wavelength for the lamp and the estimated flux at the Martian surface. The Martian flux
data is adapted from Patel, et al. [2002] and represents values during northern summer at
local noon with an optical depth of 0.4. The error bars for the lamp data are ±3%, though
this is only includes the uncertainty of the detector and not the entire lamp and sample
setup.
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After irradiation, the instrument is allowed to pump down to background levels.
This post-irradiation background is measured and used, in concert with the pre-irradiation
background, to subtract off a log-log fit of the two points from the irradiation data to
minimize the background contribution to total gas evolved.
3.4

Sources of Error and Uncertainty
There are a few sources of error and uncertainty in this work that should be

discussed. First, while the RGA itself has a very small relative error (<1-2%), it is less
accurate in an absolute sense. This means that while the changes in time of a pressure
signal can be measured very precisely, there is more error in the absolute value for the
pressure measured. This has been mitigated to a degree by including two other pressure
sensors, one for high pressures and one for the low pressure range that is most
appropriate to the high vacuum setup. The agreement between the RGA and the low
pressure nude ion gauge is not exact, but the ion gauge is located very close to the turbo
pump so one expects it to report a lower pressure, as was the case. Similarly, while the
data reported is all in units of molar flux (number of moles released/second), the actual
measurement by the detector is current. The detector automatically converts the
measured current to pressure, then the pressure is converted to molar flux based on the
specific parameters of our system, primarily depending on the pumping speed of the
turbomolecular pump. This pumping speed was calibrated in our system using CO2 and
has an error of ±15%. As before, this is a systematic error that affects the absolute values
reported in each case, the relative differences seen in the data are all equally affected and,
therefore, represent changes well above the experimental uncertainty.
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Another source of error in the measurements is the exact mass of sample
irradiated as well as the amount of organic in the sample. The mass balance used has an
accuracy of ±0.05 mg. To minimize the error caused by this uncertainty, we mixed larger
amounts of SiO2 and organic material than were actually irradiated. For example, in one
case, ~150 mg of SiO2 powder was mixed with ~8 mg of organic material, leading to
uncertainties in the amount of sample present of less than 0.1%. However, only a portion
of this material is placed on the sample stand for irradiation, introducing the possibility of
additional systematic error if the mixture was not homogenous. To minimize this error,
the mixture was thoroughly mechanically mixed.
Other sources of uncertainty for these experiments arise from potential differences
between each run. For example, if the lamp/lens alignment and distances are different for
each run, this would introduce other sources of error to the results. Also, if sample
preparation differed significantly between runs, this could affect the results. To minimize
these possible systematic errors, detailed procedures were outlined and followed for
every organic run. This procedure specified steps such as how long the silica powder was
baked, how long the system could be open to air when the sample was inserted, and the
order in which all these steps were carried out. It also specified the lamp/lens
configuration distances which were measured for each run. By following these
procedures, systematic errors were minimized and the differences between the runs are
real and not the result of experimental error.
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3.5

Results

3.5.1

Initial molar flux
Table 3.3 is a summary of the ten runs done with the different organic molecules

run alone, mixed with SiO2, or mixed with SiO2 and sodium perchlorate. In our vacuum
system, measuring the pressure is also a measurement of the molar production rate of the
photolytic products, and the shape of the curve can tell us something about the molecular
conversion/destruction efficiency. For every run, there is a small portion of the molar
flux (moles of gas produced per unit time) vs. time curve that decays exponentially. This
portion of the data is fitted to a simple exponential with the form:

Figure 3.5 shows an example of how this value is calculated for mellitic acid in SiO2.
The slope of the line is reflected by the parameter b and the y-intercept is a. These two
parameters are reported in the last two columns of Table 3.3. The slope is a function of
the lamp flux seen by the particles and their particular absorption cross section. The
different slopes for the various samples of mellitic acid tell us two things about the flux:
first, the SiO2 powder reduces the effective flux seen by the mellitic acid as the slope is
5x greater for the pure substance; and second, that the perchlorate must be absorbing UV
as the slope for the mellitic acid/perchlorate mixture is 10x lower than the SiO2/mellitic
acid mixture without perchlorate. Though the difference is not as dramatic, the sodium
benzoate results also bear out the idea that perchlorate reduces the flux of UV light on the
organic sample.
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The molar flux at t0 is a function of the absorption cross section, the lamp flux, the
number density of the particles, and the quantum efficiency of gas production. Between
the different silica-mixed samples, the lamp flux and the number density should be
roughly equal, so the t0 value is primarily a function of the absorption cross section and
the quantum efficiency. The large difference between pure and mixed samples is most
likely caused by the different number densities of the sample and the UV light attenuation
caused by the SiO2 powder. For example, pure mellitic acid has a molar flux that is ~80
times higher compared to the mixed sample. Pure tryptophan shows a similar result
though not as pronounced. The quantum efficiency at t0 for the SiO2-mixed samples
appears to be a function of the number of carboxyl side groups on the initial organic as
shown in Figure 3.6. This could indicate that during this early phase of irradiation, most
of the gas is produced by the removal of carboxyl side groups. This is supported by the
large amounts of CO2 evolved for each sample. If the effects of the number of carboxyl
groups were removed, the initial molar flux for all the substances should be similar,
reflecting their similar number densities, absorption cross sections, and effective lamp
flux.
It should be noted here that these results show that there is a marked difference in
molar fluxes (and therefore quantum efficiency and organic lifetime) between pure
substances and substances mixed with SiO2 powder to simulate organics mixed in the
Martian soil. This is important as some previous studies, [Stalport et al., 2009; ten Kate
et al., 2006] have used pure substances which could result in a destruction rate up to 100
times higher than that of a mixed substance. However, it should also be noted that no
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attempt to control temperature was made during these runs, which can impact the
photolysis rate. As shown by ten Kate et al. [2006], lowering the sample temperature
from room temperature to 210 K lowered the destruction rate by a factor of 7. As can be
seen in the temperature column in Table 3.3, the temperature was generally around 70-80
°C for substances mixed with silica powder and was 109 °C for pure mellitic acid. This
could have a large effect on the destruction rate and will be discussed in more detail
below.
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Organic Sample Irradiation Runs
Sample
Mellitic Acid

1,2,4Trimellitic
acid
Phthalic acid
3,5Dinitrobenzoic
acid
Sodium
benzoate

Tryptophan

C:O

SiO2

NaClO4

1

Irradiation
time (hrs)

Max
Temp
(°C)

Molar flux
(moles/s) at t0
(a)

Initial slope
(s-1) of molar
flux data (b)

94

109

1.88 x 10-7

-5.25 x 10-4

108

68

9.21 x 10-9

-1.35 x 10-4

113

79

4.98 x 10-10

-1.08 x 10-5

1

X

1

X

1.5

X

204

78

2.02 x 10-9

-2.30 x 10-5

2

X

137

77

3.09 x 10-9

-1.05 x 10-4

1.17

X

185

72

1.19 x 10-9

-4.46 x 10-4

3.5

X

304

75

3.55 x 10-10

-1.40 x 10-5

3.5

X

71

1.04 x 10-10

-9.25 x 10-6

53

*

1.71 x 10-9

-9.97 x 10-5

112

74

4.26 x 10-10

-2.46 x 10-5

5.5
5.5

X

X

X

Table 3.3 – A summary of the different irradiation runs completed. The SiO2 column
records whether or not the sample was mixed with silica powder and the NaClO4 column
whether 1.5-2% perchlorate was added. Three of the compounds (mellitic acid, sodium
benzoate, and tryptophan) were run more than once under different conditions. *The first
tryptophan run was done using a different setup that did not monitor the stand
temperature; however, the measurement of flux should be comparable.
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Molar Flux vs. Time
Mellitic Acid + SiO2 Irradiation
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Figure 3.5 – A plot of the molar flux in moles/second vs. time in hours. The inlay is the
data from the first five hours showing the portion of the graph where molar flux can be fit
with a simple exponential. The slope of the fit line is reported in Table 3.3. The fact that
the peak molar flux occurs more than 30 minutes after the lamp is turned on likely has
something to do with the sample temperature. A plot of molar flux as well as
temperature vs. time is included as the last figure in Appendix B. The standard deviation
for the molar flux data is ± 0.6%.
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Molar flux at t0 vs. number of carboxyl groups
molar flux (moles/second)
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Figure 3.6 – A plot showing the relationship of the molar flux to the number of initial
carboxyl groups. The molar flux reported is what is extrapolated from the exponential fit
at t=0. The data show a relationship between the number of carboxyl groups on the
organic molecule and the magnitude of the initial molar flux.
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3.5.2

Photoproducts
During each irradiation run, the RGA is continuously monitoring the pressure

from m/z 2-100 in every case and m/z 2-180 in the latter few runs. These data can be
integrated over time to see the most abundant gas products by mass. Table 3.4 is a list of
the most abundant gas products for each of the irradiation runs. The products are
arranged in descending order of abundance and are listed by m/z as well as the most
probable molecule(s) at that m/z. In most cases, multiple molecules are listed as the
RGA is not precise enough to differentiate between two molecules with the same mass
number (when rounded to the nearest integer). Furthermore, the process of electron
ionization breaks molecules up into different fragments that can be nearly as abundant as
the parent molecule. These fragments complicate the gas analysis as they are not direct
products of photolysis but are only fragments of the direct product, which can lead to
over-counting overall mass and reporting molecules that were not photoproducts. By
using fragmentation data that we have gathered in our setup for CO2, CH4, and NH3, as
well as data from the NIST Mass Spectrometry Data Center, we can exclude these
fragments so that, to first order, the molecules listed in Table 3.4 represent the products
of photolytic destruction and not fragments created during analysis.
Another problem that must be addressed to properly understand the mass spec
results stems from molecules with relatively high vapor pressures. For example, phthalic
acid has a vapor pressure of 2.14 x 10-6 torr at room temperature. Though this is still a
relatively low vapor pressure compared to a more volatile substance, it is higher than the
instrument background (5 x 10-10 torr), particularly when the sample is heated during
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irradiation. For a large molecule like phthalic acid, electron ionization produces a large
number of organic fragments, which could easily be confused for an actual photoproduct.
To mitigate the effects of the high vapor pressure of some organics (phthalic acid has the
highest vapor pressure of all the organics used), the data gathered during the irradiation
run are compared to data from the NIST database and known fragments of the original
molecule are excluded from the gas products list. This allows us to exclude molecules
that are a result of a high vapor pressure and not photolytic destruction, so that we report
irradiation products and not simply the products of some of the original organic in the
vapor phase.
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Pure Mellitic Acid
m/z
18
44
28
32
29

molecule
H2O
CO2
CO
O2
CHO/C2H5

Dinitrobenzoic Acid
m/z
18
44
28
30
29
26
41
42
39

molecule
H2O
CO2
CO
NO
CHO/C2H5
C2H2/CN
C3H5
C3H6
C3H3

Mellitic Acid
m/z
18
44
28
29
41
39

molecule
H2O
CO2
CO
CHO/C2H5
C3H5
C3H3

Sodium Benzoate
m/z
18
44
28
78
39
51
29
30
41

molecule
H2O
CO2
CO
C6H6
C3H3
C4H3
CHO/C2H5
CH2O/C2H6
C3H5

MA + NaClO4
m/z
18
44
28
29
30
41
39

Molecule
H2O
CO2
CO
CHO/C2H5
CH2O/C2H6
C3H5
C3H3

SB + NaClO4
m/z
18
44
28
32
78
39
29
51
30
41

molecule
H2O
CO2
CO
O2
C6H6
C3H3/NaO
CHO/C2H5
C4H3
CH2O/C2H6
C3H5

Trimellitic Acid
m/z
18
44
28
29
26
41
39

molecule
H2O
CO2
CO
CHO/C2H5
C2H2
C3H5
C3H3

Phthalic Acid
m/z
18
28
50
44

Pure Tryptophan
m/z
44
28
17
18
32
30
29
26
41
39

molecule
CO2
CO
NH3
H2O
O2
CH2O/H2N2
CHO/C2H5/HN2
C2H2/CN
C3H5/C2H3N
C3H3/C2HN

molecule
H2O
CO
C4H2
CO2

Tryptophan
m/z
18
44
17
28
29
30
26
41
39

molecule
H2O
CO2
NH3
CO
CHO/C2H5/HN2
CH2O/H2N2
C2H2/CN
C3H5/C2H3N
C3H3/C2HN

Table 3.4 – A list of the most abundant gas products for each run sorted by abundance. This list accounts excludes products
caused by fragmentation by electron ionization as well as products due to the vapor pressure of the molecule. The products are
arranged by abundance and are listed by mass/charge (m/z) number as well as the most probable molecule(s) for each case.
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In almost every case, water is the most abundant gas released during irradiation.
The only substance for which this is not the case is pure tryptophan which indicates that
some of this water is likely coming from the release of adsorbed water from the silica
powder. However, in many cases the mass 18 flux increases dramatically immediately
after the light is turned on, and reaches a maximum well before the temperature
maximum is reached. This is true for mellitic acid, indicating that UV irradiation is
driving off large amounts of water from the parent molecule. This is consistent with
previous work that postulates the formation of benezenehexacarboxylic acid-trianhydride
(C12O9) during UV irradiation [Stalport et al., 2009] and is borne out by the fact that
irradiating pure mellitic acid also produces large quantities of water vapor.
The next most abundant species are, in almost every case, CO2 and CO, most
likely due to the removal of carboxyl groups during irradiation, as discussed previously.
These data show that the carbon released during irradiation is oxidized. This contradicts
previous results that claimed to see the production of reduced carbon—namely methane,
ethane, and ethylene—during irradiation, though that work used glycine as the organic
parent material [Stoker and Bullock, 1997]. We feel that using mellitic acid and other
similar organic molecules as a starting point for UV irradiation is more pertinent to Mars,
as glycine, the simplest amino acid, is not representative of meteoritic organic material.
The release of oxidized carbon is more consistent with the composition of the parent
material expected from meteoritic delivery and is reflected in our results.
Finally, Table 3.4 also shows an interesting trend in the production of reduced
carbon species. Except in the case of phthalic acid, the number of reduced carbon species

122
produced increases as the original number of carboxyl groups decreases. For example,
dinitrobenzoic acid and sodium benzoate have only one carboxylic acid group apiece and
produce a number of reduced carbon fragments. Phthalic acid appears to be an exception
to this trend, though as mentioned previously, the results from the phthalic acid run may
be anomalous as there are a number of reduced carbon species measured but its high
vapor pressure makes determining which are electron ionization fragments and which are
primary photoproducts difficult at best. Some of the vapor pressure fragments likely
overlap with species produced during irradiation, making the reported number of phthalic
acid photoproducts artificially low.
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Figure 3.7 – Plots of various masses/mass 44 vs. the C:O ratio of the original organic.
Only organic + SiO2 runs are included as perchlorate has very little effect on these
results. Also, tryptophan is also omitted as it does not follow the same trends, showing
that different chemical structures, not just the C:O ratio, are also important in determining
what is released during pyrolysis. The top left plot is of 18/44, which is water, not an
organic fragment and is included to show how inorganic fragments show no dependence
on the C:O ratio. The remaining plots are of organic residues/mass 44 and all show a
clear relationship to the C:O ratio of the parent organic.
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3.5.3

Gas Production vs. C:O ratio
Another aspect of UV photolysis we wanted to explore was how the oxidation

state of the original molecule affected the daughter products. We use the C:O ratio of the
original organic as a proxy for the oxidation state and plotted the various masses over
mass 44 against the C:O ratio. As shown in Figure 3.7, we found that for mellitic acid
and other molecules of similar structure, the production of reduced carbon species clearly
depends on the oxidation state of the original material. In the graph of 39/44 and 41/44,
the behavior of phthalic acid (which has C:O ratio of 2), is erratic because these two
masses are affected by the vapor pressure products of the molecule. For the remaining
points, phthalic acid lines up nicely with the other data as these masses are not entangled
with vapor pressure fragmentation products. As mentioned in the caption to Figure 3.7,
tryptophan (C:O ratio of 5.5) is not included in these plots as it does not follow the same
trends. This is instructive as it shows that molecular structure, not just the overall
oxidation state, is important in determining the specific gases produced during
irradiation.
When the same data are plotted versus the initial number of carboxylic acid
sidegroups instead of the C:O ratio, no trend in the data is seen. As shown earlier, the
total pressure (and moles of CO2 outgassed) does depend on the number of carboxylic
acid groups. The fact that the reduced carbon fragments outgassed do not relate to the
initial number of carboxylic acid groups shows that the production of these species is
more dependent on the overall oxidation state of the molecule, rather than the exact
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structure, though the tryptophan run clearly shows that the structure also plays a large
role in which species are produced.
From these data, we can conclude that the UV irradiation of organic molecules on
Mars will produce gas products that differ depending on the initial organic. This implies
that any organics detected on Mars will retain some information regarding their initial
composition, despite long exposure to harsh UV conditions.
3.5.4

Solubility
Another interesting discovery made during the irradiation experiments was the

effect of UV irradiation on water solubility. Figure 3.8 shows a sample of mellitic acid
before irradiation and the same sample, turned into a flaky black substance, after
irradiation. Prior to irradiation, mellitic acid is a very soluble, with a solubility of 999
g/L at room temperature and a pH of 7. After irradiation, however, the residue was
placed in ~2 mL of nanopure water and did not noticeably dissolve over the course of
many months. This is roughly consistent with the production of benezenehexacarboxylic
acid-trianhydride which has a solubility of 0.27 g/L, almost 4,000 times less soluble than
the original substance. It is also consistent with a more reduced form of carbon such as
graphite. At present, we only have solubility data for mellitic acid and assume that the
other organics undergo a similar change in solubility based on the formation of a black
residue after irradiation in every case.
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Figure 3.8 – Images of samples of mellitic acid before and after irradiation. On the left is
a picture of mellitic acid pre-irradiation. On the right is the remaining residue after
irradiation. The substance starts out clear/white and ends up as a flaky black residue.
The pictures shown are from a previous incarnation of the sample setup as pictures taken
of mellitic acid using the current setup are of poor quality. Nevertheless, the affect is the
same in both cases.
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This change in solubility is important for two reasons: first, it could affect where
in the soil it would be found on Mars; and second, it could provide a way to tell how
much UV irradiation any organic has seen. As was discussed in chapter 2, salts and clays
are distributed in soils differently based on their solubility. Clays, which are not soluble
in water but are small enough to be held in suspension, generally follow the flow of water
downward, accumulating at the deepest point water reaches in the soil. Salts, on the other
hand, are soluble in water and can be distributed differently in the soil depending on the
amount of water at a particular site. If Martian organics are soluble, they will move with
the salts and should be associated with salt deposits. As salts are leached from the soil by
excess water, organics might also be removed from the soil, meaning that a lack of
organics might not be indicative of high destruction rates, but merely that they have been
leached from the soil and redeposited elsewhere. Under current Martian conditions, this
does not seem very likely as leaching rates should be low. More likely than organic
removal by leaching is that transient liquid water on Mars could concentrate the organics
and salts such as perchlorates in the same place in a soil profile. As will be discussed
below, this could act as a preservation mechanism for the organics as NaClO4 provides
some protection from the high-energy UV.
If the organics are heavily irradiated and insoluble, they would fractionate with
clay particles in the soil, which have also been shown to enhance organic preservation
[Kennedy et al., 2002; Wattel-Koekkoek et al., 2003]. Determining whether organics in
the Martian soil are more closely associated with clays or salts could ultimately serve as a
tool in understanding the age and history of organics on Mars.
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3.5.5

The effect of perchlorate on photolysis
The primary effect of sodium perchlorate on the irradiation of organic molecules

is that it seems to reduce the photon flux seen by the organic. In the case of mellitic acid,
the flux is lower by a factor of 10 and for the sodium benzoate the flux is lower by a
factor of 2 (shown in the last column of Table 3.3). The difference in the magnitude of
the effect that the added perchlorate has is most likely a combination of where the sodium
perchlorate absorbs UV as well as where the organic absorbs UV that leads to
photodissociation. Perchlorate also seems to have a small effect on the gas products
produced during irradiation. For mellitic acid, the addition of perchlorate actually seems
to enhance the production of reduced carbon species (as shown in Table 3.4). For sodium
benzoate, the presence of perchlorate leads to higher levels of O2 released, but the
primary mass fragments remain unchanged though their relative abundances are slightly
different.
3.6

Model
We have developed a simple three-dimensional model to explain the gas

production behavior as a function of time. In our model, the initial material has a certain
probability of going into the gas phase or turning into an opaque particle. We call our
starting material ―white‖ particles (W). When a white particle sees a photon flux (Φ), it
has a certain probability (ηw) of going into the gas phase, fragmenting into more particles
in the process. The white particles have a UV absorption cross section given by σw and
attenuate the photon flux following the Beer-Lambert law. A white particle also has a
certain probability (ηb) of absorbing a photon and becoming a black particle (B), which
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has a higher UV absorption cross section (σb) compared to white particles. As black
particles accumulate, they form an optically thick layer, decreasing the photon flux that
reaches white particles and slowing the overall destruction.

A set of three coupled differential equations describes the behavior. Equation 1
shows how the lamp flux (Φ) changes with time and depth as a function of the number
density of white and black particles. Equations 2 and 3 show how the number densities
vs. depth of white and black particles change over time. Equation 4 represents the total
number of molecules that enter the gas phase, both from the destruction of white particles
and from the conversion of white to black particles. This quantity (dQ/dt) is what is
measured in the lab. C1 and C2 are constants representing how many gas molecules are
produced for each molecule converted or destroyed. The production rate for each type of
particle has been integrated over depth and is multiplied by the area of the sample (A) to
scale the model to our setup.
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Figure 3.9 – A model of the evolution of a sample being irradiated by UV light. The small white particles are the original
organic material, the larger grey particles are the SiO2 matrix. When irradiation begins, many white particles are removed as
they are destroyed and produce gas molecules or are converted into black particles. The molar flux slope is high during this
stage as there are many white particles being irradiated with UV and few black particles present to shield them. In the
intermediate stage, some black particles are present, attenuating the UV, resulting in fewer white particles being destroyed.
This leads to a lower slope for the gas production curve. In the final stage, there are no white particles in the top portion of the
sample and the black particles form an optically thick layer, attenuating the UV light such that only very little energy reaches
the white particles below. This results in a very low gas production rate and greatly increases the lifetime of the organic
material.
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Figure 3.9 is a graphical representation of the model and shows how it predicts
the molar flux over time. In the first figure, the smaller white circles represent pure
organics in a matrix of larger, grey circles. The larger grey particles represent the silica
powder and have no effect on the gas production or the photon flux other than through
the dilution of white particles. As the sample is irradiated with UV light, many white
particles are destroyed with some creating multiple gas particles (shown by the lines and
smaller particles coming out of the sample) and some being converted into black, opaque
particles, releasing fewer gas particles in the process. The gas production rate (or molar
flux) is high during this phase as there are many white particles exposed to UV light,
producing a high slope in the molar flux data.
In the second stage, many of the white particles in the upper layers are either gone
or have been converted to black particles. The black particles are efficient absorbers of
UV and prevent the light from penetrating to the white particles below. This partial
shielding reduces the number of molecules entering the gas phase and the molar flux has
an intermediate slope. In the final stage, only black particles are present in the upper
layers of the sample, forming an optically thick layer that protects the underlying white
particles. The creation of a self-shielding layer of organic material has big implications
for Mars as it can greatly extend the lifetime of organics on the surface despite harsh UV
conditions.
Using Matlab R2009b, we created a numerical model for the irradiation of
organics in order to quantify the production of opaque particles and determine how much
organic material could be preserved over time. The model was run using mellitic acid
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data as we directly measure its UV absorption spectrum (see Figure 3.10). The model
has seven parameters that can be changed independently in order to get the best fit (A, ηw,
ηb, σw, σb, C1, and C2). Of these seven free parameters, σw is somewhat constrained as we
measured the absorption spectrum independently. However, as our model does not
include wavelength dependence, the absorption value can vary between narrow limits as
it is wavelength dependent. Furthermore, C1 and C2 must be greater than one and cannot
be too large.
To identify the parameter values that results in the best fit, the model is run and
the irradiation data is subtracted from the model results to give a residual value. The
residual numbers are integrated to give a total residual value for a particular run. It was
decided that the model should be biased towards overestimating particle destruction, in
order to provide a conservative estimate for the amount of organic material that survives.
To achieve this, any negative residual (where the model results are lower than the data) is
multiplied by a factor of 1000, which results in the lowest residuals being attained by
model results that are always above the experimental data. The code was written so that
σw, C1, and C2 are chosen at the outset (as they have a much more constrained parameterspace). The model then loops over different values of ηw, ηb, and σb, whose initial ranges
can be set at the beginning of each run. In this way, we constrain the parameter space
and find the combination of parameters that give the lowest residual.
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Molar absorptivity of mellitic acid
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Figure 3.10 – Molar absorptivity of mellitic acid vs. wavelength. As you can see from
the data, most of the absorption is in the UVC region between 200-260 nm. A molar
absorptivity of 1 x 105 M-1 cm-1 corresponds to an absorption cross section of ~4 x 10-16
cm2. The standard deviation of these data is less than ±1%.

Model Parameter Values for Best Fit Case
Parameter
σw
σb
ηw
ηb
C1
C2

Range Tested
1 x 10-16 – 8 x 10-16
1 x 10-19 – 1 x 10-12
1 x 10-5 – 1
1 x 10-5 – 1
0-5
0-5

Best Fit Value
5 x 10-16
6.25 x 10-16
1.78 x 10-3
3.53 x 10-3
2
1

Table 3.5 – Model parameter values for the best fit case. This table shows the model
parameters that gave the best fit to the experimental data, determined by it having the
lowest residual. The range each parameter was tested over is also listed. Figure 3.11
shows the model run with these parameters, the experimental data, as well as the resulting
residual.
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Table 3.5 shows the best fit values for the six parameters as well as the range over
which they were tested. From these parameter values, we can infer that it is twice as
likely for a white particle to become a black particle than it is for a white particle to be
destroyed. We also see that white particle destruction creates two times as many gas
particles as does black particle creation. The black particle absorption (σb) is very close
to white particle absorption, implying that the black particles are similar to white
particles, but are simply resistant to further photodestruction. Before jumping to too
many conclusions based on these results, it must be stated that other combinations of
parameter values gave residuals that were nearly as low as those reported here. For
example, the code was run with ηw=0, implying that there is no complete white particle
destruction, only conversion of white to black. Though this seems to be a fundamental
difference, the model results are very similar and similar values for the other parameters
produce a residual that is almost as low as the values in Table 3.5. In order to better
constrain these parameters, we would need to independently measure some of the free
variables.
Although the model cannot be used to provide absolute values for all six free
parameters, it is still useful as a predictive tool. The primary reason for creating the
model was to understand the long-term survivability of organic material. In order to
predict the amount of organic material that is destroyed, the exact values of each
parameter are not necessary. To address this question, we only need a model that is a
good fit to the data; the overall organic lifetime is not overly sensitive to the exact
parameter values and instead depends primarily on the goodness of the fit. Figure 3.11 is
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a plot of the mellitic acid irradiation data overlaid with the model results. As can be seen,
the model is a good fit to the experimental data. Where the model differs from the data, it
predicts more organic destruction, which leads to a conservative estimate for the amount
of organic material that survives. This is important as we extrapolate our model results
out to billions of years of Martian UV exposure and we want to avoid underestimating
the organic destruction.
To scale our model to Mars, we make two primary changes to the code. First, the
photon flux is reduced by a factor of ten to match the Martian UVC flux. And second,
the values of ηw and ηb are also reduced by a factor of ten to account for the Martian
surface being more than 100° cooler than the laboratory experiments (as mentioned
before, previous work has shown that temperature has an effect on the photolytic
destruction rate [ten Kate et al., 2006]). It is likely that these values are still too high for
Mars as they do not account for the presence of Martian (or meteoritic) minerals that will
have much a more significant effect on UV absorption than the pure SiO2 powder used in
the laboratory simulations.
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Molar Flux vs. Time
During Irradiation
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Figure 3.11 – A plot comparing the model to the experimental results. The red line is the
model, the black line is the experimental data, and the blue line is the difference between
the two. As shown above, the model is not a perfect fit for the initial gas release,
showing that the actual process is more complicated than what we are modeling.
However, as the model predicts more release than is seen in the experimental results, it
will overestimate destruction, leading to a conservative estimate of remaining organic
residue.
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Irradiation
Time (years)
1 x 105
1 x 106
1 x 107
1 x 108
1 x 109

UV Destruction
Depth (µm)
4.75
5.45
6.15
6.85
7.55

Table 3.6 – A table of UV destruction depth versus irradiation time. The destruction
depth is defined as the depth at which 90% of the original (white) material still remains.

Organic Molecule
Pure Mellitic Acid
Mellitic Acid
Mellitic Acid and Perchlorate
1,2,4-Trimellitic acid
Phthalic acid
3,5-Dinitrobenzoic acid
Sodium benzoate
Sodium Benzoate and Perchlorate
Pure Tryptophan
Tryptophan

1 Ga Destruction
Depth (µm)
8.84
7.55
2.54
15.29
10.98
23.45
44.8
49.5
21.14
12.06

Table 3.7 – Destruction depth comparison for all organic molecules used. This table
compares the UV destruction depth after 1 billion years for all of the organic molecules
tested. Silica powder is assumed to be present unless the substance is specifically listed
as pure. This is done by scaling the model results by using the various gas flux values
integrated over time, using the exponential fit parameters for the early and late stage
behavior. The different number of carboxyl groups are also taken into account, as a
molecule with more carboxyl groups can release more CO2 into the gas phase without
breaking the central carbon ring.
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Table 3.6 shows the computed values of UV destruction depth vs. time. The
destruction depth is defined as the depth at which 90% of the original material still
remains. As you can see, the creation of black particles forms an effective barrier to UV
irradiation, effectively preserving all organic material below 8 µm over a billion years
(for mellitic acid). It is also clear from our results that the black layer forms fairly
quickly and does not grow significantly over time, only doubling in extent from 0.1 Ma
to 1 Ga.
Going back to Table 3.1, which shows the organic mass delivered by different
sizes of meteoritic material, our results imply that every particle larger than the 12-27 µm
range would have some of its organic material survive for billions of years. If we
account for the estimates of Benner et al. [2000] that 10% of the meteoritic infall could
survive chemical oxidation as mellitic acid, we conclude that of the 2.5 x 105 kg of
carbon that reach the Martian surface each year, up to 2.09 x 104 kg could survive for
billions of years (~8%). If this organic carbon can accumulate for 3 billion years and is
mixed to a depth of 100 meters, it would be present in Martian soils at 5 ppm (by mass).
Judging by concentration alone, this should have been detectable by the Viking GC/MS
instruments; however, a relatively high concentration does not ensure detection as will be
discussed in the following chapter.
The other extreme in concentration would be if the meteoritic material is broken
up into smaller particles and all of the organics are exposed to UV irradiation. In this
scenario, all of the original organics would be either destroyed or converted into the black
material that is resistant to further photolysis. Our model results suggest that 2/3 of the
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original white material become black particles over time. In the specific case of mellitic
acid irradiation, in which the original particles become benezenehexacarboxylic acidtrianhydride (C12O9), 85% of the mass of the initial organic is retained. This suggests
that even if all of the organic material is exposed to UV light, more than 50% of the
initial mass should survive irradiation. If this case is more representative of what is
occurring on Mars, the resulting organic material would still be present at ~3 ppm which
should also have been detectable to Viking.
Table 3.7 extends the model results to all of the organic materials which were
irradiated for this work. This is accomplished by scaling the mellitic acid results by using
the exponential fit parameters for each organic. If the gas flux from each molecule is
integrated over 1 Ga, using the best-fit parameters obtained for the early and late-stage
behavior for each organic molecule (high initial destruction rate followed by a much
lower, longer term rate), we can compare the total gas release from each molecule. We
must also account for the fact that the difference in composition will have an impact on
the gas flux data. Namely, as a smaller molecule can lose fewer fragments before being
destroyed, the relative sizes of the organics must be taken into account. This is done by
using the number of initial carboxylic acid groups and is also normalized to mellitic acid.
For example, trimellitic acid has 3 carboxylic acid groups and mellitic acid has 6. We
assume that given the same gas flux, twice as much trimellitic acid is destroyed as
compared to mellitic acid. The integrated gas flux results are scaled to correct for these
compositional differences.
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From the table, we can see that the shallowest penetration depth is for the mellitic
acid plus perchlorate sample followed by the mellitic acid sample (with SiO2 in both
cases), which predicts that of the molecules tested, mellitic acid should be the most
abundant in the Martian near surface environment. Sodium benzoate and dinitrobenzoic
acid are the most easily destroyed, though the penetration depth is still less than 50 µm,
which could allow for the preservation of some of this material, at least with regards to
UV photolysis.
3.7

Discussion and Conclusions
The most significant result of this work is that UV irradiation alone will not

completely destroy Martian organics. In the case where organics form a self-shielding
layer of UV protection inside a particle that is not disrupted after delivery to the surface,
less than 10% of the initial organic mass is destroyed. If the meteoritic particles are
broken up and all of the material is irradiated, only 50% of the initial mass of carbon is
destroyed and the remaining organics should accumulate to detectable levels.
Furthermore, the presence of perchlorate on Mars could also act as a UV shielding agent
[Abu-Eittah and Arafa, 1970; Heidt et al., 1958], further reducing the rate of photolytic
destruction.
Second, UV irradiation produces photolytic products that are consistent with the
original composition of the molecule. This is important as it implies that even after
billions of years of irradiation, the remaining residue will carry a signature of its original
composition which could be used to infer whether the organic was exogenously delivered
or was biogenically produced on Mars.
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Third, we show that UV irradiation affects the solubility of organic materials
which has important implications for where the organic molecules would partition in a
soil profile. Detecting organics and determining their solubility could be instructive in
learning the water history of the site as well as understanding the history of the organic
material itself. The fact that irradiation produces insoluble organic molecules is also an
important consideration for future instrument design and operation.
In conclusion, we show that the lack of organics on Mars as detected by Viking is
not due to UV photodestruction of organic molecules and is more likely due to other
factors. First, the amount of mixing could be greater than the 100 meters assumed here,
diluting the organics in the Martian regolith. This is not very likely as the mixing would
have to be to many kilometers depth which does not match observation and would require
an unrealistically high number of impacts relatively late in Martian history. Second, the
organics could be destroyed by chemical oxidation pathways not currently expected.
Third, the organics could be destroyed by high energy particles incident on the Martian
surface, though this mechanism is not well constrained at present. Lastly, organic
material could have been present at estimated levels but may have been undetectable to
the Viking GC/MS and the TEGA instrument if they were destroyed by the analysis
itself. This third possibility is the subject of the next chapter.
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Chapter 4 – Pyrolysis of UV Irradiated Organics
4.1

Introduction and Background
To date, three different instruments capable of detecting organic molecules have

operated on Mars; two of them were the identical GC/MS instruments flown on each
Viking lander and the third is the TEGA instrument aboard the Phoenix Lander. The two
instrument designs are slightly different based on what they were intended to measure.
The Viking GC/MS instruments were designed primarily to detect organic molecules. As
stated in the previous chapter, even without a Martian biosphere, organic molecules
delivered meteoritically were expected to have accumulated to levels detectable by the
Viking instruments which had a sensitivity in the ppb range for compounds containing
more than two carbon atoms [Biemann et al., 1977; Biemann, 1979; Flynn, 1996]. To
best identify Martian organics, the Viking instruments included a gas chromatograph
which separated the evolved gases based on molecular weight and were designed to
maximize the separation of water and CO2 from organic compounds. The Viking
instruments could flash heat their samples to 50, 200, 350, or 500° C in 1-8 seconds
(depending on the temperature selected) and hold there for 30 seconds in order to drive
off gas to analyze.
The Thermal and Evolved Gas Analyzer (TEGA) on the Phoenix Lander was
designed to detect more than organic molecules as Viking had shown that there may not
be any organic molecules to detect. Similar to Viking, the TEGA instrument heats its
sample to drive off gas that is then analyzed with a mass spectrometer (MS). However,
unlike Viking, there is not a GC column between the oven and the MS. Also, the TEGA
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ovens are heated at a pre-programmed ramp rate so that temperature changes gradually
over time. As a result, TEGA is able to see the gases evolved vs. temperature as well as
gather calorimetry data on the sample. This design allows the TEGA instrument to
identify minerals as well as possible organic signatures. The maximum oven temperature
for the TEGA instrument was around 1000° C. The sensitivity to carbon was also lower
than Viking, closer to the ppm level, due to instrument background.
When the Viking molecular analysis experiments were run on Mars, all organics
signatures that were detected could be attributed to terrestrial contamination. However, a
significant amount of CO2 was detected, though the evolution temperature could not be
determined due to the instrument design [Biemann et al., 1977] which makes it
impossible to differentiate between the release of adsorbed CO2, CO2 released due to
organic combustion, and the possible release of CO2 from carbonate minerals.
The TEGA instrument had eight single-use ovens, six of which were used during
surface operations. Of those six ovens, one was run empty as a control to quantify
potential terrestrial organic contamination. In at least one run, there was a hightemperature CO2 release that has been attributed to the decomposition of calcite [Boynton
et al., 2009]. There was also a low temperature CO2 release seen in each of the runs,
including the day 2 runs when all volatile phases should already have been driven off.
This low-temperature release is due to atmospheric CO2 leaking into the ovens and being
flushed out at the beginning of a run. The desorption of adsorbed CO2 could also
contribute to this low-temperature signal, and this CO2 would also be atmospheric in
origin.
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Aside from the high and low temperature CO2 releases, there was an
intermediate temperature release of CO2 and H2O starting around 300-400° C that is seen
in two of the runs (see Figure 4.1 and Figure 4.2). This low temperature CO2 release
could be due to one of four things: 1) It could be the desorption of CO2 absorbed on the
Martian regolith. 2) It could be from a carbonate mineral other than calcite with a CO2
release at lower temperature. 3) It could be from the decomposition or combustion of
Martian organics. 4) Lastly, it could be from the decomposition or combustion of
terrestrial organics. We believe that the first scenario is unlikely as desorption should
have taken place at lower temperatures, which is seen in the data. Work done using
temperature-programmed desorption from zeolites and other minerals shows that
adsorbed CO2 is generally driven off below 200° C [Meng-fei et al., 1997; Thompson et
al., 2003; Yagi et al., 1997]. We also believe that we can rule out the fourth possibility
since, as previously mentioned, an oven was run with no sample to quantify any
terrestrial organics present and the CO2 levels were lower by a factor of 2-5 (see Table
4.2). Therefore, we believe that the low temperature CO2 release seen by the TEGA
instrument is due to either the decomposition of a carbonate mineral or the decomposition
or combustion of Martian organics. This work assumes that the CO2 release is due to
organic combustion and will test whether or not this is a reasonable hypothesis.
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Figure 4.1 – TEGA mass spectrometry data for the high temperature ramp on the Baby
Bear sample. There are two distinct peaks in the mass 44 data from this sample. The
first is a low temperature peak that is most likely due to atmospheric CO2 that diffuses
into the instrument between runs. The second peak, with an onset temperature of ~300°
C and a peak around 500°, is possibly due to the combustion or decomposition of organic
molecules. At the beginning of the day 2 run, the mass 44 signal is higher than on day 1.
A possible explanation for this is that there was one more day between the day 1 and day
2 runs then there was between the day 1 and the previous ramp, which could allow more
CO2 into the oven.
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Figure 4.2 – TEGA mass spectrometry data for the high temperature ramp on the sample
Wicked Witch. The blue data is from the first time the ramp is run, the red line is the
second ramp which provides a background and the green line is the difference between
them. There are three distinct peaks; the first peak is atmospheric CO2 and the third peak
is due to carbonate decomposition [Boynton et al., 2009]. The second peak is possibly
due to organic decomposition or combustion.
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Non-detection of organic molecules does not necessarily mean that Mars has
undetectably low levels of organics for a number of reasons. First, it is possible that the
soils analyzed are not representative of Martian soils in general. Both the TEGA and
Viking samples came from the top 10 cm of regolith and may not be representative of
Martian soil as a whole. This is the weakest of the arguments as there is no reason to
believe that the soils that have been analyzed do not represent typical Martian soils.
Next, it is possible in the Viking case that organics were present but not detected as they
were not driven off by the Viking instrument‘s lower pyrolysis temperature. This
scenario is much more likely as the proposed product of chemical oxidation, mellitic
acid, might not decompose until temperatures greater than 500° C [Benner et al., 2000].
This hypothesis has been strengthened by work done in the Atacama Desert (a Martian
analogue based on its extreme aridity) using a Viking-like instrument that shows that
some organics are not driven off at temperatures below 500° C, despite being present in
the soil. This scenario also seems to be less likely as the TEGA instrument had a peak
temperature of 1000° C and no organics were seen. However, given TEGA‘s much lower
detection limits, it is still possible that organics that decompose between 500-1000° C are
present but just not abundant enough to be seen by TEGA.
The third possible explanation for the lack of an organic signature despite
organics being present is destruction during analysis. Both the Viking and TEGA
instruments use pyrolysis, a comparatively extreme way of driving off organic fragments.
Pyrolysis must be conducted using a reducing carrier gas to prevent the oxidation
(combustion) of organics during analysis. It has been shown in terrestrial experiments
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that iron oxides, which are abundant on Mars, can cause the combustion of organics
during pyrolysis [Schlten and Leinweber, 1993]. In addition to oxidizing minerals
present in the soil, the Phoenix Lander detected perchlorate in the Martian soil at levels of
1-2% [Hecht et al., 2009]. Though it is thought to be produced by atmospheric processes
[Catling et al., 2010], the abundance and distribution of perchlorate on Mars is currently
unknown as it has only been measured at one location. This large amount of perchlorate
was entirely unexpected before its discovery and consequently, little work has been done
to quantify the effects of perchlorate on pyrolysis.
We have designed and carried out several experiments in order to address these
questions. First, in order to constrain the number and type of organic molecules used, we
assume meteoritic organic material that has been chemically oxidized to mellitic acid as a
baseline. Other organic molecules are chosen based on their similarity to mellitic acid
and are shown in Figure 3.1 of chapter 3. This allows us to test the behavior of mellitic
acid (and other similar molecules) during pyrolysis to determine whether or not mellitic
acid would have been volatilized at Viking oven temperatures. Second, we use irradiated
organic molecules as all meteoritically delivered organic material will have been exposed
to Martian UV conditions. Finally, we mix up to 2% (by weight) sodium perchlorate
(NaClO4) with the sample to examine the effects of perchlorate on the thermal
decomposition of mellitic acid and sodium benzoate. By addressing these questions, we
hope to assess the likelihood that either Viking or Phoenix detected organics on Mars and
place upper limits on organic concentration at the VL-2 site based on GC/MS data as well
as at the Phoenix landing site based on TEGA data.
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4.2

Experimental Setup and Methods
The setup and preparation of these samples is the same as what is described in

chapter 3 as this experiment was designed as a continuation of the UV irradiation runs.
To briefly recap, one organic material is mixed with SiO2 powder. The organics are
added to the silica powder so that they represent 5% of the total weight of the sample. If
sodium perchlorate is added, the organics still constitute about 5% of the sample and the
perchlorate makes up another 1.5-2%. The sample is placed in a shallow, cylindrical
volume machined into an oxygen free high conductivity (OFHC) copper sleeve that is
snugly mated to a stainless steel rod. The copper sleeve is secured to the steel rod with
retaining rings to insure good thermal contact. The interior of the stainless steel rod has
been machined out to allow the insertion of a Dalton Electric Watt Flex cartridge heater
with a peak temperature of 1030° C. The cartridge heater is manufactured with a groove
along both sides that allows for the insertion of a Type K thermocouple to monitor the
temperature of the heater tip which is in good thermal contact with the stainless steel rod
and the copper sample sleeve.
After UV irradiation for a period of days, the sample is allowed to cool to room
temperature. At this point, the temperature of the sample cup is raised from room
temperature to 750° C at a rate of 0.04° C/second, the entire ramp taking around 5 hours
to complete. This ramp rate is slower than the TEGA rate which took slightly over an
hour to raise the temperature from ambient to 1000° C. The slower ramp rate was chosen
so that the gas products were of a low enough pressure that we were able to use the
channel electron multiplier (CEM) on the mass spectrometer, which has a greater
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dynamic range than the faraday cup detector by itself. The gases evolved during
pyrolysis were measured using an SRS RGA 200 quadrupole mass spectrometer with 1200 m/z range and a pressure range of 1 x 10-13 to 1x 10-6 torr when using the CEM.
Three different types of background measurements were taken to produce the best
data from the heating ramp. First, the instrument background measured after each run
was subtracted from the data. Second, after heating the sample once to 750°, the sample
was allowed to cool down to room temperature. At this point, the heating ramp was run a
second time, the theory being that any signal produced after the sample has been heated
once is likely contamination or due to the instrument itself heating up leading to
increased degassing from the walls. These data are also subtracted from the first run.
Finally, a complete run was done using SiO2 powder with no organic sample as
adventitious carbon and water readily adsorb to SiO2, producing a signal that could be
confused with the signal from the organic samples. The data from this run is subtracted
from every organic run, resulting in data that is above three different levels of
background subtraction.
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Figure 4.3 – A cross-sectional view of the sample stand with parts labeled.
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Figure 4.4 – Picture of the actual sample stand with copper sleeve and retaining rings
visible.
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Pyrolysis Runs
Sample

SiO2

NaClO4

Mellitic Acid

C:O

Carboxylic
Acid Groups

1

6

X
X

X

1,2,4-Trimellitic acid

X

1.5

3

Phthalic acid

X

2

2

3,5-Dinitrobenzoic acid

X

1.17

1

Sodium benzoate

X

3.5

1

5.5

1

X
Tryptophan

X

X

Table 4.1 – Pyrolysis run table. Only mellitic acid was run as a pure sample, all the rest
were mixed with SiO2. Mellitic acid and sodium benzoate were each run a second time
with SiO2 and NaClO4.
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4.3

Sources of Error and Uncertainty
For the most part, the sources of error and uncertainty in these experiments have

already been covered in chapter 3 as the setup and analytical equipment are the same.
The uncertainties in the Viking data are discussed in the published Viking results that
have been previously cited. The uncertainties in the TEGA data come from the
instrumental uncertainty and do not include possible systematic errors which are not well
understood at present. One source of error that could affect these results is the SiO2
powder used as a mineral matrix. SiO2 has hygroscopic properties, meaning it can attract
water molecules from its environment which would be outgassed during pyrolysis. The
silica powder also contains some organic contaminants that introduce a background
signal during organic analysis. To mitigate these sources of error, the SiO2 was vacuum
baked to high temperature to drive off as much water and organic material as possible. A
pyrolysis run was conducted using only SiO2 as a control experiment (seen in Appendix
B) and these data were subtracted off of every run. These steps minimized the possible
contamination introduced by SiO2, but the possibility for a small amount of error remains
as the SiO2 contamination is not necessarily homogenous across all the samples and the
amount of SiO2 used in each run differed slightly. These remaining errors did not have a
significant impact on the experimental data and conclusions.
4.4

Results

4.4.1

Mellitic Acid
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Table 4.1 is a list of the different samples run for this work. The samples are the
same as the previous chapter with the exception of pure tryptophan which was not
pyrolyzed as it was run using a different setup that lacked the capacity to heat the sample.
The C:O ratio is used as a proxy for the oxidation state of the molecules. Mellitic acid,
with a C:O ratio of 1 is a very oxidized organic molecule as it is difficult to get ratios
lower than 1 on a molecule that would still classify as organic. Of the six different
organic molecules used, special attention was paid to mellitic acid as it has been
specifically predicted to be a metastable decay product of chemical oxidation.
Figure 4.5 and Figure 4.6 show the thermal decomposition data for mellitic acid
mixed with SiO2 and mellitic acid mixed with SiO2 and NaClO4, respectively. First, it is
important to note that for the run without perchlorate, the release of inorganic gas
products (H2O, CO2, and CO) is up to 4 orders of magnitude higher than any reduced
carbon fragments that are released. These organic fragments are primarily released at
low temperature. It is possible that other organic fragments were evolved that were not
detected as the mass spectrometer was used in selected ion monitoring mode during this
run. However, the pressure was independently measured and is dominated by the
inorganic fragments, indicating that any organic release that was not directly monitored
must have been small.
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Figure 4.5 – A plot of gas evolution vs. temperature for mellitic acid. Notice that the
most abundant gases released are inorganic (H2O, CO2, and CO). The standard deviation
for each mass is ±2% for values above 10-12 moles/second and ±10% for values between
10-14 and 10-12 moles/second.
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Figure 4.6 – A plot of gas evolution vs. temperature for mellitic acid and perchlorate.
One of the primary differences between the two sets of data is the 10-100x greater
oxygen flux seen in the sample with perchlorate. The oxygen release starts around 400°
C and is shown in more detail in Figure 4.7. Mass 27, 29, 31, and 36 were not monitored
in the first run so it is impossible to know if these organic fragments were present in the
prior run or not.
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Mellitic Acid m/z=18 and 44 vs. Temperature
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Figure 4.7 – O2, H2O, and CO2 data from both mellitic acid runs. The top plot is mass 32
(O2) vs. temperature data for both mellitic acid runs, with and without perchlorate. As
you can see in the run with perchlorate (shown in black), there is a substantial oxygen
release starting at around 300° C that starts ramping up around 400° C. The second plot
shows mass 18 (H2O) and 44 (CO2) data for both runs. In the run without perchlorate,
mass 18 is always the most abundant. In the perchlorate run, the CO2 signal starts
increasing around 300° C which is likely due to organic combustion.

159
In Figure 4.6, we see gas products similar to those seen in the run without
perchlorate, though the relative intensities of each mass is slightly different due to the
presence of perchlorate. In particular, in the run without perchlorate, the m/z 18 signal is
higher than the m/z 44 signal past 500° C (Figure 4.7). In the run with perchlorate, m/z
18 and 44 data cross at about 350° C. This is most likely a result of organic combustion
as the rise in CO2 is coincident with a rise in m/z 32 (O2). It should also be noted that the
amount of oxygen released in the run with perchlorate is ~40 times greater than the run
with SiO2 alone (Figure 4.7), corresponding to 1.3 moles of O2 evolved per mole of initial
perchlorate. There are reduced carbon fragments outgassed during the perchlorate run,
beginning around 200° with a second evolution peak beginning at ~400° C.
4.4.2

Sodium Benzoate
The following three figures show the same data for sodium benzoate thermal

decomposition. Sodium benzoate was selected to perform an additional perchlorate run
as it has the highest C:O ratio (3.5) of any of the mellitic acid-like organics used. There
is very little water released in the perchlorate run, with CO2 and CO being the primary
gas products. The total m/z 32 released in the perchlorate run is 130 times greater than
for the run without perchlorate and corresponds to a release of 1.5 moles O2 evolved per
mole of NaClO4 (Figure 4.10). There are some reduced carbon fragments evolved below
400° C with small peaks around 250 or 300°, but the molar flux picks up at around 400°
C with rates that are 10-100 times higher than the earlier peaks.
The thermal decomposition data for the remaining organics runs are included in
appendix B but will not be discussed individually here.
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Figure 4.8 – a plot of gas evolution vs. temperature for sodium benzoate mixed with
silica powder. Inorganic gases are the most abundant overall, but there are significant
contributions from mass 78, 51, 39, and 15, which are reduced carbon fragments.
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Figure 4.9 – Gas evolution vs. temperature for sodium benzoate and sodium perchlorate.
The gas evolution is radically different than for the run without perchlorate. There
appears to be a small low temperature release of organic fragments, then a large release
composed primarily of inorganic gases, with O2 evolution being at times up to three
orders of magnitude higher than in the previous run.
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Sodium Benzoate m/z=32 vs. Temperature
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Sodium Benzoate m/z=18 and 44 vs. Temperature
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Figure 4.10 - O2, H2O, and CO2 data from both sodium benzoate runs. The top graph
again shows the large release of oxygen from perchlorate beginning at 300°. The bottom
graph shows the difference in the mass 18 and 44 data between the two runs. Again, the
CO2 release is greater in the sample with perchlorate which is diagnostic of organic
combustion. The large water release could also be due to organic combustion, though a
similar effect was not seen in the mellitic acid data.
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4.4.3

Composite Data from Organic Runs
Figure 4.11 is a plot of the mass 39/44 ratio vs. the C:O ratio of the original

organic, which is used as a proxy for the oxidation state of the molecule. The m/z 39
signal is most likely due to C3H3, a small organic fragment that could be produced by a
number of different parent molecules. Comparing it to the mass 44 signal is essentially a
measure of the reduced carbon/oxidized carbon output of the thermal decomposition
process. As you can see from the data taken from the runs without perchlorate (black
points), there is a clear relationship between the 39/44 ratio and the initial C:O ratio,
implying that information about the composition of the original organic is preserved in
the thermal decomposition products.
If conditions on Mars are similar to those of the laboratory experiments (meaning
no perchlorate), this plot could be used to constrain the C:O ratio of Martian organics.
However, the presence of perchlorate (red points) complicates the issue. As you can see
for sodium benzoate (perchlorate has no effect on the 39/44 ratio of mellitic acid as it was
already below our detection limits), the presence of perchlorate in the soil reduces the
39/44 signal. We believe that this is due to increased organic combustion caused by the
perchlorate releasing large amounts of oxygen into a high energy environment with
reduced carbon present. The 39/44 ratio is then likely a function of the
organic:perchlorate ratio, with the 39/44 ratio dropping as the organic:perchlorate ratio
drops. If true, this would obscure the relationship between 39/44 and the initial C:O ratio
and would make interpreting the data considerably more difficult.
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Figure 4.11 – A plot of the mass 39/mass 44 ratio vs. the C:O ratio of the original
organic. Essentially, this compares the number of reduced carbon species produced to
the original oxidation state of the molecule. The black points are for runs without any
perchlorate added and there is a clear relationship between the 39/44 and C:O ratio. The
red points are the two samples run with perchlorate and demonstrate the oxidation power
of perchlorate during pyrolysis. For lower concentrations of organics, similar to what
would be expected on Mars, the combustion would most likely be more complete and the
39/44 ratio would be close to zero, even for organics that initially have a high C:O ratio.
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Figure 4.12 is a plot of the ratio of moles of CO2 outgassed to the moles of initial
carboxylic acid groups plotted against initial carboxylic acid groups. The points in black
are for mellitic acid and its closest structural derivatives (trimellitic acid, phthalic acid,
and sodium benzoate). It is interesting to note that the black points all have a
CO2/nCOOH ratio of about 0.3 after irradiation (the non-irradiated value for mellitic acid
is 0.04). This most likely indicates that UV irradiation has a similar affect on these
particular organics based on their similar composition and structure. Tryptophan and
dinitrobenzoic acid, which also have one initial carboxylic acid group, have values of
0.13 and 2.45 respectively. The variation in the amount of CO2 released for organics
with the same number of initial carboxylic acid groups shows that the CO2 released
during pyrolysis is not solely from the destruction of carboxylic acid groups and must be
due, in some measure, to the oxidation of reduced carbon to CO2. This is further shown
by the enhanced CO2 production when a strong oxidant is added to the soil/organic
mixture.
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Figure 4.12 – A plot showing the moles of CO2 outgassed over the initial moles of
carboxylic acid groups. The points in black are for mellitic acid and its closest
derivatives (aromatic ring + carboxyl groups), mixed with SiO2 alone. From these data, it
appears that these organic molecules are similarly processed by exposure to UV, with
about 0.3 moles of CO2 being produced per mole of initial COOH group. The points in
red are for the mellitic acid and sodium benzoate plus perchlorate runs and show the
increased CO2 released due to combustion. The blue points are for tryptophan and
dinitrobenzoic acid which are less similar structurally when compared with mellitic acid.
These data show that the structure of the initial organic influences the photochemical
destruction and therefore the resulting pyrolysis. This is important to understand in order
to learn something about the original organic material before it was exposed to Martian
UV conditions.
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CO2 is one of the most abundant products of thermal decomposition for every
organic run, even when no perchlorate is added. Figure 4.13 is a plot of the moles of CO2
released over the initial moles of carbon atoms versus the C:O ratio of the original
organic. Again, the points in black are for the runs without perchlorate and show a clear
relationship between how many moles of CO2 are released compared to the initial
number of carbon atoms versus the oxidation state of the original organic. If we assume
that most (or all) of the organic material is destroyed during pyrolysis, which it is to the
detection limit of our mass balance, the carbon released not represented by CO2 evolution
must be in the form of other, more reduced molecules. This shows that organic
fragments must be produced during pyrolysis for the organic material that is mixed with
SiO2 alone. And furthermore, that the number of organic fragments produced depends on
the initial oxidation state of the organic molecule. Further work would be necessary to
examine the effects of a more oxidizing mineral like Fe2O3 on the production of reduced
carbon species during pyrolysis.
The data points shown in red demonstrate the oxidizing potential of perchlorate in
the soil, which has big implications with regards to the interpretation of TEGA and
Viking data. When perchlorate is added to the organic/SiO2 mixture, the moles of carbon
outgassed as CO2 increases dramatically for both mellitic acid and sodium benzoate.
However, as the nCO2/nC ratio is not unity in either case, it seems possible that reduced
carbon fragments could still be detected, which was the case. This result is due to the
relative abundance of organic vs. perchlorate used in these runs and is not representative
of what we would expect to see on Mars. In the laboratory experiments, organic material
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made up 5% of the overall sample and the perchlorate was <2%. On Mars, the organic
concentration would be expected to be lower but the perchlorate concentration would be
about the same. Consequently, the organic:perchlorate ratio in the lab is orders of
magnitude greater than what would be expected on Mars, leading to incomplete organic
combustion.
As mentioned previously, the lab sample contains around 5% organic material by
weight and 1-2% perchlorate. If the oxidation process were 100% efficient, meaning that
each carbon atom from the organic is completely oxidized to CO2 by two oxygen atoms
liberated from perchlorate, 3 times more perchlorate in the case of mellitic acid, and 10
times more for sodium benzoate, would be required to completely combust the organic in
the sample. As can be seen by the large O2 signal in the gas release data, the combustion
process is not anywhere near 100% efficient, with up to 75% of the oxygen evolved from
perchlorate not reacting at all. On Mars, the relative concentrations of perchlorate and
organic should be drastically different. As stated above, meteoritic organic material
would only accumulate to ppm levels in Martian soils. In Antarctica, even soils with
biological activity (albeit very limited activity) have an organic content as low as 0.01%.
Regarding perchlorate, the 1-2% perchlorate used in these experiments is on par with
what was detected by the MECA instrument at the Phoenix landing site. Therefore, even
if combustion is only 25% efficient, most, if not all, of any organic material in the
Martian soil would be oxidized during pyrolysis.
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Figure 4.13 – Moles of outgassed carbon dioxide (nCO2) over initial moles of carbon
(nC) vs. C:O ratio. Again, the points in black are data from organic runs without
perchlorate and the red points are for the two runs with NaClO4. An oxidized molecule
will have all of its carbon released as CO2 or CO. In the idealized case of complete
combustion, the nCO2 evolved:nC initial ratio would be 1, meaning that every carbon
molecule is evolved as CO2. As you can see from these data, in the runs without
perchlorate, there is a clear relationship between the oxidation state of the evolved gases
and the oxidation state of the initial organic molecule. This is expected for pyrolysis
under reducing conditions as organic fragments are driven off during pyrolysis.
However, the red points tell a different story. In both case, the addition of perchlorate
increases the amount of CO2 released, caused by the combustion of organic material in
the presence of large amounts of O2 released by the perchlorate molecules during thermal
decomposition.
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4.4.4

TEGA Results
As stated previously, the TEGA instrument detected a CO2 release in the Baby

Bear and Wicked Witch samples at roughly the same temperature. The first sample,
Baby Bear, was a sample of surface material taken from the side of a polygon,
intermediate between the polygon center and trough. The second sample, Wicked Witch
was a sample of soil scrapings from the ice-cemented soil/soil interface at ~4 cm depth at
the center of a polygon. As shown in Figure 4.1 and Figure 4.2, there is a small release in
the mass 44 data beginning at around 300-400° C for each sample. If we assume that this
release is due to organic material, we can use it to set an upper bound for the 39/44 ratio
of Martian organics as well as set upper limits for the concentration of certain organics at
the Phoenix landing site.
Figure 4.14 shows the CO2 count rate as a function of time as well as the oven
temperature as a function of time. As you can see from the data, the overall CO2 count
rate rises with temperature, most likely due to outgassing from instrument walls as they
heat up. The signal is the portion of the curve above the underlying rate of increase. To
measure the CO2 release, we average a few points before the release as well as a few
points after the release to establish the baseline. This baseline value is subtracted from
the average count rate of the CO2 release. To convert the count rate to a pressure, we
look earlier in the TEGA run when it was measuring the atmosphere directly and
calculate the instrument signal:mbar relationship by using the value for pressure
measured by the MET instrument on the sol the TEGA ramp was run [Taylor et al.,
2010]. Though there was no measurable mass 39 release, we perform the same analysis
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on the corresponding data for mass 39 in order to establish an upper limit for the 39/44
ratio.
The same analysis techniques were performed on data from the run of an empty
oven to show that the Baby Bear and Wicked Witch CO2 signal is likely due to something
in the soil and not terrestrial contamination. As can be seen in Table 4.2, the blank value
is 2.5 to 5 times smaller than for the sample runs which indicates that the mass 44 release
is from Martian material, either from combusted organics or the low temperature
decomposition of carbonate minerals.
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Figure 4.14 – Mass 44 rate and oven temperature vs. time for the high temperature ramp
of Baby Bear run on Sol 22. The CO2 baseline is drawn on the graph and the points
average to establish the baseline before and after the CO2 release are circled in red.

TEGA Data
Sample
Baby Bear
Wicked Witch
Blank Run

CO2 released (moles) 39/44 ratio (upper limit)
4.4 ± 0.8 x 10-8
4.79 x 10-3
-8
1.7 ± 0.3 x 10
4.65 x 10-3
-8
0.8 ± 0.1 x 10
n/a

Table 4.2 – A summary of TEGA CO2 results from analysis of Baby Bear, Wicked
Witch, and an empty oven.
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4.5

Discussion

4.5.1

Viking
First and foremost, these data call into question the long-held belief that there are

few to no organics on Mars based on the Viking molecular analysis experiments. It is
quite possible that there were organics in the Viking soils at ppm levels that primarily
produced H2O and CO2 as decomposition products, gases which were seen by the Viking
GC/MS. This would have been the case if mellitic acid is the primary organic residue on
Mars. In at least one pyrolysis experiment, an unexpectedly high water signal was seen
at 500° C [Biemann et al., 1977], which again is consistent with the thermal
decomposition of mellitic acid (among other organics). Furthermore, these conclusions
do not require the presence of perchlorate or a similar strong oxidant in the soil.
If perchlorate on Mars is atmospherically generated, and therefore globally
distributed given the current climate regime, the case for organics at the Viking site is
even stronger. Measurements of perchlorate at the Phoenix landing sites give
concentration values of up to 1-2%. The concentration of organic material based on
meteoritic sources alone predicted to be a few ppm, orders of magnitude lower than the
concentration used in the lab. The high concentration of perchlorate in Martian soils
compared to possible organics and the large oxygen release by perchlorates during
thermal decomposition produce an environment that is ideal for combustion of organic
molecules. This expands the number of possible organics present at the Viking landing
sites as almost any organic would give off CO2 and water when combusted during
pyrolysis, a signal seen by the Viking landers.

174
Table 4.3 shows the concentration of organic carbon based on the measured
values of CO2 evolution during Viking analysis. CO2 was only measured on the Viking
Lander 2 (VL-2) samples as the Viking Lander 1 samples were all run using 13CO2 as a
carrier gas, preventing an accurate measurement of small amounts of CO2. The
uncertainty in these numbers is very large for a few reasons. First, some atmospheric
CO2 is included in the oven with the sample [Biemann, 1979]. And second, as the
Viking instrument had no way to monitor CO2 release versus evolution temperature, it is
impossible to separate low temperature releases of adsorbed CO2 from higher
temperature releases that could be due to carbonates or organic destruction. Thus, these
values for organic concentrations should be seen as extreme upper limits as they assume
that all the CO2 evolved is due to organic decomposition, which is certainly not the case.
The uncertainty reported is for the measurement of CO2 itself and does not take into
account these other factors.
Table 4.4 shows estimates of mellitic acid and sodium benzoate concentrations at
the VL-2 site. For these calculations, rather than assume a combustion efficiency of
100%, we use the efficiency values actually measured in the laboratory during pyrolysis.
We found that combustion efficiency varied with the exact organic being pyrolyzed but
in both cases, the efficiency was not 100% with a maximum oven temperature of only
500° C. As can be seen in the table, mellitic acid has a combustion efficiency of 44%
when heated to 500°, but sodium benzoate only has a combustion efficiency of 5.6%,
with the remainder of the combustion taking place between 500 and 750° C.
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If we make the previous assumption that all of the CO2 evolved comes from the
decomposition of organics (which is not a particularly good assumption for the Viking
data but there is no obvious way to deconvolute the evolved CO2 data), we can make a
few conclusions about the possible organics at the VL-2 site. First, it is highly unlikely
that sodium benzoate (or benzoic acid) could account for all of the evolved CO2 in the
VL-2 samples as it would have to have been present at such high concentrations that
reduced carbon fragments would still have been seen as they would have only needed to
evolve one millionth as much gas as the inorganic fragments in order to be detected by
the Viking organic analysis instrument. However, it is possible that mellitic acid is
present at the VL-2 site as it evolves more CO2/mole of organic as well as fewer and less
abundant reduced carbon fragments. If we use the lower end of Viking values for
mellitic acid concentration (130 and 180 ppm), we get values that are similar to those
measured by TEGA as will be seen below.
With regards to the claim that the Viking did not see some organics because its
pyrolysis temperature was not high enough, we show that this is not true in the case of
mellitic acid, but not because Viking was unable to drive off reduced carbon fragments.
We show that a higher temperature might not have been useful for mellitic acid detection
as this particular organic releases very few organic fragments even at higher
temperatures. For other molecules, it is possible that the 500° C pyrolysis temperature
was insufficient to detect organic fragments, but the results vary based on the exact
molecules evolved and the sensitivity of the Viking instruments to these molecules. For
example, dinitrobenzoic acid‘s largest organic release occurs at about 500°, but there are
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smaller releases of the same organics at temperatures between 200-400°. The difficulty
with detecting these smaller organics might well have been that their release is associated
with much larger releases of H2O and CO2, which would have put the GC/MS in a lowerresolution mode.
Because of the large uncertainty in the source of the CO2 release seen by Viking
Lander 2, it is difficult to disentangle the signal of organic molecules from other possible
CO2 in the soil. However, these results show that there could have been an organic
component of the soil responsible for a fraction of the CO2 released, which would not
have produced organic fragments detectable by the Viking GC/MS instruments.
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Organic Carbon Concentration from Viking Data
Sample
Under Badger Rock
Bonneville Sample

CO2 evolved
(ppm)
385 ± 315
275 ± 225

CO2 evolved
(moles)
8.75 ± 7.16 x 10-7
6.25 ± 5.11 x 10-7

Combustion
Organic Carbon
Efficiency (%)
Concentration (ppm)
100
105 ± 86
100
75 ± 61

Table 4.3 – Calculations of organic carbon content (by weight) in Viking soils based on laboratory results. The organic carbon
concentration assumes that organics are oxidized to CO2 with 100% conversion efficiency. As will be shown in the next table,
this is probably not a good estimate for the 500° C Viking pyrolysis temperature. At this lower temperature, it is probable that
not all the organic material is combusted. Lower combustion efficiencies would lead to a higher soil organic concentration.
The values of CO2 evolved from each sample are taken from the published results of the Viking GCMS experiments with an
assumed sample mass of 100 mg [Biemann et al., 1977]. The reported values are upper limits based on the mass of CO2
evolved and are not very well constrained as the carbon dioxide could have come from atmospheric gases, adsorbed CO2,
organic combustion, or decomposition of carbonate minerals.
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Organic Molecule Concentration from Laboratory and Viking Data
Mellitic Acid
Sample
Under Badger
Rock
Bonneville
Sample

Combustion
efficiency at
500° (%)

Moles of C in
sample

Sodium Benzoate
M.A.
concentration
(ppm)

1.99±1.63 x 10-6

570 ± 460

1.42±1.16 x 10-6

405 ± 330

44

Combustion
efficiency at
500° (%)

Moles of C in
sample

S.B.
concentration
(ppm)

1.56±1.28 x 10-5

3210 ± 2630

1.12±0.93 x 10-5

2300 ± 1900

5.6

Table 4.4 – Mellitic acid and sodium benzoate concentration estimates at the VL2 site. This table shows estimates of mellitic
acid and sodium benzoate by using a combustion efficiency derived from laboratory data. Assuming that the 750° C pyrolysis
temperature of the laboratory setup causes complete combustion, mellitic acid and sodium benzoate only have 44% and 5.6%
combustion efficiencies at a peak temperature of 500°. This results in higher estimates of organic carbon as not all of it is
released into the gas phase as CO2. The final concentrations for mellitic acid and sodium benzoate are shown in bold. There is
no difference in organic concentration between the two samples when the experimental uncertainty is taken into account.
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4.5.2

TEGA
It must first be restated that conclusions based on TEGA data only apply if the

intermediate temperature mass 44 signal is due to Martian organics. At this point, it is
equally possible that the CO2 release is due to the release of carbon dioxide from a
carbonate mineral such as FeCO3. However, as either scenario is a possibility, we will
assume the release is due to organic decomposition/combustion and determine if the mass
44 signal is consistent with organic release. Second, we will investigate conclusions that
can be drawn by assuming that the CO2 release was due to Martian organic material.
Though TEGA did not directly measure any organic carbon species, the detection
of a mass 44 peak can be used to place an upper limit on the 39/44 ratio as there is a
concrete number for mass 44 and we can use the mass 39 background as an upper bound
for detection. As shown in Table 4.2, the upper limit for the 39/44 ratio is around 0.005
for both samples. However, as there is perchlorate at the Phoenix site, we cannot use the
39/44 vs. C:O relationship plotted in Figure 4.11 to constrain the initial C:O ratio of any
possible organic. This is due to the fact that organic combustion by oxygen released
during perchlorate decomposition could effectively lower the 39/44 ratio to zero if the
perchlorate:organic ratio is high enough. For both samples, lower limit of the 39/44 ratio
is zero, which is consistent with complete organic combustion during analysis.
Though the measured 39/44 ratio cannot place any constraints on the initial
organic composition due to the presence of perchlorate, the total moles of CO2 evolved
can be used to constrain the concentration of organic carbon in the Martian regolith. If
we assume that organic material is completely combusted to CO2 (not a bad hypothesis
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based on the 39/44 data and the high concentration of perchlorate), every CO2 molecule
evolved in the intermediate release can be assumed to come from an organic carbon.
Therefore, the number of moles of organic C in TEGA samples is equal to the number of
moles of CO2 evolved, giving a final organic concentration of 10.6 ± 3.3 ppm for the
Baby Bear sample and 4.1 ± 1.2 ppm for Wicked Witch (Table 4.5). This calculation
assumes a sample mass of 50 ± 12.5 mg based on a 0.052 cm3 oven full of 1g/cm3
material [Boynton et al., 2009]. These values agree with the estimate of 5 ppm organic
carbon due to the accumulation of meteoritically delivered organic material and including
the effects of photolytic destruction.
The difference in concentrations between the two samples is puzzling as all other
evidence points to cryoturbation—which would homogenize the organic concentration in
the soil—being the dominant process at the Phoenix landing site. A possible scenario
that would concentrate the organics at the surface is if they are soluble and are wicked to
the surface following a hydraulic gradient. However, soluble salts should behave in the
same manner, which is not seen in the soluble ion data. Another possibility is that there
is some instrument error that has not been accounted for and the variability seen is an
instrumental effect. Since we have only two samples of different soils, this is difficult to
quantify but is still the most likely explanation.
The same data can be used to estimate the abundance of mellitic acid and sodium
benzoate at the Phoenix landing site (or any other organic for that matter). Again, if we
assume complete organic combustion, every carbon atom in CO2 would have come from
an organic carbon molecule. By simply dividing the number of moles of CO2 evolved by
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the number of C atoms per organic molecule, we can estimate the number of moles of a
particular organic molecule at the Phoenix landing site. Again, assuming a sample mass
of 50 ± 12.5 mg, we calculate an upper limit of 25.1 ± 8 ppm of mellitic acid and 18.1 ±
6 ppm of sodium benzoate in the Baby Bear sample. In the Wicked Witch sample, we
calculate 9.7 ± 1.5 ppm of mellitic acid and 7.0 ± 1.1 ppm of sodium benzoate
Though not conclusive, these results are significant as they tell a consistent story
of organics on Mars. When we assume that the intermediate temperature release is due to
organic combustion, the amount of organic present in the soil (based on laboratory data)
is in line with what could be expected from meteoritic infall, accumulation, and oxidative
and photolytic destruction processes.
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Organic Carbon Concentration from TEGA Data
Sample
Baby Bear
Wicked Witch

CO2 evolved
(moles)
4.4 ± 0.8 x 10-8
1.7 ± 0.3 x 10-8

Combustion
Efficiency (%)
100
100

Organic Carbon
Concentration (ppm)
10.6 ± 3.3
4.1 ± 1.2

Table 4.5 – Upper limits on organic carbon concentration at the Phoenix landing site from TEGA data. Assuming a 100%
combustion efficiency for the TEGA runs, which is likely not a bad estimate due to the abundant perchlorate and the high oven
temperature, we can estimate the concentration (by mass) of organic carbon in the Baby Bear and Wicked Witch samples. We
assume that the low-temperature CO2 release measured by TEGA is due to combusted organics to calculate these values. The
4-10 ppm range of organic concentration is consistent with models of meteoritic delivery and accumulation.
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Organic Molecule Concentration from Laboratory and TEGA Data
Mellitic Acid
Sample
Baby Bear
Wicked Witch

Combustion
efficiency at
500° (%)
100

Moles of C in
sample
4.4 ± 0.8 x 10-8
1.7 ± 0.3 x 10-8

Sodium Benzoate
M.A.
Combustion
Concentration efficiency at
(ppm)
500° (%)
25.1 ± 7.8
100
9.7 ± 1.5

Moles of C in
sample
4.4 ± 0.8 x 10-8
1.7 ± 0.3 x 10-8

S.B.
Concentration
(ppm)
18.1 ± 5.6
7.0 ± 1.1

Table 4.6 – Mellitic acid and sodium benzoate concentration estimates at the Phoenix landing site. If we assume that the
higher peak oven temperature and abundant perchlorate detected at the Phoenix landing site leads to almost complete organic
combustion, we can estimate the resulting concentration of organic molecules if we assume that every CO2 molecule released
comes from an organic molecule. The resulting values for concentration of mellitic acid and sodium benzoate in the surface
and ice/soil boundary samples are shown in bold.
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4.5.3

Future Missions
The implication for future missions is that organic detection by pyrolysis will be

difficult if perchlorate is a global phenomenon. If perchlorate is not globally distributed,
then pyrolysis should be able to constrain the C:O ratio of the parent organic material
which would be a useful first step in identifying organics on Mars and understanding
their origins. However, if only carbon dioxide, water, and other inorganic gases are
detected, the possibility that the gas release is due to an unknown mineral phase will
remain. If perchlorate is globally distributed, the sample will need to be processed before
pyrolysis to prevent organic combustion. The chemical derivatization techniques planned
for use by Mars Science Laboratory‘s SAM instrument may be able to separate any
organics from perchlorate prior to analysis. If this sample processing technique works,
the SAM instrument could definitively answer whether or not organic molecules can
survive on the surface of Mars. To be successful, future missions must be able to account
for the presence of perchlorate in their organic detection technique, which will require
different analytical methods than have been used thus far on Mars.
4.6

Conclusions
While we realize that a result based on a model and an upper limit based on

measurements on Mars do not lead to a definitive conclusion, taking the results of this
work as a whole tells an interesting story. If we assume that meteoritic material alone is
responsible for organics on Mars, chemical oxidation could lead to a metastable decay
product which is not itself stable to photochemical destruction, but that forms a molecule
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that is stable to further destruction and shields molecules beneath it from UV rays. Based
on our model results, the resulting organic material could constitute as much as 5 ppm of
the Martian soil if the soil is mixed to a depth of 100 meters.
In turn, we draw two primary conclusions based on our pyrolysis work. First,
especially considering the discovery of perchlorate, the paradigm that has existed since
the Viking mission about the absence of organics on Mars is challenged. While the
Viking results certainly are not encouraging in the search for life or complex organics on
Mars, they do not preclude the existence of simple organics that can be easily combusted
by pyrolytic analysis in the presence of a strong oxidant. Second, our experimental work
coupled with TEGA data lead to an estimate for the concentration of mellitic acid on the
surface of Mars of between 17 and 41 ppm, given the assumption that all evolved CO2
from the intermediate temperature release is from organics. These values are also
consistent with the irradiation results.
In short, while our work does not definitively answer the question of organic
survivability on the surface of Mars, it challenges a long-held paradigm, provides useful
data, and raises interesting questions about how to proceed with the search for organics
on Mars.
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Chapter 5 – Summary and Conclusions
As we come to understand more about the planet Mars, we get closer to
answering some of the fundamental questions of Astrobiology. The work presented in
this dissertation contributes in a small way to achieving this goal. In doing this work, I
have learned two primary lessons. First, understanding the physical properties of a soil,
including the particle size distribution, is important in understanding the history, and
therefore habitability of a site. Measuring the chemistry or meteorology of a site
provides you with a snapshot in time of the conditions at that particular location.
Measuring the soil profile, including the particle size distribution and mineralogy, can tell
the history of a site over much longer periods of time. For this reason, I feel strongly that
the development of instruments to make in situ measurements of these properties needs to
be a high priority. The Mars Science Laboratory, launching in November 2011, will be
the first mission to carry an X-ray diffraction instrument to another planet. This will
provide a wealth of data on the mineralogy of Martian samples at whatever landing site is
chosen by the MSL team. These data will be invaluable but still somewhat incomplete as
it lacks the information regarding the particle size distribution of the samples. The
particle size distribution and mineralogy data together tell the water history of a site.
The presence of clay minerals vs. clay-sized particles and where they are located
in the soil profile will allow us to interpret the history of water and climate. A wideranging rover with the ability to measure these properties at various sites would allow us
to fill in details about the history of a region where now we only have broad brush
strokes. This more detailed information would lead to a much better understanding of
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Mars‘ habitability over time and would serve to focus our efforts on where to look for
life, either extant or extinct.
The second thing I learned in completing this dissertation is that some long-held
tenets regarding what we think we know are possibly wrong and should be challenged.
Since Viking, it has been almost universally adopted there are no organics in the near
surface environment. While the Viking instruments were well-designed and performed
spectacularly on Mars, the conclusions drawn by the science community overreach the
actual data returned. My work, along with that of many others, shows that there may be
organics on the Martian surface despite the Viking results. The recent discovery of large
amounts of perchlorate on Mars confirms the need to reevaluate our current paradigms
and design new and better instruments based on our improved knowledge of the Martian
surface. While we certainly stand on the shoulders of those who preceded us in planetary
science, we need to insure that we occasionally challenge long-held assumptions in order
to increase our knowledge and understanding of the red planet.
I would add the following conclusions to the two primary ones just discussed:
first, determining the specific surface area for Martian soils will help us constrain the
volatile inventory of the near-surface environment as H2O, CO2, and CH4 can all absorb
onto mineral surfaces in large quantities. Second, UV irradiation will not completely
destroy all organic molecules that reach the Martian surface, as has been predicted
previously. While the high energy UV will destroy some organic material, UV light is
attenuated by soil particles or organics that create a self-shielding layer of UV-resistant
residue. Next, if perchlorate is found to be a local and not a global phenomenon,
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pyrolysis results can be used to tell us something of the chemical composition of the
initial organic molecule. Together, these data lead to the conclusion that Mars may not
be as inhospitable a place as is generally thought and that there are other properties that
need to be measured in order to more fully assess the habitability of the planet.
On a more general note, this work shows the usefulness of the Antarctic Dry
Valleys as a field laboratory for Mars research. Though caution must be exercised in
using analogues to draw conclusions (similar outcomes are not always due to similar
causes), conditions in the Antarctic Dry Valleys are the closest we come to experiencing
Mars on Earth. Likewise, Mars is one of the best field sites for astrobiology research.
While we should certainly continue to search for Earth-like extra-solar planets, and
investigate other solar system objects such as Enceladus, Titan, and Europa more closely,
Mars is the closest, most Earth-like destination in the solar system from the perspective
of possible life. Continuing our investigations into the possibility of life on Mars will
lead to discoveries with large implications.
For example, if we continue to send missions to Mars with novel ways of
detecting organic materials in a variety of different environments and still fail to detect
any, we will have determined that the surface is more hostile than we currently have
reason to believe or that chemical oxidation does not lead to an intermediate that is stable
to photolysis. Thus far, we have only sampled material from the top 10 cm or less of the
Martian surface. This loose, wind-blown material has undoubtedly been mixed
repeatedly, leading to long UV exposure as well as exposure to radiation such as gamma
rays and high energy particles. It is possible that we are looking at a worse-possible case
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sample and projecting those results unfairly onto the rest of the Martian soil. MSL will
be the first spacecraft to take a sample from within a surface rock and not only from the
loose material on the surface. This sampling method allows us to look for organics in a
more sheltered environment by looking at material that was frozen into a rock in a past
epoch. Looking inside a rock is a logical next step in looking for organics and it will be
interesting to see the results MSL returns.
If we fail to find organic material in surface rocks, we must go deeper.
Ultimately, we may need to dig deeper into Mars in our search for organics and life. As
we dig past the top few meters of Martian regolith, we quickly reach environments that
are not affected by the shallow-penetration of UV light and the incrementally deeper
penetration of ionizing radiation. As we drill deeper into the Martian regolith, we will
reach rock that has seldom, if ever, experienced surface conditions and could harbor life
that is protected from the extreme conditions at the Martian surface. On the earth, life
has been found as deep as 2.8 km below the surface with microbes that rely on
radioactive decay for an energy source [Lin et al., 2006]. Though it is well beyond our
current technical capabilities, one can imagine a not-too-distant future where we are able
to search for possible Martian life by drilling deep into Mars‘ crust.
If, after looking in the near surface and much deeper into the Martian crust, we
still fail to find life, we will still have learned something important. From the fact that
life on Earth began almost as soon as it could, the assumption in the astrobiological
community is that, even if we don‘t understand how it works, the origin of life must be
fairly probable given the right conditions. Failing to find life on Mars will allow us to
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constrain part of that assumption. If we do not find life on Mars, then either the evolution
of life is not probable even given the right conditions, or the evolution of life is probable
given the right conditions but Mars did not have whatever conditions those are. Given
the similarities between the Earth and Mars (especially early in their history when life
evolved on Earth), the former explanation seems much more likely. This result would
cause us to fundamentally reevaluate our thoughts on finding life elsewhere in the
universe as well as better define how rare or how common our planet is.
If life is detected on Mars, it would be an incredible discovery that would surely
rank as one of the most important scientific discoveries of all time. This putative Martian
life could belong to one of two endmembers, each with a different implication. If
Martian life is very earth-like, this would imply one of two things. First, that there is a
biochemistry that is best suited to life and that life anywhere will likely be very similar
from a chemical point of view. Or second, that life on Earth and life on Mars have a
common genesis and that the similarities are the result of a shared past. The latter
explanation would be less exciting as it essential reduces our data for life in the universe
back to one origin, but it would be exciting nonetheless.
On the other hand, if Martian life is not Earth-like or definitely sprung from a
second genesis, the implications would be more profound. This scenario would imply
that the evolution of life is common given certain starting conditions and that we have a
rough idea of what those conditions are. It would support the idea that there are other
Earths out there on planets that have experienced a similar history. This discovery would
lead to a greatly intensified interest in the search for Earth-like extra-solar planets and
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would spur funding for bigger and better space-based telescopes needed to detect these
planets.
As shown by the work in this dissertation, astrobiology is an exciting field that
attempts to answer some of life‘s most fundamental questions. Understanding the
Martian environment, the history of its habitability, and the survivability of organic
molecules will help us to one day answer the questions: How does life begin and evolve?,
Does life exist elsewhere in the universe?, and What is the future of life on Earth and
beyond?
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Appendix A – Experimental Design and Setup
One of the biggest projects involved in this dissertation was coming up with and
building the experimental apparatus. The laboratory experience I gained in designing and
assembling the various instruments, writing the software to control the experiment and
measure the outcome turned out to be an invaluable part of completing my dissertation
and will be discussed in this appendix.
Proof of Concept. The initial idea for this work was sparked by reading two
papers. The first was the work by Stoker and Bullock done in 1997. In this paper, they
discuss irradiating glycine in a soil analogue with Mars-like UV light. As the duration of
irradiation progressed, they extracted and measured headspace gases to quantify the
destruction rate of the organic material. Interestingly, they detected methane and ethane
as gas products of glycine photolysis. This piqued my interest as the detection of
methane in the Martian atmosphere had just been reported. Was it possible that
photolytic destruction of organic material was a methane source? I decided to try and
reproduce these results and try the same experiment on other organic molecules. I
wanted to use different organic molecules, specifically mellitic acid, because of the
Benner et al. paper that proposed that mellitic acid could accumulate as a metastable
decay product of the chemical oxidation of meteoritic kerogen. By irradiating glycine
and mellitic acid, I would be able to address two questions: 1) are organics a possible
source of atmospheric methane?, and 2) is mellitic acid stable to photolysis? As a side
note, none of the organics I irradiated produced methane in detectable quantities so I
believe this work casts doubt on methane as a product of irradiation and answers in the
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negative whether photolytic destruction of organics could be a source of atmospheric
methane.
To improve upon the work of Stoker and Bullock, I wanted to make in situ
measurements of the gas products to investigate organic destruction. I also wanted to
measure minor gas products which would require a higher vacuum (this should not have
affected the results as the ten Kate et al. [2006] results have shown that irradiating
samples under high vacuum vs. a Mars-like atmosphere has no affect on the results). To
do this, I needed three things: first, an ultra high vacuum system with a port for UV
irradiation, a mass spectrometer, and a UV light source. I had been working with Hiroshi
Imanaka and Mark Smith on a vacuum system that used a Stanford Research Systems
RGA200 residual gas analyzer and determined that it‘s mass range (1-200 AMU) and
sensitivity (6+ orders of magnitude dynamic range) was perfect for my application. For a
light source, I used a low pressure mercury pen light with a primary energy output of
~1015 photons/second at 254 nm. This light source was obviously not representative of
the Martian UV flux but was used to test the design of the system and establish whether
or not the experiment was feasible before investing in a broad-spectrum UV source.
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Figure 6.1 - An image of the mercury pen light irradiating a sample outside of the
vacuum chamber.

Figure 6.2 - An image of a sample inside the sample chamber under the deep-UV quartz
window. The sample is deposited as a liquid on a UV mirror, the water evaporates, and a
layer of organic material remains.
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The low-intensity, single-wavelength lamp necessitated a few specific designs.
First, I needed to create a sample stand inside the vacuum chamber that was as close as
possible to the UV window to insure maximum irradiance. The stand would need to hold
the sample in a way that the sample could be easily removed and replaced with a new
one. Second, the low intensity of the light meant real-time analysis of all but the most
abundant gas species was not possible. In order to measure the minor species produced
during irradiation, I designed the system so that irradiation could take place when the
sample cell was not being pumped. The pressure was allowed to build up to a high
enough level that minor species could be detected, then a valve leading to a leak valve
was opened and the gas products were slowly leaked to the detector. When the valve was
closed, I could measure the change in pressure over time which game me the molar flux
produced by irradiation with the mercury lamp but could not measure the contribution of
individual gases to the total pressure as the RGA was on the other side of the closed valve
(The pressure in the sample chamber was too high to use the RGA). The downside of
this approach was that I was not able to monitor gas species in real time, though this
proved to be less important for the irradiation runs as the relative abundance of gas
products did not change much over the course of a run.
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Figure 6.3 - A schematic of the sample stand with dimensions in inches. The sample was
deposited onto a UV mirror and placed in the depression on the top of the stainless steel
stand.
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Moving Forward. The next step in the setup was to move to a higher powered
broad spectrum lamp. The mercury lamp was nice as it provided a proof of concept.
With it, we were able to measure photoproducts produced by UV irradiation. However, it
is not at all representative of a solar spectrum and the results would not be useful in
understanding Mars. The best light source for solar simulation in the 200-400 nm region
is a Xenon arc lamp. In general, the higher power the lamp the better, but one
consideration makes the highest-powered lamp non-ideal. Xe lamps put out a sun-like
spectrum in the 200-400 nm region but they also put out a lot of IR (more total energy
than in the UV) . There are UV cold/hot mirrors designed to mitigate this problem but no
off-the-shelf mirror is good below 250 nm as Mars-analogue applications aren‘t generally
considered in the design of these mirrors. Therefore, we settled on a 150 W Xenon UVenhanced arc lamp that produced a light source comparable to the solar spectrum (see
chapter 3).
Other work, notable that by ten Kate et al., used a deuterium lamp as the UV
source. Deuterium sources are good emitters in the UV, but their emission peaks at about
200 nm and falls off rapidly after that. Much of the energy output is at wavelengths less
than 200 nm. On Mars, atmospheric CO2 is an efficient absorber of UV below 200 nm so
a deuterium lamp is a poor representative of the UV flux at the Martian surface. The fact
that the lamp used by other groups outputs most of its energy in wavelength regions that
do not reach the Martian surface makes the comparison between their results and the
Martian case difficult at best.
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In designing our lamp setup, one of my goals was that the irradiation be as
uniform as possible over the area of the sample. My optical system was designed with
this in mind. Peter Smith, my dissertation advisor, was an integral part in the design of
the optical components of this system. To accomplish this goal, we determined that
instead of projecting an image of the lamp onto the sample, we would produce an image
of an aperture—namely the first lens inside the lamp housing—and this image of the
illuminated lens would preserve all the lamp energy and would create a uniform spot on
the sample. To minimize chromatic aberration, a deep-UV mirror was used to turn the
beam to be projected on the sample.
In order to scale our results to Mars, I needed to measure the flux of the lamp. To
do this, I measured the flux of a Newport calibrated lamp reflected off a sheet of
Spectralon with an Ocean Optics USB2000 spectrometer. Next, I measured the spectrum
of the Xe arc lamp using the same optics in the same configuration as the irradiation runs.
I measured the flux at different lamp to lens distances as my exact setup could be
adjusted in the lab to get the best irradiance. One problem I encountered was that the flux
from the arc lamp was many times greater than the flux from the standard lamp as the arc
lamp light was condensed to a much smaller area by design. Therefore, I had to use a
UV-rated neutral density filter to reduce the flux from the arc lamp and subsequently
increased the integration time for the detector when measuring the standard lamp.
Overall, this setup produced much more energy/area in the UV than the mercury
pen lamp and was a much better reproduction of a solar spectrum.
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Figure 6.4 - An image of the irradiation setup. The lamp housing is on the left and the
lenses and sample stand are on the right.
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lamp

sample

Figure 6.5 - A drawing of the lens setup. The two lenses on the right project an image of the light-filled lens on the left onto
the sample at bottom right. This is to ensure uniform illumination over the entire area of the sample.
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Final Iteration. The last design change of my experimental setup made the
samples more Mars-like and the instrument more TEGA and Viking-like. As previously
described, the organic samples up to this point had been deposited onto quartz mirrors in
solution, gradually forming a layer on the glass as the water evaporated off. This method
produced relatively uniform layers of pure organic that produced a lot of gas during
irradiation but it was not very Mars like. For the final setup, the organic samples were
mechanically mixed with SiO2 powder and dumped onto a small cylindrical depression
machined into the top of a new sample holder. Diluting the samples by mixing them with
another material produced less gas during irradiation as there was less product to irradiate
but made the experimental conditions much more Mars-like as any organics on Mars will
be mixed in a large volume of regolith.
The biggest change to the setup at this stage was adding the ability to heat the
sample to >750º C. Adding this capability required a number of changes. First, the
entire sample stand had to be changed in order to accommodate heating. I wanted to
have a way to heat the sample that had little thermal contact with the rest of the apparatus
and that could heat a large sample area. The area was not crucial for the heating run
itself, but the irradiation would be much faster if spread out over a larger area. In
addition, the sample needed to be easily replaced in order to repeat the experiment many
times with different organics. To do so, we designed a heating rod/sample sleeve
previously described. A stainless steel rod was hollowed out with an inner diameter large
enough to accommodate a Dalton Electric cartridge heater. The cartridge heater was ¼
inch in diameter with a hot tip option as the sample was directly above it, capable of

202
putting out 250 watts at 120 volts and reaching temperatures above 1000° C. The heater
was manufactured with a grooved sheath allowing for the insertion of a thermocouple
that measured the temperature of the cartridge heater/stainless steel rod (see Figure 6.6).
Oxygen free high conductivity copper was used for the sleeve, with the inside of a
copper rod being machined out so that it would slide over the outside of the stainless steel
rod. A slot was cut in each side of the copper sleeve along 4/5 of its overall length to
allow it some flexibility. Stainless steel retaining rings fit into machined out grooves to
hold the sleeve tightly onto the stainless steel rod. Five retaining rings were used, but the
sleeve was secure (it couldn‘t be removed by hand) with only the bottom two rings in
place (see Figure 4.3 and Figure 4.4 for a schematic drawing and an image of the sample
stand). The stainless steel rod was silver-soldered onto a blank stainless steel flange with
some of the metal around the solder joint machined out in order to minimize the thermal
contact between the two pieces.
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Figure 6.6 – An image of a Dalton Electric Watt Flex cartridge heater. A thermocouple is
placed in the groove along the side of the cartridge heater to measure the temperature of
the tip/stainless steel housing/sample stand (Image courtesy of Dalton Electric). The
cartridge heater itself is inserted inside the stainless steel rod to which the copper sleeve
is mated.

Figure 6.7 - Another view of the sample sleeve attached to the stainless steel rod.
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The overall idea behind the stand was to create a setup that could heat the sample
up to high temperatures without heating the rest of the metal up to avoid excessive
degassing from the walls of the sample chamber. The cartridge heater needed to
efficiently transfer heat through the stainless steel rod to the sample sleeve which needed
to be a highly conductive metal in order to insure uniform temperatures. As a whole, this
heating setup worked very well with the stand able to be heated to 800º C using only 40
volts (out of the rated 120), which greatly prolonged the lifetime of the cartridge heater.
Additionally, the sample stand did not transfer much heat to the rest of the sample
chamber, with the chamber temperature only beginning to rise appreciably when the
sample temperature was above 500º C.
Aside from designing the sample apparatus itself, creating the control and
measurement software was the most important part of the setup as I couldn‘t run the
experiments or collect data without it. As shown in chapters 3 and 4, each sample run
was really divided into two phases. During the first phase, sample irradiation, I
monitored system pressure and sample temperature as the mass spectrometer was
collecting data. These data were a subset of what was required for the heating ramp and
didn‘t require any specific software so I won‘t discuss it separately. The primary task I
faced was creating software that allowed me to control the sample heating.
To best imitate the operation of the TEGA instrument, I wanted to be able to heat
my sample at a controlled rate to a given temperature. To do this, I had two controllable
parameters and a feedback loop that responded to the current conditions and the input
parameters. The two parameters that controlled the heating ramp were the slope of the
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temperature increase (degrees per time) and the peak temperature. If I could set these
two parameters, then I could create a heating ramp that could be reproduced for each
sample and could be tailored to my system.
In order to attain a set ramp rate, I designed my system to be able to continuously
change the duty cycle of the power supplied to the cartridge heater in response to the
current slope of the temperature ramp. This slope was determined by measuring the
temperature at ~1.5 Hz and taking the slope of the last four points. The relatively slow
sample rate was due to the low polling rate allowed by the multimeter measuring the
thermocouple voltage. Because of this sampling rate, and to avoid producing so much
product that the mass spec would have to be used in a less sensitive mode, I used a
temperature slope of 0.04º C/second (144º/hour), compared to the TEGA ramp which
heated the sample up to 1000º C in about 1 hour. The slower rate should not have
affected when gas products evolved, only the amount of pyrolyzate evolved in a given
amount of time.
I was also able to monitor the chamber pressure near the turbo pump with an ultra
high vacuum nude ion gauge which has a range of 10-10 to 10-5 torr, which provided a
useful cross-check of the pressure measured by the mass spectrometer. The pressure was
also monitored with a capacitance manometer (MKS Baratron pressure gauge) whose
voltage output was measured using a National Instruments USB-6009 Low-Cost
Multifunction DAQ. This DAQ was also used to produce the digital signal that
controlled the duty cycle of the cartridge heater. All of the software was designed and
run in National Instruments LabVIEW version 8.5.
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Figure 6.8 - An example of a LabVIEW front panel used to control the experiment. This
is the primary panel where I can set the target temperature as well as the slope, both of
which are graphically displayed at the right and saved to a file specified at top.
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Figure 6.9 - An example of a LabVIEW block diagram. This is the block diagram for the
previous front panel. This is the code that controls the duty cycle in response to the
current slope. There are many other LabVIEW programs that I assembled in order to
control the instrument in the desired manner.
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Final Words. From the first design to test the proof of concept, it took a lot of
work over a number of years before the system reached its final form. This time spent
building the experimental apparatus as well as the many hours spent in the lab learning
how to operate it was an integral part of my PhD. I learned how to design and construct
an ultra high vacuum system that used oil-free pumps to minimize organic contamination.
I learned how to safely use gas analysis instruments and how to interpret the resulting
data. I learned how to design and construct complicated sample setups that required
designing pieces from scratch, providing requirements to a machine shop, integrating the
various parts, then writing the software necessary for computer control of the entire
setup. And lastly, I learned how to design and carry out experiments in a controlled
fashion to answer a specific set of questions. The experience that I gained in
accomplishing these tasks makes up some of the most important knowledge I gained
while pursuing my PhD and will be invaluable to me as I pursue future research goals.
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Appendix B – Expanded Pyrolysis Results
This appendix contains results from the pyrolysis runs on every
organic/SiO2/perchlorate mixture run, including the control runs of SiO2/perchlorate and
SiO2 alone. For all of the runs except the SiO2-only case, the 2nd ramp to 750° C as well
as the SiO2 ramp has been subtracted out. For the SiO2-only case, only the 2nd ramp has
been subtracted out as it is the control run for SiO2 mixed samples and was therefore not
subtracted from itself. The sample being heated is specified in the graph title.
The last plot is a graph of mellitic acid irradiation vs. time overlaid with
temperature vs. time data for the same run. The 30 minute ramp up to peak photolytic
destruction is likely correlated with temperature, though the peaks do not line up exactly.
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