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3. Executive Summary

Unifying Intellectual Focus. The NASA Astrobiology Institute team led by the Carnegie
Institution will be dedicated, over the coming five years, to the study of the gradual evolution of
organic compounds from prebiotic molecular synthesis and organization to cellular evolution and
diversification — processes central to the missions of the NAI. Our program attempts to integrate
the sweeping narrative of life’s history through a combination of bottom-up and top-down
studies. On the one hand, we study processes related to chemical and physical evolution in
plausible prebiotic environments — the interstellar medium, circumstellar disks, extrasolar
planetary systems, and the primitive Earth. Complementary to these bottom-up investigations of
life’s origin, we will continue our field and experimental top-down efforts to document the
nature of microbial life at extreme conditions, as well as the characterization of organic matter in
ancient fossils. Both types of efforts inform our development of biotechnological approaches to
life detection on other worlds. In the process, we will continue to serve as a resource center for
all members of the NASA Astrobiology Institute.

Motivation and Rationale. The most compelling opportunities in astrobiology stem from
new interdisciplinary approaches to fundamental questions about life’s origin and its distribution
in the universe. We continue to be motivated by the importance of these questions and by our
unusual interdisciplinary team approach to scientific research. The Carnegie Institution supports
astrobiologists with backgrounds in astronomy, biology, geology, and chemistry on a single
Washington, D.C., campus. We are motivated to make additional progress toward addressing
these fundamental questions, while continuing to serve as a dynamic, interactive resource center
for other NAI teams. The rationale for our proposal is guided by the visionary mission of
NASA'’s Astrobiology Program, as defined by the Astrobiology Roadmap. In particular, we
address the nature and distribution of planets (Goal 1), past and present habitable environments
(Goal 2), the chemical origin of life (Goal 3), past life on Earth (Goal 4), the environmental
limits on life (Goal 5), and the identification and detection of biosignatures (Goal 7). Moreover,
through our daily interactions we will continue to strive to integrate these separate goals into a
fuller understanding of the continuous processes that characterize life’s origin, evolution, and
distribution in the universe.

Proposed Research Plan. Our proposed research activities for the coming five years focus
on life’s chemical and physical evolution, from the interstellar medium, through planetary
systems, to the emergence and detection of life. We propose seven integrated areas of research:

1. We will continue to apply theory and observations to investigate chemical evolution in
the interstellar medium, in circumstellar disks, during planetary formation, and on Solar
System bodies.

2. We will conduct analytical research on extraterrestrial samples, including meteorites and
interplanetary dust particles, with an emphasis on organic molecules and evidence for
water.

3. We will study prebiotic chemical and isotopic evolution on Earth, with a new emphasis
on the sulfur cycle and the role of sulfur in prebiotic organic synthesis.

4. We will investigate possible mechanisms of prebiotic molecular selection and
macromolecular organization, including the self-organization of amphiphiles and the
selective adsorption of organic molecules onto mineral surfaces.



5. We will continue to study life in extreme environments, with field studies of
hydrothermal microbial communities and laboratory studies of stress adaptation of
microbes in high-pressure and high-temperature environments.

6. We will examine ancient fossils and microbes fossilized in the laboratory with a variety
of analytical techniques to assess preservation mechanisms of molecular biosignatures.
We will study modern geothermal systems to investigate preservation of biosignatures
during silicification in these environments.

7. We will apply our enhanced understanding of life’s chemical and physical evolution to
develop new techniques in astrobiotechnology — procedures that will be applied to the
design and testing of instruments for life detection, initially in terrestrial settings and
eventually on spacecraft to be sent to other Solar System bodies.

Fuller understanding of life’s origin, evolution, and distribution requires major advances on all
these topics, as well as the extensive challenge of integrating these topics. During the next five
years of NAI support we anticipate significant progress in each of these seven areas, as well as
considerable advances derived from integrating these theoretical, experimental, and field studies.

Training, Education, and Public Outreach. As members of the NASA Astrobiology
Institute we will continue our firm commitment to a dynamic, sustained program of education,
public outreach, and training at the K-12, undergraduate, graduate, and postgraduate levels. This
effort is facilitated by our widely acknowledged programs, including the First Light Science
School, the Carnegie Academy for Science Education (CASE), the Carnegie Institution Summer
Intern Program, and the Capital Science Lecture Series. Our continuing NAI outreach programs
will include the following:

e We will continue to introduce astrobiology themes to CASE, which will provide in-
service training and summer workshops for more than 1,000 teachers in the District of
Columbia Public School system.

e We will introduce astrobiology themes to our widely distributed educational product
series, as well as our astrobiology web site.

e The Carnegie Institution will continue to sponsor general audience lectures by prominent
astrobiologists through the successful Capital Science public lecture series at Carnegie’s
headquarters in northwest Washington, D.C.

e We will initiate collaborative activities with the Minority Institution Astrobiology
Collaborative, including research, internships, teacher training, and publications.

e We will develop an exhibition on astrobiology in the lobby of the Smithsonian
Institution’s National Museum of Natural History, one of the most frequently visited
museums in the world.

e We will support approximately 8 NAI summer interns per year as part of the Carnegie
Institution’s program for undergraduate and high school students. This astrobiology
program has already produced one Intel finalist and one Westinghouse finalist.

e We will support approximately 12-15 NAI Pre- and Postdoctoral Fellows per year.

e We will participate through teaching and research opportunities with the new

Astrobiology Ph.D. program at George Mason University. The first Ph.D. candidate will
be commencing research at Carnegie in the summer of 2003.
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Management Plan. All investigators and collaborators have clearly defined roles and
responsibilities. Team activities will be managed by an Executive Committee, consisting of
representatives from the partner institutions and chaired by the Principal Investigator. Our plan
for multi-institutional cooperation and coordination includes regular all-consortium symposia,
frequent intersite lectures, regular visits of senior staff to partner institutions, and more extended
exchanges of students, predoctoral scholars, and other staff. Through the use of the internet, the
World Wide Web, and the next generation internet, we will continue to make extensive use of
electronic communication. Beyond daily communications among individuals, we will continue
to provide frequent Web-based news updates to all team members. We remain committed to the
development of Web-based instructional and outreach materials, and we will continue our
development of electronic communications to enable access to data archives and summaries of
research activities.

Proposed Institutional Commitment. The Carnegie Institution will continue to make a
substantial commitment of resources to astrobiology. Dr. Wesley Huntress, who initiated the
Astrobiology Institute while at NASA’s Office of Space Science, was selected as Director of the
Geophysical Laboratory in 1998. Subsequently, the institution has added six astrobiologists to
the senior scientific staff (Paul Butler, Larry Nittler, James Scott, Sara Seager, Andrew Steele,
and Alycia Weinberger). The institution will provide full salary support for all 16 members of
the senior research staff who are investigators on this project, 50% of the stipends of all NAI-
sponsored Postdoctoral Research Associates, support for half of the 8 college and high-school
astrobiology summer interns, and full support of all NAI-related technicians and Information
Technology staff. An array of laboratory instrumentation with an aggregate value in excess of
$10 million will continue to be made freely available to research in support of NASA
Astrobiology Institute objectives. The Carnegie Institution will continue as well its major
financial commitment to programs in science education and outreach. Significant contributions
of salary support and laboratory instrumentation and facilities will also be made by each of the
partner institutions in our consortium.

Innovation and Distinguishing Features. Our NAI team is distinguished by several
features:

e Scientific breadth: We integrate experimental, theoretical, observational, and field studies
by experts in astronomy, biology, geochemistry, organic chemistry, mineralogy,
planetary science, microbial ecology, and biotechnology in one laboratory.

e Scientific focus: We direct this broad expertise toward fundamental astrobiological
questions regarding the origin and distribution of life in the universe.

e Shared resources: We provide important resources for the larger astrobiology community.
During the first five years of the NAI we hosted more than 30 researchers from other NAI
teams, NAI foreign associates, and other institutions with interests in astrobiology.

e E/PO: Our consortium is dedicated to training, education, and outreach programs that
reach numerous students, teachers, and members of the general public.

Summary. The mission of the Carnegie Institution’s vibrant astrobiology program matches
that of the NASA Astrobiology Institute itself — to explore the origins and distribution of life in
the universe. Throughout the past five years the Carnegie team has played a significant and
expanding role in shaping the context and content of NAI. Our dynamic and extensive research
program, our acclaimed education and public outreach efforts, and our unswerving commitment
to the future of astrobiology provide the primary motivations for this proposal. We look forward
with enthusiasm to continued participation in this unique program.
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5. Research and Management Plan
5.1 Introduction

Astrobiology, the search for the origin and distribution of life in the universe, demands a
bold, interdisciplinary research strategy. Life’s sweeping story began in the icy near-vacuum of
the interstellar medium and the dynamic environments of circumstellar disks, where organic
molecules first were formed and concentrated. Life emerged by the diverse chemical and
physical processes of nascent planets and moons, and it continues to evolve in concert with its
home world, on Earth, and perhaps elsewhere in the Cosmos. To explore such a history requires
the integration of forefront research in astronomy, chemistry, planetary sciences, and biology.
Here, we propose such a far-reaching effort.

Life’s origin remains a mystery, but all life as we know it requires an environment with three
key ingredients: energy, water, and access to the critical elements from which biochemistry is
assembled. Our proposal outlines a narrative that traces the gradual evolution from prebiotic
molecular synthesis and organization to cellular evolution and diversification.

We propose to begin our study of life’s origin with investigations of the chemical evolution
of the interstellar medium and circumstellar disks — environments in which simple organic
molecules first appeared and concentrated. We also propose to consider the fate of this organic
matter during planetary formation through observations of extrasolar planets and models of
planetary system formation. These studies will be informed by our ongoing analytical research
on organic molecules and evidence for water in extraterrestrial samples, including meteorites and
interplanetary dust particles.

Life’s narrative continues via prebiotic molecular evolution on Earth, a subject that has
inspired a half-century of chemical research. We propose to expand our investigations into the
role that transition-metal minerals may have played in promoting key prebiotic organic reactions.
Such chemistry is closely connected to the chemical and isotopic evolution of Earth’s sulfur
cycle, which provides a key to understanding global geochemical and biochemical changes
during Earth’s first 3 billion years. Additionally, we will evaluate processes by which specific
prebiotic organic species (such as chiral molecules) were selected, concentrated, and organized
into macromolecular systems, both through molecular self-organization and selective adsorption
on mineral surfaces.

Complementary to these bottom-up investigations of life’s origin, we will continue our top-
down efforts to document the nature of microbial life at extreme temperatures and pressures,
including field studies of hydrothermal environments at deep-sea hydrothermal vents and in the
newly opened hydrothermal district of Kamchatka. Fieldwork will be complemented by
laboratory studies of high-pressure microbial survival and adaptation. We will also focus on
pathways of microbial metabolism — processes that influence the evolution of planetary
environments.

Our proposed studies of prebiotic organic chemistry and microbial biochemistry inform the
search for life on other worlds. We therefore propose to continue attempts to identify reliable
biosignatures by measuring elemental, isotopic, and molecular characteristics of ancient fossils
and to compare these results with measurements of abiotic suites of organic species derived from
carbonaceous meteorites and our organic synthesis experiments. These studies will guide our
development of analytical techniques for remote detection of biosignatures on space flight
missions.

This ambitious program of research is enabled, in part, by the unusual degree of scientific
integration of the Carnegie Institution team. Since 1998 the Carnegie Institution has added six
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new staff scientists in key astrobiology fields, including planet formation, detection of extrasolar
planets, cosmochemistry, microbial ecology, extremophiles, and life detection. We enjoy an
unusual degree of interdisciplinary interaction and collaboration because these scientists have
offices and laboratories on Carnegie’s close-knit Broad Branch Road campus in Washington,
D.C. In addition to the core team of 18 Carnegie astronomers, chemists, planetary scientists, and
biologists, we have invited nine scientists from seven partner institutions to fill key gaps in the
narrative of life’s origin and evolution.

Funding of this proposal will result in at least three important benefits to the NASA
Astrobiology Institute. First, this proposal describes an integrated program of research that will
not be attempted without NAI support. Most Carnegie NAI Investigators are engaged in several
other research activities as well as astrobiology. We estimate that as many as half of the nearly
200 NAlI-sponsored peer-reviewed articles (Section 14) produced by Carnegie team members
between 1998 and 2003 (including all of the work by NAI-supported undergraduate, predoctoral,
and postdoctoral fellows) would not have been completed without NAI funding.

Second, NAI fosters our interdisciplinary team approach to astrobiology research. The daily
on-campus interactions among astronomers, chemists, planetary scientists, and biologists are an
important outcome of NAI’s sponsorship, and they have influenced strongly each individual’s
approach to the field. Thanks to NAI support, many collaborative cross-disciplinary projects
have resulted. The net scientific contribution is greater than the sum of the parts.

Thirdly, thanks to NAI, Carnegie scientists have increasingly taken leadership roles in the
astrobiology community. In addition to Carnegie’s exemplary Education and Public Outreach
efforts, team scientists have delivered more than 100 public lectures on astrobiology topics and
have participated widely in meetings on astrobiology themes. For example, the Carnegie
Institution hosted the April 2001 General Meeting of NAI in Washington, D.C., where they
contributed 20 oral and poster presentations. At the February 2003 NAI General Meeting in
Tempe, Arizona, Carnegie scientists and their team colleagues participated in 33 oral and poster
presentations — more than 15% of the presentations at that meeting.

Astrobiologists pose profound questions about life’s origin and cosmic distribution.
Significant progress toward the field’s inspiring goals will require broad vision, effective
interdisciplinary collaboration, and the hard work of many dedicated scientists. With NAI
support we will continue to strive toward those goals.

The format of the research section of this proposal breaks the discussion into seven scientific
focus areas, each self-contained with the essential background material and specific proposed
research. Because there is considerable synergy across the various scientific focus areas, we
highlight where research in each section connects with other proposed research. Our
Management Plan (Section 5.9) describes in detail how we will integrate these scientific
initiatives into an effective element of NAIL

5.2 From Molecular Clouds to Habitable Planetary Systems

How far does prebiotic carbon chemistry advance in developing complex organic compounds
in astronomical environments? Terrestrial life is carbon-based, and extraterrestrial life may be
as well. Organic compounds are composed predominantly of carbon and hydrogen, but also
oxygen, nitrogen, and sulfur. These five elements (CHONS) provide the most basic chemical
prerequisites for life. Forged as elements in stellar interiors, carbon, oxygen, nitrogen, and sulfur
undergo considerable chemical evolution in both diffuse and dense interstellar clouds (e.g.,
Prasad & Huntress 1980). Over 100 different molecules, produced by a variety of gas-phase and
gas-grain interactions (e.g., Langer et al. 2000), have been detected in interstellar and
circumstellar gas and dust clouds. Deciphering how the CHONS elements evolved from their
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astronomical origins to their participation in living organisms on habitable planets constitutes
one of the most fundamental questions of astrobiology.

5.2.1 Protoplanetary and debris disks (Astrobiology Roadmap Objective 3.1)

Background. The link between the material of the interstellar medium and the ultimate
composition of planets lies in the manner material is processed in circumstellar disks. The very
different bulk compositions of the terrestrial, gas giant, and ice giant planets, as well as the
asteroids and Kuiper Belt objects, must arise from some combination of segregation and survival
of material in the early solar nebula and planet formation processes. We need to understand the
evolution of the chemical content of planet-forming disks as a function of both location and time.
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Figure 5.2.1. Spectra taken in the mid-infrared from the W. M. Keck Observatory, normalized arbitrarily at 11 pm.
Top panel shows the 8-13 um spectrum of HD 141569A, a 5-Myr old star approximately 20 times as luminous as
the Sun. A prominent peak at 7.8 um as well as a shoulder at 8.6 um are evidence for PAH emission. However, the
usually strong 11.2 um PAH peak is not present. The line ratios suggest that the PAHs in this disk are both large
and highly ionized. The bottom panel shows a spectrum of Beta Pictoris, a 12-Myr old star approximately 7 times
as luminous as the Sun. Here silicate grains produce the broad peak centered at ~10 um and there is no evidence for
PAHs (Weinberger et al. 2003).

The infrared (IR) is an excellent wavelength range for studying the compositions of
intermediate-age circumstellar disks (those in the process of losing their gas). Grains at
temperatures of several hundred Kelvin, typical for dust at distances of 1-50 AU from the central
star, emit strongly in the IR. Thus, IR emission emanates from dust grains in the region where
planets formed in our own planetary system. Circumstellar disks are also known to be composed
of materials, such as silicate grains, water and methane ices, and polycyclic aromatic
hydrocarbons (PAHs), which have spectral features in the 1.5-25 pm (near-IR to mid-IR) region.
Water ice is the most commonly detected material on surfaces in the outer Solar System and is
found everywhere from comets, to the surfaces of satellites, to the small particles in the rings of
the giant planets (Clark 1980; Irvine et al. 2000; Brown et al. 2000). Methane ice is less
prevalent but is still the dominant feature in the spectrum of Pluto (Cruikshank et al. 1976).
Methane may be quite common on the surfaces of Kuiper Belt objects. In disks, whether
methane or water ice is more abundant may depend on progenitor cloud chemistry, the size of
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the bodies (Pluto's surface is covered mostly with methane ice and smaller Charon's with water
ice), or distance from the central star. Ices were proposed to explain the high visual and near-
infrared albedos of large (>1 um) disk grains, which are typical for the ice-silicate mixtures in
our own Solar System, and to explain an increase in the surface brightness of the disk around HD
141569A at the ice-condensation radius (Weinberger et al. 1999). Determining the location of
ices in circumstellar disks requires high-dynamic-range spectrometry in the near-IR.

Perhaps the most striking feature of spectra from circumstellar disks that emit strongly in the
mid-IR (8-24 um) is how varied they are. About two-thirds show evidence of PAHs (Figure
5.2.1), independent of the host star’s spectral type, a few show very strong silicate features, and
some show almost no silicate features. It is unclear why PAHs should dominate the spectra of
some disks, while silicates should be most prevalent in others. The presence of PAHs probably
indicates active chemistry occurring in the very inner parts of the disk. It may be that silicate
grains are present in all intermediate-age disks but are large and cold, and therefore less efficient
emitters in the mid-IR.

Research to Date. Detailed chemical studies of protoplanetary disks are hampered by the
distance to even the nearest stellar nurseries, the T Tauri associations (~150 pc). At these
distances, the 1-AU length scales that are necessary for studying inner disk processes are
effectively unresolvable, even with the largest existing telescopes. Co-I Weinberger has
published spatially resolved, mid-infrared spectra on the one disk for which the largest telescopes
in the world have adequate spatial resolution (Weinberger et al. 2003); see Figure 5.2.1. She has
been working on disk detection and spatially unresolved spectra in other nearby young stars
(e.g., Weinberger et al. 2002). She has further proposed to use the Hubble Space Telescope
(HST) for near-infrared imaging as a first attempt to detect water and methane ices in
circumstellar disks.

Proposed Research. Co-1 Weinberger will integrate her high-resolution mid-IR studies of
disks into Carnegie’s multidisciplinary effort directed at constraining the origins and evolution of
chondritic organic carbon (see Sections 5.3.1 and 5.3.2). Specifically, Weinberger will seek to
determine the spatial distribution of PAH emission (a proxy for presolar organic carbon) within
circumstellar disks. She will also constrain the size and ionization distribution of PAH
molecules using the ratios of 7.7, 11.2, and 12.7 um PAH features (Allamandola et al. 1999). If
the fraction of ionized PAHSs can be calculated, based on the observed stellar ultraviolet (UV)
flux, then it will be possible to determine the radial distribution of PAHs in the disk, even though
discrete PAH spectra remain spatially unresolved. Weinberger will develop new techniques for
spatially resolved, near-IR spectroscopy of nearby circumstellar disks. She has applied for HST
observation time for preliminary work on this project. Her ultimate goal is to develop an IR
spectrograph for Carnegie's Magellan telescopes to work behind an adaptive optics (AO) system.
This should allow for observations with a resolution of a few AU in the nearest young disks.
Weinberger will work on techniques for obtaining the high-contrast spectra with Magellan AO
that are necessary for studying faint disks around bright stars. The funds for building the new IR
spectrograph will come from other sources. An NAI Postdoctoral Fellow with instrumental
expertise would be an integral part of this development effort.

5.2.2 Formation of habitable planetary systems (Astrobiology Roadmap Objective 1.1)

Background. The conventional view of Solar System formation is that the presolar cloud
collapsed in a region of low-mass star formation, similar to Taurus-Auriga (Shu et al. 1993). In
such a quiescent setting, the background UV flux is likely to be low and limited largely to the
flux from the proto-Sun, once it forms, greatly restricting the UV flux available for prebiotic
chemistry.



Research to Date. A new scenario for Solar System formation has been proposed by Co-Is
Boss and Wetherill and NAI Postdoctoral Fellow Haghighipour (Boss et al. 2002), based on
forming the Solar System in a region of high-mass star formation, similar to the Orion Nebula
cluster, and on the rapid formation of giant gaseous protoplanets by the disk instability
mechanism (e.g., Boss 1997). This scenario relies upon a high flux of UV radiation from nearby
massive stars to remove the gaseous portion of the solar nebula from Saturn's orbit and beyond
and then to strip the gaseous envelopes from the outermost giant gaseous protoplanets, leaving
behind largely ice and rock cores similar to what may have evolved into the ice giant planets,
Uranus and Neptune. Terrestrial planet formation is likely to proceed largely unimpeded and
may even be somewhat hastened by the gravitational perturbations from a rapidly formed Jupiter
(Kortenkamp et al. 2001). Because the inner Solar System is deep within the Sun's gravitational
potential well, a halo of hydrogen gas will be retained inside 10 AU, which will protect the
planetesimals and gases of the inner solar nebula. Planetesimals and cometesimals outside this
distance will be subjected to a withering UV flux once the disk gas in their vicinity has been
photoevaporated.

If this new scenario can be shown to be applicable to the origin of the Solar System, then the
implications for the frequency of habitable planets are clearly significant. Most stars are
believed to form in regions of high-mass star formation, with perhaps only a minor fraction
forming in regions similar to Taurus-Auriga. If the Solar System formed in a region similar to
Orion, then the prospects for finding and characterizing other Earth-like planets increase several-
fold. Future astrobiology space missions such as Kepler will determine the frequency of Earth-
like planets and help to determine if this optimistic conjecture is correct.

Proposed Research. Co-I Boss receives support from NASA's Planetary Geology and
Geophysics program to investigate the implications of this new scenario for planetary system
formation. Boss and an NAI Postdoctoral Fellow will explore the implications of this new
scenario for Solar System formation as a part of the Carnegie NAI effort. UV photons from
nearby massive stars result in photolysis of the ices on the surfaces of cometesimals, producing
PAHs and amino acids (Bernstein et al. 2002), i.e., a thick layer of organic compounds that will
form an effective sun block. Beneath this surface layer, the pristine nature of these bodies will be
retained. This scenario suggests that prebiotic UV-driven chemistry would have been vigorous
in the outer regions of the solar nebula, even as the planetary accumulation process was
underway. Because UV radiation can destroy as well as create organics, the outer solar nebula
offers a perhaps unique opportunity to create complex organic compounds and to shelter them
from subsequent UV-driven losses, though storage in cometesimals. Boss and an NAI
Postdoctoral Fellow will model these processes in the context of Boss’s three dimensional,
radiative, gravitational hydrodynamics models of the solar nebula.

Co-I Wetherill will continue to collaborate with Satoshi Inaba and Masahiro Ikoma of the
Tokyo Institute of Technology in developing theoretical models for the formation of the gas
giant planets Jupiter and Saturn by the alternative core accretion mechanism (Inaba et al. 2003b).
This work has evolved to include calculating the importance of the early phase of formation of
the atmosphere of these planets (Inaba et al. 2003a). Although volumetrically small in
comparison to the eventual massive gaseous atmospheres of the gas giant planets, the early
atmosphere has a profound influence on the growth rate of the solid cores and, furthermore,
enhances the probability of collisions between the planetary embryos. These early atmospheres
may exert a significant influence on the growth rate of the subsequent final giant planets and thus
set the stage for the emergence of habitable terrestrial planets (Wetherill 1996).



5.2.3 Searching for extrasolar habitable planetary systems (Astrobiology Roadmap
Objective 1.2)

Background. The ultimate goal of NASA’s Navigator Program is to detect and characterize
habitable terrestrial planets (Beichman et al. 1999). Achieving this extraordinarily ambitious
goal requires the detection of nearby stars that are capable of sheltering Earth-like planets, i.e.,
stars with long-period Jupiter-mass planets — Jupiter intercepts Oort Cloud comets that would
otherwise catastrophically impact the Earth (Wetherill 1994a).

Research to Date. Co-1 Butler’s Extrasolar Planet Search is designed to survey the nearest
1,300 Sun-like stars (F8-MS5) with the precision Doppler technique at the Lick 3-m, Keck 10-m,
and Anglo-Australian 3.9-m telescopes. Over the past 7 years, these surveys have led to the
discovery of two-thirds of the known extrasolar planets, including the only known transit planet,
all 5 published multiple planet systems, and all 5 published sub-Saturn-mass planets (e.g., Butler
et al. 2003).

Most of the known planets orbit beyond 0.2 AU in eccentric (e > 0.1) orbits, while a
surprising class of Jupiter-mass planets is found in circular orbits with periods of 3 to 5 days.
Within the last year a handful of planets have been found orbiting beyond 1 AU in relatively
circular orbits, suggesting that circular orbits may be more common among systems in which
giant planets orbit in distant Jupiter-like orbits. Unfortunately, none of these planetary systems
are hospitable to habitable Earths, because their present giant planet orbits would prevent an
Earth from orbiting stably in the habitable zone (i.e., where liquid water can exist on the planet),
because their orbits would have prevented an Earth from forming in the first place (Wetherill
1996), or because their inward migration to their present short-period orbits would have
disrupted the formation of Earths in the habitable zone. However, less than 10% of nearby stars
seem to be inhospitable to Earths — the remaining 90% could shelter exact Solar System
analogues and we would not yet know it.

Proposed Research. The long-term goal of Co-I Butler’s work is to survey all 2,000 nearby
Sun-like stars out to 50 parsecs. Butler will begin adding most of the remaining stars to the
survey in 2003 with the addition of the Carnegie 6.5-m Magellan II telescope. Butler’s survey
currently achieves a long-term precision of 3 m/s radial velocity, sufficient to make 4-c
detections of Solar System analogues (Jupiter-mass companions at 5 AU), and he is working to
improve the precision to 2 m/s. By 2010, these surveys will provide a first planetary census of
nearby stars, allow estimates of the frequency of Solar System analogues, and provide the target
list for NASA’s Terrestrial Planet Finder (TPF). Co-I Butler is also a member of the astrometric
planet search team of NASA’s Space Interferometry Mission (SIM), scheduled for launch in
2009. SIM is intended to be capable of detecting Earth-mass planets in Earth-like orbits around
the closest solar-type stars.

In addition, Co-Is Boss and Weinberger will begin in 2003 a new ground-based astrometric
planet search, using Carnegie's du Pont 2.5-m telescope in Chile. When equipped with a
specially-designed astrometric camera, the du Pont is expected to be capable of astrometric
accuracies on the order of 0.25 milliarcsecond, sufficient to allow the detection with a signal-to-
noise ratio of 4 of a long-period Jupiter-like planet orbiting a solar-mass star 5 pc away. Such
long-period Jupiters are thought to be signposts for the existence of Solar System analogues. Co-
Is Boss and Weinberger will undertake this new effort as a part of the Carnegie NAI team.

Co-I Boss is a member of the Science Team for the Kepler Mission, a space telescope that
will be capable of detecting the presence of hundreds of Earth-like planets in orbit around stars in
the disk of our galaxy at the same galactic radius as the Sun. Kepler will detect these planets by
the transit method, looking for dimming of starlight on the order of a part in 10,000. Kepler is
scheduled for launch in 2007. Co-I Seager is using Carnegie’s Las Campanas Observatory to
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search for extrasolar planets by the transit method. Ground-based transit surveys are capable of
detecting the presence of Jupiter-sized planets in short-period orbits around solar-type stars
(similar to the “hot Jupiter” orbiting the star HD209458) and even smaller-radius planets orbiting
lower mass stars.

5.2.4 Characterizing extrasolar habitable planetary systems (Astrobiology Roadmap
Objective 1.2)

Background. The relative abundances of the carbon compounds CO and CH, are potentially
very useful temperature indicators for hot Jupiters (Seager et al. 2000). The hot Jupiters have
effective temperatures of around 1000 K, resulting from their extremely close proximity to the
parent stars — seven times closer to their stars than Mercury is to our Sun. Equilibrium
calculations for model planetary atmospheres indicate that at these high temperatures and for
atmospheres of roughly solar composition, CO should be much more abundant than CH,,
whereas at lower temperatures it should be the other way around. The temperature structure of
hot Jupiter atmospheres is key to characterizing them — possible hot Jupiter models span a
temperature range that includes dominance of either CH, or CO. To date extrasolar planet
atmosphere models have assumed that thermodynamic equilibrium is achieved (Burrows et al.
2001). However, in brown dwarfs, objects with similar effective temperatures, CO and CH, are
not in equilibrium, perhaps because of convective dredge-up from deep within their atmospheres.
Photochemistry may also play a role in the atmospheres of hot Jupiters.

The fact that Jupiter is rich in elements heavier than H and He (“metal-rich”) due to
“pollution” by planetesimals shortly after its formation raises interesting questions for extrasolar
giant planets. Are the extrasolar giant planets also metal-rich? Is their metallicity related to
factors in their environment (such as number of giant planets in the system or metallicity of the
parent star) that are also likely affected by planet formation? Because H,O is expected to exist in
vapor form at the temperature range of most of the known extrasolar giant planets, and because
of its high abundance and strong absorption features, H,O absorption bands should be among the
easiest spectral features to detect in extrasolar giant planets.

Carbon dioxide is a good indicator for the presence of an atmosphere around terrestrial-sized
planets because it is the only major atmospheric feature common to Earth, Mars, and Venus.
Carbon dioxide is an atmospheric feature considered as essential for detection by TPF (e.g.,
Seager 2003). One good spectral region for such measurements is in the mid-IR, where the
contrast between the central star and the planet is large, but for CO, the strongest thermal IR
emission line is likely to be saturated. Thus, it could be used to determine if an atmosphere is
present but little else. An alternative is to look for weaker CO, lines, potentially detectable with
an alternative method: in transmission during a planet transit across the face of the star. As
shown in Figure 5.2.2, Venus has many lines throughout the near-IR. Venus will transit the Sun
in June 2004 for the first time in 120 years.

Research to Date. Co-1 Seager is attempting to characterize the physical properties of
extrasolar planets (spectra, density and temperature profiles). To do this Seager is developing
radiative transfer models of extrasolar planet atmospheres (e.g., Seager et al. 2000). The results
of such modeling will be used to interpret spectral data currently being acquired with ground-
based telescopes and to be acquired in the next 5 years by space-based experiments. The aim is
to determine the planets’ atmospheric compositions and to also to predict their spectra for the
design of future experiments (both from the ground and from future space telescopes).

Proposed Research. Co-I Seager proposes to develop kinetic models for the atmospheric
chemistry that are necessary to explore quantitatively the potentials of CH, and CO as
temperature indicators. The development of such models is well-suited for an NAI Postdoctoral
Fellow. Seager also proposes to investigate the potential of H,O and carbon-compound
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atmospheric features as diagnostics of planet metallicity, considering the likely observational
parameters of proposed ground- and space-based search programs.

Finally, Seager proposes to model Venus’ atmosphere in transmission (Figure 5.2.2) in order
to use observations from the Venus transit as a test case for future extrasolar planet transit
measurements (Seager & Sasselov 2000). The transit of Venus presents a unique opportunity for
an NAI Postdoctoral Fellow to be trained in extrasolar planet atmosphere observations and
theory, by participating in observations of the transit and in the data reduction and analysis.
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Figure 5.2.2. A model of the near-IR transmission spectrum of Venus at a spectral resolution of 10,000. The

transmitted flux is the normalized in-transit minus out-of-transit flux, thus canceling out the stellar lines. Major

absorption features are identified unless they are CO, features.

5.2.5 Habitable environments in the Solar System (Astrobiology Roadmap Objective 2.1)
Background. Much attention has been given to those few Solar System objects where the

minimal conditions for life might all be present, including liquid water, essential chemical
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materials, and sources of energy. Early consideration of “habitable zones” in a planetary system
where liquid water is stable at the surface of a planet under some atmospheric conditions has
been modified by the realization that life might be possible in subterranean environments or
within deep oceans overlain by thick shells of more or less permanent ice cover on outer planet
satellites.

Research to Date. PI Solomon is supported by the NASA Planetary Geology and
Geophysics Program to investigate aspects of the geological and geophysical evolution of solid
planets and satellites. His recent work has focused on the thermal and magmatic evolution of
such bodies, as well as the interaction between magmatism and atmospheric chemistry and
climate. He is also a member of the Mars Orbiter Laser Altimeter team on the Mars Global
Surveyor mission, and he has been using the highly precise new altimetric measurements to
address problems ranging from interior processes to water-surface interactions on Mars. Among
the results has been the demonstration (Phillips et al. 2001) that much of the volcanic
construction and magmatic intrusion that created the Tharsis Rise on Mars occurred before the
end of the Noachian epoch. This conclusion rests on the grounds that the global response to
Tharsis loading influenced the downhill directions recorded by late Noachian valley networks.
Another outcome has been the suggestion that the pattern of paleomagnetic anomalies may have
been strongly influenced by hydrothermal alteration of magnetic carriers, following processes
that occur in very young oceanic crust on Earth (Solomon et al. 2003).

Proposed Work. As part of his contribution to NAI research, Solomon will lead a task aimed
at evaluating the locus, vigor, and history of hydrothermal activity that might have been possible
or even favored within targeted settings in the modern Solar System and earlier in its history.
That evaluation will be informed by considerations of heat sources versus depth and time as
constrained by parameterized thermal histories and their dependence on internal volatile budgets
(e.g., Hauck & Phillips 2002) as well as mechanical lithosphere estimates and other proxies for
lithospheric heat flow (e.g., McGovern et al. 2002). Other considerations will include the
sources and budgets of subsurface volatile inventories, the nature of rock compositions and fluid
pathways (e.g., fault distributions, magnetic anomaly patterns on Mars), and constraints on
compounds of carbon, nitrogen, phosphorus, sulfur, and other materials important for prebiotic
organic chemistry. The findings from these evaluations will form a basis for the design of
targeted experimental studies by other consortium members aimed at assessing the conditions for
organic synthesis in possible hydrothermal systems on Mars, Europa, and other Solar System
objects.

5.3 Extraterrestrial Materials: Origin and Evolution of Organic Matter and Water in the
Solar System

What was the nature of the carbonaceous matter that was delivered to the early Earth and
other planetary bodies? Meteorites and interplanetary dust particles (IDPs) provide information
that is relevant to every stage of the processes that ultimately led to life in our Solar System.
They also provide direct links among all aspects of this proposal.

Chondritic meteorites are primarily aggregates of material that formed in the solar nebula
prior to or during the early stages of planet formation. Their asteroidal parent bodies are the last
vestiges of the swarm of planetesimals from which the terrestrial planets ultimately formed.
IDPs are thought to come from both asteroids and comets (Bradley et al. 1988). Many appear to
have experienced less modification on their parent bodies than meteorites. They are in this sense
more primitive than meteorites, but their size (10s of pm) makes their analysis more difficult.

Chondritic meteorites and IDPs also contain circumstellar and interstellar grains and

interstellar organic matter that are a direct record of the prehistory of our Solar System
(Messenger & Walker 1997; Bradley et al. 1999; Messenger et al. 2002). There is evidence that
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at least some fraction of the organic matter is a ubiquitous constituent of the interstellar medium
(ISM) in our Galaxy and other galaxies (Pendleton et al. 1994; Pendleton & Chiar 1997). The
bulk composition of the meteoritic material is also similar to the so-called CHON particles from
comet Halley (Kissel & Krueger 1987). Meteorites and IDPs would have supplied a complex
suite of organic matter to the terrestrial planets, including amino acids and nucleic acids (Cronin
et al. 1988). The discovery that some amino acids in meteorites exhibit a slight “left-handedness’
excess is particularly intriguing (Engel & Nagy 1982; Cronin & Pizzarello 1997; Pizzarello &
Cronin 2000). If the enantiomeric excesses are in fact bona fide (i.e., not due to some
contamination effect), then the chemistry that produced the organics in meteorites are our only
example of a truly abiotic, chirally selective reaction pathway. Because of the enantiomeric
excesses, some have even speculated that extraterrestrial organic matter played a direct role in
the development of life on Earth (Pizzarello & Cronin 2000).

b

The presence of complex organic matter in chondritic meteorites and IDPs may also have
played a second significant astrobiological role by modifying the Earth’s early atmospheric
composition. When micro-meteorites and IDPs are rapidly heated during atmospheric entry,
organic matter is released pyrolytically (Kress et al. 2003). On the early Earth, the flux of
exogenous material would have been high and the oxygen content of the atmosphere would have
been low. As a result, this pyrolitic organic matter may have had a significant effect on its
atmosphere by providing both greenhouse gases and UV-protective molecules such as PAHs
(Kress et al. 2003).

Many chondritic meteorites experienced a period of hydrothermal activity that created a
number of transition-metal sulfides and hydrated silicates. Some have suggested that similar
minerals were essential for catalysis of prebiotic “metabolic” cycles on Earth (Wichtershiuser
1988; Russell & Hall 1997; Russell et al. 1998; Cody et al. 2001). One component of the
organic matter in meteorites even forms vesicles that have been likened to primitive cell walls
(Deamer & Pashley 1989; see Section 5.5.1). Given the abundance of complex organic matter
and the presence of important catalysts, why did not life develop in meteorites? Time and
pressure may have been two factors — the period of hydrothermal activity was probably quite
short, and the small sizes of their parent bodies would have meant low pressures. In this regard,
meteorites provide a natural model of a system clearly capable of promoting extensive organic
chemistry, but probably incapable of bridging from pure chemistry to life.

The terrestrial planets were built up by accretion of many smaller bodies (Wetherill 1994b;
Chambers & Wetherill 2001). Most of these objects would have undergone widespread partial
melting and differentiation before being accreted. The fraction of the original carbon that would
have survived this process and in what form it would have been preserved is not well understood.
However, these questions are key to understanding the carbon budgets and degassing histories of
the terrestrial planets.

Of all the planets other than Earth, Mars is perhaps the most likely to have developed life. It
shows abundant evidence for the past activity of liquid water at its surface. There is tantalizing
evidence from satellite imagery that near-surface liquid water persists at least intermittently to
this day (Malin & Edgett 2000; Costard et al. 2002). Meteorites provide us with the only
samples of Mars that we can study in the laboratory. All the Martian meteorites are igneous
rocks, and many show evidence of having experienced aqueous alteration on Mars after
crystallization (McSween & Treiman 1998). The crystallization ages of these meteorites provide
upper limits for the ages of this alteration and indicate that aqueous activity on Mars has
continued up until almost the present day — the youngest Martian meteorites are ~180 Ma old
(McSween & Treiman 1998). Thus, meteorites also provide evidence of the nature of the sub-
surface hydrosphere on Mars.



5.3.1 Organic carbon in meteorites and IDPs (Astrobiology Roadmap Objective 3.1)

Background: Organic carbon in meteorites. Through funding from NASA’s Origins of Solar
Systems Program, Co-Is Cody and Alexander have focused on determining the structure of
meteoritic macromolecular organic matter, the dominant form of organic carbon, by solid-state
nuclear magnetic resonance (NMR) spectroscopy (Cody et al. 2002, 2003a). These studies show
that the meteoritic organic matter has an extremely complex distribution of C-bearing organic
functional groups and exhibits enormous differences in the relative abundances of functional
groups within and between chondritic classes. However, we do observe certain chemical
similarities in all meteorites, suggesting a common precursor that has been variably modified by
parent-body processes.
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Figure 5.3.1. A comparison of the chemical information recorded by solid state "C nuclear magnetic resonance
(NMR) spectroscopy vs. carbon (1s) X-ray Absorption Near Edge Spectroscopy (XANES). NMR spectra of the
organic matter in the Murchison and Tagish Lake meteorites (left) reveal enormous chemical complexity in both
samples while also exhibiting tremendous differences in the relative distributions of organic functional groups. C-
XANES of Murchison records the same organic functionality in the pre-edge region of the spectrum. Note that C-
XANES suffers from considerably greater band overlap compared with NMR. C-XANES, however, can be
obtained on sub-femtogram quantities, whereas NMR requires sample weights in excess of ~ 20 mg (ideally 100

mg).

What is still needed, and cannot be done by NMR, are equally stringent constraints on N and
S speciation. Pyrolysis gas chromatography/mass spectrometry (GC-MS) analyses do reveal
both N- and S-containing organic moieties, but this technique may not be detecting all of the
organic matter and the pyrolysis may modify the heteroatomic molecules from their pristine
configurations.



The NMR and pyrolysis techniques are also relatively insensitive. We would like to obtain
similarly detailed information from rare meteorites, IDPs, and cometary samples returned by
NASA’s Stardust mission. The H and N isotopic compositions of organic matter in IDPs exhibit
a much wider range of compositions than in meteorites (Messenger 2000), suggesting that they
have been less modified by parent-body processes. The organic matter in the Stardust samples is
also likely to be very primitive, although possibly modified during collection. To analyze these
materials, we need to develop new microanalytical techniques.

Proposed Research. Our NAl-specific work will focus on astrobiological and mission-related
issues associated with the chemistry of chondritic organic matter. In particular, we will obtain
high-quality information on the organic N, O, and S contained in meteoritic organic matter.

High resolution X-ray Absorption Near Edge Spectroscopy (XANES) is probably the best means
of obtaining this information, particularly for small samples (Figure 5.3.1). We specifically seek
support for research at the Scanning Transmission X-ray Microscope (STXM) and
microspectrometer at the Advanced Light Source (a 4.0-GeV synchrotron) at Lawrence Berkeley
National Laboratory. Co-I Cody is a member of the principal research team for this instrument,
and Collaborator Ade is the principal beamline scientist. We propose to use the STXM to
acquire XANES spectra of meteoritic organic matter, exploiting the characteristic fine structure
on the C(1s), N(1s), O(1s), and S(2p) absorption edges. Light-element XANES has been
previously successfully applied to probe the electronic structure of organic carbon in terrestrial
kerogenous materials (Cody et al. 1995a,b, 1996, 2000; Boyce et al. 2002) and has been shown
to provide fairly well-resolved functional group information. C- and O-XANES has been
recently applied to the study of IDPs and some meteorites (Flynn et al. 2001). The application of
N, O, and S-XANES to our collection of meteorites will place constraints on perhaps the most
interesting (in an astrobiological sense) of their exogenous organic compounds. We will use the
XANES data, calibrated against various N, O, and S organic standards, to develop a consistent
fitting scheme by which any exogenous organic solid can be analyzed and chemically
characterized, even given femtogram quantities.

The application of C-XANES provides an equally useful function. We now have a thorough
understanding of the carbon chemistry in meteoritic macromolecular material via solid-state
NMR (Cody et al. 2002, 2003a). We will use these data to fit C-XANES spectra and obtain
reasonable estimates of the critical optical parameters, i.e., the oscillator strengths associated
with electronic transitions corresponding to various organic functional groups. It is important to
be aware that organic functional groups detected with XANES (like IR spectroscopy and unlike
NMR) may have vastly different molar absorptivities, thus some functional groups (e.g., COOH,
and RCO) exhibit very strong absorption relative to other functional groups, e.g., CH, and CH,O.
Furthermore, C-XANES typically suffers from substantial band overlap (Figure 5.3.1), leading to
complications in band assignments. Using our extensive NMR data to constrain the C-XANES
data on meteorites will, therefore, provide an extremely valuable database that can be used to
quantify the C chemistry within extremely small samples (e.g., IDPs), where the application of
NMR is impossible. This database will be made available to the entire scientific community and
thus will facilitate the quantitative analysis of any extraterrestrial organics.

Background: Organic Matter in IDPs. Interplanetary dust particles (IDPs), collected by
aircraft in Earth’s stratosphere, are believed to be among the most primitive extraterrestrial
materials currently available for laboratory study (Bradley et al. 1987; Messenger 2000). These
small (typically < 20 um) particles are generally aggregates of much smaller grains of silicates,
Fe-Ni metal, sulfides and carbonaceous material. They have bulk chemical compositions similar
to carbonaceous chondrites but are more highly enriched in C. Laser-desorption mass
spectrometry (Clemett et al. 1993), Fourier Transform Infrared (FTIR) spectroscopy (Flynn et al.
2002), and C- and O-XANES (Flynn et al. 2001) have all shown that much of the carbonaceous
material is organic, rather than elemental C, bolstering the suggestion of Anders (1989) that IDPs

5-12



could have been an important source of organic matter to the early Earth. Moreover, large and
variable enrichments of D and "N (relative to H and "“N and terrestrial ratios) in most cases
appear to be associated with organic matter (Messenger 2000; Aléon et al. 2001), indicating
preservation of organic material inherited from the presolar molecular cloud.

Figure 5.3.2. Images of a cluster interplanetary dust particle (IDP) fragment collected in the Earth's stratosphere.
Left panel: secondary electron image. The IDP consists of carbonaceous material intermixed with fine-grained
silicate and sulfide minerals. Right panel: Hydrogen isotope image of IDP generated by an ion microprobe. The
D/H ratio is highly variable on a um scale. D/H reaches 5 times the terrestrial value in the most carbonaceous
region of the particle, indicating partial preservation of interstellar organic material.

Proposed Research. Co-Is Nittler, Alexander, Cody, Steele, and Stroud request support to
characterize IDPs isotopically, chemically, and mineralogically on a micron and sub-micron
spatial scale. The goals of the proposed research are to (1) characterize more completely the
presolar molecular cloud matter preserved in the particles, (2) trace the alteration processes that
have affected the organic matter, and (3) compare the IDP organic matter with that preserved in
primitive meteorites. A multi-technique approach allows the most information to be obtained
about the organic material in the IDPs (e.g., Keller et al. 2002). Isotopic imaging with the CIW
ims- 6f ion probe will be used to investigate quantitatively the spatial distribution of D/H, C/H,
and "N/"N ratios in IDPs with a ~1 pm spatial resolution (Nittler & Messenger 1998;
Mukhopadhyay et al. 2002) (Figure 5.3.2). Several techniques will subsequently be used to
characterize chemically and mineralogically the isotopically analyzed IDP material, including
field-emission scanning electron microscopy, fluorescence microscopy (Co-I Steele),
transmission electron microscopy (Co-I Stroud), and scanning transmission X-ray spectro-
microscopy (STXM, Co-I Cody, see Section 5.3.1). The isotopic work is currently funded by a
NASA grant to Co-I Nittler.

Transmission electron microscope (TEM) and STXM analyses require ultrathin (~100-nm)
samples. These samples will be prepared either by ultramicrotoming of IDPs embedded in S
(Keller et al. 2002) or by focused ion beam (FIB) techniques (e.g., Stroud et al. 2002). By
tagging specific functional groups (e.g., PAHs amines) in these sections with fluorescent
molecular probes, fluorescence microscopy can be used to characterize the spatial distribution of
those groups (Clemett et al. 2002).



STXM can be used to obtain both elemental abundances and electronic structure information
(e.g., bonding) with very high sensitivity (femtomole detection) and high spatial resolution. Co-
Is Cody and Nittler will perform C-, N-, O- and S-XANES (see above) imaging of the IDPs.
Previous XANES measurement of IDPs have indicated the presence of C=0 double bonds and a
much higher O/C ratio for IDP organics than seen in meteoritic organics (Flynn et al. 2001).
Correlated isotopic and XANES measurements on the same material will allow us to search for
correlations between type and abundance of chemical bonds and isotopic compositions.
Complementary to the STXM analyses, Co-1 Stroud will use TEM techniques to characterize the
IDPs. High-resolution imaging, EDS analysis, and electron energy loss spectroscopy (EELS)
imaging will be used to characterize silicate mineralogy, the chemical bonding environment, and
speciation of organic C and N (Keller et al. 1997) and correlate these with isotopes. The IDP
EELS spectra will also be compared with spectra from the well-characterized meteorite samples
(see above).

5.3.2 The fate of carbon during planetary differentiation (Astrobiology Roadmap
Objective 3.1)

Background. Carbon from the interstellar medium and the solar nebula is incorporated into
chondritic meteorites, occurring in a variety of forms (amorphous organic carbon to ordered
graphite) and with a wide range of isotopic signatures. While this material forms the reservoir of
carbon assembled into planets and available for abiological and biological evolution, the planets
themselves have undergone differentiation. Relatively little is known about the effect of
planetary differentiation on carbon and its isotopic signatures. While we might expect planetary-
scale differentiation at high temperatures to homogenize the isotopic signatures, we know
relatively little about the time scales on which this happens or the ultimate fate of the
incorporated carbon.

Proposed Research. Co-1 McCoy, along with Postdoctoral Fellow C. M. Corrigan
(Smithsonian), collaborator G. K. Benedix (Wash. Univ.), and Co-I Nittler, will investigate the
mobilization and isotopic homogenization of chondritic carbon during partial melting and
differentiation through both experimental melting of chondritic meteorites and analyses of
carbon isotopic signatures in both these experiments and natural, partially-differentiated
meteorites. In collaboration with Co-1 Vicenzi, carbon in the experimental charges will be
mapped at high spatial resolution (~0.25 pm) prior to isotopic analysis, using time-of-flight
secondary ion mass spectrometry (ToF-SIMS). This characterization will reveal trace and free
carbon, as well as potentially illustrating transport paths along grain interfaces that may
otherwise go undetected using conventional X-ray microanalysis.

McCoy, Benedix, and Corrigan are currently undertaking a series of experiments to examine
partial melting and melt migration in chondritic meteorites heated between 1000°C (just above
the Fe,Ni-FeS cotectic) and 1300°C. These experiments should allow us to trace the movement
of carbon during melting. Our expectation is that carbon is an early-melting phase that will
concentrate in the Fe,Ni-FeS cotectic melt. During planetary differentiation, this outcome would
result in most of the carbon being segregated into the core and removed from the zone of
biologic activity. This conundrum between the requirement for carbon to initiate life and its
expected behavior during melting is the driving force for these experiments.

The second phase of the work will involve analyses of carbon isotopic signatures. During the
past 10 years, there has been a growing recognition that within the world’s meteorite collections
examples exist of the earliest stages of differentiation, arrested before reaching completion.
Preliminary work by Co-Is McCoy and Nittler on one of these meteorites — lodranite GRA 95209
— suggests that carbon isotopic heterogeneity may be preserved during partial melting. Despite
having reached temperatures that generated significant silicate partial melting (perhaps 1250°C),
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graphite rosettes contained within metal exhibit carbon isotopic signatures ranging from §"C=—
55 to +75%o. Furthermore, these isotopically diverse graphite rosettes often occur within a few
tens of microns of one another. This pattern strongly suggests that the initial, chondritic isotopic
heterogeneity was preserved, despite significant partial melting. Analyses of controlled melting
experiments, as well as additional analyses of graphite-bearing stony-iron meteorites (e.g.,
particularly silicate-bearing IAB irons) should allow us to constrain further the extent of heating
and melting required to produce isotopic homogeneity.
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Figure 5.3.3. A backscattered electron image taken with a scanning electron microscope (SEM) of a fine-grained
region of hydrothermal alteration of the Martian meteorite Lafayette. The insets are energy dispersive X-ray spectra
of various regions. This particular region is dominated by clay minerals but includes Ca-rich siderite (FeCO,) and a
vein of iddingsite.

5.3.3 The Martian hydrosphere: Clues from meteorites (Astrobiology Roadmap Objective
2.1)

Background. A strong body of evidence exists for the claim that liquid water once was
present on, or beneath, the surface of Mars. Large-scale (atmospheric observations/modeling)
and regional-scale (surface morphologies) studies offer the opportunity to understand Mars as an
evolving system. For instance, its now dry surface and the large D enrichment of its atmosphere
suggest that most of Mars’ atmospheric water has been lost to space. There are models for how
this might have occurred. However, the most tangible evidence for the evolution of Mars comes
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from Martian meteorites. The Martian meteorites are all igneous rocks with crystallization age
that range from 4.5 Ga to almost the present day. They include primary water-bearing minerals,
shock-produced glasses, and secondary alteration minerals (Figure 5.3.3). The alteration
minerals are presumably the products of processes occurring in Mars’ subsurface hydrosphere.
Thus, the meteorites potentially provide us with a record of the evolution of Mars throughout its
history, particularly the history of its hydrospheric and atmospheric water (e.g., Leshin 2000).
This information will help in assessing whether life could have evolved on Mars and where it
might survive today.

Research to Date. We have determined the H isotopic compositions and water abundances of
primary minerals and shock-produced glasses in 10 Martian meteorites (Boctor et al. 2003). The
minerals and glass are generally enriched in D, probably because they have interacted with
Martian hydrospheric and atmospheric water during the shock events that produced the glasses.
A more direct record of the Martian hydrosphere is found in the alteration products in meteorites.
The alteration products in some meteorites are only 100s of Ma old (e.g., Swindle et al. 2000),
indicating that the Martian hydrosphere remains active, at least intermittently, to this day. The
isotopic compositions of H (Karlsson et al. 1992; Eiler et al. 2002) and O (Farquhar & Thiemens
2000) in the alteration minerals, estimated by conventional extraction methods from bulk
samples of the meteorites, strongly suggest a linkage between the atmosphere and hydrosphere of
Mars. We intend to take advantage of microanalytical techniques to provide a better
understanding of the physical and chemical conditions near the interface between subsurface
fluids and the Martian atmosphere.

Proposed Research. Co-I Vicenzi will conduct a detailed examination of C-bearing and
associated secondary minerals in Martian meteorites using high-spatial-resolution ToF-SIMS.
The temperatures for such precipitation from fluids in the Martian crust are poorly constrained
but have been estimated to be < 100°C to —30°C (Romanek et al. 1998; Treiman 1993), a range
well within the window for life. At such low temperatures, reaction rates are sluggish, and many
of the alteration phases have grain sizes on the micron to submicron length scales, and some
silicates lack periodicity all together. The Ga ion source provides the spatial resolution (~0.1-0.3
pm) for studying the compositions of complex secondary assemblages through two-dimensional
(2D) and shallow three-dimensional (3D) ion imaging.

The goal of these studies will be to (1) use the parallel detection capabilities of ToF-SIMS to
determine the disposition and covariation of H, C, N, O, OH, P, S, and Cl in the alteration
products, (2) use the hlgh -resolution ion images to gulde magnetic sector SIMS isotope analyses,
e.g., D/H, 8"C, and 5" O (conducted in COIlJU.IlCthIl with Co-Is Nittler and Alexander) (3)
perform in situ focused ion beam (FIB) milling in the ToF-SIMS to obtain a quasi 3D view of
structures and aqueous deposition boundaries noted in the high resolution ion images. Follow-up
electron and low-energy X-ray imaging will be conducted with the analytical tools available on
the Carnegie field-emission gun scanning electron microscope (FEG SEM) with Co-I Nittler.

5.4 Prebiotic Chemical and Isotopic Evolution on Earth

Did the emergence and sustenance of Earth’s first life depend on unique attributes of Earth’s
earliest sulfur cycle? This question lies at the core of NASA-sponsored astrobiological research.
A major component of the solution to this question hinges on a robust determination of the most
probable initial planetary conditions, i.e. the chemical compositions of the early atmosphere,
oceans, crust, and mantle, and fundamentally deducing the nature of the first geochemical cycles
that couple these reservoirs. Knowledge of these cycles may provide a critical set of boundary
conditions for establishing a probability for the emergence of life.

From our knowledge of Earth history it appears that life arose early and may likely have been
an inevitable consequence of the initial geochemical evolution the planet. However, as a
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consequence of Earth’s active tectonism, little record remains of the first 500-700 millions years
of Earth history. What can be deduced is that Earth’s earliest history began with the cataclysm
of accretion (and possibly a massive Moon-forming impact event). The kinetic energy
associated with Earth’s formation (and the substantial impacts that followed shortly thereafter)
was sufficient to vaporize much of the Earth and resulted in a magma ocean on the surface
blanketed by a hot, dense atmosphere.

The sustained high temperatures associated with such a process were more than sufficient to
convert any accreted organic molecules (i.e., those included in the chondritic sources) to their
most thermodynamically stable light constituents, e.g., CO,, CO, N,, H,, H/O. Thus, at the very
beginning it appears reasonable to assume that there existed no complex organic molecules
within and on the surface of Earth. It may not have taken considerable time after these energetic
events, however, for the first stable crust, atmosphere, and oceans to have formed (Sleep et al.
2000). Furthermore, there exists evidence that the first continents arose very early after crustal
formation (Wilde et al. 2001; Mojzsis et al. 2001). The establishment of crust, ocean, and
atmosphere inevitably initiated Earth’s first geochemical cycles (e.g., carbon, sulfur, water,
weathering) coupling the chemistry of these primary environments and reservoirs. The early
dynamic chemical equilibrium across the primary reservoirs was, no doubt, subject to significant
evolution by the addition of volatiles from the rapidly evolving mantle, atmospheric losses to
space resulting from earliest photochemistry, as well as a continual rain of exogenous carbon
from the slowly tailing remnants of the late heavy bombardment phase of the Solar System’s
history.

Within this chaotic and currently ill-defined world, life evidently arose by as yet unknown
pre-biotic processes in an unknown environment. There remains considerable uncertainty
regarding exactly how any organic chemistry intrinsic to a primitive terrestrial planet bridged
into the initiation of an RNA world (Gilbert, 1985). It appears likely, however, that the
probability of such chemistry occurring must have been inextricably bound to the nature of the
Earth’s earliest geochemical cycles. In the absence of favorable carbon, sulfur, and hydrologic
cycles, the crucial first prebiotic stages may never have occurred, negating the possibility of the
emergence of life. Given that the Earth is our only example of a planet where life began,
understanding the early geochemistry of this planet is critical to understanding the probability for
the emergence of life. What we learn about the Earth may provide critical guidance on the types
of astrobiological instrumentation packages sent to other terrestrial planets (see Section 5.8 for
more discussion). The search for ancient life on other planets may well begin by establishing a
robust determination of the earliest history of other potentially interesting terrestrial bodies, such
as Mars (as discussed in Section 5.2.5), and comparing these with what was apparently sufficient
for the emergence of life on the Earth.

With this in mind we propose a multidisciplinary approach toward understanding the early
Archean sulfur cycle. Specifically, we aim to determine the biological and non-biological
signatures within the sulfur isotopic record and use these data to place constraints on the early
sulfur cycle which, due to a highly reducing atmosphere, was quite different from the latter half
of Earth’s history. We will further seek to determine whether there were particularly favorable
attributes of the early Archean sulfur cycle that enhanced the quality of abiotic organic chemistry
catalyzed by transition-metal sulfides that may have played a role in the emergence of life.

5.4.1 Unraveling Earth’s early sulfur cycle (Astrobiology Roadmap Objective 4.1)

Background. Of the stable isotopic proxies for reconstructing ancient environments and
detecting early life, sulfur isotope systematics stand above all others because they record not
only metabolic processes but also the role of ultraviolet (UV) photolysis in atmospheric
chemistry. Isotope analyses of sulfur-bearing minerals in ancient sedimentary rocks reveal that
early microbial life had a strong preference for the lighter isotopes. In general, chemical
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reactions often exhibit mass-dependent fractionation wherein the slight differences in mass (e.g.,
32, 33, and 34 in the case of sulfur) manifest small but significant differences in reaction rates.
These differences lead either to enrichments or depletions in the heavier isotopes in the products
of a given reaction. The measurement of large mass-dependent fractionations of sulfur isotopes
(associated with sulfate reduction and sulfide disproportionation) in low-temperature geologic
environments (under conditions where kinetics inhibit inorganic processes) is convincing
evidence of microbial activity.

Sedimentary, Magmatic, and Hydrothermal sulfur
Analysts: A. Bekker, J. Farguhar G. Hu, 5. Ono, D. Rumble, P.-L. Wang, & B. Wing
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Figure 5.4.1. Values of *”S (%o) for sedimentary, hydrothermal, and magmatic pyrite plotted versus age, where *S
=5"S-0.515%8"S (%0). A ¢S (%o0) near zero reveals mass-dependent fractionation, whereas deviation from S (%o)
~ 0.0, in either a positive or negative sense, reveals mass-independent fractionation. Note the sharp break in
distribution at an age of 2.3 Ga, the time proposed for the oxygenation of Earth's atmosphere. Before that time,
values of ¢S range from -2.5 to 8 %; after 2.3 Ga, -0.5 < **S < 0.5.

Sulfur isotopes also exhibit the remarkable property of mass-independent fractionation
(MIF). In the Earth’s upper atmosphere today, certain gas-phase reactions promoted by solar UV
light lead to fractionations of the various sulfur isotopes at variance with the typical mass-
dependent fractionation line. There is not currently a very satisfying explanation for MIF
phenomena; however, when such fractionation is observed it is invariably connected with
photolytic gas-phase reactions (e.g., Farquhar et al. 2000).

These distinctive MIF fractionations are only rarely preserved at the Earth’s surface, and then

under unusual conditions. Polar ice cores, for example, contain sulfate aerosols derived from
historic giant volcanic eruptions whose eruptive clouds reached into the stratosphere, penetrating
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the ozone shield (Savarino et al. 2002). These sulphates exhibit small but detectable mass-
independent fractionations. Aerosol sulphates derived from smaller eruptions incapable of rising
above the troposphere exhibit only mass-dependent fractionation. The modern stratigraphic
record of sulphate derived from volcanogenic sources thus reveals predominantly zero MIF
effects punctuated by spikes corresponding to particularly large volcanic events.

The widespread prevalence of MIF in sulfur isotopes in Archean sediments is in strong
contrast to their limited distribution today (Farquhar et al. 2000; Ono et al. 2002) (Figure 5.4.1).
Analysis of drill cores of black shale from Australia and South Africa over an age range from 2.5
to 2.7 Ga shows a continuous geologic record of atmospheric production of MIF sulfur further
modified by microbial activity at the seawater-sediment interface during deposition and
diagenesis (Ono et al. 2002). The disparity in stratigraphic distribution between present and
Archean sediments demonstrates a modern, episodic versus an ancient, continuous production
and preservation of MIF sulfur. These relationships reveal a profound difference between the
atmosphere as we breathe it and the atmosphere that existed during the Archean.

Numerical simulations of modern atmospheric chemistry have been used to provide a
comparison of hypothetical anoxic atmospheres, postulated to have existed in Archean times. It
appears that the sulfur isotope MIF anomalies are unlikely to survive in the presence of oxygen.
In an oxygenated atmosphere, both the products and reactants of photochemical reactions are
eventually fully oxidized to sulfuric acid, resulting in mixing and elimination of the MIF
signature induced during photolysis (Pavlov & Kasting 2002). Modern preservation in sulfate
aerosols from giant volcanic eruptions demonstrates the necessity of immediately storing MIF
sulfur in solid particles that are less vulnerable to oxidation and isotope exchange than gas
molecules.

The preservation of MIF sulfur isotopic signatures in an anoxic Archean atmosphere was not
as difficult. First, in the absence of atmospheric oxygen no ozone shield would have existed to
prevent photolytic reactions occurring throughout the atmosphere. Consequently, a considerably
larger fraction of the sulfur records the MIF signature (Farquhar et al. 2000). Second, the
products of photochemical reactions were much less likely to be attacked by oxygen, thus
preserving the sulfur species that carries the MIF signature. Model calculations (Pavlov &
Kasting 2002) indicate that MIF fractionations would have been preserved in aerosol particles of
elemental sulfur as well as in sulfate aerosols delivered to the hydrosphere. In the absence of
oxidative weathering of continents, atmospheric sulfate aerosols would contribute a sulfur
isotope MIF signature to seawater. The particles of elemental sulfur would likely accumulate in
sediments and be utilized by microbes, perhaps leading to the precipitation of pyrite.

Although microbial activity will impart a distinct mass-dependent isotope fractionation
signature through SO,” reduction, the precursor MIF signatures will persist. Microbes
catalytically promote the precipitation of insoluble sulfide minerals, thus storing the MIF
signature in sulfide minerals such as pyrite. Different species of microorganisms utilize different
forms of sulfur that carry different MIF signatures. For example, sulfate-reducing bacteria
would lead to precipitation of pyrite with a seawater sulfate MIF. Microorganisms that reduce
atmospheric elemental sulfur particles would lead to precipitation of pyrite with the MIF of the
sulfur aerosols.

With extensive reworking, the metabolic activities of consortia of microorganisms may also
obscure or even eliminate MIF sulfur isotopes. For example, poly-specific microbial
communities typically recycle each others’ waste products. If in a given environment a sulfur-
oxidizing species used the sulfide produced by sulfur-reducers, the resulting sulfate would mix
with seawater sulfate and the MIF signature would eventually be diluted to undetectible levels.
Depending on the situation it is clear that microbes have the ability either to preserve or obscure
the stratigraphic record of MIF. Thus, the magnitude of the MIF sulfur signature in ancient
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sediments reflects a fortuitous interplay between local environmental conditions, the ecology of
microorganisms, and atmospheric deposition of aerosols.

Proposed Research. Co-I Rumble will lead four target investigations:

1. We plan to investigate in detail the stratigraphic record of the MIF signature in sulfur. We
will seek to establish the pattern (or lack thereof) of geographic distribution in rocks of the same
geologic age and measure highly resolved stratigraphic sections to investigate time-variation at
specific geographic sites. We will focus attention on three critical time intervals, including:

2.5 to 2.0 Ga. We will analyze rocks that formed during this time interval to constrain,
stratigraphically, when pO, level rose above 107 of present atmospheric levels, i.e., the point at
which there was sufficient ozone to minimize the production of a strong MIF signature.

2.5 to 2.8 Ga. We will attempt to use both MIF and mass-dependent fractionation signatures
to reconstruct the sulfur cycle in this transition period when O, photosynthesis first initiated (2.7
Ga or earlier) but while the atmosphere remained anoxic.

2.8 Ga to 3.5 (3.8?) Ga. We will seek isotopic evidence of the earliest sulfur-metabolizing
organisms. This is an enormous challenge given the antiquity of this time interval, but progress
may help provide the most robust signature of Earth’s first life.

We will conduct fieldwork to collect suitable samples from each of the above time intervals
from the relatively well-preserved Archean terrain exposed in Australia. Currently Co-I Rumble
and collaborator Ono are actively participating in an Australian and international collaboration
(including Johnson Space Center) to study this ancient terrain.

2. We will determine the extent to which the MIF signature is homogenous within a given
stratigraphic unit. Toward this end, we will analyze individual pyrite crystals on a millimeter to
micron scale with the new Thermo-Finnigan MAT 253 mass spectrometer in Co-I Rumble’s
laboratory at CIW. Our goal is to determine the degree to which sedimentary pyrite is
homogeneous or heterogeneous isotopically. If given stratigraphic horizons are inhomogeneous,
we may address whether this heterogeneity is due to microbial activity or to post-depositional
metasomatism. Spatially resolved isotopic analyses will be crucial in answering these questions.

3. We will elucidate the mass-dependent microbial sulfur isotope signature through the
analysis of controlled microbial cultures with Co-Is Emerson, Scott, and Steele. By measuring
sulfur isotope fractionations by microorganisms, we will seek to apply laboratory fractionations
to the interpretation of fractionations measured in Archean rocks. This research complements
the goals outlined in Section 5.7 of this proposal.

4. Technically we plan to develop new continuous-flow techniques for isotopic analysis of
nanomole quantities of SF,. Such new techniques will greatly aid the research described above.
To accomplish our goals we will develop an ultralow-blank analytical protocol for the analysis of
trace amounts of disseminated forms of sulfur in Archean sediments (and meteorites), including
organic-bound sulfur, trace sulfate, and disseminated pyrite.

5.4.2 The critical role of sulfur in prebiotic (protometabolic) organic chemistry
(Astrobiology Roadmap Objective 3.1)

Background. Over the past several decades our understanding of the diversity of habitats that
support microbial communities has grown enormously. The recognition that life can exist even
in some of the most inhospitable environments, e.g., the Antarctic dry valleys, has raised
optimism regarding the slight possibility of extant life on other planets, most significantly Mars.
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It is now apparent that virtually any environment that can be shown to provide biologically
utilizable energy may sustain life. However, the range of environments suitable for the
emergence of Earth’s first life must have been much more restricted. Life could only have
emerged in an environment capable of promoting the critical first organosynthetic reactions.

As it currently stands there is no satisfactory theory for the origin of life. A hypothetical,
largely schematic, path from the initial abiotic world to Earth’s first biology has been described
as an ascendance through several key stages (e.g., de Duve 1991). In a condensed format, such a
path starts with proto-metabolism, the stage where the natural environment promotes purely
abiotic organosynthesis (i.e., abiotic carbon and nitrogen fixation). The consensus view holds
that this protometabolic chemistry must have led into some manifestation of the “RNA” world
(Gilbert 1985), the nascent stages of which involved spontaneous RNA replication. The ability
to exploit crude molecular evolution was achieved at the point of primitive encapsulation (the
first membrane, see Section 5.5.1). The development of RNA-dependent peptide synthesis,
followed by the final development of translation, yields a first or “pre”-biotic system poised to
intiate biological metabolism and herald in Earth’s first life (de Duve 1991).

Research to Date. Although there has been substantial progress over the past three decades
in research covering many of these path segments, for example in the area of RNA catalysis,
there remains considerable uncertainty regarding how organic chemistry intrinsic to a primitive
terrestrial planet bridged to the initiation of the RNA world. As part of our NAI research
initiative, we have focused on the first stages (or the geochemical roots) of the origin of life,
protometabolism. Our investigation has been and continues to be the experimental exploration
of the importance of mineral catalysis (in particular transition-metal sulfides) in promoting the
protometabolic stages of the origin of life.

One of the key aspects to deducing the prebiotic chemical origins of life on Earth, as well as
constraining the potential for life on any other terrestrial planet (e.g., Mars), involves
establishing where in either the atmosphere, oceans, or crust, natural geochemical cycling
provided the most useful chemistry for pre-biotic biosynthesis. Our experiments have
demonstrated the importance of sulfur (both inorganic, e.g., transition-metal sulifde, and organic,
e.g., thiol) as an essential component for useful protometabolic chemistry. Certain organo-sulfur
species, thioesters in particular, have long been proposed as particularly useful prebiotic
intermediates, based on their large free energies of formation and their role in promoting organic
chemistry that can provide the function and utility necessary to initiate anabolic biosynthesis
(e.g., de Duve 1991; Wichtershaiiser 1988). Their high energy content means that once formed
thioesters can be used in organic reactions to drive otherwise endergonic reactions, e.g., the
peptidization of amino acids. Acetyl-CoA is the ubiquitous thioester employed in many of the
metabolic strategies of extant microorganisms. Both Acetyl-CoA and pyruvic acid are
synthesized de novo by anaerobic chemoautotrophic prokaryotes (e.g., methanogens and
acetogens) through the action of a complex set of enyzmes that contain within their active
centers Fe and Ni (and possibly Cu, e.g., Doukov et al. 2002) sulfur clusters (Lindahl et al.
1990).

To date, the only demonstrated abiotic means for the synthesis of thioesters (relevant to the
early Earth) has utilized transition-metal sulfides (e.g., Huber & Wichtershaiiser 1997; Cody et
al. 2003b). It may very well be that the essential prebiotic chemistry that led to the emergence of
the phenomenon of life was inextricably bound to the presence of transition-metal sulfides. In
addition to catalysts, however, the protometabolic environment also required a reliable source of
energy and essential chemical substrates. This means that if life derived from endogenous
chemistry intrinsic to the early Earth, the environment must have provided both readily available
energy and light-element substrates (e.g., CO,, NH,, and H,S), as well as natural catalysts to
couple the energy and the chemical substrates to form biochemically useful molecules.

Certainly, the most obvious energy sources are solar UV and visible radiation and
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thermochemical energy derived from redox disequilibria. Photo-driven prebiotic organic
chemistry would necessarily have been restricted to the atmosphere, shallow ocean, and
continental surfaces. Thermochemical energy could have been available wherever mixing of
reduced and oxidized species result in thermodynamic disequilibria (e.g., Shock et al. 1996).
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Figure 5.4.2. Chromatograms revealing the products of reactions of aqueous citric acid (100 mM) in the presence
of 100 mM of ammonium formate run at 200 °C for 3 hours with and without pyrite. Of primary interest to
protometabolic chemistry are the products of aqua-thermal decomposition of citric acid ending with the formation
pyruvic acid (Cody et al. 2001). This reaction pathway presumably passes through the production of oxalacetic
acid, although none of this important metabolic intermediate has been detected. In the presence of ammonium
formate, a substantial quantity of pyruvate is converted to alanine through a reductive amination reaction. Small,
but detectable, quantities of aspartic acid formed from the reductive amination of oxalacetic acid are also detected
(shown here as an inset). The direct synthesis of aspartic acid (aspartate at this pH) is significant, as it mimics
several key steps that occur in certain metabolic strategies. Aspartate also provides a critical threshold for the
potential synthesis of pyrimidines, possibly connecting this hydrothermal chemistry with the roots of some type of
RNA world. The presence of pyrite enhances the reductive amination, presumably by providing a catalytic site for
the reduction of the imine intermediate.

Our previous work in this area has demonstrated the utility of a broad range of metal sulfide
catalysts for the promotion of chemistry that bears (at least superficial) similarity with extant
anabolic strategies of certain chemoautrophic anaerobic organisms (e.g., methanogens and
acetogens). We have shown by experimental assay that many different transition-metal sulfides
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provide the catalytic qualities to promote protometabolically useful carbon fixation chemistry
that largely mimics the Acetyl-CoA pathway utilized by both methanogens and acetogen as their
primary carbon fixation and root anabolic pathway (Cody et al. 2003b). We have shown that
transition-metal sulfides catalyze the reduction of nitrate and nitrite (potentially derived
photochemically) (Brandes et al. 2000). We have identified, and provided supporting
experimental results for, a plausible protometabolic carbon fixation pathway that uses transition-
metal sulfides as heterocatalysts (Cody et al. 2001).
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Figure 5.4.3. A composite of various abiotic (“protometabolic”) carbon- (and nitrogen-) fixation reactions
promoted or catalyzed in the presence of transition-metal sulfides and in aqueous media. This reaction network
shares superficial similarities with intermediate anabolic strategies of certain anaerobic autotrophs, e.g.,
methanogens and acetogens. A reaction network such as this may have provided the primitive world with the
essential biochemicals necessary to “jump start” an emergent chemical system, e.g., RNA world. The apparent
complexity shown in this diagram does not, by any means, reflect a limit for abiotic chemistry; rather it records what
has been observed to date in a very limited reaction space explored by relatively few researchers in experimental
protometabolic chemistry (e.g., Heinen & Lauwers 1996; Huber & Wéchtershiduser 1997, 1998; Cody et al. 2000,
2001, 2003a,b).
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Recently, we have shown that we can couple nitrogen fixation for the promotion of amino-
acid synthesis by utilizing segments of the above-mentioned protometabolic cycle, again in the
presence of transition-metal sulfides. Specifically, we have shown that we can synthesize
aspartate and alanine directly from citric acid under reducing conditions, with the reaction
enhanced by presence of transition-metal sulfides (Cody et al. 2003c) (Figure 5.4.2). The
hydrothermal synthesis of alanine has been demonstrated previously (e.g., Hafenbradl et al.



1995; Weber 1998, 2001; Brandes et al. 2000). The synthesis of aspartate is extremely
important, as it may provide the critical bridge for the synthesis of certain nucleic acid bases, in
particular the pyrimidine, orotic acid, the precursor to uracil, cytosine, and thymine (e.g., Abeles
etal. 1992). Finally, we have shown that certain transition-metal sulfides will participate in
reactions beyond just that of catalysts, yielding soluble organometallic iron-sulfur clusters that
are capable of promoting the synthesis of alpha-keto acids from alkane thiol precursors (Cody et
al. 2000). Figure 5.4.3 summarizes the results of our experiments, including those of others
where transition-metal sulfides were used to promote reaction (e.g., Heinen & Lauers 1996;
Huber & Wichtershiser 1997), placing the results in the context of a potentially useful
protometabolic scheme for carbon and nitrogen fixation.

It must be stressed that the our experiments are not designed to explore directly the origins of
life; rather they were designed and optimized to explore the ability of metal sulfides to promote
“proto-metabolic” chemistry with possible relevance to the origins of life. Therefore, our
previous results and the experiments proposed below should not be misinterpreted as supporting
the possibility that life could have arisen at temperatures as high as 250° C.

Many important biomolecules are thermally unstable in aqueous media; for instance,
functionalized sugars (both aminated and phosphorylated), peptides, polyphosphates, or
thioesters will not survive long in water under hot hydrothermal conditions (e.g., Larralde et al.
1995; Shapiro 1995). Nitriles, such as cyanoacetylene and cyanoacetaldeyde — proposed as
possible prebiotic precursors for pyrimidines (Robertson & Miller 1995) — will be rapidly
hydrolyzed to carboxylic acids in hot water (Siskin et al. 1990). Therefore, if the synthesis of
nucleotides and their subsequent oligomerization to promote an "RNA" world is requisite to the
emergence of life, then such chemistry would be extremely improbable (and likely impossible) in
high-temperature water (e.g., Miller & Lazcano 1995).

Nevertheless, in a pre-enzymatic “protometabolic”” world, mineral catalysts were
undoubtedly required to initiate a broad range of organosynthetic reactions for producing the first
biomolecules. For at least some of this chemistry, it is difficult to conceive of better, naturally
occurring, prebiotic catalysts than metal sulfides (e.g., the theories of Wichterhiduser 1988;
Russell & Hall 1997; Russell et al. 1998). The challenge remains to demonstrate which catalysts
did what and where the prebiotic chemistry ultimately converged into the phenomenon of life
itself. The results of our previous experiments suggest that cool environments in close proximity
to metal sulfide-precipitating hydrothermal hot-springs may have been advantageous to the
emergence of life on the early Earth, as well as other terrestrial planets, such as early Mars or
early Venus.

Proposed Research. To further our contribution to the prebiotic components of
astrobiological research, Co-Is Brandes, Cody, Fogel, Hazen, Yoder and Collaborators Boctor
and Sharma propose to continue and expand on our experimental studies of organosynthetic
reactions that may have actually occurred on the Hadean and early Archaen Earth. Our focus in
the CIW NAI team will be to provide a robust experimental assessment of the feasibility of such
prebiotic chemistry on any terrestrial planet with an active sulfur cycle and volcanism to provide
both reduced fluids and catalytically active metal-sulfide substrates. We propose the following:

Over the next cycle of research, Co-Is Cody, Brandes, Hazen, and Collaborators Boctor and
Sharma propose to assess experimentally (quantitatively) the kinetics of key carbon-, nitrogen-,
and sulfur-fixing reactions by focusing on establishing the dependence of temperature, substrate
activities, fluid pH, and choice of catalytic substrate on the reaction rates. We have already
shown what is possible under ideal, assay conditions; we now want to establish the key kinetic
parameters that would allow for a robust global and historic assessment of abiotic synthesis in
the early Archean. These experiments will utilize synthetic sulfides (}Z)repared by Co-1 Boctor)
spanning geologically relevant compositional series (e.g., Ni*" and Co™ substitution in FeS and
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FeS,). Following these experiments, we will select from our extensive library of well-
characterized natural specimens for a comparative analysis. Our assessment of the
organosynthetic reaction rates and reaction pathways also has direct relevance for the proposed
research outlined in Section 5.6.1 on hydrothermal vent environments.

Co-Is Cody and Fogel will explore whether kinetic isotopic fractionation associated with the
key organosynthetic reactions can serve as a definitive signature for protometabolic
organosynthesis utilizing compound-specific gas chromatography isotope- rat10 mass
spectrometry (GC-IRMS) focusing initially on carbon (§"°C) and nitrogen (§”N). Such isotope
fractionation has been shown to be the case for simple hydrocarbons, e.g., methane through
butane (Sherwood Lollar et al. 2002). We will expand these analyses to organic chemistry that
yields more complex (hence prebiotically more interesting) organic molecules, e.g., amino acids
and various metabolic intermediates. In this regard, this research dovetails with the work
proposed in Section 5.7.1 on biosignatures. Kinetic isotope fractionation will be used to help
constrain reaction mechanism, as well as allow us to determine whether one can distinguish
between biological and abiological synthesis of biologically relevant molecules (e.g., amino and
fatty acids). As part of the overall goal of employing sulfur isotope signatures to help constrain
the global sulfur cycles, we will work with Co-Is Rumble and Farquhar and Collaborator Ono to
develop methods for the analysis of sulfur isotopes in organosulfur-containing species.

Co-I Cody and Collaborator Boctor propose to explore catalytic organosynthetic reactions
utilizing natural metal sulfide assemblages. Throughout most of our previous studies we have
utilized laboratory-synthesized pure metal sulfide phases as a means of adding a degree of
chemical control to what are otherwise complex reaction systems. Natural sulfide deposits
typically contain multiple phases, e.g., coexisting sphalerite (ZnS), chalcopyrite (CuFeS,),
pyrrhotite (Fe, S), and pyrite (FeS,). Individual (natural) metal-sulfide phases are virtually never
compositionally pure. Considerable cation substitution (iron for zinc, cobalt or nickel for iron)
can occur in many of the predominant phases in natural sulfide deposits. Such substitutions will
likely effect significant changes in the catalytic properties of a given metal sulfide phase. We
anticipate that the naturally occurring transition-metal sulfide samples may reveal interesting
synergetic effects and perhaps considerably enhance catalytic promotion of useful
protometabolic reactions.

We will focus initially on two types of metal-sulfide-rich samples. The first are recent
samples obtained from mineralized vent chimney-wall material provided by Co-I Baross. These
samples tend to grade in their mineral chemistry and assemblages across the vent chimney walls,
recording a range of precipitation temperatures (Tivey 1995). Co-I Baross has proposed (see
Section 5.6.1) that certain extremophilic microorganisms that currently live within the porous
vent chimney walls may exploit the natural catalytic qualities of transition-metal sulfides in their
environment for the production of simple organic substrates to support heterotrophy. We will
assay the catalytic or otherwise promoting qualities of these natural sulfides under conditions
that mimic those in proximity to an active vent chimney to help test this hypothesis.

We will also investigate organosynthesis promoted by metal sulfides present in natural ore
samples obtained from ancient massive sulfide deposits (e.g., the ~ 3.2-Ga Sulfur Springs VMS
deposits of Western Australia; these sulfides are currently being studied by Co-I Rumble and
Collaborator Ono in collaboration with Australian and international scientists; see Section 5.4.1).
In both cases, we will use similar assaying strategies that were previously developed by us (Cody
et al. 2003b) for the analysis of pure transition-metal sulfides. We will utilize isotopically
enriched (“C) reagents so that we will be able to separate our reaction products from any
naturally present organic compounds (T. McCollum, pers. comm., 2003).

Finally, Co-Is Brandes, Cody, Hazen, and Yoder propose to conduct a series of experiments
to establish whether there exist abiotic isotopic signatures for small molecule production and
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destruction in hydrothermal (and perhaps other) systems. Previous work has shown that in
addition to potentially useful protometabolic chemistry, transition-metal sulfides also serve as
powerful promoters of NO, reduction and to a lesser extent N, reduction (Brandes et al. 1998,
2000, 2001; Schoonen & Xu 2001). Specifically, we propose to establish the isotopic
fractionation factors for the production of methane and C,-C, hydrocarbon gases from the
reduction of CO, to compare with the natural occurrences of such gases where abiotic synthesis
has been indicated (e.g., Sherwood Lollar et al. 2002) (see also Section 5.7.2). We will also
establish isotope fractionation signatures among nitrogen species (NO, N,O, N,) produced during
the transition-metal-sulfide-promoted reduction of NO, under strictly abiotic conditions. Our
proposed experiments will seek to detect specific isotopic fractionation patterns based on the
nature of the catalyst and reaction conditions. The proposed work aims to provide isotopic
constraints to the interpretation of stable isotopic signatures of carbon and nitrogen that may be
analyzed on future Mars lander missions that sample the regolith or polar ice. The reactions will
be performed by Co-Is Cody, Hazen, and Yoder at CIW and the products analyzed at the Stable
Isotope Laboratory at the University of Texas at Austin by Co-I Brandes.

5.5 Prebiotic Molecular Selection and Organization

By what mechanisms were biomolecules selected, concentrated and organized from the
diverse prebiotic organic inventory? Many processes contributed to the synthesis and
accumulation of organic molecules on the prebiotic Earth (e.g., Chyba & Sagan 1992). Synthesis
in interstellar dense molecular clouds (Bernstein et al. 1995, 2002), in the primitive atmosphere
(Miller 1953; Miller & Urey 1959), in hydrothermal systems (see Section 5.4.2) (Huber &
Wichtershiuser 1997; Cody et al. 2000, 2001, 2003b), during impacts (Blank et al. 2001), in
aerosols (Dobson et al. 2000; Tuck 2002), and perhaps even in igneous rocks (Freund et al.

2001) provided the primordial Earth with a diverse suite of organic molecules. Our proposed
studies on prebiotic chemical and isotopic evolution on Earth (see Section 5.4.2) will amplify
our understanding of these ubiquitous processes.

Notwithstanding the relatively facile prebiotic synthetic chemistry and accumulation of
exogenous organic molecules near Earth’s surface, there remains the significant challenge of
understanding the origin of life. Life’s molecular building blocks, unlike the diverse prebiotic
inventory, are highly selected and are organized into functional macromolecules. Biological
amino acids, sugars, lipids, and the metabolic intermediates epitomize this point. Terrestrial life
relies predominantly on a suite of 20 different a-H levose (L) amino acids that are condensed to
form proteins. By contrast, prebiotic processes produce a more diverse suite of racemic amino
acids, which do not tend to form peptide bonds in most prebiotic environments. For example,
the Murchison meteorite yields more than 70 different amino acids monomers, including o-
methyl amino acids and B-amino acids not used in extent organisms (Kvenvolden et al. 1970).
Extant life also uses enantiomerically pure pentose sugars, D-ribose and D-deoxyribose. While
several studies demonstrate facile prebiotic synthesis of sugars via the formose reaction (Shapiro
1988; Weber 2001), such processes invariably lead to a complex suite of energetically similar
molecules, including the eight chiral isomers of D-ribose, plus a variety of straight, branched,
and cyclic tetroses, pentoses, and hexoses. In these and many other examples, extent life
employs specialized synthesis pathways to achieve a high degree of molecular selectivity and
macromolecular organization. The natural origin of homochirality in both monomers and
biopolymers remains a mystery.

In this section we examine processes that might have promoted the selection and
organization of prebiotically derived organic molecules into functional structures beneficial to
emergent life. We propose to study two possible mechanisms: (1) the self-organization of
amphiphilic molecules to form membrane-like bilayers in saline and non-saline aqueous
solutions, and (2) the chiral selective adsorption and polymerization of amino acids and sugars
on mineral surfaces.



5.5.1 Self-organization of amphiphiles (Astrobiology Roadmap Objective 3.2)

Background. Molecular self-assembly provides a potential solution to the problem of
molecular selection and organization. In fact, self-assembly still plays a central role in life
processes such as duplex DNA assembly from single complementary strands, protein folding,
and membrane formation. Living cells are separated from their environment by membrane
boundary structures that incorporate a lipid bilayer composed of amphiphilic molecules such as
phospholipids and cholesterol. It is a simple exercise to show that vesicles composed of
amphiphilic compounds (liposomes) spontaneously appear by self-assembly when amphiphilic
molecules are introduced into aqueous phases (Bangham et al. 1965). It has been argued that
such vesicles may provide reasonable models for the first membranous structures on the early
Earth (Deamer 1997; Segré et al. 2001; Luisi 1996; Deamer et al. 2003).

Phospholipids will readily self-assemble into membranous vesicles. Membranous structures
can also be prepared from single-chain amphiphiles such as fatty acids, fatty alcohols, and
monoglycerides. Such vesicles may provide models for the formation of the earliest cellular
compartments. The prebiotic early Earth would have provided multiple sources for such
molecules (see Sections 5.3.1, 5.3.2, and 5.4.2). For instance, carbonaceous meteorites contain a
rich mixture of organic compounds that were synthesized abiotically in the presolar molecular
cloud and in the early Solar System. Co-I Deamer and colleagues have established that certain
components of the Murchison organics operate as surface-active amphiphiles and have been
shown to assemble into membranous vesicles (Deamer 1985; Deamer & Pashley 1989) (Figure
5.5.1). Although the composition of the membrane-forming amphiphiles present in the
Murchison organic mixture has not yet been established in detail, it is clear that monocarboxylic
acids are present (Lawless & Yuen 1979; Shimoyama et al. 1989; Mautner et al. 1997).
Monocarboxylic acids have also been synthesized under a variety of simulated prebiotic
conditions (Huber & Wichtershiuser 1997; McCollom et al. 1999; Rushdi & Simoneit 2001;
Dworkin et al. 2001; Cody et al. 2001, 2003b).

Figure 5.5.1. Membranous vesicles self-assemble from a variety of organic amphiphiles. Left: Murchison
meteorite extracts contain amphihilic compounds that readily form membranes that are true permeability barriers to
the flux of polar and ionic solutes. Center: Decanoic acid, a component of meteoritic organics, is one of the simplest
amphiphilic compounds that can form stable vesicles. Right: Photoproduct from laboratory simulation of interstellar
grain mantle ices (Dworkin et al. 2001). The photoproduct vesicle has captured pyranine, a fluorescent dye, which
indicates the presence of a boundary membrane. The scale bar is 10 pm.

Research to Date. We have begun to investigate the physical properties of self-assembled
structures produced by monocarboxylic acids of various chain lengths and of mixtures with other
simple amphiphilic compounds. The bilayer-forming potential of fatty acids with shorter
hydrocarbon chains (C8-C11) has been previously investigated (Hargreaves & Deamer 1978;
Walde et al. 1994; Apel et al. 2002; Monnard et al. 2002). The length and the degree of



unsaturation of the hydrocarbon chains play important roles in bilayer-membrane properties such
as permeability and stability, which would have been determining factors for primitive life
forms.

In spite of our ability to demonstrate facile vesicle formation using pure fatty acids (Deamer
& Barchfield 1982; Deamer & Pashley 1989), we have discovered significant limitations of this
model system. The primary problem arises because fatty-acid bilayer membranes are stabilized
by van der Waals interactions between their hydrocarbon chains and by hydrogen bonds formed
between deprotonated and protonated acid molecules. Therefore, formation of bilayer vesicles is
extremely sensitive to the pH of the medium. We have found that such vesicles are stable only at
pH ranges at or near the pKa of the fatty acid, i.e., over a very narrow pH range. We have also
discovered that stability is a strong function of chain length, and at least 10-carbon chains are
required for reasonably stable vesicles. The Murchison meteorite contains fatty acids with
hydrocarbon chain lengths from C8-C12, while reaction products of prebiotic Fischer-Tropsch
type synthesis also produce fatty acids with hydrocarbon chains in the heptanoic, octanoic, and
nonanoic acids (Rushdi & Simoneit 2001).

The stability and permeability of fatty acid vesicles is dependent on bilayer-intrinsic physical
properties and environmental conditions, including the salinity or the ionic strength of the bulk
aqueous phase. For example, if the emergence of life took place in a marine environment,
sodium chloride in solution would have exerted osmotic pressure across membranes, and it has
been established that fatty acid vesicles cannot withstand sodium chloride concentration in the
range of today’s oceans (Monnard et al. 2002). Furthermore, the presence of divalent cations in
marine salts, probably at concentrations in the range of several millimolar or higher, causes fatty
acid vesicles to precipitate (the “hard water” effect, Monnard et al. 2002). Thus, the presence of
divalent cations in the primordial aqueous environments would have severely inhibited the self-
assembly of simple fatty acid vesicles.

A possible solution to this conundrum is that early membranes were not composed of pure
fatty acids, but were mixtures of amphiphilic compounds that included fatty acids, fatty alcohols,
polycyclic aromatic derivatives, and perhaps even fatty acid esters with glycerol. It stands to
reason that such mixtures are much more probable than pure compounds given the complexity of
the prebiotic environment. We have begun to investigate binary mixtures and have discovered
that the addition of a fatty alcohol to fatty acid membranes dramatically increases their
robustness to pH effects. For example, pure fatty acid vesicles become micelles only above pH
7.5; however, addition of 20 mole percent of the equivalent-chain-length fatty alcohol results in
vesicle formation from pH 7 to pH 11 (Apel et al. 2002). We have also discovered that a simple
glycerol ester of a fatty acid (glycerolmonodecanoate) readily formed stable membranes at pH
ranges and divalent ion concentrations that were prohibitive for the pure fatty acid system
(Monnard et al. 2002).

Proposed Research. The preliminary results above reveal that a rich chemical phase space
remains to be explored in the search for amphiphilic components that would form stable vesicles
under plausible prebiotic conditions.

Co-Is Deamer and Hazen propose to explore vesicle formation systematically in mixed-
amphiphile suites. Our previous studies of vesicle formation in pure water have relied on either
pure lipid species, such as long-chain carboxylic acids and alcohols, or on chloroform-soluble
extracts from natural or synthetic samples. We propose to extend these studies to more diverse
mixed suites of amphiphiles, as well as to aqueous solutions that include realistic concentrations
of ionic species. We will start with a mixture of decanoic acid, decanol, glycerol
monodecanoate, and hydroxypyrene, all of which are expected to be present in meteoritic
organic components, or to be products of simulated geochemical syntheses. Aliphatic chain
length will be chosen to be sufficiently long for stability, yet still fluid at ordinary temperature

5-28



ranges. The head groups (-COOH, -OH, glycerol ester) are chosen for their ability to provide
hydrophilicity as well as stabilizing effects of intermolecular hydrogen-bonding. Hydroxypyrene
is chosen as a cholesterol analog, to serve as a stabilizing component of contemporary
membranes through van der Waals interactions with non-polar lipid chains. The concentrations
of components will be systematically varied over molar ratios ranging from O to 4, and the
resulting structures will be analyzed microscopically. Analysis of membrane function will
include measurement of permeability coefficients of the resulting membranes to amino acids
(Chakrabarti & Deamer 1994), solute ions such as protons and potassium (Paula et al. 1996), and
substrates such as nucleotides (Monnard & Deamer 2001). We will also establish the ability of
the resulting vesicles to encapsulate macromolecules such as RNA and polymerase enzymes
(Shew & Deamer 1983; Chakrabarti et al. 1994).

A second research focus involves the study of vesicle formation in model marine
environments. We propose to examine suites of amphiphilic molecules described above as
models for vesicle formation in plausible marine environments. As the concentrations of ionic
solutes and the pH of early Earth sea water is still uncertain, we will vary the primary ionic
species over plausible ranges in order to determine the extent to which a given amphiphilic
mixture can form stable membrane structures. For example, NaCl will be varied from O to 1.0
M, divalent cations such as magnesium, calcium, and iron will be varied from 0 to 20 mM, and
pH will be varied from 5 to 9. We expect that the results of these experiments will help to
constrain the range of prebiotic aqueous environments and amphiphilic molecular species that
could have promoted vesicle formation on the prebiotic Earth. A modern phospholipid, such as
phosphatidylcholine, is able to form stable lipid bilayers over the entire range of environmental
conditions described above. If we can discover a mixture of plausible prebiotic amphiphiles that
matches this property in terms of stability and permeability, this result would provide an
important stepping stone toward a better understanding of the origin of cellular life.

5.5.2 Molecular selection and organization on mineral surfaces (Astrobiology Roadmap
Objective 3.2)

Background. Life’s origin must have been preceded by the selection and concentration of
monomers into macromolecules. Mineral surfaces are particularly interesting in this regard as it
is well known that minerals provide sites for adsorption of key molecules in an aqueous
environment (Bernal 1951). The potential effectiveness of crystalline surfaces in concentrating
and organizing pure organic molecules has been demonstrated dramatically by the work of
Sowerby et al. (1996, 1998a), who examined the adsorption of monolayers of the nucleic acid
bases adenine and guanine on graphite and molybdenum disulfide surfaces. Such adsorption of
pure molecules from solution results in highly ordered, two-dimensional organic structures,
which might serve as templates for further organic selection and organization (Uchihashi et al.
1999).

Crystalline surfaces also may promote the emergence of one-dimensional molecular
structures, in particular on surfaces that were subject to cycles of wetting and drying (Orgel
1998). Pioneering studies by Lahav and coworkers demonstrated peptide formation on clays
subjected to cycles of wetting and evaporation (Lahav et al. 1978). Ferris and coworkers (Ferris
et al. 1996; Ertem & Ferris 1996, 1997) and Orgel and coworkers (Hill et al. 1998; Liu & Orgel
1998) have demonstrated the oligimerization of amino acids on illite and hydroxyapatite and of
nucleotides on montmorillonite. Other researchers have proposed similar roles for zeolites
(Smith et al. 1998, 1999), hydroxides (Arrhenius et al. 1993), and calcite (Hazen et al. 2000), as
well as for transition-metal sulfides, e.g., pyrite and pyrrhotite (Wéchtershduser 1988, 1992;
Russell et al. 1993; Russell & Hall 1997; Brandes et al. 2000). Note, however, that all
experiments on organic adsorption by minerals have been performed with relatively
concentrated, pure solutions of the target organic species, rather than with a more realistic dilute
and complex solution appropriate to the primordial Earth.
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Hazen and Sholl (2002) have recently provided evidence that silica surfaces, quartz (1011)
and (001) faces, have the ability to select basic amino acids from a suite of acidic and neutral
amino acids. This behavior is attributed to the difference between the point of zero charge of the
mineral surface (pH ~ 3.5) compared with the amino acid isoelectric point.

The demonstrated ability of minerals to select and adsorb organic molecules has long been
recognized as a possible mechanism for one of life’s most distinctive biochemical signatures — its
strong selectivity for L-amino acids and D-sugars. Almost all prebiotic synthesis reactions yield
essentially equal amounts of L- and D-enantiomers (Lahav 1999; Mason 2000). Thus, to explain
life’s chiral excess two broad categories of symmetry-breaking phenomena have been invoked
(Palyi et al. 1999; Bonner 1991, 1992, 1995). On the one hand, some researchers favor large-
scale processes such as chirally selective photolysis by circularly polarized synchrotron radiation
from a rapidly rotating neutron star (Clark 1999; Podlech 1999; Bailey et al. 1998),
magnetochiral photochemistry (Rikken & Raupach 2000), or parity-violating weak interactions
of nuclear particles (Salam 1991). It is possible that any of these processes may account for the
small but significant excess of L-amino acids reported from some carbonaceous chondrite
meteorites (Engel & Macko 1997; Cronin & Pizzarello 1997; Pizzarello & Cronin 2000).

On the other hand, many investigators have focused on chiral enhancement via local
“asymmetric agents” (Popa 1997; Avetisov et al. 1991; Avetisov 1999; Cintas 2002). Some
mechanisms rely on local amplification of slight chiral excesses, for example by Bose-Einstein
condensation (Chela-Flores 1994) or by chiral self-assembly of polymers (Bolli et al. 1997,
Lippmann & Dix 1999; Saghatelian et al. 2001) or crystals (Eckert et al. 1993; Lahav &
Leiserowitz 1999). These and other chiral selection mechanisms (Bonner 1991) require further
investigation, but the conceptually simple and geochemically relevant chiral selection
mechanism of adsorption on chiral crystal growth surfaces of minerals, described above, has
been largely overlooked.

Some authors argue that quartz and other minerals cannot contribute to the origin of
biochemical homochirality (Bonner 1995) because left- and right-handed surfaces are present on
Earth in equal abundance (Frondel 1978; Evgenii & Wolfram 2000). This argument is based on
the assumption that the preponderance of L-amino acids in biology is evidence for a global
prebiotic excess of L-amino acids rather than a chance selection in a local chiral environment.
Nevertheless, both global- and local-scale chiral processes are deserving of further study.

Research to Date. Selective adsorption of a chiral molecule on a crystalline surface implies
at least three non-colinear points of interaction between the molecule and an acentric solid
surface (Davankov 1997). Consequently, chiral adsorption requires both a chiral molecule and a
chiral crystalline surface (Hazen & Sholl 2003). The properties of chiral molecules have been
studied for more than a century and a half (Pasteur 1848, 1851), and chiral chemistry is a
thriving branch of organic chemistry (Stinson 2001; Rouhi 2002). The subject of chiral
crystalline surfaces, however, has received relatively little attention, and many previous studies
of chiral adsorption have failed to exploit these surfaces effectively.

Crystals that lack a center of symmetry provide the most obvious chiral surfaces for
experimental study. Quartz (SiO,; trigonal space group P3,21 or P3 21) is by far the most
common acentric mineral in nature, and almost all experimental studies of chiral adsorption have
thus focused on the symmetry-breaking effects of right- versus left-handed quartz (Tsuchida et
al. 1935; Karagounis & Coumonlos 1938; Bonner et al. 1974, 1975; Soai et al. 1999). However,
all of these studies employed quartz crystals that were powdered, a procedure that averages
potentially strong adsorption effects on different faces, while destroying all structural
information that might reveal adsorption mechanisms. Consequently, we have developed
techniques to study adsorption on relatively large surfaces (~10 cm’) of single crystals.
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Centric crystals also provide a rich variety of chiral solid surfaces for study (Lahav 1999;
McFadden et al. 1996; Hazen et al. 2001), because any crystal plane with a surface structure
lacking mirror symmetry is intrinsically chiral. Most common rock-forming minerals display
crystal growth faces that meet these conditions (Dana 1949; Smyth & Bish 1988). We have
concentrated on the common and biologically relevant mineral calcite (CaCO,; thombohedral
space group R3cC; Hazen et al. 2001). As a test of chiral selective adsorption, Hazen et al. (2001)
immersed four calcite crystals for 24 hours in a 0.05-M solution of racemic aspartic acid.
Enantiomeric faces equivalent to (2131) and (3121) displayed up to 10% preferential adsorption
of D- and L-aspartic acid, respectively. By contrast, no selective adsorption was observed on
rhombohedral (1014) cleavage faces, which have centric surface structures and thus serve as an
experimental control. This study of the calcite-aspartic acid system is the first experimental
demonstration of significant chiral selectivity by a centric natural crystal.

Proposed Research. A focused program of study of molecular selection on calcite and quartz
surfaces is now supported by a grant to Co-I Hazen from NSF. However, numerous promising
aspects of the problem remain unstudied. With the support for an NAI Fellow, Co-I Hazen
proposes to expand significantly on these developments with three complementary series of
experiments: (1) differential adsorption of biomolecules, (2) origins of biochemical
homochirality, and (3) condensation polymerization of homochiral peptides.

We plan to continue our studies of the relative adsorption of different amino acids, sugars,
and other molecular species onto mineral surfaces, including new investigations of transition-
metal oxide and sulfide minerals, exposed to equimolar suites of molecular species in aqueous
solution. The objective is to determine the extent to which minerals might have selected and
concentrated useful monomers from a complex prebiotic “soup.” Such selective molecular
adsorption on sulfide surfaces is an important yet untested mechanism in the origin models of
Waichtershiuser (1988, 1992), Russell & Hall (1997), and Russell et al. (1993, 1998). This
effort, which will employ the experimental and analytical procedures developed by Hazen et al.
(2001), will tie in closely to our studies of sulfide mineral-mediated organic reactions (see
Section 5.4.2).

We plan as well to expand our measurements of the relative adsorption of enantiomeric
molecular species, including amino acids and sugars, onto prepared chiral surfaces of pyrite and
magnetite. Pyrite and magnetite are centric minerals, but any arbitrary cut section is likely to
offer a chiral surface structure for study (Hazen & Sholl 2003). Accordingly, we will prepare a
variety of surfaces (> 5 cm”) from natural single crystals. This effort will require modification of
existing techniques to anneal and characterize specific crystallographic surfaces. We will expose
these surfaces to equimolar mixtures of racemic amino acids and pentose sugars. For example,
in one series of experiments we will employ six amino acids (GLU+D, L-ALA + D, L-GLU + D,
L-ASP + D, L-TYR + D, L-LYS) that are easily resolved by GC techniques. After 24 hours of
immersion, the surfaces will be washed in water and the absorbed amino acids will be recovered
via HCl washing (Hazen et al. 2001). These experiments will then reveal the relative adsorption
of different amino acids as well as chiral adsorption.

Finally, we plan to initiate new studies of polypeptide formation on calcite crystal surfaces,
which have a demonstrated ability for chiral selection of amino acids (Hazen et al. 2001). In our
initial effort, we will adsorb aspartic acid onto a (21 31) terraced growth surface of a
scalenohedral calcite crystal. Hazen et al. (2001) interpreted the enhanced adsorption of aspartic
acid to be the result of preferential adsorption along the step regions of terraced surfaces. We
will apply N-ethyl-N'-dimethylaminopropyl-carbodiimide (EDAC) as a condensation
polymerization agent (Ferris et al. 1996; Liu & Orgel 1998) to such a prepared surface and
desorb the resultant oligomers. Desorbed amino acid oligomers will be analyzed intact with a
Surface Enhanced Desorption Ionization Time-of-Flight (SELDI-ToF) mass spectrometer in
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collaboration with Co-I Fogel and High-Performance Liquid Chromatography (HPLC) with Co-
Is Scott and Tuross. Once we have established that we can oligomerize amino acids, we will
establish the extent to which the oligopeptides exhibit chiral excesses using chiral selective
columns with either GC-MS (in the case of short oligomers) or HPLC.

5.6 Life in Extreme Environments

Does the adaptability of life in extreme environments on Earth yield clues to the potential for
life existing elsewhere in the Solar System? Over the past quarter century there have been
tremendous advances in our understanding of the versatility and adaptability of life on Earth.
Life clearly exists at extremes of both heat and cold, at low and high pressures, and under
extremes of chemical environment (e.g., acidic and hypersaline). Precisely establishing
environmental boundaries to microbial viability has become harder. With this increased
uncertainty comes the slightly increased probability of discovering life, or the vestiges of life,
elsewhere in the Solar System. As part of its contribution to NAI, the CIW team will explore life
under extremes of habitat and under extremes of adaptive response.

5.6.1 Life in deep-sea hydrothermal vents (Astrobiology Roadmap Objective 5.3)

Background. A general focus of the CIW NAI team is to understand better the earliest stages
in organic chemical evolution from chiral selection of organic precursors to non-enzymatic
catalytic systems for generating metabolic reactions and pathways (see Sections 5.4.2 and 5.5).
Much of this work was derived and has evolved from theories that linked the properties inherent
to submarine hydrothermal vent environments and the microbial communities they support.
Recently, it has been shown that minerals can provide certain critical functions, both by
selectively absorbing organic compounds (Hazen et al. 2001) and by providing catalytic surfaces
for synthesis of organic compounds (Heinen & Lauer, 1996; Huber & Wachtershéuser, 1997,
Cody et al. 2000, 2001, 2003b,c). These results help constrain models for the earliest stages in
the evolution of metabolic pathways and the transition from inorganic-mediated catalytic
reactions to protein-enzyme driven systems. These results also lead to the hypothesis that early
microbial communities may have relied on minerals to provide nutrients for survival.

Research to Date. During the past five years of the CIW-NAI project, Co-I Baross and his
students at the University of Washington have obtained considerable information regarding the
microbiota that survive and thrive in the vent chimney walls at deep-sea spreading centers.
Specifically, we have obtained evidence of an intimate link between minerals and microbial
viability through microscopic and molecular phylogenetic analyses of microbial communities in
hydrothermal vent environments, as well as detailed physiological characterization of the vent
microorganisms (Figure 5.6.1). Our microscopic and molecular analyses of active sulfide
chimneys reveal that microbes exist throughout the chimney structure and are found even in
zones that have experienced temperatures considerably greater than 100°C based on mineral
compositional constraints (Schrenk et al. 2003). Two observations from this study were
particularly surprising. First, there are microbial communities, detected optically with DNA-
specific fluorescent stains and RNA probes, which inhabit the hot interior zones of the sulfide
chimney. All of the organisms belong to the Archaea and most could be detected with RNA
probes indicating that they may be viable and active. Secondly, in all cases the microbial
communities exist as biofilms. The prevalence of biofilms consisting of archaeal communities
on minerals under the extreme conditions found in sulfide chimneys suggests several interesting
hypotheses that we propose to test. These are:

1. Thermophilic and hyperthermophilic heterotrophic archaea from vent environments grow
on carbon either absorbed on mineral surfaces or on organic material synthesized on mineral
surfaces.



2. These microbes derive key inorganic nutrients, such as the electron acceptors Fe (III) and
Mn (IV), phosphorus, and other essential minerals, from insoluble minerals, e.g., apatite.

3. Some non-enzymatic catalytic reactions mediated by hydrothermal vent chemistry may
substitute for enzymatic catalytic reactions in some thermophilic and hyperthermophilic archaea.

4. The microorganisms associated with biofilms on minerals show enhanced survival under
extreme conditions of elevated temperature and pressure, desiccation, high salt, and high levels
of radiation.

Figure 5.6.1. The black smoker sulfide chimney Finn (A) was recovered from the Mothra Vent Field on the
Endeavour Segment of the Juan de Fuca Ridge in July 1998. Finn was venting 302'C fluid upon recovery (B, close-
up of Finn) and contained complex mineralogical gradients within its walls. The structure was sampled by Co-I
Baross for co-registered microbiological and petrological studies. Attached microbial communities, some of which
formed 10-pm-thick biofilms (C), were observed, by use of fluorescent probes, throughout the structure, including
high-temperature regions near the central vent conduit.

Proposed Research - Testing Hypotheses 1 and 2. Organic compounds can be abiotically

synthesized utilizing a variety of energy sources, including heat, ultraviolet light, electrical
discharges, meteor impacts, and radionuclide decay. Some of the compounds produced include
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hydrocarbons, amino acids, organic acids, and insoluble polymers of unknown composition.
Recently, both acetate (Huber & Wichtershduser 1997) and pyruvate (Cody et al. 2000) were
synthesized abiotically in the presence of metal sulfur compounds under conditions that coarsely
mimic those at hydrothermal vents. We have isolated a group of hyperthermophilic archaea
from both crustal and deep hot sediment environments that can grow anaerobically on acetate
using Fe (III) as the electron acceptor. Based on 16S rRNA sequence analysis, these subseafloor
isolates are new genera within the Family Thermococcales, and they are also the deepest-rooted
organisms within this group (Summit & Baross, 1998). They appear to be using acetate and Fe
(IIT) in classic dissimilatory iron-reduction fashion (Lovley & Phillips, 1988). Unlike many
organisms that can reduce soluble iron-organic compounds, these isolates reduce Fe (III) from
insoluble minerals. They accomplish this by first attaching to the minerals where they generate
organic polymers and biofilm. Recently, a new genus within the Geobacteraceae was isolated
from a hydrothermal vent environment (Kashefi et al. 2003). Unlike other members of the
Geobacteraceae that are mesophilic and can use a very limited number of carbon sources, this
new isolate is thermophilic and can grow anaerobically on a wide range of organic compounds.
These organisms would be excellent candidates for testing hypotheses 1 and 2.

We propose to test these isolates for their ability to oxidize carbon sources commonly
synthesized abiotically using Fe (III) as the electron acceptor. In this regard, this proposed
research complements some of the work outlined in Section 5.4.2. The carbon sources will
include low-molecular-weight acids, hydrocarbons, ketones, and other compounds shown to be
synthesized abiotically (e.g., Heinen & Lauwer 1996; Huber & Wichtershiduser 1997; Cody et al.
2000, 2001, 2003b,c¢).

We will also continue our efforts to isolate new hyperthermophilic microorganisms that use
other transition metals as electron acceptors and determine the mineral products formed from
microbial reduction. Such mineral phases may constitute important biosignatures for detecting
life (see Section 5.7). Emphasis will be on isolating organisms that obtain all of their nutrients
from organic material synthesized on mineral surfaces (see Section 5.4.2). One of our isolates
uses acetate and Fe (III), attaches to insoluble iron oxides, and precipitates magnetite. Acetate
utilization will be followed, along with the production of magnetite. This organism is also
motile when not forming biofilms on minerals.

Proposed Research - Testing Hypothesis 3. There are a number of enzyme reactions that can
be replaced by inorganic chemical catalysis (see, for example, Cody et al. 2001, 2003b). Itis
intriguing to consider whether there are extant microorganisms that take advantage of these
catalytic reactions. If there are, from a prebiotic point of view did these reactions precede the
advent of protein-mediated catalysis? There is evidence that some of the most ancient enzymes
found in microorganisms involve catalytic reactions that can be accomplished without protein
enzymes (e.g., Huber & Wichtershiduser 1997; Brandes et al. 2000; Cody et al. 2003b). Some
examples include carbonic anhydrase, formate dehydrogenase, hydrogenase, nitrogenase, and
acetyl CoA synthetase. All of these enzymes involve a metal-sulfur core and are thought to be
ancient (e.g., Pereto et al. 1999).

The fixation of molecular nitrogen is particularly important and thought to be one of the most
ancient of enzymes (Fani et al. 2000). The enzyme is also not specific for reducing N, to
ammonia but can reduce most triple-bonded compounds including acetylene and cyanide (Silver
& Postgate 1973). We propose a study focusing on nitrogenase and the search for this enzyme
within archaea that populate vent environments in which sources of nitrogen other than N, are
either limited or absent.

The conversion of atmospheric nitrogen to ammonia is widespread in microorganisms.

Nitrogen fixation (nif) genes have been sequenced and analyzed from a large number of
microorganisms (Ohkuma et al. 1999; Zehr & Capone, 1996). The nif genes are highly
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conserved in both bacteria and archaea. One of the interpretations from these data is that
nitrogen fixation is an ancient trait and may have been present in the common ancestor before the
separation of bacteria from archaea (Fani et al. 2000). Very little is known about the nitrogen
cycle at deep sea hydrothermal vents. Ammonia has not been detected in subsurface vent fluids
except at sites where there is overlying or buried sediments (Lilley et al. 1993). The dominant
source of nitrogen to the hot subseafloor biosphere is N ; however, nothing is known about
nitrogen fixation by hyperthermophiles at vents. We propose to use molecular methods to search
for nitrogen fixing genes (nif) in both an existing culture collection of hyperthermophilic archaea
and in archaeal communities from subseafloor environments and to identify the groups of
organisms, if any, that are actively fixing nitrogen. We will compare the sequence of these
archaeal nif genes with other sequences in the database and determine if they show ancient
lineages.

5.6.2 Stress adaption on microorganisms and expansion of habitability (Astrobiology
Roadmap Objective 5.3)

Background. An interesting question regarding habitability is the nature of adaption as a
means of expanding habitability. Recently Co-I Scott and Collaborator Sharma have shown that
organisms that are not “adapted” for survival at high pressures are able to survive pressures
approaching 2.0 GPa (20,000 atm) (Sharma et al. 2002). (For reference, this pressure is
encountered at 60 km depth in the Earth.) Our approach uses a modified hydrothermal diamond-
anvil cell to provide a “windowed” high-pressure environment. We have been able to show that
these prokaryotes are able to carry out biochemical reactions at pressures up to 1 GPa (Figure
5.6.2). While we have not yet shown that replication occurs at these elevated pressures (a focus
of current work), we have shown that when the pressure is released back down to approximately
1 atm the cells remain viable and are able to replicate.

Proposed Research. Co-I Scott proposes to investigate the mechanism(s) that allow cells to
adapt to pressures well above those usually encountered by microorganisms such as Shewanella
oneidensis and Escherichia coli. Pressure provides a model system to study stress adaption. In
the natural world, stress involved with increased pressure will likely be linked to thermal and
chemo-osmotic stresses. Three sub-tasks will be pursued: (1) proteomics and genomics of stress
adaptation, (2) subsurface microbiology, and (3) microbial interaction with hydrates.

In the first sub-task, Co-1 Scott and Collaborator Sharma will apply molecular biological
analysis coupled with further refinement of high-pressure experimental methodologies (in
collaboration with Co-I Hemley) at CIW. We seek to identify specific proteins and genes that
are involved in the adaptation of these two ubiquitous pressure-sensitive bacteria. In this regard
we are well situated at CIW, because of the unusual mix of scientific expertise and
instrumentation available. For example, in addition to state-of-the-art diamond-anvil cell
technology available in the high-pressure laboratory, we have a SELDI-ToF mass spectrometer
obtained by Co-I Fogel with partial financial support from the NAI. This instrument is well
suited to allow us to build fatty acid and protein profiles for organisms that have grown under
extreme conditions (e.g., elevated pressures). Such profiles then can be compared with those of
the organisms grown at ambient pressures, which will enable us to target specific classes of
proteins that signature stress adaptation. Analysis of the lipid fractions will allow us to follow
changes in membrane composition. We also have a DNA chip maker and reader (in
collaboration with Co-I Steele) that will allow us to exploit the copious genome data that reside
in public gene databases (e.g., TIGR and/or GeneBank).
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Figure 5.6.2. Microbial activity and viability in ice-VI (1400 MPa). Upon ice nucleation (0 hr, 1400 MPa), organic
fluid veins (v) filled with bacteria (Shewanella MR1 on the left, E. coli stained with methylene blue on the right)
appear. After ~ 1 hr, textural changes occur in the ice, defined by the formation of organic-rich inclusions (i)
containing motile bacteria. Viable and countable bacteria were observed upon subsequent lowering of pressure
(Sharma et al. 2001).



In concert with the proteomics work, genome analysis will provide us with an overview of
how the organisms turn on genetic regulons in response to pressure. It will also provide clues to
how the cells sense when pressures elevate to stressful levels. We plan to establish a genetic
database and tools to ascertain whether the response in Shewanella and E. coli are unique or are
ubiquitous in prokaryotes, without having to repeat the procedures carried out in the
hydrothermal diamond anvil cell with hundreds or thousands of bacteria. The answer to that
question bears on whether the response to elevated pressures is tied to a general stress response
to the environment and whether all life on Earth still has the history of these survival
mechanisms encoded within their genes.

It has become clear that a large portion of the biomass of the planet is located in the
subsurface. Current estimates vary from 30% to 70%. Very little is known, however, about the
geochemistry and biology of these ecosystems. There are a number of deep drilling programs
being launched in the U.S., Japan, and elsewhere. However, the cost benefits and sampling
difficulties will make any progress in this area slow. We have considerable experience in high-
pressure experiments. We will apply and refine our methods to test bacterial growth models.
These efforts will be directed at determining the best means for isolation of organisms from the
subsurface. We are particularly well situated for working with samples from deep drilling
expeditions to isolate subsurface microbes. The deep subsurface, sheltered from global events
that have episodically altered the evolution of life on the surface and in the oceans, may provide
the best environment for finding the closest extant relatives to a common ancestor. For this
reason our NAI research into laboratory simulations of extreme environments will benefit from
the collaborative field component with Co-I Baross (see Section 5.6.1). Combined, these efforts
will provide valuable guidance to fundamental questions on the evolution of life and benefit the
design of experiments aimed to search for life on Mars and, perhaps later, Europa.

Enormous stores of gas hydrates are located on the deep continental shelves of our planet.
How these hydrates were formed and whether they constitute a viable environment for microbial
communities remains uncertain. Our ability to create in the laboratory methane, CO,, and other
geochemically-relevant hydrates under realistic conditions will allow us to determine, in situ,
whether microbes or microbial consortia can utilize such hydrates to support essential life
processes. Toward this end Co-Is Scott and Hemley and Collaborator Sharma propose to study
how pure microbial cultures as well as microbial consortia are able to interact with hydrates and
elucidate metabolic mechanisms by obtaining kinetic data via microscopic and spectroscopic
probing (for example, we can apply micro Raman spectroscopy to follow the loss or gain of a
given substrate accompanying metabolism, as was used by Sharma et al. 2001).

Further, we will investigate whether microorganisms influence the generation of methane
hydrates, as there is still a great deal of debate regarding whether natural hydrates might have
biological origins (Paull et al. 1994; Brooks et al. 1994). Our work on hydrates has implications
for examining the geochemistry of the outer planets, because much of the volatile inventory in
the outer planets may be in the form of hydrates. Hydrates could thus be an important source of
energy and carbon for non-Earth ecosystems. Hydrates may also sequester organic-rich fluids
that might provide a low-temperature aqueous environment for life in the subsurfaces of cold
“icy” environments, such as Europa and the polar caps on Mars.

5.6.3 Iron-based metabolic strategies for microbial life (Astrobiology Roadmap Objective
5.1)

Background. Tron is the fourth most abundant element in the Earth’s crust and one of the
most abundant redox elements in the Solar System. Oxidation and reduction reactions involving
this element provide energy for the growth of some groups of microorganisms, and it is
postulated that Fe-metabolism is among the most ancient forms of microbial metabolism.
Among microbes that obtain fuel from the oxidation or reduction of Fe, circumneutral Fe-
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oxidizing bacteria (FeOB) are the least understood. For many years, pure cultures of this group

of bacteria were not available, and basic physiological studies were thus not possible. Now that

a number of freshwater and marine isolates are available, crucial questions regarding carbon and
nitrogen metabolism can be answered (Emerson and Moyer 1997).

Proposed Research. In the context of this proposal Co-Is Emerson, Fogel, Hauri, and Scott,
and Collaborator Kehm propose to apply C and Fe isotopic methods to investigate several
fundamental questions about this group of organisms. We will investigate autotrophy using “C
tracer studies, and we will track the fractionation of stable isotopes in the metabolic
intermediates as a consequence of anabolic synthesis. We will study Fe-isotope systematics to
pursue some intriguing preliminary findings that FeOB are capable of causing a detectable mass
fractionation of Fe isotopes and assess whether such organisms impart a robust biosignature (see
Section 5.7).

Our initial studies will be directed toward providing evidence that our model pure culture
organism, Siderooxidans lithotrophicum ES-1, is an autotroph We propose to grow gradient
tube cultures of ES-1 with NaHCO that is enriched in "C (2.1 atom %). Although the carbon
source could be enriched in “C by as much as 99 atom %, new cellular material will be readily
apparent above the natural abundance level of “C (1.1 atom %) using isotope ratio monitoring
mass spectrometery (IRMS). In order to concentrate the cells, the iron oxides must be removed
by a low-speed centrifugation followed by centrifugation of the supernatant. The "C/"C
composition of the cellular material will be analyzed by standard mass spectrometric stable
isotopic techniques in collaboration with Co-I Fogel. Preliminary calculations indicate that the
yield of cells from a typical gradient tube culture will prov1de sufficient carbon necessary for
high-precision stable 1sotop1c analysis. Enrichments in “C of the ES-1 cells will prov1de
conflrmauon of NaH"CO, assimilation and autotrophic carbon fixation. In addition to "C, a
parallel “C experiment will be conducted to confirm uptake of the radiolabel and a concomitant
decrease in the dissolved inorganic carbon concentration.

In addition to this tracer approach, the isotopic fractionation factor during carbon fixation by
ES-1 will be determined in laboratory experiments. The isotopic fractionation during carbon
fixation by the Calvin cycle is approximately —20 %0 (Madigan et al. 1989). The fractionation
factor calculated in the study will provide further proof that the Calvin cycle is the carbon
fixation mechanism for ES-1, or else it will point to the need to investigate other metabolic
strategies. In addition, we will use the technique pioneered by Scott and Fogel (Scott et al. 2003)
to analyze the fractionation of §"C in the individual amino acids (Figure 5.6.3) of these
organisms to discern metabolic pathways for carbon incorporation.

Our preliminary studies of the iron isotopes in Fe-oxides collected from the Loihi
hydrothermal vent site indicate that there is a significant fractionation toward heavier isotopes
that may be indicative of a biological fractionation. Co-I Hauri and former NAI Postdoctoral
Fellow Karl Kehm have developed new methods in iron isotope analysis using a multi-collector
inductively coupled plasma mass spectrometer (ICP-MS) that are particularly well suited for
these studies (Kehm et al. 2003). We have found that as bacterially precipitated oxides age, the
degree of iron isotope fractionation approaches that of the surrounding basalt. We have observed
that biogenically formed Fe-oxides are excellent substrates for the products of abiotic Fe-
oxidation. These observations lead us to consider the following simple model to explain the
evolution in iron isotopic fractionation recorded in iron oxides. First, we envision that microbes
initially catalyze biological iron oxidation, precipitating oxides that record an isotopic shift of
5 Fe = 0.5 %o; these oxides are precipitated in an organic matrix, and the initial ratio of biotic to
abiotic FeOOH precipiation is > 1. As the FeEOOH-organic matrix ages, the precipitation of
additional Fe-oxides by purely chemical oxidation proceeds to drive the ratio of biotic to abiotic
oxidation products toward zero and drives the bulk iron isotopic signature toward that of the



surrounding basalt. If this phenomenon is general, it poses serious problems for the application
of iron isotope systematics as potential biosignatures.
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Figure 5.6.3. A graphical comparison of the stable isotopic composition of individual amino acids, normalized to
the "C isotopic abundance of alanine, for a number of prokaryotes including E. coli, Pyrococcus, Thermococcus,
Sulfolobus, Thermotoga, and Aquifex. The significant deviations in 8**C clearly evident among many of the amino
acids are indicative of differences in intermediary metabolism. These data, obtained as part of NAI-sponsored
research of Co-Is Scott, Fogel, and Emerson, provide unique biosignatures of discrete metabolic pathways used by
different prokaryotes.

We propose to explore this aging phenomena in a considerably different environment than
that of the Loihi seamount, yet one where iron oxidation provides a key source of biologically
useful energy. We will focus our studies on a local (to CIW and ATTC) field site that has Fe-
rich ground water flowing through a small wetland. On the basis of preliminary observations,
we recognize within this environment zones of very active growth of FeOB and other zones
either at depth or on the edge of the flow regimen where the Fe-oxides appear much more aged.
At this site, we will carry out a more complete iron isotopic survey to confirm and extend the
results obtained from the Loihi seamount. In addition, we will perform aging experiments at the
site by placing freshly collected oxidized material that has been poisoned with sodium azide to
kill the microbes. These samples will be placed on site into mesh bags that have a pore size of <
0.2 um that will exclude bacteria but will enable diffusion and flow of the Fe(II)-rich water,
allowing continued abiotic oxidation to occur in situ. Parallel experiments will be conducted
under more controlled conditions in the laboratory, where freshly collected material will also be
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subjected to different aging regimens in sterile laboratory media. We will apply multi-collector
ICP-MS methodologies (e.g., Kehm et al. 2003) to use iron isotope fractionation to track the
ratios of biotic to abiotic oxides. As a third component of these studies we will use pure cultures
of lithotrophic FeOB isolated by Co-I Emerson to carry out similar aging experiments. Finally
we will compare the isotopic signatures in Fe oxides formed by these lithotrophic organisms that
oxidize Fe(Il) as their energy source with heterotrophic Fe-oxidizers L. discophora and S. natans
that grow using organic compounds as substrates yet precipitate Fe oxides biologically.

Finally Co-Is Emerson, Fogel, and Scott propose to continue their investigations into
identifying metabolic pathways of extremophiles through isotopic analysis of individual amino
acids (Figure 5.6.3). This work will involve specifically grown organisms both in pure culture
and in mixed cultures to determine the efficacy of this method for use as a biosignature technique
on mixed samples (see Section 5.7). Co-I Emerson will also continue to provide cultures and
advice on S-isotopes using methods for analyzing the complete suite of S isotopes as pioneered
by Co-1 Rumble. In particular we will apply these molecular-isotopic approaches to our local
field studies.

5.7 Biosignatures and Abiosignatures

What criteria reveal whether a suite of organic compounds are the result of microbial
activities or non-biological processes? The difficulties associated with recognizing
unambiguous biosignatures are underscored by recent scientific controversies over the quality of
evidence for fossil life in Earth’s earliest rocks (e.g., Schopf 1993; Mojzsis et al. 1996; Brasier et
al. 2002; Fedo & Whitehouse 2002; Schopf et al. 2002; van Zuilen et al. 2002) and within the
Martian meteorite, ALH84001 (e.g., McKay et al. 1996; Jull et al. 1998; Golden et al. 2000;
Steele et al. 2000; Thomas-Keprta et al. 2001). The common denominator of these debates is the
underlying difficulty of demonstrating conclusively the biogenicity of the respective evidence.

A consensus has emerged from these discussions: Molecular evidence is critical, in addition to
morphological evidence, to support extraordinary claims.

In this context, we argue that the convincing demonstration of an abiotic origin in any ancient
terrestrial or Martian specimen with carbon-based molecules would also constitute an
extraordinary finding, with possible implications for both the timing of life’s origin and its
subsequent radiation. Thus consideration should also be given to the search for abiosignatures —
i.e., various chemical and physical characteristics that may point to likely abiological processes.

A principal difficulty in the search for unambiguous biosignatures and abiosignatures is that
billions of years of diagenesis inevitably degrade physical structures and alter suites of organic
molecules (whether biotic or abiotic) to assemblages of molecular fragments that rarely retain
morphological information. Our challenge, therefore, is to identify diagnostic suites of
ubiquitous and stable molecules and to develop analytical techniques for their reliable detection.
We propose to tackle this objective by developing sensitive new analytical methods and applying
these methods to relevant natural molecular suites from both biogenic and abiogenic processes.

5.7.1 Preservation of molecular biosignatures (Astrobiology Roadmap Objective 7.1)

Background. Organic geochemists have made considerable progress in the isolation,
identification, and taxonomic attribution of biologically informative organic compounds in
sediments. Several distinctive classes of molecules point unambiguously to the presence of life
millions of years ago (e.g., Peters & Moldowan 1993). These compounds include pentacyclic
triterpane hydrocarbons (so called hopanes), which are fossil remnants of biosynthesized
hopanoids produced exclusively by bacteria as membrane components; sterane, which is derived
from eukaryotic sterols; acyclic isoprenoids from various precursors, but particularly from lipids
of archaea; and certain hydrocarbons derived from carotenoid precursors (Summons & Walter
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1990). Other classes of compounds include porphyrin-based molecules from the diagenesis of
chlorophyll and cytochromes and the associated isoprenoids. Apart from the porphyrins, these
biomarker classes are collectively known as terpenoid hydrocarbon and are derived from
isoprene monomer precursors. Hopanes, which are ubiquitous on Earth due to their resistant
carbon skeleton (Innes et al. 1997), are generally regarded as unambiguous bacterial biomarkers
(although a small number of eukaryotes also produce hopanoids, they are chemically distinct).
Recent research reveals the presence of a specific cyanobacterial hopane (2-methyl hopane) in
2.7-Ga sediments (Brocks et al. 1999). This research shows that the diagenetic products of
bacteria can be detected on Earth dating from a time near the end of the first half of Earth
history, rendering this class of bacterial biosignature an interesting target molecule for planetary
exploration.

The survivability of a biomolecule depends not only on its refractory properties, but also on
the diagenetic environment and the burial conditions (e.g., pressure and temperature, pH, and
redox potential). It appears likely that theoretically less refractory compounds such as squalene
can be preserved up to at least 1.7 Ga (Summons & Walter 1990). Consequently, a main thrust
of our research has been aimed at understanding the processes involved in the geochemical
preservation of bacteria and methods to identify their fossil biochemical traces.

Proposed Research. In continuation of this research effort, Co-Is Steele, Tuross, and Vicenzi
propose a program of analytical instrument development coupled with laboratory studies of
fossilization, field studies, and analysis of relevant natural samples.

Co-I Steele and Collaborator Toporski propose to continue studies of morphological and
biochemical characteristics of 25-Ma old bacterial biofilms from lacustrine sediments in
Germany — an extension of previous work that led to the unambiguous identification of bacterial
fossils (Toporski et al. 2002a). We have gathered a substantial amount of new sample material
during the 2002 summer field season. We will further characterize the provenance of the organic
substances contained in these samples, and we aim to establish chemical pathways by which
biomolecules converst to fossil biosignatures. We will apply several analytical techniques,
including Gas Chromatography-Mass Spectroscopy (GC-MS) and pyrolysis GC-MS in
collaboration with Co-I Cody, HPLC with Co-I Scott, and in situ measurements using ToF-SIMS
with Co-I Vicenzi, to identify comprehensively the organic inventory of the bacterial fossils.
Surface Enhanced Laser Desorption Ionization-Time of Flight (SELDI-ToF) mass spectrometry
and Protein Chip technology, in collaboration with Co-I Fogel, will be applied to test the samples
for the possibility of protein/peptide preservation, as initial analyses have shown the presence of
6% N contained in the bacterial fossils.

Co-Is Steele, Tuross, and Vicenzi, working with Collaborator Toporski, propose to leverage
the sub-micrometer localization of atomic and molecular ions offered by a Time of Flight-
Secondary lon Mass Spectrometer (ToF-SIMS) to help unravel chemical modifications that
accompany the fossilization of simple organisms. This task will encompass two principal modes
of operation: inorganic/organic molecular imaging (mass range is 1 — 10,000 AMU) on fresh
fracture surfaces of known fossil specimens such as those from the Enspel Formation of
Germany (Toporski et al. 2002a), followed by shallow 3D inorganic depth profiling of
conventional thin sections.

The samples targeted for these investigations span ages from 14 million to 3.5 billion years
and are in the possession of the investigators. These include laboratory fossilized bacteria and
viruses; Enspel, Willershausen, and Messel oil shales (see Toporski 2002a,b); and Gunflint,
Bitter Springs, and Apex cherts. Other techniques will be a valuable complement to ToF-SIMS
and serve to provide ground truth for these investigations during both the imaging and chemical
characterization of natural and experimental fossils. These include light microscopy with 3D
rendering capabilities, high-resolution electron microscopy (FEG-SEM and TEM) (CIW, NRL),
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focused ion beam (FIB) (SI), scanning probe microscopy (CIW), and SELDI-ToF and GC-MS
(CIW).

Co-I Tuross will use modern stromatolites as a model for long-term degradation of
biochemicals and will focus on the types of cross links formed in extractable organic matter
using multiple chaotropic agents. Chaotropic agents are compounds that disrupt the hydrogen
bonding structure of water and enhance the solubility of non-polar organic compounds. The
bioavailability of the organic matter in the stromatolites will be determined in a range of
sequential enzymatic digestions, and the quantitative systematics of the cross-links in both
enzymatically accessible and refractory material will be determined. Both reducible and
nonreducible cross-links will be characterized and quantified using chemical, enzymatic and
chromatographic (primarily LC) methods.

The characterizations of organic matter obtained via rigorous extraction with chaotropic
agents will be compared with pyrolysate patterns (GC-MS) in order to assess the production of
compounds in high-temperature conditions. Finally, a third preparation that involves removal of
the mineral surround under the most gentle chemical conditions possible will be compared with
pyrolysate and chaotropic extractions.

Co-I Steele proposes to amplify these studies through molecular characterization using a
Protein Chip reader. Specifically, he will test whether the complex higher molecular weight
compounds found in living organisms can be preserved and identified in the fossil record.

5.7.2 Studies of organic compounds and silicified microbial remains associated with the
Kamchatka geothermal region (Astrobiology Roadmap Objective 7.1)

Background. There is considerable astrobiological interest in the geothermal hot springs of
the Kamchatka Peninsula, situated in the far eastern portion of Russia. In September 2001, Co-I
Deamer helped organize and attended an NAI-sponsored field expedition to Kamchatka (led by
Sherry Cady, Portland State University), where Deamer and the other participants discovered the
remarkable potential of this unique environment for research in astrobiology. The region spans a
geographical area of approximately 400 by 1200 km and contains nearly ten percent of the
world’s active volcanoes as well as over 150 surface-exposed hydrothermal sites. The primary
attraction of Kamchatka for the work proposed here is its isolation from potential sources of
contaminants related to human activities. Furthermore, much of the volcanism occurs at high
latitudes and altitudes, so that geothermal areas are available in which biological processes are
entirely microbial. Numerous microbiologists (mostly Russians but including such Americans as
Frank Robb of the University of Maryland, Jonathan Trent of NASA Ames, who also
participated in the Kamchatka field expedition, Ken Stedmen of Portland State University,
Juergen Wiegel of the University of Georgia, and many others) have investigated these hot
springs in order to catalog the diversity of microorganisms present. It has recently been shown
that some of the Kamchatka hot springs provide a home for an interesting group of anaerobic
carbon-monoxide-oxidizing bacteria and archaea (Sokolava et al. 2002).

Astrobiologists find Kamchatka interesting not only for its intriguing microbial ecosystems
but also because this locale may provide a modern example of the types of hydrothermal
ecosystems that were active early in Earth’s history. Similar environments were likely (and
might still exist) at or near the surface of Mars. It is well known that rapid silicification provides
an excellent means for the preservation of biomolecules, hence microbial biosignatures (e.g.,
Schultze-Lam et al. 1995; Cady & Farmer 1996; Toporski et al. 2002) (Figure 5.7.1). In the case
of the Kamchatka, or Mars, any microbial communities trapped and encased in precipitating
silica will likely retain a substantial amount of biochemical information for a considerable length
of time. The unresolved question is whether the process of initial silicification is moderately or
highly deleterious to biomacromolecules (Toporski et al 2002).
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Co-I Deamer, in collaboration with Co-I Steele and Collaborator Toporski, propose to use the
Kamchatka territory as a model environment to study possible geochemical synthesis of organic
compounds and the extent of preservation of microbial biosignatures contained within mineral
precipitates derived from the hot springs. It is well known that the numerous hydrothermal fields
are highly variable in their fluid and volatile chemistry and can be divided roughly into five
geochemical types with respect to the primary gases present: (1) H,S - CO,; (2) N, - CO,; (3)

O,; (4)N,; (5) CH, and N, - CH,. These differences in chemistry mamfest dlfferences n
mlcroblal blodlver31ty, as well as the types of minerals precipitated. Thus, the types of fossilized
biosignatures preserved in each type of hydrothermal system will likely vary considerably, a
circumstance that will allow us to explore the effects of natural variables such as precipitation
chemistry and precipitation temperatures on the preservation of recognizable microbial
biosignatures.

The Kamchatka region offers many pristine sites for astrobiological exploration. For
example, Craternaya Bay on Jankicha Island, in the Kurile Archipelago and situated several
hundred kilometers from Kamchatka, features unique hot-spring ecosystems that have been only
cursorily explored (Tarosov et al. 1989). The bay, approximately 1.5 km in diameter and up to
60 m deep, is connected to the ocean by a narrow and shallow (less than 1-m deep) strait.
Numerous hydrothermal vents are distributed from the floor of the bay all the way up to the
surrounding mineralized shoreline of the bay. Other promising sampling sites include high-
altitude geothermal springs on accessible volcanos such as Mt. Mutnovskiy, which is located
approximately 40 km from Petropavlovsk. Even more accessible are numerous boreholes
(associated with geothermal energy production) located near the city of Petropavlovsk and other
settlements. These boreholes permit direct measurement of chemical and physical properties of
deeper geothermal aquifers. For this proposed research we are particularly interested in samples
of hydrothermal deposits that formed at known depths within the boreholes and that are available
from drilling. A valuable component of the proposed research is the establishment of a
collaborative relationship between the Russian Astrobiological Center and the CIW NAI team.

Proposed Research. The wealth of unique hydrothermal samples from Kamchatka provides
the focus for a promising research program of sample collection and analysis. As a primary
objective, Co-I Deamer proposes to organize a field expedition to Kamchatka during the summer
of 2004 along the lines of the NASA-sponsored field trip he helped organize and participated in
during the summer of 2001. Ideally, investigators from throughout the NAI as well as other
interested parties would undertake further collaborative study of this extremely interesting
environment. During this expedition, Co-I Deamer, in collaboration with Collaborator Toporski,
would collect water samples for organic analysis and samples of silicified deposits at a variety of
geothermal springs. Co-I Steele and Collaborator Toporski have been studying the preservation
of microbial biomarkers and biosignatures by laboratory silicification (Toporski et al. 2002a).
The collection and thorough analysis of natural silicified samples from the Kamchatka hot
springs will therefore provide an excellent opportunity to test the predictions derived from their
experiments.

The silicified samples will be returned to CIW where they will be analyzed using a number
techniques, including quasi in situ TEM studies in collaboration with Co-I Stroud, pyrolysis-GC-
MS and STXM (see below) with Co-I Cody, and an array of novel yet powerful bianalytical
techniques, including antibody-based assays to specific cell components (e.g., lipo-
polysaccharides, extracellular polysaccharides, purins, peptidoglycan), wherein fluorescent
labels are used to report quantitatively on the concentration of a given target biomolecule. In
order to observe and analyze intact proteins (if present) as well as detect any thermal breakdown
products that may have accompanied silicification, Co-I Deamer will collaborate with Co-I Fogel
to apply SELDI-ToF on demineralized samples (using the mild fluorination method derived by
Fouad Tera (CIW) and outlined in Cody et al. 2002 and adopting the novel solubilization
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strategies derived by Co-I Tuross) to observe whether there are intact proteins or substantial
protein fragments. These data will be correlated with the chemical characteristics of the hot
springs from which the samples were obtained to see whether the preservation of biomolecular
signatures of microorganisms is ubiquitous to silicification.
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Figure 5.7.1. Left: laser desorption mass spectra of solute from Kamchatka hot spring waters. Note that only the
spring contains organic compounds. Right: TEM micrograph of a cell of D. indonensis that had been exposed to
mineralizing solutions of silica (1000 ppm Si concentration) for one week (Toporski et al. 2002). EDS spectra
reveal considerable silicification around the cell membrane but minimal alteration of the cell structure. Experiments
such as this will provide a basis for comparison with natural silicified samples retrieved from the proposed
expedition to Kamchatka.

We further propose engage in research into the presence of DNA at the study site as well as
in silicified materials. Co-I Steele and Collaborator Toporski would conduct field PCR
(polymerase chain reaction) studies to allow the identification of target DNA, e.g., of archea
and/or bacteria in the field. PCR products produced in the field can be returned to the laboratory
for sequencing. The use of the field PCR reduces transportation issues, as original material does
not have to be kept frozen after sampling until returned to the laboratory and further avoids
sample contamination during transport and storage. Sequencing would help identify species
present in the Kamchatka hot spring ecosystems. Silicified materials containing microfossils
would be tested in the laboratory for the presence of DNA. Extraction of DNA from deposits of
different ages and chemical environments would help us to understand the factors controlling
DNA survivability in silicified deposits.



Co-I Deamer will collect water samples from each of the hot springs investigated. Total
soluble carbon and nitrogen as well as bulk stable isotopic measurements will be assayed at CIW
by combustion and mass spectrometry in collaboration with Co-I Fogel. Amino acid content and
distribution will be determined in an amino acid analyzer. A freeze-dried aliquot of each sample
will be derivatized by alkylation and reaction with trifluoroacetic anhydride in order to analyze
for organic acids (including amino acids) via GC-MS. Co-Is Scott and Fogel will apply
compound-specific isotope (nitrogen and carbon) ratio monitoring mass spectrometry to see
whether these isotopic biosignatures can yield information on the prokaryotic sources and
diversity based on their previous analysis of such isotopic signatures in a broad suite of
prokaryotes (see Section 5.6 for details and Figure 5.6.3 for example).

Finally, Co-I Deamer will explore whether free fatty acids and fatty alcohols are present in
these hydrothermal systems. As discussed in Section 5.5, self-organizing, lipid-like compounds
may have provided the mode of encapsulation for the first cells. Because it is unlikely that
complex lipid biosynthesis pathways co-evolved with the first forms of life, it seems reasonable
that the first cellular organisms used lipid-like molecules available in the environment. For
example, suites of alcohols and monocarboxylic acids ranging up to 30 carbons in length have
been produced under plausible prebiotic hydrothermal conditions by a Fischer-Tropsch reaction
mechanism (McCollum et al. 1999). However, there have only been a few reports of
unambiguous signatures of abiotic organic synthesis in nature (e.g., Sherwood Lollar et al. 2002).
The paucity of reported abiotically synthesized organic carbon results, in part, from heterotrophic
microbial activity. Heterotrophic microbes would rapidly remove all but the most recalcitrant
abiotic organic species from most environments. Furthermore, there have been very few studies
that have specifically sought to establish (or discriminate) between organic compounds
synthesized abiotically from otherwise expected biological sources. The chemistry of the fluids
from some of these hot springs is sufficiently reduced to support, at least theoretically, the
abiotic synthesis of such lipids (e.g., Sokolava et al. 2002). Significantly, Isidorov et al. (1992)
reported a series of organic compounds to be present in steam-gas outflows from Mutnovskiy.
These included hydrocarbons up to 12 carbons in length. Remarkably, a variety of fluorinated
and chlorinated hydrocarbons were also present, including difluorodichloro-methane,
fluorotrichloromethane, chloroform, and tetrachloroethylene. The halogens are presumably
derived from mineral sources deep in the volcanic rock matrix. If these observations are
verified, then it is clear that some very interesting organic geochemical reactions are occurring in
Kamchatka geothermal settings. For these reasons, Co-1 Deamer, working in collaboration with
Co-Is Fogel and Hazen, will seek to isolate such hydrocarbon derivatives and other soluble
organic compounds from geothermal springs and use compound-specific isotopic analysis to
ascertain whether the stable isotopic distributions can distinguish between abiotic synthesis and a
biological origin of the organics.

5.7.3 Scanning transmission microscopy and in situ chemical analysis of organic fossils
(Astrobiology Roadmap Objective 7.1)

Background. In Section 5.3.1 we propose to apply scanning transmission X-ray spectro-
microscopy (STXM) as a probe of extraterrestrial organic matter in meteorites with a focus on
ultimately providing a robust means for analyzing extraterrestrial carbon, nitrogen, oxygen, and
sulfur functional groups in IDPs and any organics contained within particles collected in the
Stardust mission. STXM is also a very powerful tool to extract molecular biosignatures in
ancient fossiliferous rocks.

It is well known that permineralization preserves plant and even microbial fossils in three-
dimensional cellular detail (e.g., Boyce et al. 2001). The exquisite preservation of organic matter
by silicification has long afforded opportunities for the study of anatomical evolution. Such
preservation also raises the possibility that cell- and tissue-specific chemical analyses might also
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be possible, thus providing insights into biochemical and physiological evolution. The problem
is that the amount of carbon preserved in permineralized fossils is generally very low (Boyce et
al. 2001). Conventional, albeit powerful, analysis using either “C solid-state NMR or pyrolysis
GC-MS require relatively large samples to be demineralized first to obtain sufficient material for
these standard organic geochemical analyses (Collinson et al. 1998). While the quality of the
chemical information from NMR or pyrolysis GC-MS is excellent, the demineralization
unfortunately destroys the spatial-anatomical context of the organic matter that had been
“locked” into place via silicification. When analyzing ancient fossils, this destruction becomes a
serious problem as the majority of fossil organic matter has been altered substantially during
diagenesis. In some cases this alteration is so severe that discrete molecular biosignatures no
longer exist. This stated, there may still remain chemical differentiation at a very fine scale
related to the initial presence of different biopolymers that can be used for biomolecular
reconstruction.

Research to Date. In collaboration with Kevin Boyce and Andrew Knoll (Harvard-NAI;
Boyce is a currently an NAI-NRC Fellow who divides his time between Harvard and CIW), Co-I1
Cody has recently developed methods that exploit the classic preparative techniques employed
by paleontologists and paleobotanists coupled with a state-of-the-art X-ray synchrotron-based
scanning transmission microscope (see Section 5.3.1 for details). Recent advances in X-ray
micro-focusing techniques coupled with brilliant, synchrotron-derived X-ray sources have led to
the development of soft X-ray spectromicroscopy (Jacobsen & Kirz 1998) that allows for the
analysis of functional group distributions in ancient bio-organic structures at spatial resolutions
approaching 30 nm (Cody et al. 1995a,b, 1996, 2000; Boyce et al. 2002).

Recently Boyce and Cody applied STXM to analyze the signature of ancient biochemistry in
40- and 400-Ma fossils. Specifically, we applied carbon (1s) X-ray absorption near edge
spectroscopy (C-XANES) to characterize the organic chemistry stored within structurally
differentiated regions of tracheid cell walls in fossil plants (see Figure 5.7.2). For the purpose of
comparison we included analysis of a modern extant tracheid cell wall from re d cedar Juniperus
virginianan. Our selection of fossils included Metasequoia milleri, a conifer from the Middle
Eocene (ca. 40 Ma) preserved in the Princeton Chert (Basinger 1981) and the stem lycopod
Asteroxylon mackiei from the Early Devonian (ca. 400 Ma) preserved in the Rhynie Chert
(Kidston & Lang 1920).

The power of soft X-ray microscopy is that we obtain image contrast through variations in
carbon chemistry using a high-resolution monochromator (~ 0.03 eV) (Jacobsen et al. 1998))
tuned to the characteristic energy of specific core-level (1s) to bound-state (e.g., ©*) electronic
transitions. Using this instrumentation, we have been able to observe chemically differentiated
cell wall, even in the 400-million-year-old sample. Using C-XANES obtained from sub-micron
analysis regions, the STXM reveals that carbon derived from both lignin and structural
polysaccharides has been preserved within individual tracheids, albeit in a diagenetically
transformed state (Boyce et al. 2002).

This result is remarkable for two reasons. First, this result constitutes an analytical “record”
for the chemical detection of biomacromolecular differentiation within fossil cell walls. While
individual molecular biomarkers have been detected in samples as old as 2.7 Ga (Brock et al.
1999), our observations reveal the oldest preserved chemical evidence of cellular differentiation,
at 400 Ma. Second, and more importantly, detecting the presence of lignin in Asteroxylon may
help explain the critical biomolecular evolutionary step that allowed early plants to colonize the
continents.
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Figure 5.7.2. High-resolution STXM images (left) of preserved tracheid cells of ancient vascular plants,
Metasequoia milleri (top), preserved in the ~ 40-Ma Princeton Chert and Asteroxylon mackiei (bottom), preserved in
the ~ 400-Ma Rhynie Chert. These high-resolution (40-nm spot size) X-ray images (with the photon energy tuned to
286 eV) reveal a mechanically resistant, strongly absorbing outer region and a weakly absorbing inner region.
Comparison of the C-XANES spectra from each region (shown on the right) clearly reveals significant differences
in the carbon chemistry distinguishing the differentiated regions of the cell membrane even in the 400-Ma fossil
(Boyce et al. 2002). The squares and circles highlight specific absorption bands corresponding to organic functional
groups diagnostic of ligno-cellulosic and altered ligno-cellulosic material.

The global significance of such an evolutionary gain need not be expanded upon here. It is
sufficient to note that the current global carbon, oxygen, and weathering cycles are strongly
controlled by the presence of continental flora. The eventual rise of sentient vertebrates may well
owe their existence to the first shallow marine plants that developed the ability to colonize the
continents.

Proposed Research. The methods described in Boyce et al. (2002) are applicable to any
sample, terrestrial or extraterrestrial, subject to the chemical constraints that the matrix material
exhibits different solubility characteristics from the fossil carbonaceous material. As part of our
commitment to the NAI as a whole, we offer our considerable experience in soft X-ray
spectromicroscopy to any affiliate or external collaborator who has astrobiological science
questions that would benefit from this unique analytical technology.



Co-I Cody plans to continue the development and refinement of methods for STXM analysis
of ancient permineralized fossils. He will focus on analyzing microbial assemblages in the
relatively young Enspel Formation with Co-I Steele and Collaborator Toporski. Co-I Cody will
collaborate with Co-Is Deamer and Steele to apply STXM to analyze microbial material encased
in silicified deposits collected from the expedition to Kamchatka. He will also focus on the
analysis of organic fossils preserved in Proterozoic cherts from Western Australia with Co-I
Rumble and Collaborator Ono. In each case the goal will be to derive molecular signatures from
altered biomolecules, in situ, and provide more robust evidence for the existence of life in the
early Earth’s fossil record. One of the best means of assessing the provenance of organic matter
is to analyze it in situ using technology such as STXM.

5.8 Astrobiotechnology (Astrobiology Roadmap Objective 7.1)

How can advances in biotechnology be used to further NASA’s objectives to find and
characterize life on other worlds? Over the last few years, enormous advances have been made
in our understanding of the extent to which life can survive in apparently hostile and otherwise
improbable environments. The significance of these revelations to NASA’s Astrobiology
Program lies in the fact that these observations increase the probability that life may exist
elsewhere, e.g., Mars. The problem remains, however, that even if life does exist on certain
extraterrestrial bodies, will we be able to detect it? Also, given the recent debate on the
authenticity of the earliest fossil life on Earth (Brasier et al. 2002), it is important to utilize new
techniques and philosophies to tackle these issues.

The principal driving force for the recent advances in molecular biology has been the advent
of extraordinarily powerful and sensitive bioanalytical tools. The majority of these
biotechnological developments have been fueled by medical considerations, and it is only
recently (within the last decade and largely in response to NASA initiatives) that environmental
microbiology (and the study of multi-species interactions) has risen as a viable scientific
endeavor. There currently remain numerous poorly surveyed environments. For example, it is
only recently that studies in Antarctica have begun to show the breadth and adaptation of life that
exists there (Ward & Priscu 1997).

Clearly one of the limiting factors in microbial surveys has been accessibility to plausibly
habitable environments. Surface and shallow subsurface environments, for example, are readily
accessible; biological surveys of photoautotrophic microorganisms, e.g., cyanobacteria, are
consequently comprehensive. On the other hand, studies of autotrophic, chemolithotrophic, and
heterotrophic organisms, such as those that thrive at hot springs, at kilometer-plus depths in the
oceans, or within deep crustal environments on the continents, remain unevenly investigated.
From an astrobiological perspective, the development of strategies to investigate largely
inaccessible (at least to manned scientific teams) environments on and within the Earth will lead
to technology that benefits surveys on similarly inaccessible extraterrestrial environments, e.g.,
Mars.

The key to developing critical life-detection instrumentation for future NASA missions lies
in the transfer of state-of-the-art biotechnology from medicine and biosciences to mission
planning and its integration with other established techniques. However, the growth of
biotechnology in the last 20 years has been staggering, and the sheer number of new techniques
and procedures can be disorientating. The question arises as to which of the many methods
currently available provide the greatest opportunities while at the same time achieve technical
feasibility as spacecraft instrumentation packages. NASA’s Astrobiology Program provides the
natural interface between biotechnology and planetary science to address this question.

Why use biotechnology? The answer is simple; the techniques used for Solar System
exploration have provided ambiguous conclusions or failed completely to detect life. In the case
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of the debate on relic biogenic activity in the Martian meteorite ALH84001, many traditional
techniques such as amino acid analysis, C-isotope analysis, and gas chromatography - mass
spectrometry (GC-MS) all yield the conclusion that no life was contained within the meteorite
(McKay et al. 1996). However, some if not all of this entire meteorite has been colonized by
terrestrial microbiota (Steele et al. 2000). A further example is the ambiguity associated with the
Viking Lander results (Mancinelli 1998). Recent re-evaluations of these experiments have
revealed that the sensitivity of the GC-MS was simply inadequate for the task and would have
been unable to detect organic material produced by approximately 10’ bacteria per gram of
Martian regolith (Glavin et al. 2001). This same group points out that a newer instrument (Mars
Organic Detector) is 100 times more sensitive than the Viking GC-MS, which presumably means
that 10° bacteria/gram will remain undetected.

Current immunoassays, such as enzyme-linked immunosorbent assay (ELISA), are known to
be 150 times more sensitive and a great deal more specific than the best laboratory-based GC-
MS instruments (Li et al. 1999). For example, ELISA has been used in environmental waste
water studies to detect specific estrogen hormones at levels as low as 0.05 ng/L (0.05 parts-per-
trillion), and there is evidence to show that miniaturization of these instruments increases
sensitivity (Huang et al. 1999). A wealth of microbiological, molecular, and genetic techniques
is now being refined as biotechnology approaches its golden age. Nanotechnology has been
integrated with biotechnology, resulting in exciting new fields of research with the development
of robust “lab-on-a-chip” commercial instrumentation (see Auroux 2002 and Reyes et al. 2002
for extensive reviews). These include the Agilent bioanalyser 2100, Perkin Elmer’s protein array
workstation, the Biosite™ Triage system, and the Charles River Food Spoilage Detector, using
Limulus Amebocyte Lysate (LAL) assay (which has single-cell detection sensitivity, Wainwright
1999). These instruments are extremely sensitive to target molecules, sufficiently robust to be
used in hospitals and the food industry, and becoming tailored to environmental samples such as
detection of agents of biological warfare.

In the case of the Agilent bioanalyser 2100, a range of microfluidic chips performs sample
processing and capillary electrophoresis, and the resulting DNA/RNA/protein separation is
detected using laser-induced fluorescence (www.agilent.com/lab-on-a-chip). Each of the other
instruments contains a probe or probes (tagged with either an enzyme or fluorochrome) specific
to a target. By simply changing the probe, one can make an instrument shift from detecting a
food spoilage organism (using a probe to bacterial LPS) to detecting bacterial diagenetic
products such as hopanes (using an anti-hopane antibody, recently developed and under testing at
CIW and JSC, Maule et al. 2003). These techniques have already been developed to answer the
same questions on Earth that we wish to address in the rest of the Solar System: is there or was
there once microbial life present, what are its characteristics, how can we detect it in small
quantities, and what effect is it having on the environment in which it resides (and vice versa).
Whether it is a novel microbe in a black smoker, an unknown infection, or a cancer cell in the
human body, the task, goals, methodology, and philosophy are the same. To the question, “Why
use biotechnology for astrobiology to search for life?”, the answer becomes, “Biotechnology was
independently, and successfully, developed for the detection of trace levels of biomarkers on
Earth, and need only be modified and applied to Solar System exploration” (Steele and Toporski
2003).

Originally designed for high throughput data mining of genomes, microarrays can fit up to
several million separate tests per glass slide (Hoheisel 1997; Schena 2000). This technology is
growing at an unprecedented rate and will revolutionize environmental microbiology (including
issues relevant in astrobiology and geobiology). Although these tests comprise mostly DNA-
and protein-based probes, their use can be diversified to tests using any reagents that produce a
color change (either chromophore or fluorophore) during the detection of a primary molecule.
The technology is commercially available and is being utilized to produce miniaturized, highly
specific test kits for a range of organic compounds linked to life processes and indeed has been
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highlighted for further development by a number of agencies (Gibson 2002). These test kits
could be tailored for use on all of the potential targets listed in Table 5.8.1. A further interesting
possibility for the detection of extraterrestrial life arises if one considers integrating
combinatorial chemistry with microarray technology. It would then be possible to produce
millions of random probes per glass slide. For example, one could incorporate all the possible
combinations of purine and pyrimidine bases that can combine into an information-storing
system sufficiently complex to code for an organism. This vast coverage of plausible bases then
reduces the assumptions needed for the detection of an extraterrestrial organism from DNA-
based life to that of nucleic-acid-based life. These techniques may be further refined for use in
experiments on the formation of life on Earth by screening large numbers of prebiotic reactions
printed either onto glass slides or mineral interfaces.

It is 