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EXECUTIVE SUMMARY

Science goals for collecting and returning
Martian samples for analysis on Earth, as an
integral part of Mars exploration, are traceable to
the National Academy of Sciences and have been
reiterated by various advisory committees and
working groups. The desired sample materials
include atmosphere, rocks, sediments, soils, deep
regolith, and possibly ices.

The maximum scientific value of the samples is
retained when they are preserved in the conditions
that applied prior to their collection. Any sample
degradation equates to loss of information.

Contamination by extraneous elements or
compounds might preclude measurement of native
Martian chemical or isotopic compositions.

Excessive warming would mobilize adsorbed
water and initiate irreversible chemical or isotope-
exchange reactions. Temperatures substantially
lower than 273 K are required to arrest interfacial
water in fine-grained, porous samples. Heat-
sensitive materials, including unidentified oxidants
discovered by the Viking Landers, would
decompose if excessively warmed. Hydrate or
carbonate minerals might undergo stable-isotopic
re-equilibration, thereby erasing their records of
ancient Mars climates. Uncontrolled temperature
rise would also produce large head-space pressures,
through gas desorption from samples, which would
further stimulate undesirable reactions. Deliberate
heat sterilization would not affect age-dating of
igneous rocks but would profoundly degrade
paleoclimate information in sediments and soils.

Uncontrolled doses of ionizing radiation might
erase or obscure the depth-dependent natural
records of cosmic-ray damage in mineral grains.
The Martian atmosphere differentially filters solar
and galactic cosmic rays and changes in sample
shielding, relative to natural shiclding, might alter
the climate-dependent records of particle tracks
and spallation nuclides. Radiation monitors for the
samples are highly desirable.

Extraneous magnetic fields might erase or
obscure natural remanent magnetism in the
samples, or induce magnetic artifacts, that would
complicate or even preclude the search for
evidence about Martian magnetic fields.

Acceleration and shock loads expected during
a sample-return mission should not threaten the
integrity of rocks but might disintegrate soil clods.

Based on detailed review of pertinent scientific
literature, and advice from experts in planetary
sample analysis, recommended upper limits for key
parameters in the environmental control of
collected samples are as follows:

®m  Contamination

¢  For each element in a geologic sample,
< 1% of the concentration in the
Shergotty meteorite.

¢  For each element or compound in an
atmospheric sample, < 1% of the
concentration in the Viking Lander
atmospheric analysis.

®  Temperature

. < 260 K; unweathered igneous rock
¢ < 230 K;; soil, sediment, deep regolith,
or weathered rock

B Pressure (head-space gas, Mars ambient)

¢ < 1 atm; unweathered igneous rock
¢ < 0.01 atm; soil, sediment, deep regolith,
or weathered rock

5g/cm?
shielding
(should not be much lower or higher)

®  Ionizing Radiation

<57x105T
(1 Earth field)

B Magnetic Fields

<7g
(1g = 9.81 m/sec?)

B Acceleration and Shock

Parametric values recommended for the most
sensitive geologic samples should also be adequate
to preserve any biogenic compounds or
exobiological relics.

Additional research would be needed before
any of the recommended limits could be relaxed on
scientific grounds. Especially important is the
temperature and pressure dependence of stable
isotope exchange reactions for low-temperature
minerals containing HO or CO;.
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PREFACE

This report represents an updated and revised
version of work led by Dr. Larry A. Haskin at the
Johnson Space Center in 1974 and that
represented one of the carliest attempts to
scientifically document the case for collecting and
studying well-preserved samples from the planet
Mars. Those valuable and insightful contributions
have been included in the present version as copies
of letters from the specialists who contributed to
the original document. New input from other
specialists is recorded here as additional letters
that I received in 1987-88, in response to my
appeal to the scientific community for help in
revising the 1974 report. Ibear sole responsibility,
however, for decisions and interpretations made
during integration of the information base.

Many people both inside and outside of NASA
contributed to successful completion of this report.
The most essential help was provided by Dr.
Douglas P. Blanchard, Dr. C. W. Lagle, Mrs.
Yvette Damien, Dr. Robert N. Clayton, Dr.
Stanley M. Cisowski, Dr. David W. Collinson, Dr.
Edward S. Gaffney, Dr. Henry J. Moore, Dr.
Robert C. Reedy, Dr. Derek W. G. Sears, Dr.
Timothy D. Swindle, Dr. Mark J. Cintala, Dr. John
H. Jones, and Dr. Christopher P. McKay.
Nonetheless, any lingering errors remain my
responsibility.

James L. Gooding

NASA Lyndon B. Johnson Space Center
Houston, Texas USA

January 29, 1990
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1. INTRODUCTION

1.1. Sample Return As Part of
Mars Exploration

Space science organizations in various
countries have  consistently recommended
exploration of Mars as a high-priority goal. The
scientific merits of collecting samples on Mars and
returning them to Earth for analysis have been
reviewed and endorsed by the U. S. National
Academy of Sciences (COMPLEX, 1977, 1978;
SSB, 1988), the National Aeronautics and Space
Administration (NASA) Advisory Council (SSEC,
1986, 1988), the European Science Foundation
(ESF, 1986), and the European Space Agency
(Chicarro et al., 1989). In fact, after reviewing all
candidate missions beyond the observer-class core
program (SSEC, 1983), the NASA Advisory
Council concluded that

"A sample return mission to Mars before
2000 is the highest priority for an
Augmentation Mission (o the terrestrial
planets” (SSEC, 1986, p. 18).

Planning for a Mars sample-return mission
must include a comprehensive review of the
scientific requirements for selecting and acquiring
samples on Mars and for preserving them from the
time they are collected until the time they are
delivered for analysis to laboratories on Earth. The
purpose of this report is to update previous reviews
of sample-preservation goals in a self-contained
guide for mission planners. The summary
presented here represents an updated and
expanded version of a similar report that was
prepared in 1974,

1.2. The 1974, 1977 and 1979
JSC Reports

In recognition of the major advances in
understanding the Moon that were provided by
return of the Apollo and Luna samples, scientists at
the Johnson Space Center (JSC) prepared a report
in April 1974 that summarized the comparable
goals and strategies for Earth-based analyses of
samples returned from Mars. The stated purposes
of the report (JSC, 1974) were as follows:

(a) To identify those experiments that
could and should be done on returned
Martian samples to characterize their
inorganic properties,

(b) To evaluate, insofar as can be done,
the effects of potential biological
sterilization of the sample by heating
prior to its return,

(¢) To identify particular analytical
techniques needing further
improvement in order to make
optimum use of a returned sample,
and

(d) To identify experiments to be done on
simulated Martian samples, with and
without sterilization, that better define
the limits of information available
about the planet from analyses of
returned samples.

The report was compiled at JSC based on
input solicited from selected members of the
planetary science community, following a call-for-
input letter from L. A. Haskin (Appendix A1), A
general outline of the study was prepared by five
members of the JSC Solar System Exploration
Division (which was named the Planetary and
Earth Sciences Division in 1974) who sent letters to
the outside science community requesting advice
and opinions. Many scientists responded with
letters that discussed problems and experimental
approaches in their respective arcas of expertise.
The list of contributors to the final report (JSC,
1974), and their actual recommendations, are
included in this report as Appendices A2 and A3,
respectively.

In an independent but concurrent -effort,
Professor Elbert A. King (University of Houston)
organized researchers in various laboratories in a
broad, reconnaissance study of the effects of
heating on a common set of Mars-analogous
mineral, rock, and soil samples. Both the letters
returned to JSC by interested scientists and the
results of the experiments organized by



Professor King were included as appendices to the
JSC (1974) report but are not repeated here, except
as summary statements in appropriate chapters.

After the deadline for receipt of the letters at
JSC had passed, a committee of scientists
assembled to write the report. Toward that end, a
meeting was held on March 27-28, 1974 at the
Lunar and Planetary Institute (named the Lunar
Science Institute in 1974) near JSC. Members of
the committee (in alphabetical order) and their
affiliations were as follows:

S. O. Agrell, Cambridge University, UK

D. D. Bogard, NASA/JSC

R. Brett, NASA/JSC

S. Chang, NASA /Ames Research Center

M. B. Duke, NASA/JSC

H. P. Eugster, Johns Hopkins University

E. K. Gibson, NASA/JSC

L. A. Haskin, NASA/JSC (Committee
Chairman)

J. C. Huneke, California Institute of
Technology

E. A. King, University of Houston

L. E. Nyquist, NASA/JSC

W. C. Phinney, NASA/JSC

D. W. Strangway, University of Toronto,
Canada

H. P. Taylor, California Institute of
Technology

S. R. Taylor, Australian National University,
Australia

P. Toulmin III, U. S. Geological Survey,
Reston, Virginia

J. L. Warner, NASA/JSC.

R. L. Young, NASA Headquarters.

Subcommittees were formed and given
responsibilities for writing individual portions of
the report. Summaries of major topics were largely
based on the written correspondence that was
received.

Although JSC (1974) represented an important
scientific contribution, it was never widely
distributed and carried no formal publication or
catalog number that would permit its easy retrieval
by later researchers. To at least partially correct
the latter deficiency, and to update the 1974
information in light of results from the Viking
missions to Mars (1976-1977), a revised summary
version of JSC (1974) was prepared (JSC, 1977)
and published in amended form by Bogard et al.
(1979).

1.3. Need for Updated Report

Although much of the rationale presented in
JSC (1974) and Bogard et al. (1979) remains valid,
considerable progress has since been made in
studies of Mars by remote sensing and in
laboratory studies of lunar rocks, meteorites, and
interplanetary dust particles. In particular, plans to
sample Mars must take into account the following
developments:

(a) New knowledge of the Martian
environment, gained from analysis of
Viking data (1976-1987).

(b) Possible new knowledge of Martian
materials, gained (since 1979) from
laboratory studies of shergottite,
nakhlite, and chassignite meteorites
which might be Martian rocks.

(c) Advances in analytical methodology,
instrumentation, and  laboratory
geochemical studies (since 1979) that
would affect mission designs and
sampling strategies.

This report was intended to achieve those
updates by integrating new information into the
excellent frameworks provided by JSC (1974) and
Bogard et al. (1979).

14. Scope and Purpose

The purpose of the present report is to provide
a summary, based on current knowledge, of the
scientific requirements for  collecting and
preserving Martian samples for laboratory analysis
on Earth. This report is intended to supplement
and support, rather than replace or compete with,
contemporaneous reports, commissioned by
NASA, on science or engineering studies of Mars
sample-return missions. In particular, this report is
not meant to replace or compete with reports on
high-level goals for Mars exploration that will be
issued by science working groups that have been
chartered to support mission-design projects.
Instead, this report provides summaries and
traceabilities of requirements at a level of detail
that is beyond the scope of the working-group
activities.

To accomplish the necessary updates relative
to JSC (1974, 1977) and Bogard et al. (1979), a new
poll of the science community was initiated in



February 1987 on the subject of sample-science
goals for Mars. A "Dear Colleague” call-for-input
letter (Appendix B1) was sent to each of 733
addressees, including planetary scientists with
interests in Mars, Earth-oriented geoscientists,
biologists, and selected scientific administrators
(Appendix B2). Each person polled was asked to
respond to four specific questions:

(1) What aspects of Martian history can
be uniquely (or best) addressed by
direct analysis of samples returned to
Earth?

(2) What types and quantities of samples
are needed to support the analyses
related to (1)?

(3) What degrees of sample degradation
can be tolerated without defeating the
analysis goals? (Specify, if possible,

upper limits for temperature,
pressure, radiation, acceleration/
shock, etc.).

(4) What in situ measurements should be
made on Mars to supplement or
replace information that might be lost
from degraded samples?

A total of 89 written responses were received,
of which 79 contained useful information
(Appendix B3), including a few from individuals
who had also participated in the JSC (1974) writing
project. Ten of the responses (not included here)
were from individuals who politely acknowledged
the poll but who declined to provide scientific input
for various reasons, including lack of time or
professed lack of expertise.

Shortly after the 1987 poll was initiated, NASA
chartered a Science Working Group, chaired by M.
H. Carr, to support a renewed study of the options
for a class of unmanned Mars Rover/Sample
Return (MRSR) missions. Accordingly, the writing
project organized for this report was redirected to
support the needs and schedules of the MRSR
Science Working Group. Specifically, definition of
high-level science goals was de-emphasized in this
report and concentration was focussed on
identifying detailed requirements for sample
preservation. The functional synergism among this
report-writing project, the MRSR Science Working
Group, and previous studies is summarized in Fig.
1-1. Many of the preliminary parametric values for

sample preservation derived for the present report
were adopted by MRSR SWG (1989).

In addition, a scientific workshop on the topic
of "Mars Sample Return Science” was convened by
the Lunar and Planetary Institute in November
1987. As reflected in the workshop report (Drake
et al., 1988), emphasis was placed on identifying
sample requirements to address specific scientific
issues. The workshop results were complementary
to, but not identical with, the JSC poll of 1987 and
there remained a need for a cogent summary of
detailed sample-preservation requirements.

The body of this report represents integration
of the text from JSC (1974) with new text that
reflects results of the 1987 poll as well as other
information compiled from scientific literature
published after 1976. Several data figures were
added to illustrate points that were either discussed
without graphic aids or not addressed in JSC
(1974). In general, the material from JSC (1974)
was extensively edited and reorganized during
merger with the new material.

—— PRIMARY 1974
RS [ecewee | [resane:
l COMMUNITY o Tooa]
N ;5 1987-8
[coMPLEX, | o I —_—__ ____ 3
1
97]8] v
1
NAC —=—%—— UPDATED
[SSEC, 1986] PRESERVATION
T WHITE PAPER
v (This Report)
V ~>—{ MRSR SCIENCE
H WORKING GROUP
e [MRSR SWG, 1989] boaraucgrnic
VALUES
SS8, 1988 CENERAL !
C ! REQUIREMENTS [T stc-)
| MRSR PROJECT 1 ———d
Figure 1-1.

Development of Mars science goals. Post-Viking
goals arc traceable to the National Academy of
Sciences (NAS), through its Committee on Planetary
Exploration (COMPLEX) and Space Science Board
(SSB) and have been reiterated by the Solar System
Exploration Committee (SSEC), of the NASA
Advisory Council (NAC), and the Science Working
Group of the Mars Rover/Sample Return (MRSR)
Project. This report (updated preservation white
paper) is focussed on details of sample preservation
that have not been addressed by various other
committees and working groups. Preliminary results
of this work, however, were adopted by the MRSR
SWG.



2.1. Nature and Value of Information
Contained in Samples

As recognized by the National Academy of
Sciences in the light of Viking results, the principal
goals of future exploration of Mars must be to
establish the chemical, isotopic, and physical state
of Martian material, the major surface-forming
processes and their time scales and the past and
present biological potential of Mars (COMPLEX,
1978; SSB, 1988). Those goals can be best met by
direct analysis of carefully selected Martian
samples under controlled laboratory conditions.
Mars Observer, a Mars-orbiting spacecraft which is
scheduled for launch in 1992, will provide global
geochemical and meteorological maps of Mars but
was never intended to serve as a substitute for a
sample-return mission (SSEC, 1983, 1986).

The correspondence between sample type and
information content is summarized in Table 2.1 and
further explained in following sections.

2. IMPORTANCE OF MARTIAN SAMPLES

The well-cstablished scientific case for Mars
sample return has been elaborately presented
elsewhere (COMPLEX, 1978; SSB, 1988; Drake et
al., 1988; Gooding et al., 1989). Rather than repeat
those detailed arguments, the following sections
review information sought in Martian samples as it
relates to issues of sample preservation.

2.1.1. Planetary Composition

Major geochemical differences exist among the
inner planets, as demonstrated by lunar-sample
studies and by observed differences in planetary
bulk densities and moments of inertia.
Accordingly, the chemical characterization of any
returned Martian sample is essential. Refinements
in analytical techniques, resulting largely from
lunar studies, have enabled experiments on very
small samples (often < 50 mg). Thus,
comprehensive information can be obtained from
minimal material.

Table 2.1. Desirable types of Martian samples and their respective vatues in Mars exploration

Sample Type

Expected Information Content

Atmosphere

Elemental and isotopic compositions of gases expelled from the Martian mantle by planetary

outgassing; tests for hypotheses regarding volatile-element inventory of Mars and possibility of

ancient, dense atmospheres; solar wind interactions

Rock Petrological variety of Martian crust and mantle; chemical processes that differentiated the planet;

evidence for core formation; radiometric ages of local bedrock surfaces; absolute calibration of

crater-count ages of surfaces; shock-implanted, trapped-gas samples of ancient atmosphere

Sediment

Composition of loose, fine-grained material derived by chemical and physical weathering of

crustal rocks. Windblown sediments blanket large portions of the surface and strongly influence

geochemical mapping from Mars orbit. Water-laid sediments might contain chemical and isotopic

information about pre-biotic evolution.

Soil Mineralogical, chemical, and isotopic records of local climate during soil development;

records of climate change through time as depth-dependent cosmic radiation damage

Deep regolith

Chemical, stable-isotopic, and radiation environment of ancient Mars; sub-surface inventory of water

and other volatile compounds; test for contemporaneous biogenic compounds or processes

Ice Chemical and stable-isotopic records of water cycles through Mars history




Major clements comprising the bulk
constituents of the terrestrial planets and
meteorites include Si, Al, Ti, Fe, Mg, Ca, Na, K|
and P. Important minor and trace eclements
include H, C, N, S, Cl, transition-group metals (Sc
through Zn), lanthanide or rare-earth elements (La
through Lu), Th, and U. Elemental analyses furnish
the basic set of bulk compositional data that is
essential to the performance and interpretation of
nearly all other experiments done on Martian
material. Elemental data also furnish an index of
the extent of differentiation (fractional melting,
crystallization and liquid immiscibility) of the
Martian materials relative to primordial solar
system matter. In addition, concentrations and
distributions of the biogenic elements (H, C, N, O,
P, S) are essential data in assessing the biological
history or potential of Mars.

Geochemical studies would focus not only on
elemental concentrations but also on speciation of
elements as compounds. Without question, water
would be the compound most highly sought among
the samples. Information derived from water
contents of samples is needed to test models for
outgassing of the Martian interior and the extent
and time of volcanic activity. It is also related to
the processes and extent of weathering of primary
Martian surface materials to their present
conditions. The relationship between the water in
a sample and the water content of the Martian
atmosphere contains information on secular
variations and Martian atmospheric composition.
Measured water abundances will also play strongly
in models for past or present Martian biology.

The most fundamental data needed for
interpreting the gross composition of Mars are
identities of minerals and rocks and their
geochemical properties. Features that must be
described and documented include sizes, shapes,
and surface features of mineral particles and the
nature of fluid inclusions that might have been
trapped during growth of mineral grains.
Mineralogical and petrological examination of
Martian samples will be exhaustive studies
involving every returned grain and fragment.

Primary igneous minerals (those formed by
crystallization of magmas or lavas) have obvious
relevance to such fundamental problems as the
degree of planetary differentiation and the geologic
history of the Martian surface and interior. Major
problems to be addressed include volcanic activity
and its depth of origin, sedimentary deposits and
their transport mechanisms, and metamorphic

products and the thermal and tectonic settings of
their formation.

Secondary minerals (those formed by processes
other than igneous crystallization) may result from
surface-related mineral growth and phase changes
during the chemical alteration processes that have
undoubtedly occurred on the Martian surface
through time. Another important aspect of the
planet's history, the record of any living matter,
might be preserved in fossil assemblages which
could be encountered during studies of secondary-
mineral associations. In interpreting petrologic
data, care would be needed to identify
mineralogical changes resulting from sample
collection or storage during Earth return.

Mars should provide two sources of rock
material: endogenous rocks ranging from igneous
to sedimentary, and a small proportion of
impact-produced rocks associated with minor
amounts of exogenous material of meteoritic
origin. The igneous rocks may have a wide range
of compositions and may occur in states ranging
from slowly cooled to quenched. The igneous
rocks should consist predominantly of primary
minerals of high temperature origin, namely,
olivines, pyroxenes, feldspars, silica minerals, and
possibly amphiboles and micas. Some of the rocks
may have been locally subjected to fumarolic or
hydrothermal alteration where secondary minerals
such as oxides, sulfides, sulfates, halides,
hydroxides, clay minerals, and zeolites may have
developed.

Because Mars has an atmosphere containing
both Hy0 and COp, it is likely that hydrates and
carbonates occur among the weathering products at
the Martian surface. Weathering processes on
Mars are likely to be both chemical and
mechanical, including redistribution of original
secondary minerals and generation of new
secondary minerals.

In addition to single mineral (or phase)
particles, four types of polyphase particles are
expected: igneous rock fragments, sedimentary
rock fragments, particles with coatings, and
indurated soil clods of many particles. The
mineral-mineral relations, both of an equilibrium
and a reaction nature, that are preserved in these
types of particles are the most important types of
data for deducing Martian rock-forming processes.



2.1.2. Planetary Formation and
Geologic Time Scale

Planetary gases, originally trapped in the solid
materials that accreted to form Mars, may have
been degassed from the Martian interior through
volcanism and now reside in the Martian
atmosphere. The Earth, Moon, Sun and various
classes of meteorites all possess characteristic
elemental and isotopic abundance patterns of the
trapped noble gases which reflect differences in the
volatile components of materials that formed these
objects. Measurements of such gases in Martian
atmosphere samples will give an indication of the
general type of volatile material incorporated by
Mars and will aid in the characterization of volatile
species present in the early solar-planetary nebula.

Three-isotope  oxygen  compositions  of
individual samples will define the material pool
from which Mars was formed. Studies of terrestrial
samples, lunar samples, and meteorites have shown
that differences in planetary source materials can
be mapped on diagrams of 170/160 vs. 180/160.
Although 80 /160 ratios can change as a function
of temperature in chemical reactions (Section
2.1.3), the three-isotope signature is immutable
with respect to geochemical processes and remains
a fingerprint of the planet.

Information about the timing and duration of
volcanic and metamorphic activity on Mars must
come from the applications to samples of one, or
preferably all, of the radioactive dating techniques
involving the decay of a long-lived radioactive
parent isotope (P) to a stable daughter product
(D). The P/D pairs of isotopes which can be used
for radiometric age dating are 23U/207Pb,
238( /206pp,, 232Th /208ph, 87Rb/87sr, 147Sm /143Nd,
1381 3/138Ce and 40K/%Ar. Radiometric ages
would provide constraints on the thermal history of
Mars, including formation, crustal differentiation,
and the cataclysmic bombardment evidenced by the
heavily cratered surface, as well as the history of
volatiles and of the hydrologic cycle.

Absolute ages of lava flows are needed to
calibrate geologic ages derived by interpretation of
impact-crater densities on various Martian surface
units. Impact-metamorphic ages of rocks ejected
from major craters are needed to establish the
timing of important surface-modifying events. Such
age-dating of craters might be especially important
for craters that appear to have formed in water- or
ice-laden ground or that appear to closely pre-date
or post-date formation of water-cut channels.

Additional information on the bulk structure
and evolution of Mars could be obtained by
analyzing fresh igneous rock samples for evidence
of natural magnetization.  Natural remanent
magnetization would imply core formation on Mars
in a manner analogous to that on Earth.
Radiometric ages of different magnetic samples
could help define the history of Mars' magnetic
field.

2.13. Climate History

Evidence for atmospheric evolution and
climate changes on Mars should be preserved as
stable-isotopic signatures of volatile elements in a
variety of weathered Martian materials.

Oxygen isotope analyses of coexisting minerals
from a returned Mars sample should prove very
useful in the following ways:

(a) estimating the temperatures of formation
of the mineral assemblages, and

(b) determining whether or not the minerals
in such rocks or in the bulk soil were formed in
equilibrium, or whether they represent different
stages of mineral formation.

Certain minerals are inherently much more
susceptible to 180/160 exchange that are others,
and analyses of these may allow us to monitor
secondary alteration processes that have affected
the rocks or soil, such as exchange with H5O or
CO,. This type of isotopic study is essential in
interpreting the origin and history of HO and
CO, in the rocks and the atmosphere of Mars.

Hydrogen isotope analyses (?H/'H or D/H) of
water vapor and hydrous minerals from Mars, in
conjunction with 180/160 analyses, should be very
useful for the following reasons:

(a) they may enable us to evaluate the
contribution of deep-scated igneous (juvenile?)
H»O to the surface rocks and to the atmosphere.
If high-temperature igneous or metamorphic
minerals such as micas or amphiboles are indeed
found, comparison with the D/H ratios obtained
on analogous samples from Earth will be valuable.

(b) D/H data can aid in defining the total
amounts of H>O and hydrogen loss from Mars, as
well as the degree of isotopic fractionation that has
accompanied such escape.

(c) D/H analyses are probably the only way to
determine the overall contribution (if any) of
deuterium-free solar wind hydrogen to the Martian
atmosphere or surface.



(d) They may help define the extent of
formation of cosmic-ray spallation deuterium in
Martian surface minerals,

(e) They will be very useful in tracing the
hydrologic cycle on Mars and in interpreting the
temperatures and the mechanisms involved in
hydration of Martian minerals and glasses.

Given knowledge of the isotopic compositions
of both water and minerals, D/H and 180/160
ratios can be used to deduce temperatures at which
secondary minerals formed through water-mineral
reactions. Accordingly, stable-isotopic analyses of
soils or weathering rinds on rocks are the most
promising  pathways to deriving average
temperatures of ancient climatic regimes.

Variations in atmospheric density through
time, another parameter expected to serve as an
index of climate change, could be sought as
variations in cosmic-ray-produced nuclides in
surface samples. Galactic cosmic rays penetrate the
Martian atmosphere and, through high-energy
nuclear reactions, produce radioactive species in
the atmosphere and in the surface minerals.
Among the more scientifically valuable, long-lived
radionuclides are 14C, 3H, 19Be, 22Na, 26Al, 3%Ar,
53Mn, and 81Kr. Measurement of specific activities
of those radionuclides in surface samples can
characterize the spatial and general nature of the
cosmic-ray flux at the Martian surface. By
comparing the activities of very long-lived nuclides
(of the order of a million years) with those with
mean lives of only a few years, major changes in the
density of the Martian atmosphere might be
detected.

2.14. Biological History

Studies of possible Martian biology are
expected to emphasize identification and
geochemical characterization of carbon-bearing
materials. The first-order task will be to establish
that the carbon compounds are native to Martian
samples and not contaminants added by sampling
activity. Next, work will focus on whether the
carbon compounds appear to be residues of living
organisms or abiotic molecular precursors of life
forms.

Carbon isotope measurements (13C/12C
ratios) and sulfur isotope measurements (3S/328
ratios) have the potential for helping decide
whether organic compounds are of biological or
abiotic origins. Appreciable 13C/12C and 3§/32S
fractionations are produced by animal and plant
metabolism on Earth and similar fractionations

would be expected of extraterrestrial organisms.
Such fractionations can be larger than
fractionations produced by inorganic mineral
reactions if the biological reactions are more
effective at low temperatures. Nonetheless, use of
stable-isotope ratios as fingerprints of biological
processes would require detailed understanding of
competing inorganic reaction pathways.

There is a strong possibility that carbonate
minerals will be found on Mars. Measurement of
13C/12C ratios in such carbonates will aid markedly
in deciphering their origins. Comparison with
similar data for terrestrial and metcoritic materials
will help in interpreting the entire carbon
geochemical cycle on Mars. Isotopic comparison of
Martian carbonates with terrestrial sedimentary
carbonates, which are strongly influenced by
biological processes, should be important in the
search for isotopic signatures of possible Martian
biological processes.

Because there is no evidence for life on Mars
under current conditions (Section 2.2.1), it seems
most appropriate to focus attention on the
environmental conditions that either fostered or
pre-empted evolution of life during the carliest
period of Martian history. Accordingly, it is
essential to study samples from localities where
water was present during the first 10° years of
Martian history and to compare them with samples
where water might be available on present-day
Mars.

Electron microscopy would be a major tool in
life-science studies as a means for finding
microfossils.  In addition, direct cultures and
biological assays would involve wet-chemical
procedures. A major effort would probably involve
characterization of the trace quantities of highly
reactive compounds that produced false positive
results in the Viking biology experiments (Section
2.2.1). Principal tools would include gas and ion
chromatography, mass spectrometry, agd nuclear
magnetic resonance and electron-spin resonance
spectrometry.

In all cases, searches for biogenic compounds
or biological relics would be predicated upon
access to samples free of degradation or
contamination.



2.2. Relative Merits of Laboratory and
In Situ Analyses

The mineral separations, chemical treatments,
and instrumental sensitivities required for key
geochronological, chemical and  biological
measurements make remotely-operated
instruments impractical and point to Earth-based
analyses on returned Martian samples as the best
means for meeting the stated objectives (Table
2.2). Measurements made in situ should be used to
supplement rather than replace analyses performed
in laboratories on Earth.

In contrast with data collected by remotely
operated instruments of limited capabilities,
samples of Mars would never become obsolete. It
has been abundantly demonstrated with meteorites
and lunar rocks that planetary samples remain
fertile sources of new information that are limited
only by the sensitivity and power of the analytical
tools that are applied to them. As analytical
methods advance with time, new information can
be harvested repeatedly from a single suite of
samples. By modern standards, a kilogram of
sample can literally support hundreds of man-years
of meaningful research. Lunar rocks and soils, for
example, are now being productively studied by a
second generation of scientists using analytical
methods and interpretational models that were
unavailable and, in some cases, unanticipated in
1969 when the first lunar samples were collected
(LAPST, 1985). Prospects for study of Martian
samples are even greater because it is already clear
that Mars is much more complex than either the
Moon or the (presumed) asteroid parent bodies of
most meteorites.

In addition, laboratory analyses of samples
permit the greatest possible flexibility in responding
to unanticipated properties. Unlike automated
instruments of fixed design, laboratory analyses can
use preliminary results to guide the re-design of
experiments in order to achieve analyses of the
highest possible precision and accuracy.

Automated experiments performed in situ
serve best to analyze those properties that either
exceed the scale of a returnable sample or that are
unlikely to survive during return of the sample to
Earth. Because of the latter consideration, sample
preservation and in situ experimentation should be
orchestrated in roles of mutual support. Practical
limitations of sample preservation should exert a
strong influence on selection and design of
experiments to be performed on Mars.

Table 2.2. Roles of laboratory and in situ analyses of Martian

materials

Preferred Approach
In Situ
(Mars)

Measurement Laboratory

Objective (Earth)

Particle-size distribution X
(requires sieving or other
physical separations)

Particle morphology X
(requires evaporative coating
and electron microscopy)

Rock identification X
(requires thin sections)

Mineral Identification X
(may require serial analyses
by multiple techniques)

Trace-clement chemistry X
(requires neutron irradiation,
gamma-ray counting and

possibly wet chemistry)

Radiometric age dating X
(requires mineral separations,
wet-chemical processing and
ultrasensitive mass spectrometry)

Stable-isotopic analysis X
(requires extensive sample
pre-treatment and

ultrasensitive mass spectrometry)

Abundance and composition X
of adsorbed gas

(gases may desorb

before Earth return)

Water content X
of regolith

{metastable ice may evaporate;

level of heterogencity may

exceed sample size)




2.2.1. Lessons from Viking Lander
Experiments

Material properties of the Martian surface at
the two Viking landing sites were summarized by
Arvidson et al. (1989). Results from Lander 1
(Chryse Planitia, 22.482° N, 47.968° W) were
generally consistent with those from Lander 2
(Utopia Planitia, 47.996° N, 225.736° W) . The
Landers made no mineralogical analyses but
performed several experiments that revealed some
of the chemical properties of sediments and soils
within about 25 cm of the surface at Lander 1 and
within about 6 cm of the surface at Lander 2. No
rocks were analyzed at either site.

All three biology experiments produced
positive results for active surface chemistry among
fine-grained materials at both landing sites but
absence of detectable organic compounds
(apparently less than a few parts per billion) argued
strongly against life-based processes as the correct
explanation (Klein, 1978). It is now clear that
designing remotely operated experiments that will
give unambiguous answers to critical life-science

questions is exceedingly difficult, if not impossible.

Consequently, the prevailing body of scientific
thought now endorses detailed Earth-based studies
of returned samples as the only effective means of
assessing the biological prospects for Mars
(COMPLEX, 1977).

The Viking results did reveal the presence in
the near-surface sediments of chemical species that
can fix carbon from gaseous CO, and that oxidize
organic compounds such as Na-formate (Klein,
1978). In addition, at least one of the unidentified
species evolves gaseous O by reaction with water.
The reactive species occur at the parts-per-million
level of concentration (Appendix B4) and can be
deactivated (presumably decomposed) by heat
treatment. In addition, the fine-grained sediments
contain significant quantities of adsorbed
atmospheric gases (Oyama and Berdahl, 1977) and
approximately 1-3% water by weight (Biemann et
al., 1977; Anderson and Tice, 1979).

The bulk elemental compositions of surface
sediments, which are probably highly oxidized, are
rich in Fe, S, and Cl (Clark et al., 1982) and contain
approximately 1-7% of a strongly magnetic mineral
(Hargraves et al., 1977). The bulk-elemental
compositions and biology results have been used to
argue for a sediment composition dominated by
smectite clay minerals (Banin and Margulies, 1983)
-- materials that would require special handling
during collection and Earth return.

2.2.2. Clues from "Martian" Meteorites

If shergottite, nakhlite, and chassignite (SNC)
meteorites are rocks delivered to Earth by
meteoroid impacts on Mars (e.g, Wood and
Ashwal, 1981), why then do we need additional
samples?  The answers fall into two major
categories. First, in the absence of independently
documented samples from Mars, it is logically
impossible to establish with certainty that the SNC
meteorites are Martian rocks. Only one of the
eight meteorites in question, namely the Elephant
Moraine, Antarctica, A79001 shergottite
(EETA79001), contains physical evidence that links
it directly with Mars.  Glassy inclusions in
EETA79001 contain trapped gases that resemble
the Martian atmosphere (as analyzed by Viking
Landers) both in elemental and isotopic
composition (Bogard and Johnson, 1983; Becker
and Pepin, 1984) as well as relict grains rich in
sulfur and chlorine that compositionally resemble
the sediments at the Viking landing sites (Gooding
and Muenow, 1986).

Second, even if SNC meteorites are genuine
Martian rocks, they were randomly selected and by
no means represent the suite of samples that is
needed to answer first-order questions about Mars.
For example, the SNC meteorites are all igneous
rocks from unknown geologic terranes so that their
radiometric ages provide few constraints on ages of
surface-forming units on Mars. Furthermore, they
carry little, if any, information about the
mineralogy and volatile-element inventory of
Martian soils and sediments or evidence about
climate changes. Nonetheless, discovery of
carbonate minerals (Gooding et al, 1988) and
associated traces of possible organic matter
(Wright et al,, 1989) in shergottite EETA79001
argues strongly for existence of materials that
would require careful preservation.

The strategies and methodologies appropriate
for analyzing returned Martian samples can be
illustrated by reference to work performed on SNC
meteorites. For example, an intensive consortium
study of the Shergotty, India meteorite, the type
specimen for shergottites, was performed on less
than 25 g of material but produced data on trace-

element  compositions, radiometric  ages,
cosmogenic nuclide abundances, noble-gas
abundances, stable-isotopic compositions, and

general petrology (Laul, 1986 and papers in same
issue).
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3. SAMPLE PRESERVATION ISSUES

3.1. Essential Considerations

The value of analyses to be made on returned
Martian samples could be seriously weakened if the
samples are not properly preserved from the time
they are collected until the time they are received
in laboratories on Earth. In essence, sample
degradation equates to loss of information.
Although susceptibility to degradation can be
expected to vary as a function of sample type and
measurement category, the parameters that are at
the heart of the sample-preservation issue are
defined in Table 3.1.

The information equation pertaining to
material analyses of Martian samples is

Is = I + IM [3-1]
where the Is denotes information contained in

pristine (unaltered) samples on Mars, Ir represents
information retained in samples returned to Earth,

and Ip is the difference in information content
between pristine and returned samples that must
be recovered through in situ analyses on Mars.
Ideally, each sample collected on Mars would
be returned to Earth under conditions that were
identical to those of the environment from which it
was collected so that Ir/Is = 1. Complete fidelity
of preservation would assure that sample
properties measured on Earth were truly
representative of the natural environments on
Mars. No single set of preservation conditions
can be specified, though, because no single set of
environmental conditions applies to all places on
Mars. Mars is a dynamic planet with temperatures
and atmospheric pressures that vary with latitude,
longitude, and elevation, as well as with season. In
addition, at any one landing site, samples collected
from depth will have experienced different
temperatures, pressures, and radiation
environments than those at the immediate surface.

Table 3.1. Preservation hazards for Martian samples

Hazard

Definition

Contamination

Addition of extraneous solid, liquid, or gaseous matter that would complicate,

compromise, or preclude measurement of natural chemical or isotopic compositions of

a sample

Temperature

Increase of temperature that would foster decrepitation of solids, evaporation or

desorption of volatile elements or compounds, or chemical or isotope-exchange

reactions among components in a sample

Pressure

Increase or decrease in confining (head space) gas pressure that would lead to

desorption or surface displacement of volatile elements or compounds,

or solid-gas reactions

Ionizing Radiation

Bombardment of a sample by protons, neutrons, alpha or beta particles, or photons

(including X-rays or gamma rays) that would produce radiation damage or

obscure the record of natural radiation on Mars

Magnetic Fields

Exposure to magnetic lines of force that would obscure natural remanent magnetism

in a sample or introduce remanent artifacts

Acceleration and Shock

Mechanical disturbances that would alter or obscure natural physical attributes of

a sample, including porosity, grain shapes, particle-size distributions, degree of

induration, or layered sequences




Exact duplication of Martian conditions after
sample collection may be either impossible or
impractical for various reasons. Accordingly, the
problem of sample preservation is best approached
by identifying the probable scale of information
loss from samples as a function of the deviations of
preservation conditions from natural Martian
conditions.  In essence, the objective is to
understand how the IR/Is ratio changes with
collection and preservation conditions. Preferred
conditions for preservation will be those that yield
Ir/Is ratios close to unity.

Threats to the pristine conditions of samples
fall into two categories:

B Incidental degradation during collection and
return

B Deliberate degradation by sterilization.

Incidental degradation covers all types of
alteration caused by sampling or mission
operations whereas deliberate alteration would be
attributable  to  pre-planned,  precautionary
biological sterilization of samples.

Acquisition of samples on Mars would pose
risks principally in the areas of material
contamination and thermal degradation. Debris
abraded or shed from sampling tools, containers, or
other items of hardware must be minimized and
restricted to innocuous materials. Likewise,
mechanical energy transferred from tools to
samples during collection operations must be
regulated to prevent excessive heating of the
samples.

The conscious decision to biologically sterilize
returned  Martian  samples to  preclude
contamination of Earth by alien life forms would
profoundly affect the design of the sample-return
mission.  Biological sterilization of materials is
normally accomplished by heat treatment, chemical
treatment, or application of lethal doses of ionizing
radiation. All three methods would be offensive in
different ways to one or more categories of
analyses that would be planned for returned
Martian samples.

The following sections discuss in detail each of
the issues called out in Table 3.1. For
documentation, reference is made to published
literature as well as to letters received from
individual scientists and provided in Appendices A3
and B3. Summaries and recommendations are
provided in Chapter 4.
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3.2. Contamination

The chemical, mineralogical, isotopic, and
biological properties of Martian samples are sought
as keys to the similarities and differences between
Mars and Earth. Accordingly, Earth materials
must not be allowed to contaminate the Martian
samples in ways that would confuse or misicad
research efforts. In addition, steps should be taken
to minimize cross contamination among different
Martian samples so that natural variations will not
be obscured.

The ultrasensitive analytical methods to be
applied to Martian samples will seek precisc
determination of elemental concentrations and
variations among clemental and isotopic ratios.
Samples will be sub-divided into their component
parts and analyzed as the smallest practical
aliquots. Consequently, even minute quantities of
extraneous contaminants could have profound
effects on the measured properties.

Table 3.2 gives the minimum set of elements
that will be analyzed in Martian samples.
Regardless of whether shergottite meteorites are
Martian rocks (Chapter 2), the data in Table 3.2
illustrate the order-of-magnitude concentrations
expected for various elements in Martian geologic
samples. Contamination would occur if extraneous
matter introduced an clement into a sample at a
concentration that approached or exceeded the
natural concentration of that element in the
pristine sample. Clearly, Martian samples will be
extremely sensitive to contamination for elements
that occur naturally at the parts-per-million or
parts-per-billion levels. In contrast, a few ppm
contamination by iron or aluminum would be more
tolerable because Fe and Al occur naturally at
concentrations of several weight percent.

For example, indium-silver metal alloy was
employed as a seal material in boxes used to
containerize lunar samples on the Moon (Allton,
1989). Unfortunately, later attempts to measure
the intrinsic concentrations of volatile siderophile
elements (at ppb concentrations) in some of the
lunar samples fell into question because of possible
In contamination.

Curation of Martian samples on Earth will
probably utilize procedures for non-contamination
that were developed for lunar samples and
meteorites. However, those efforts can never
reverse contamination introduced during sample
collection and packaging on Mars. Therefore,
procedures used on Mars should be designed for
minimal contamination of the samples.
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Table 3.2. (continued)

Table 3.2. Elemental compositions of the Shergotty
meteorite and surface sediments at Chryse
Planitia, Mars (Viking Lander 1) in percent (%),
parts per million (ppm), and parts per billion
(ppb) by weight

Atomic
No. Shergotty? Mars®
2  He 0.19-0.21 ppb®
3 Li 3.3-5.6 ppm
6 C 430-620 ppm; 44-210 ppm?
7 N 132-794 ppb®
8 O (40.7-43.6%)1
9 F 4142 ppm
10 Ne 0.015-0.017 ppb©
11  Na 0.95-1.09 %
12 Mg 5.40-5.7 % 3.6 %
13 Al 3.604.02 % 39 %
14 Si 23.1-240 % 21 %
15 P 0.24-0.35 %
16 S 0.13-0.16 % 27 %
17 Q 108 ppm 0.8 %
18  Ar 3.3-9.9 ppb©
19 K 0.12-0.16 % <04 %
20 Ca 6.80-7.15 % 41%
21 Se¢ 52-59 ppm
2 Ti 0.4-05 % 037 %
23 Vv 260-265 ppm
24 Cr 0.12-0.16 %
25 Mn 0.40-0.42 %
26 Fe 15.1-15.6 % 122 %
27 Co 37.245 ppm
28 Ni 56-88 ppm
29 Cu 26-54 ppm
30 Zn 62-83 ppm
31 Ga 15-17.6 ppm
33 As 0.025 ppm
34 Se 0.29-0.47 ppm
35 Br 0.60-0.89 ppm
37 Rb 4.5-7.27 ppm < 30 ppmé
8 Sr 45-51 ppm 60 ppm?®
39 Y - 70 ppm&
40 Zr 50-67 ppm < 30 ppmé
42 Mo 0.37 ppm
47  Ag 6.8-110 ppb
48 Cd 0.014-0.34 ppm
49 In 0.023-0.026 ppm
51 Sb <510 20 ppb
52 Te 3.2-19 ppb
53 1 0.036-0.050 ppm
55 Cs 0.36-0.48 ppm
— continued —

Atomic

No. Shergotty? Mars?
56 Ba 2740 ppm

57 Lla 1.50-2.44 ppm
58 Ce 3.51-6.4 ppm
59 Pr 0.70-0.88 ppm
60 Nd 2.604.7 ppm
62 Sm 1.01-1.89 ppm
63 Eu 0.43-0.65 ppm
4 Gd 1.64-2.8 ppm
6 Tb 0.41-0.52 ppm
66 Dy 2.164.8 ppm
67 Ho 0.56-0.86 ppm
69 Tm 0.30-0.38 ppm
70 Yb 1.19-1.80 ppm
7 Lu 0.18-0.26 ppm
72 Hf 1.50-2.23 ppm
73 Ta 0.18-0.29 ppm
W 0.4-0.5 ppm
m Ir < 5 ppb

79 Au 0.81-16 ppb
81 T 0.15-14.0 ppb
82 Pb 94 ppbf

83 Bi 0.47-2.4 ppb
9 Th 0.25-0.39 ppm
92 U 0.055-0.17 ppm

2 L aul et al. (1986), except where noted

b average "deep” sample; Clark ct al. (1982)

€ all isotopes; Becker and Pepin (1986)

4 excluding C extracted at < 600 C; Wright et al. (1986)

€ excluding gas extracted at < 600 C; Becker and Pepin (1986)
l sample 3A: Chen and Wasserburg (1986)

£ Clark et al. (1976)

h by difference from sum of major elements

Apollo designs were required to avoid Pb, U,
Th, Li, Be, B, K, Rb, Sr, noble gases (He, Ne, Ar,
Kr, Xe), rare earths (La-Lu), microorganisms, and
organic compounds; those same contaminants
(including In and other trace siderophile elements)
should be avoided among Mars sample tools and
containers. Acceptable Apollo materials included
Teflon, aluminum, and certain stainless steel alloys
(Allton, 1989). Mars tools and containers should
be fabricated of materials that are chemically
nonreactive and that can be readily recognized as
artificial if unavoidably introduced into a sample.
Ideally, each tool/container material should be
homogeneous and possess distinctive chemical and
isotopic signatures that would permit its reliable
"subtraction" from an analytical data set.



For geologic samples, contamination by a given
chemical element should be tolerable if it does not
exceed a small fraction of the concentration of the
element as listed in Table 3.2. For example, the
Viking Landers found no fixed carbon in near-
surface Martian sediments at the detection limits of
a few ppm. Except for traces of carbonate
minerals, the total carbon contents of shergottite
meteorites are only a few hundred ppm, most of
which might represent terrestrial contamination.
In fact, if the carbon extracted from the samples at
< 873 K is dismissed as contamination, the
concentrations of indigenous, non-carbonate
carbon in shergottites might be as low as 44 ppm
(Wright et al, 1986).  Accordingly, any carbon
contamination of Martian samples should be
assiduously avoided and limited to < < 44 ppm.

Given the apparently high oxidizing potential
of Martian soils (Section 2.2.1; Appendix B4), a
property not displayed by lunar soils, the materials-
compatibility problem will require further study.
Materials that might be stable with respect to
reaction under lunar conditions might exhibit
corrosion under Martian conditions.

Because the Martian atmosphere is only about
1% as dense as Earth's atmosphere and very
different in elemental composition (Table 3.3),
atmospheric samples collected at Martian ambient
pressure could be highly susceptible to
contamination.  Any off-gassing by spacecraft
systems or any subsequent leakage of Earth
atmosphere into the sample containers would
seriously degrade the samples. Container leak
rates estimated by Bogard et al. (1979) are
summarized in Table 34. For the conditions
postulated, it was found that a Mars atmospheric
sample at Mars-ambient pressure could become
contaminated with Earth atmosphere at the level of
0.1% within 10 days for most gases except CO».
Because COj occurs at such a low concentration in
Earth's atmosphere, the partial pressure of CO;
would be greater inside the Mars sample container
than outside it. Consequently, there would be only
minor contamination by inward diffusion of CO».
For all other gases, however, partial pressures
inside would be less than those outside and the net
tendency for inward leakage of gas would represent
a significant contamination threat.

Cross-contamination between samples should
also be minimized. Although the compositional
variations across the Martian surface remain to be
determined, at least two fundamentally different
types of samples can be postulated. High sulfur
and chlorine concentrations in the soils/sediments

13

(Table 3.2) suggest salt minerals that might be rare
or absent in the rocks. The oxidation states and
mineralogical compositions of rocks and
soils/sediments are also expected to differ
significantly. Furthermore, if SNC meteorites are
Martian rocks (Chapter 2), then at least three
different rock types exist on Mars. In any case,
neglect of cross-contamination issues could
unnecessarily complicate laboratory analyses of the
samples and, in the worst case, prevent recognition
of subtle differences among samples.

Little or nothing can be done about
contamination of rocks by fine-grained soils or
sediments with which they are naturally associated.
It is more important that care be taken not to mix
different types of rocks or different types of
soils/sediments.

Table 3.3. Near-surface atmospheric compositions (volume
basis) on Mars (Owen et al., 1977) and Earth.
Mars Earth
CO2 953 % 0.03 %
N2 27 % 781 %
Ar 1.6 % 0.93 %
(0] 013 % 210 %
co 0.07 % < 1ppm
H0 0.032 % 08 %
03 0.03 ppm < 0.1 ppm
Ne 2.5 ppm 1800 ppm
Kr 0.3 ppm 100 ppm
Xe 0.08 ppm 8 ppm

3 Typical value; known to vary
b 50% relative humidity at 298 K

Table 3.4. Estimated contamination from Earth's atmosphere
for leakage into a 1000 cm> Mars sample container
at a rate of 10" cm3 STP/sec for 10 days (Bogard
et al,, 1979).

COz Negligible

N2 7x10% cm3 STP
Ar 9x106

(o)) 2x 104

Ne 2x108

Xe 8x 10711
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3.3. Temperature
Possible effects of temperature rise on Martian
material can be separated into two categories:
decrepitation and reaction.  Decrepitation occurs
when solid phases containing volatile clements
decompose with evolution of gas. In thc broad
sense, decrepitation can also include irreversible
desorption of gases from solid surfaces. Chemical
reactions involve destruction of original phases and
possible creation of new phases whereas isotope-
exchange reactions involve redistribution of isotopes
of a given element among various chemical phases.
Temperatures at the upper skin of the Martian
surface vary greatly with both latitude and season
(Fig. 3-1) and with time of day (Fig. 3-2). Below
the surface, however, temperature variations are
increasingly moderated with depth so that, even
during daytime in summer, samples taken from
depths greater than 25 cm will be 30-50 K colder
than at the upper surface (Fig. 3-3). Therefore, at

a given sampling locality on Mars, the appropriate
preservation temperature for a sample taken from
depth will generally be tens of degrees lower than
for a sample taken from the free surface.

Samples from areas poleward of 80° latitude
would be accustomed to < 200 K at all depths (Fig.
3-1). Accordingly, it is samples taken from polar
areas or from depth at any latitude that could be
most sensitive to uncontrolled temperature rise.

Many different changes in Martian samples
can be expected as temperatures rise from Mars
ambient values (Fig. 3-4). Although the melting
point for water ice (273 K) is a well-known
milestone, processes unfavorable to sample
preservation can also occur at sub-freezing
temperatures. Above the melting point, major
changes are expected and, above the biological
sterilization interval (about 420-430 K), changes
would be profound. Detailed accounts of the
possible temperature-related sample degradations
are given in the following sections.
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Figure 3-1.

Maximum surface skin temperatures (degrees Kelvin) predicted for Mars as functions of latitude and season (modified

from Kieffer et al.,

1977).

All seasonal milestones refer to the northern hemisphere. Relative to the surface

temperatures shown here, sub-surface temperatures should be colder at all locations (see Fig. 3-3). Also, becausc of

differentiai heating effects, the surface skin temperature will tend to be warmer than that of the near-surface atmosphere
at the same location (compare with Fig. 3-2). Viking Landers 1 and 2 sampled latitudes 22° N and 48° N, respectively,

with the primary missions occurring during northern summer.



33.1. Sub-Freezing (< 273 K)

Samples heated to 200 K should see any cubic
water ice converted to ordinary (hexagonal) water
ice, sublimation of any CO» ice, and incipient
desorption of permanent gases such as Nj, O, and
Ar. Heating to 230 K would substantially desorb
gasecous COp (see Section 34) and begin
liquifaction of any Ca,Mg-chloride brines (Brass,
1980).
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Figure 3-2.

Typical diurnal temperature variations in the near-
surface atmosphere at the Viking Lander 1 and 2
sites (modified from Hess et al., 1977). Local noon
is at 12 hr and midnight is at 0 and 24 hr.
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Heating to 235 K could foster development of
liquid-like capillary water on clay-mineral
substrates. Survival of unfrozen water to such low
temperatures has been documented for
montmorillonite-water  systems by numerous
laboratory experiments (e.g, Anderson and
Morgenstern, 1973). Even though the capillary
water might not be truly liquid in the strict,
thermodynamic sense, its mobility might be
sufficient to foster ionic migration and, therefore,
aqueous geochemical processes in the ostensibly
frozen sample. Both chemical and isotope-
exchange reactions might ensue.
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Figure 3-3.

Sub-surface temperature profiles modelled for
Viking Lander sites (after Kieffer, 1976). For each
landing site, the two-limbed envelope shows the
temperature limits expected during one day-night
cycle. At depths > 25 cm, though, samples would
have probably experienced temperatures no higher
than about 220 K.

Figure 34.

Potential degradation of Martian samples during
warming. "VL" temperature ranges are those
measured at the Viking Lander sites during northern
summer. The 24-cm temperature corresponds to
Fig. 3-3. Note that liquid-like capillary water can
form at temperatures as low as 235 K and that
thermodynamically liquid water can form at > 263
K. The 423 K "sterilization” milestone is only a
typical temperature within the dry-gas sterilization
range of 390-590 K.



16

Heating to 263 K could form true liquid water
despite the fact that pure bulk ice exhibits
equilibrium melting at 273 K. Extensive studies of
the physics of soil mixed with geologic materials
have shown that incipient melting of ice
disseminated in a fine-grained, porous medium can
occur at tens of degrees Kelvin below the 273 K
milestone. Above 263 K, this unfrozen water
oceurs as films that are many molecular layers thick
(McGaw and Tice, 1976). Therefore, it appears
that water-based chemistry could proceed in any
ostensibly frozen soil at temperatures > 263 K.

Professor John Oro (personal communication,
1987) suggested that degradation of certain highly
sensitive biochemical compounds begins at
temperatures of 253-263 K. Franks (1982)
reviewed evidence for measurable reaction rates of
enzymes at temperatures as low as 250 K
Therefore, concerns for biological materials would
seem to require preservation at sub-freezing
temperatures.

Stable-isotope exchange reactions can also
proceed at sub-freezing temperatures. Notable
examples include oxygen exchange between calcite
and water and deuterium exchange between liquid
water and water vapor (Friedman and O'Neil,
1977). For salt minerals at sub-freezing
temperatures, oxygen exchange might be sluggish
but hydrogen exchange might be significant over
periods of months (Kyser, 1987).

Because water-based chemical or isotopic
changes would comprise some of the most rapid
and serious sample degradations, preservation
temperatures must address the issue of unfrozen
water. For deep Martian samples that might never
have experienced temperatures > 230 K, relaxation
of preservation temperature to 273 K might invite a
host of undesirable and irreversible chemical and
isotopic changes.

33.2. Cool Thawing (273-300 K)

Above 273 K, any ice would be converted to
liquid water and both chemical and isotope-
exchange reactions would greatly accelerate. Both
hydrogen and oxygen exchange reactions would be
significant on the time scale of months for COy-
H)O gas systems and for some hydrated sait
minerals; carbon isotope exchange reactions would
be significant for CO»-CO3%" in aqueous solutions
(Kyser, 1987).

The trace oxygen-rich compound(s) discovered
by the Viking Lander Gas Exchange (GEX)
experiments (Oyama and Berdahl, 1977) would

irreversibly decompose by reaction with available
water to liberate oxygen gas.

At 280-290 K, any vaterite (a low-temperature
polymorph of CaCO3) would irreversibly invert to
calcite.  Accordingly, possibly important details
about carbonate formation on Mars would be
irretrievably lost.

33.3. Sub-Sterilization (300-400 K)

Several different processes of irreversible
change would begin above 300 K. First, any
hydromagnesite (a hydrous Mg-carbonate) would
irreversibly invert to nesquehonite, thereby
destroying important details about carbonate
formation on Mars. Next, various hydrated
minerals, including sulfates, clay minerals, and
zeolites, would begin to lose water. Some of the
water loss would be reversible because later
humidification could partly or wholly restore the
lost water. The stable-isotopic composition of the
original water, however, would be information that
could not be reconstructed.

As shown by the Viking Lander biology
experiments (Klein, 1978), the trace quantities of
oxidants in Martian sediments decline in reactivity
upon heating over the 320-400 K range. Available
evidence suggests that more than one oxidant exists
and that the loss of reactivity is irreversible and
results from decomposition of the oxidants
(Appendix B4). Consequently, any hope of
identifying the oxidants in returned Martian
samples would be lost if the samples were heated
above about 320 K.

In this temperature interval, hydrogen and
oxygen isotope exchange reactions, between solids
and water vapor or liquid water, would occur
readily for most non-silicate minerals and carbon
isotope exchange reactions involving carbonates
would become more rapid (Kyser, 1987).

33.4. Sterilization and Decrepitation
(> 400 K)

Above the temperature generally recognized as
adequate for biological sterilization (423 K), many
profound chemical and mineralogical changes
would occur in samples. The treatment given
below will not address biological concerns which,
by definition, are abdicated by electing sterilization.
Instead, geochemical consequences of sterilization
will be emphasized. The most important
mineralogical effects of decrepitation would be loss
of HyO from hydrous silicates, oxides, and salts



and loss of COj from carbonates. Devolatilization
is most pronounced for heating under vacuum,
where volatiles are removed continuously.
Hydrated silicates most susceptible to this type of
degradation are clay minerals and zcolites; those
least susceptible are amphiboles and micas.

Critical temperatures and products of
sterilization-induced mineral reactions can be
expected to vary with the total pressure and gas
composition (especially partial pressure of water
vapor, PH20) in contact with the sample. Dry
sterilization (i.e., performed without steam) is
normally accomplished by heat soaking at 390-590
K for a few hours (time varies inversely with
temperature); two hours at 423 K would be typical.
Transition temperatures expected under low-
pressure, dry conditions are those depicted over the
300-1000 K range in Fig. 3-4. Other details can be
found in letters by Hower, Fournier, Anderson,
Papike, and by Bence, Smith, Baily, Skinner, and
Sato (Appendix A3).

For many different Mars-analogous minerals,
Kotra et al. (1982) experimentally verified the
expected devolatilization reactions (Table 3.5).
Threshold temperatures for devolatilization vary
with heating rate, atmospheric pressure, and gas
composition. For a given heating rate,
devolatilization began at lower temperatures under
vacuum, relative to one-atmosphere experiments.
For a constant heating rate and pressure,
decarbonation began at substantially lower
temperatures under Np than under CO».
Accordingly, decrepitation of carbonates during
sterilization could be retarded by high pressures of
CO, but carbon and oxygen stable-isotopic
exchange reactions between the carbonates and the
CO, might be extensive.

The effects of internal reaction are more
difficult to access and depend initially on the levels
of PH20 reached during sterilization. These levels
will be highest if heating occurs in a sealed
container and either water is added or a large
amount of hydrous material is originally present in
the sample. In general, sterilization under high
PH20 should skew the onset of potential reactions
to lower temperatures and increase their rates.
Feldspars would probably suffer surface alteration
to mica-like phases whereas olivines, pyroxenes,
and amphiboles would probably develop surface
layers of chlorite-like phases. At temperatures >
373 K, oxygen isotope exchange reactions would
occur at significant rates for clay minerals and
related silicates (O'Neil, 1987).
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Table 35. Volatile-release
materials heated 10 K/min under l-atm dry N3
(adapted from Kotra et al., 1982)

temperatures of  geologic

Temperature (K) of Initial
Decrepitation (H20 loss,

Mineral unless otherwise noted)

Goethite, FeO(OH) 493-513
Diaspore, AIO(OH) 673

Siderite, FeCO3 738 (CO2)
Magnesite, MgCO3 703 (CO2)
Calcite, CaCO3 933 (COy)
Dolomite, CaMg(CO3)2 903 (CO7)
FeSO4° 7H0 373; 873 (SO3)
Fex(SO4)3 - n HO 373, 873 (SO2)
MgSO4 - 7H20 373; 1143 (SO2)
Gypsum, CaSO4 - 2 H20 383

Dickite, Al2Si205(OH)4 673

Kaolinite, AlSi2Os(OH)4 713
Montmorillonite, 848

(Na,Ca).3(Al,Mg)2Sig010(OH)2 - n H20

Perhaps the most delicate property to be
affected by sterilization is the extent of oxidation.
Determination of the intrinsic oxygen fugacity of
igneous minerals would be extremely important to
define the role of oxygen in Martian volcanic
processes and the origin of the Martian
atmosphere. However, as Sato and Wones point
out in their letters (Appendix A3), the preservation
of the oxidation state of the returned sample
depends critically on any sterilization. Heating in
vacuum entails loss of hydrogen and a change in
oxidation state. If graphite or other carbon-bearing
material (including carbonate minerals) is present,
heating may produce chemical reduction of silicates
and oxides. To overcome the loss of hydrogen, the
sample could be sealed within a sample chamber
lined with ultrahigh-purity gold.

Rates of thermal decrepitation should be
controlled by formation of devolatilized surface
layers which slow the outward diffusion of
additional volatile compounds through the surface.
Careful, well-conceived experiments are still
needed to quantify the kinetics of such processes.

In addition to the mineral decrepitations
depicted in Fig. 3-4 and discussed above, samples
subjected to thermal sterilization might also suffer
destruction of any fluid inclusions, resetting of
mineral geothermometers, and annealing of
radiation damage.
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Behavior of fluid inclusions (usually water-
based) in minerals during heating and refrigeration
can yield unique information concerning the
physical and chemical conditions under which the
minerals formed. Heat treatment at < 550 K will
have relatively little effect except for incompetent
and cleavable minerals, such as carbonates and
nitrates, which are expected to decrepitate at
significantly lower temperatures in response to
internal pressures developed in the inclusions
(Roedder letter, Appendix A3).

Mineralogical geothermometry uses
crystallographic states of certain minerals, or
elemental distributions between certain mineral
pairs, to deduce the temperature at which the
minerals formed. Heat sterilization will negate
opportunities for thermometry if it modifies crystal
structures or changes elemental distributions in the
thermometer minerals. Temperatures of formation
based on mineral structure or composition will not
be compromised if the assemblage does not change
below the sterilization temperature, provided that
the threshold for change is not markedly affected
by the nature of the vapor phase in equilibrium
with the assemblage. The thermometer minerals
most resistant to heat modification are those with
low diffusivity, high hardness, and high melting
points. Therefore, mineral assemblages in igneous
or metamorphic rocks are likely to survive,
provided that the vapor phase is not greatly
different from that present during the history of the
assemblage on Mars. Those minerals most
amenable to geothermometric methods are
silicates, transition element oxides, sulfides with
high melting points, and anhydrous carbonates.
Those that would not provide geothermometric
information after sterilization are hydrated
minerals, oxysalts, and sulfides with low melting
points.

The extent of heat sterilization of a returned
sample would markedly affect the amount of
information that could be gained from cosmic-ray-
induced or fission-induced nuclear particle tracks
or from radiation-induced thermoluminescence
(TL) (Section 3.5). The case of annealing of tracks
within a mineral is proportional to rates of
self-diffusion of elements within the mineral. As a
general rule, the harder a mineral and the higher
its decomposition temperature, the greater its
resistance to track annealing. Heating would also
free trapped electrons, thereby erasing natural TL.

A summary of track annealing temperatures is
listed in Table 3.6. Large annealing effects should
not be noticed in most minerals below 423 K but

very noticeable effects should be observable after
one day at 623 K (R. Walker and C. Naeser letters,
Appendix A3). The latter treatment would degrade
the information to be obtained but would not
totally crase it, especially in minerals from basaltic
and high-grade metamorphic rocks.

Lower temperatures maintained for longer
times would be equivalent to higher temperatures
maintained for shorter times. For example, apatite
held at 498 K for 10* min. (6.9 days) would also be
partly annealed (Naeser and Faul, 1969). Presence
of water vapor would markedly increase the track
annealing rates. Further work is required on the
kinetics of track annealing, especially in clay
minerals or other minerals of low-temperature
origin.

In the context of natural TL, the lower
maximum surface temperatures on Mars, relative
to the Moon, suggests that a much greater portion
of trapped clectrons should remain stored in
Martian samples. TL could be used on a Martian
deep-core sample for determining natural
radiation-shielding depths in the material and
potentially for derivation of planetary heat flow
(Arvidson letter, Appendix A3). TL would be
adversely affected by any heat treatment > 373 K.

Table 3.6. Temperatures (K) for which one-hour heat

treatment anneals nuclear particle tracks

373 Basaltic glass (MacDougall, 1973)
Lunar impact glass (Fleischer et al,, 1971)

473 Feldspar glass (Fleischer et al., 1968)
Basaitic glass (Fleischer et al., 1969)

573 Apatite (Naeser and Faul, 1969)
Lunar impact glass (Fleischer and Hart, 1973)

673 Phlogopite (Maurette et al., 1964)
Muscovite (Fleischer et al., 1964)

773 Pyroxene (pigeonite) (Fleischer et al., 1965a)
Olivine (Fleischer et al., 1965b)

873 Sphene (Naeser and Faul, 1969)
Diopside (P.B. Price, Appendix A3)
Epidote (Naeser et al., 1970)
Garnet (P.B. Price, Appendix A3)

973 Zircon (Fleischer et al., 1965b)
Feldspar (Fleischer et al., 1965a)




3.4. Pressure

At a constant temperature, increase in
confining pressure associated with Martian samples
can cause adsorption of gases whereas a pressure
decrease can cause gas desorption. Either process
will almost certainly alter the character of the
sample relative to its state when collected.
Sufficiently high increases in pressure can drive
chemical or isotope-exchange reactions that might
irreversibly change the natural character of the
sample.  Accordingly, preservation of Martian
samples must address both the total pressure and
composition of head-space gases in contact with the
samples.

Atmospheric pressure at the Martian surface
varies with both elevation and season. At low
elevations such as the two Viking landing sites, the
seasonal range lies between about 6.5 mb and 10
mb (Fig. 3-5). The chemical composition of the
near-surface Martian atmosphere is mostly CO,
with traces of Ny, Ar, Oy, and HyO (Table 3.3).

The major source of pressure rise would
probably be desorption of gases during warming of
a Martian sample in a sealed container.
Laboratory experiments have shown that, under
simulated Martian conditions, large quantities of
gaseous COp can be adsorbed on reasonable
geologic analogs of Mars surface materials (Fig 3-
6). The same materials can also adsorb substantial
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Figure 3-5.

Seasonal variation of atmospheric pressure at the
Viking landing sites (modified from Hess et al.,
1980). The gap in the VL-2 curve reflects absence of
available data from the Lander. Other smaller gaps
have been artificially smoothed out in both the VL-1
and VL-2 curves.
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Figure 3-6.

CO; gas adsorption on powdered samples of Mars-
analogous geologic materials as a function of
temperature (modified from Fanale and Cannon,
1979). The vertical dotted line represents a typical
partial pressure of CO3 in the Mars atmosphere.

water vapor (Fanale and Cannon, 1974) as well as
noble gases (Fanale and Cannon, 1978). The
general trend, as shown in Fig. 3-6, is for increasing
adsorbed gas load with decreasing temperature.
Accordingly, fine-grained soils and sediments on
Mars are expected to contain substantial quantities
of adsorbed gases prior to collection.

Two useful end-member materials for gas
adsorption/desorption studies are powdered basalt
and powdered smectite clays. As reviewed in
Chapter 2, mafic igneous rocks akin to basalts are
expected to comprise a large proportion of the
Martian crust. Chemical alteration and weathering
of those mafic rocks is expected to produce various
fine-grained, volatile-bearing phases, possibly
including smectites or smectite-like mineraloids.
Smectites, in particular, are known to have very
large specific surface areas and strong gas
adsorptivities.  Powdered basalts possess only
modest specific surface areas and adsorptivities and
can be considered a baseline model for a
particulate regolith on Mars.

Using knowledge of desorption characteristics,
the pressure rise as a function of temperature for a
sealed sample can be readily computed. Fig. 3-7
summarizes pressure rises expected for the
hypothetical cases of basalt and nontronite (ferroan
smectite) regolith samples. Initial CO, loads are
taken from experimental data (Fig. 3-6)
corresponding to a 7-mb Martian atmosphere
whereas initial HoO loads are estimated from basic
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mineralogical properties and common experience.
Naturally, effective head-space pressures would
vary with the volume of the container, the weight of
solid sample, and the degassing history of the
sample prior to sealing in the container.
Nonetheless, results depicted in Fig. 3-7 point out
the magnitude of pressure rise to be expected for
gas desorption from cold regolith samples.

Fig. 3-7 poses two hypothetical cases: warming
of fine-grained samples originally gas-saturated at
158 K and 230 K, respectively. The 158 K case
would apply to samples collected from polar areas
whereas the 230 K case would apply to samples
collected from depths > 25 cm at equatorial and
temperate latitudes (Section 3.3).

Beginning at Mars atmospheric pressure (0.01
atm) and using the 7-mb data from Fig. 3-6 to
model CO  desorption  with increasing
temperature, it is found that, by 230 K, head-space
pressure above basalt and nontronite samples
initially gas-saturated with CO; at 158 K are 0.56
atm and 6.0 atm, respectively. If all CO; desorbs
by 300 K, respective pressures become 0.98 atm
and 9.1 atm. Above 300 K, pressure increase was
modelled according to the ideal gas law.

It is assumed that no HO desorption occurs
below 230 K so that pressure rise below 230 K is
attributable solely to CO desorption. (Additional
pressure from desorbed N, and Ar is neglected.)
Above 230 K, desorption of water is expected to
become important. For basalt, an initial water load
of 1% was assumed to desorb to 0.1% by 300 K and
to 0.01% by 400 K.  Consequently, at 300 K, the
partial pressures of gas above the initially coldest
basalt (158 K) would be 0.98 atm CO7 and 7.4 atm
H,0. Using an initial water load of 20% for the
initially coldest nontronite (158 K), with 18% being
retained on the substrate up to 300 K, equivalent
results were 9.1 atm CO5 and 18 atm H,O at 300
K. For the case of samples gas-saturated at 230 K,
corresponding total pressures at 300 K would be
19.5 atm for nontronite and 7.6 atm for basalt.
Based on laboratory experience with clay minerals,
major desorption of water from nontronite was
assumed to occur at 300-400 K.

To minimize pressure rise, gas-rich samples
must either be kept extremely cold (i.e., < 230 K)
or degassed prior to sealing in containers.
Although model desorption profiles for HO
should be measured precisely, it already seems
clear that pressure management should be more
difficult for COp + HyO than for COj alone.
Head-space gas pressure should not exceed
thresholds for material decomposition or for
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Figure 3-7.

Head-space pressures developed by desorption of
gases from Mars-analogous materials inside a fixed
volume. (Top) Desorption of CO2, modciled using
data from Fig, 3-6. (Bottom) Total pressure from
desorption of CO32, as above, plus desorption of
H30 estimated from mineralogical properties.

chemical or isotope-exchange reactions.

At least one of the oxidants discovered in
Martian sediments by the Viking Landers is known
to decompose, with voluminous release of Oy,
upon humidification (Oyama and Berdahl, 1977).
Desorption of water vapor from a sealed sample
could humidify the container and decrepitate the
subject oxidant.

Stable-isotope exchange reactions under the
subject conditions (low T, high P) have not been
extensively studied but, from the law of chemical
mass action, any increase in Pcoz or PH20 should
foster increased rates of 13C/12C and 130/160
exchange reactions, respectively. Such reactions
could irreversibly change the stable-isotopic
compositions of any carbonate or hydrated
minerals in the sample.



3.5. Ionizing Radiation

The cosmic-ray bombardment records
preserved in the surfaces of Martian rocks are
expected to provide valuable information about
variations in density of the Martian atmosphere
through time (Arvidson et al, 1981). Also,
radiation damage accumulated in samples through
cosmic-ray bombardment and through in situ decay
of natural radionuclides can be used to age-date
the  samples through the method of
thermoluminescence (TL) (e.g., Wendlandt, 1986).
Care must be taken, however, to minimize effects
of irradiations experienced by samples outside their
natural environments after they are collected. Such
extrancous irradiations might obscure the natural
records that are sought in the samples. Concerns
about preservation of natural irradiation records in
Mars samples were expressed in letters by P.
Englert and by R. Reedy, W. Feldman, and D.
Drake (Appendix B3).

Cosmic radiation is subdivided into solar
cosmic rays (SCRs) and galactic cosmic rays
(GCRs) (Table 3.7). The Martian surface is mostly
shielded from SCRs by the Martian atmosphere
(2.6 g/cm? shielding for each mbar of pressure),
which also provides differential shielding against
GCRs. GCRs consist of very heavy (VH) nuclei (Z
> 20), which impart damage through ionization of
target atoms, and free nucleons (protons and
neutrons), which impart damage through nuclear
spallation reactions.  Products of GCR VH
bombardment are microscopic cylindrical traces of
crystal-structure damage that become visible as
“"tracks” in polished grain mounts after suitable
chemical etching. Products of spallation include
noble-gas nuclides (e.g., 3°Ar, "Kr, 83Kr) that must
be extracted from a sample by pyrolysis and
measured with an ultrasensitive mass spectrometer.
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By-products of GCR (and SCR)
bombardment, especially secondary gamma
radiation, also produce electron-hole damage that
forms the basis of the TL effect. Radiation
received by the sample leads to electrons being
trapped in energy levels in the "forbidden" band gap
of the solid. Ambient temperatures on the planet
can cause some of the electrons to be released
from these traps. By studying the increase in
trapped electrons, in response to radiation intensity
and ecnergy release upon systematic heating,
information on radiation-filling and thermal
drainage should be obtained. From these studies,
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Production rates of radiation damage effects in Mars
surface materials as a function of shielding (modified
from Arvidson et al,, 1981.) Note that SCR effects
become important for shielding < 5 g/cmz, which is
equivalent to 2 mb of Mars atmosphere. Under
typical
atmospheric pressure of 7 mb, most Mars samples
are protected from SCR track damage.

current climatic conditions, with a

Table 3.7. Characteristics of solar cosmic ray (SCR) and galactic cosmic ray (GCR) components (after Reedy et al., 1983)

Energies Mean flux at Earth Penetration Depth
Radiation (MeV/nucleon) (paniclcs/cmzlscc) in Rocks (cm)
SCR protons and He nuclei 5-100 - 100 0-2
SCR very heavy (VH) nuclei -1 0-0.1
GCR protons and He nuclei 100-3000 3 0-100
GCR very heavy (VH) nuclei - 100 0.03 0-10
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gamma-ray equivalent dose of radiation can be
determined and, hence, a radiation history can be
obtained for a given sample. The technique has
been applied successfully to lunar samples and
meteorites. One of the most important kinds of
information that can be obtained from TL studies
is the depth of burial of a sample below the surface;
this can be calculated from the determination of
the effective storage temperature for the electron
traps. Penetrating radiations seriously affect data
that can be obtained. Even exposure to visible light
degrades results, and sampling is done ideally in
red light (R. E. Arvidson letter, Appendix A3).

The Martian atmosphere effectively shields
against VH nuclei but not against nucleons.
Therefore, the abundance ratio of tracks to
spallation products should be sensitive to variations
in density of the Mars atmosphere (Fig. 3-7). In
fact, for an atmospheric pressure change from 1 to
100 mbar (i.e., change of 3 to 300 g/cm? shielding),
the track/spallation-product ratio changes by five
orders of magnitude (Fig. 3-9). Because relative
production rates for tracks and spallation products
are so sensitive to shielding (Figs. 3-8, 3-9), major
changes in the shielding history of a sample, during
collection and return to Earth, could pose a threat

to the recoverable information. Production of
tracks and spallation products in bulk meteorite
samples irradiated in interplanctary space are
ordinarily considered as occurring on time scales of
105-107 yr. For a planetary surface sample,
however, actual measurements may depend on
individual mineral grains that could be perturbed
by even short-lived fluxes of extraneous radiation.
In addition, irradiation effects can vary greatly with
depth in a sample. For example, in the outermost
103 cm of a mineral grain with no atmospheric
shielding, the VH-nuclei track production rate
could be as high as 10° cm™ yr'! (Fig. 3-10) (Reedy
et al., 1983). Because the elapsed time between
collection and Earth-delivery of a Mars sample
might be one year or longer, extraneous track
production in improperly shiclded samples could
accrue into a major fraction of the total measurable
track population in a given grain, Similarly, in the
absence of atmospheric shielding, production rates
of spallogenic ®Be and 26Al within the outermost 1
cm of a rock would be approximately 1013 decays
kg! min! (Fig. 3-10). SCRs are especially
important in production of 26A1 and might become
significant once a Mars sample was lifted above the
SCR shielding provided by the Mars atmosphere.
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Relative production rates of track damage and
spallation T8Kr at the Mars surface (e.g., free surface
of a rock) and in the deep regolith (modified after
Arvidson et al., 1981). The strong dependence of the
track/spallation-gas ratio on atmospheric shielding
forms the basis of climatology information in sample
irradiation records. The deep-regolith curve
represents the same ratio from the bottom of the
atmosphere to a depth within the regolith that

exceeds the penetration range of GCRs.

Production rates for tracks and spallation nuclides
calculated for a lunar basaltic rock directly exposed
to SCRs and GCRs (no shielding) The shaded area
reflects uncertainties in fluxes of low-energy SCR
VH nuclei (modified after Reedy ct al, 1983).
Similar rates should apply to Martian rocks. Note
that the unshielded outermost surface of a rock
would accrue significant damage over the 1-2 years
that might typify surface-operation and Earth-return
phases of a Mars sample-return mission.



Radiation-shielding requirements for Mars
samples are traceable to two major concerns:

® Naturally well-shielded samples taken from
depth on Mars (e.g., > 10 cm) will be exposed
to high doses of GCRs upon excavation.

B All Mars samples, regardless of depths of
origins, will be exposed to high doses of SCRs
(or their secondary products) after liftoff from
Mars.

GCR nucleons are very highly penetrating and
their stoppage requires shielding on the order of
1000 g/cm? (Fig. 3-8) -- a value that is extremely
impractical in weight-limited spacecraft systems.
Furthermore, moderate to large shielding depths
levied against - 1 GeV nucleons (aside from those
needed for complete stoppage) become self-
defeating. GCR bombardment of the shield
material produces cascades of secondary nucleons
that impart additional radiation damage. Indeed,
in a mass-limited shielding environment, total
radiation damage from GCR nucleons is minimized
by minimizing shielding.

Total shielding cannot be "zero", however,
because some protection must be provided against
the less energetic, but still damaging, primary
SCRs. As shown in Fig. 3-8, contributions by SCRs
to heavy-nuclei track damage becomes significant
only for shielding less than S g/cm?. At higher
shielding values, no additional protection against
SCRs is gained but additional complications are
incurred  through rapid changes in the
track/spallation production rates and in increasing
secondary damage from GCRs. Accordingly, all
factors considered, a baseline shielding value of 5
g/cm? is recommended for collected Mars samples.

It should be understood that 5 g/cm?
represents  the  total shielding, including
contributions from containers and spacecraft
structures. When container and spacecraft effects
are considered, along with effects of adjacent
samples, additional dedicated shields may be
unnecessary. Indeed, the minimum structures
required to containerize and transport samples
during Earth return might contribute shielding > 5
g/cm?, In that case, neutron absorbers (e.g., B, Li,
Cd) might be desirable additions to hardware
surrounding the samples to reduce secondary
radiation from GCRs. In any event, either passive
or active monitors of ionizing radiation would be
desirable sensor companions to the samples.
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3.6. Magnetic Fields

Permanent magnetization of Martian rock
samples will be sought as evidence for ancient
planetary magnetic fields on Mars. Therefore, any
degradation  or  obscuration  of  natural
magnetization in the samples will be viewed as a
significant loss of paleomagnetic information. The
samples must be protected against events that
might either erase natural magnetization or induce
artificial magnetization. Concerns held by
specialists in rock magnetism are reflected in the
letter by D. Collinson and A. Stephenson
(Appendix B3).

Both heating and shock are known to be
deleterious to remanent magnetism in rocks and
should be avoided. The maghemite/hematite
solid-state phase transition, which can occur over
the 350-650 K range for various samples (Fig. 3-4),
can be avoided by keeping the samples cold.

Altered magnetization is a serious concern if
the samples are heated at temperatures
approaching those for biological sterilization. First,
some material may acquire a non-Martian
magnetization when heated and cooled in the
presence of a magnetic field. For example,
goethite magnetizes on cooling from above 393 K
and troilite magnetizes on cooling from above 593
K. Second, it may be impossible to heat the
samples significantly without changing the magnetic
carrier. For example, the reaction goethite —
hematite occurs at 473-623 K in air and the
alteration of fine-grained or amorphous iron oxides
can occur at temperatures significantly less than
623 K. In addition, any carbon-induced reduction
reactions might produce ultrafine-grained metallic
iron that might acquire magnetization at
temperatures < 423 K. Collinson and Stephenson
(Appendix B3) suggest that a temperature of 373 K
and an ambient magnetic field strength of < 104
Tesla could be tolerated without significant change
of natural magnetism.

The best strategy for preserving natural
magnetization of Martian samples is to keep the
samples cold and shielded from artificial magnetic
fields. The important issue, requiring carefully
planned analog studies, is to understand clearly the
magnetic overprinting that might occur by heating a
sample significantly above the Martian surface
temperature. Care should be taken to insure that
the samples are not exposed to magnetic fields, on
the spacecraft or on the return to Earth, which are
significantly stronger than Earth's magnetic field.
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3.7. Acceleration and Shock

Physical properties of interest for Martian
regolith samples include particle-size distributions,
porosities and permeabilities, zonal structures that
vary with depth, and intergranular cementation, as
in duricrusts observed at the Viking Lander sites.
As expressed in the letter from E. Gaffney
(Appendix B3), the principal threats to the
preservation of such properties are high
acceleration (sustained g-force loads) or shock
(short-lived, high-intensity pressure) that might
break grains, sever grain-to-grain contacts, or cause
mixing or compaction. Additional concerns are
that shock might degrade natural magnetization of
samples (Collinson and Stephenson, Appendix B3).

Stress (directed pressure) experienced by a
bulk 1-gram sample, as a force normal to the face
of a cube, can be estimated as

S = 98.1 Ng d?/3 [3-2)

where S (Pa) is stress, Ny is the "g" number (1, 2, 3,
etc.) of the acceleration (Ng = 0.385 at the
Martian surface) and d is the specific gravity
(normalized bulk density) of the sample Stresses
computed as a function of g-load using Eqn. [3-2]
are shown in Fig. 3-11.

Fig. 3-11 offers a simplified summary of
acceleration-induced stresses on samples but must
be qualified by consideration of sample size and
geometry. Samples in elongated containers (e.g.,
regolith core tubes), will experience compression
from acceleration of material along the length of
the sample column; sample increments at the
forward end of the acceleration vector will
experience higher stresses than those near the tail
of the vector. Accordingly, compression at the
bottom (trailing end) of the tube is estimated
better as

S =981NzdL (3-3]

to account for the effect of length, L. (For unit-
mass samples modelled by Eqn. [3-2], L< 1 cm is
implicit.) Clearly, stresses will be highest when
acceleration is parallel to L. Stress management
might be achieved by minimizing L for each sample
and by preferentially orienting L transverse to the
acceleration vector.

The important consideration is whether
computed stresses exceed strengths estimated for
Martian regolith materials. The horizontal dotted
lines in Fig. 3-11 show the average values of
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Acceleration-force milestones for Martian samples.
Positively sloping straight lines represent stress
computed as a function of "g” number (where 1 g =
981 cm/secz) for unit-mass (1 gram and
approximately 1-cm size) sample materials of various
densities. The horizontal lines show average values
of the strengths of blocky, crusty/cloddy, and drift
material at the Viking Lander sites as estimated by
Moore (1987).

strength estimated by Moore (1987) for three types
of surface materials observed at the Viking Lander
sites. The two weaker materials ("drift" and
"crusty/cloddy") probably also have low densities (d
< 2). From Fig. 3-11, it is apparent that unit-mass
(approximately 1-cm-sized) samples of drift or
crusty/cloddy materials would fail for stresses
greater than about Ny = 7-11. Average blocky
material should be resistant to stress-induced
failure at all accelerations Ng < 35 for d = 2. Of
course, S varies with L and there remain large
uncertainties in the strengths estimated for all three
materials classified by Moore (1987).

Values of Ng required to assure survival of the
very weak drift and crusty/cloddy materials are
exceedingly low and might be impractical as
mission requirements.  Given the range of
strengths estimated for blocky material, however, it
seems that a centimeter-sized blocky material
sample could be preserved for all Ng < 10. The
stress limit of < 1 kPa suggested by Gaffney
(Appendix B3) would translate to about Ng = 7 for
a unit-mass sample of d = 2. Taking the length
effect (Eqn. [3-3]) into account, however, a 7-g
acceleration applied to a 10-cm columnar sample of
d = 2 would produce a 13.7 kPa load at the bottom
of the column, thereby threatening the integrity of
even the blocky material.



Assessing the acceleration/shock threat to
rocks is simpler than for unconsolidated regolith
samples. Crushing strengths of most terrestrial
rocks are on the order of 107 Pa whereas major
mineralogical transformations and melting occur
under shock loads of 101° Pa. For d = 3,
corresponding accelerations on unit samples (Eqn.
[3-2]) would be Ny = 490 (rock crushing) to Ng =
49 x 105 (rock melting). Clearly, such
accelerations would be totally unreasonable for any
sample-return spacecraft or mission design.

With respect to shock disturbance of rock
magnetism, Cisowski et al. (1976) experimentally
determined that demagnetization occurs at shock
pressures < 10° Pa in basalt targets. It is not clear,
however, whether the threshold for such effects is
much less than 10° Pa. Therefore, protection of
rock samples against shock-induced crushing (ie.,
107 Pa) should also be adequate for magnetic
preservation. Nonetheless, additional work may
still be needed to define shock limits for magnetic
preservation of soil or sediment samples.

3.8. Biology and Planetary Quarantine

Preservation of the most sensitive geologic
materials should also suffice to preserve any non-
living Martian biological materials (i.e., organic or
biochemical compounds). Accordingly, biological
concerns would require few, if any, stipulations in
addition to those discussed in sections 3.2-3.7
except in the unlikely event that return of living
organisms became an objective. As reviewed
previously (Section 2.1.4), however, principal
emphasis in Martian exobiology is aimed at
returning well-preserved samples of any Martian
organic compounds.

Contamination by carbon would be offensive to
biological studies but the - 40-ppm C background
level expected for sterile rock samples (Section 3.2)
might represent a practical limit to biological anti-
contamination. Sub-freezing temperatures and low
head-space gas pressures should favor survival of
biochemical compounds by arresting reactions that
might otherwise decompose them. Protection of
soil clods against acceleration/shock disintegration
should also protect any microfossils.  Shielding
against extraneous magnetic fields, as required for
paleomagnetic studies, might be unnecessary for
biology but should not be offensive to biology.
Only the shielding requirements against ionizing
radiation might be expected to differ for
geochemistry and biology.  If anything, the
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radiation shielding required for biology would be
greater than for geochemistry. Protection from
light would not be peculiar to biological samples
but  would already be required for
thermoluminescence samples (Section 3.5).

In addition to threatening the chemical and
stable-isotopic  integrity of the samples,
uncontrolled pressure rise within sample containers
might also jeopardize planetary protection. As
long as head-space pressures inside Mars sample
containers are less than atmospheric pressure on
Earth, no leakage of gases into the terrestrial
environment should occur. If pressures inside
containers exceed 1 atm, however, the pressure
difference will cause net diffusion of Mars gases
outward through all available leakage pathways.
Any putative biohazard posed by the Martian
samples would thereby become much more difficult
to manage. Therefore, maintenance of minimum,
Mars-like head-space gas pressures (Section 3.4) is
also highly desirable from the perspective of
planetary protection.

3.9. Summary

General concerns about preservation of Mars
samples are summarized in Fig. 3-12. Details of
various issues werz reviewed in Sections 3.2-3.8.

The maximum scientific value of the samples is
retained when the samples are preserved in the
conditions that applied prior to their collection.
Unfortunately, all manipulations of the samples,
including collection and containerization, can be
expected to degrade the samples to some extent.
Design  of meaningful sample-preservation
precautions must recognize how and why samples
become degraded if environmental controls are
relaxed.

Avoidance of contamination is an absolute
necessity although quantitative limits vary from one
chemical element to another. The bulk elemental
composition of shergottite meteorites might serve
as a guide for setting maximum acceptable limits of
clemental contaminants. Prospective tool and
container materials rich in trace elements (by the
shergottite definition) should be scrupulously
avoided.

Temperature is the most important intensive
parameter to control.  Keeping the samples
sufficiently cold will immobilize water (as ice or as
adsorbed water vapor) and prevent chemical and
isotope-exchange reactions that could otherwise
irreversibly change the records of natural history in
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the rocks and soils. Strict temperature control
would also moderate the desorption of gaseous
CO, and HpO from fine-grained soils and
sediments that could lead to unacceptably high
head-space gas pressures inside sample containers.
Uncontrolled pressure rise would decompose
pressure-sensitive materials, such as the trace
oxidants discovered in surface sediments at the
Viking landing sites, as well as encourage chemical
and isotope-exchange reactions involving any
carbonate or hydrated minerals.  Deliberate
thermal sterilization of samples would irreversibly
decompose heat-sensitive minerals, alter stable-
isotopic ratios, and possibly erase records of
natural radiation doses that would be critical to
paleoclimate studies.

Management of ionizing radiation doses,
exposure to extrancous magnetic fields, and
subjection to high accelerations (including shock)
are also important but more difficult to express as
quantitative limits that apply uniformly to all
samples. Protection against ionizing radiation is
most critical for geologic samples (as opposed to
atmospheric samples) taken from depth (i.e., a few
centimeters or more), whereas magnetic shielding
is principally a concern for igneous rock samples.
Acceleration/shock limits are of concern only for
deep regolith samples and for partially cemented
sediments or soil clods.

By observing preservation requirements for the
most sensitive geologic materials, preservation of
any organic or biochemical materials should also be
achieved with no additional effort. Preservation
requircments for geologic and organic materials
are mutually supportive.

Although many consequences of uncontrolled
environment on Mars sample preservation can
already be identified, basic research is still needed
in several areas prior to specification of firm
preservation requirements. In addition, work is
needed to establish what scientific measurements
can be made on Mars to recover information that is
unlikely to be preserved in returned Martian
samples. Recommendations both for preliminary
preservation requirements and for additional work
are given in Chapter 4.

POSSIBLE EFFECTS OF UNCONTROLLED
ENVIRONMENT ON MARS SAMPLE PRESERVATION

L]

CONTAMINATION

e Extraneous element/compound preciudes measurement
of notive Martian chemical or isotopic composition

TEMPERATURE

« Mobilized water starts irreversible chemical recctions

e Heat—sensitive materials decompose

» unidentified oxidants discovered by Viking Landers

» rmineral and stable—isatopic records of
ancient Mars climotes

e Natual radiation dosimeters erased by annealing

PRESSURE (HEAD-SPACE GAS)
e Unnotural pressure and humidity cause irreversible

chemica! and isotopic—exchange reactions
e Pressure—sensitive compounds decompose

IONIZING RADIATION

« Noturol Mars radiation history is erosed or obscured
(including climate—change records)

MAGNETIC FIELDS

e Naturcl Mars magnetic history is erased or obscured

e Extranecus magnetizotion is induced as artifacts

ACCELERATION AND SHOCK

« Physical properties degraded for soil clods
(porosity, perrneobihty, inter—grain structures,
cementotion)

Figure 3-12.

Summary of major concerns regarding preservation
of collected Martian samples.
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4. RECOMMENDATIONS

Preliminary values for sample-preservation
parameters are summarized in Table 4.1. Those
values were derived using background information
that was explained in detail in Chapter 3 but are
subject to modification based on future research.
Specific reasoning involved in compiling Table 4.1
is given below.

Contamination. High-purity aluminum and
certain stainless steel alloys should be acceptable
materials for sample tools and containers. Other
materials may be acceptable if they can be certified
as non-contaminating with respect to trace
elements of geochemical interest. Research is
needed to certify prospective materials as non-
reactive with oxidants of the type discovered in
Martian sediments by the Viking Landers.

The Shergotty meteorite, which has been
postulated to be a Martian rock, has been
extensively analyzed and is a useful guide to
acceptable upper limits for contamination of rock,
soil, and sediment samples. It is suggested that, for
each element, contamination not exceed 1% of the
concentration in Shergotty. -For example, using
data in Table 3.2, derived limits would be < 0.5
ppm C and < 0.9 ppb Pb.

Elemental composition of the Martian
atmosphere is known from analyses by the Viking
Landers. It is suggested that, for each clement,
contamination of an atmospheric sample not
exceed 1% of the concentration in the Viking
analyses. For example, using data in Table 3.3,
derived limits would be < 0.03 % Nj and < 0.8
ppb Xe. Research is needed to show how
contamination of atmospheric samples varies with
method of sample collection. Volumes collected
and stored at Mars ambient pressure should be
representative samples but would be subject to
contamination on Earth by inward leakage of the
terrestrial atmosphere.  Concentrated samples
(e.g., collected by compression or sorption on
molecular sieves) would be less sensitive to
terrestrial contamination but might be either
fractionated or contaminated by the concentration
process.

Cross-contamination  between  individual
samples should be minimized by separately
packaging different samples.

Chemical sterilization would introduce severe
chemical and isotopic contamination and should be
avoided.

Table 4.1. Recommended parametric values for preservation of Martian samples. (Unless otherwise noted, each stated limit
applies equally to every sample). See text for limitations and qualifications.

Contamination For each element, < 1% of the concentration in Shergotty meteorite

Temperature

Pressure (head-space gas)

Ionizing Radiation

Magnetic Fields

Acceleration/Shock

(Rock, sediment, or soil sample)

For each element or compound, < 1% of of the concentration in
Viking Lander atmospheric analyses (Atmosphere sample)

< 260 K (Igneous rock sample, unweathered)
< 230 K (Soil, sediment, deep regolith, or weathered rock sample)

< 1 atm (Igneous rock sample, unweathered)
< 0.01 atm (Soil, sediment, deep regolith, or weathered rock sample)

5 g/cm2 shielding
< 5.7x10°5 Tesla (1 Earth field)

<7g(1g = 981 m/sec?)
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Temperature.  Temperature is the most
important  intensive  variable to  control.
Preservation temperatures should be established
with the goal of controlling the physical state and
reactivity of water. Immobilizing water in the
samples as ice, or as unfrozen capillary films that
are thinner than the threshold for liquid-like
behavior, will minimize chemical and stable-isotope
exchange reactions.

The equilibrium freezing point of 273 K is too
warm to assure control of the water system. The
onset of liquid-like unfrozen water in rocks occurs
at 263 K and, in clay-rich soils, at about 235 K.
Therefore, it is recommended that fresh igneous
rocks be preserved at < 260 K and that samples
containing clay-like minerals or mineraloids be
preserved at < 230 K.

Supporting research is needed on kinetics of
geochemical changes, especially stable-isotope
exchange reactions.  Also, work is needed to
establish the survivability of natural
thermoluminescence in Martian samples as a
function of preservation temperature.

Thermal sterilization at 400-450 K would
decompose sensitive minerals and compounds
known or suspected to occur in Martian samples.
Studies of igneous minerals and radiometric age-
dating should not be affected but records of climate
history would be seriously degraded, if not
destroyed. In addition, mineral geothermometers
and fluid inclusions would be adversely affected.

If thermal sterilization becomes required, it
should be done at the lowest possible temperature
with complete retention of any liberated gases.
Time of sterilization, within reason, has much less
effect on mineralogical properties than increased
temperature. It is of paramount importance to
measure and record the time-temperature-pressure
conditions during any sterilization. Much
information contained in the pristine sample might
thus be recovered. A sealed liner of high-purity
gold might be required to manage the loss of
hydrogen and its associated effects on the redox
conditions of the minerals. Clearly, requirement
for a gold lining would need to be carefully
balanced against limits for Au contamination.

No water or any other components should be
added to the sample for the sterilization process.
Although water might help preserve some clay
minerals and zeolites, these potential benefits do
not begin to offset the disadvantages of acclerated
chemical reactions involving other phases.

Pressure. Because of gas desorption from the
samples, warming of scaled containers will

generate significant head-space gas pressures. The
problem will be least for rocks and greatest for
fine-grained soils and sediments and, especially,
deep regolith samples. The latter samples are also
expected to be the most sensitive with respect to
pressure-induced chemical or isotope-exchange
reactions.

Research is needed on the rates of reactions
involving carbonate and hydrated minerals with
gases containing high partial pressures of CO5 and
H,0. Such work might reduce concerns about
deleterious effects of pressure and permit higher
pressure tolerances to be derived.

In advance of the necessary research, however,
a pressure limit of 0.01 atm (effectively Mars
ambient) is recommended for most geologic
samples. A maximum limit of 1 atm is suggested
not on the basis of geochemistry but in anticipation
of planetary quarantine requirements. Pressure <
1 atm inside a sealed container will assure that, on
Earth, no outward leakage should occur.

lonizing Radiation. Shiclding of 5 g/cm?
corresponds to the minimum value needed to
prevent nuclear particle track damage from solar
cosmic rays. (The Martian surface is naturally
protected from such effects by atmospheric
shielding). This shielding requirement is modest
and might be achieved by default in a well-designed
sample canister with self-shielding accrued through
strategic placement of samples relative to the
canister's center. Care must be taken not to
inadvertently create greater shielding, however,
because, for some radiation effects, shielding >> 5
g/cm? stimulates secondary radiation damage from
galactic cosmic rays. Radiation monitors should
accompany the samples.

Magnetic fields. Magnetic  shielding
requircments are among those most poorly
defined. Research is needed to establish the
combinations of applied field  strength,
temperature, and shock that can be tolerated
without disturbance of magnetic records in the
samples. Spacecraft design and mission operations
must be analyzed to understand the artificial fields
to which samples might be subjected. In the
meantime, the limit for extraneous applied ficlds is
set equal to that of Earth's field.

Acceleration and Shock. No reasonable
accelerations or shocks expected during a Mars
samplc-return mission should adversely affect
igneous rock samples. The 7-g limit corresponds to
the stress that would disintegrate Martian materials
having the average cohesion of crusty/cloddy
material at the Viking landing sites.
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CONTRIBUTORS TO JSC (1974)

According to the copies of correspondence included in JSC (1974, Appendix I), the individuals
listed below contributed ideas and information that served as the basis for the 1974 report. For
some of the contributors, affiliations in 1987 were different from those in 1974. In each case,
the contributor’s name is printed as it appeared on the signature line of the letter and the listed
affiliation is that last known as of 1987,

Duwayne M. Anderson
Raymond E. Arvidson
S. W. Bailey
A. E. Bence

D. A. Cadenhead
Michael H. Carr
Raymond Davis, Jr.
Bruce R. Doe

R. H. Dott

Samuel Epstein
Fraser Fanale
Robert O. Fournier
Clifford Frondel
Michael Fuller
Robert M. Garrels
Gordon Goles
Gilbert N. Hanson

Stanley R. Hart
Robert M. Housley

John Hower (Deceased)

M. L. Jackson

Blair F. Jones

Ian Kaplan

Keith A Kvenvolden
Michael E. Lipschutz
Kurt Marti

D. McKay

D. M. Mickelson
Charles W. Naeser
Tobias Owen

J. J. Papike

P. Buford Price

C. C. Patterson (Deceased)

George W. Reed, Jr.
R. C. Reedy

John H. Reynolds
Motoaki Sato

Texas A & M University

Washington University, St. Louis
University of Wisconsin

Exxon Production Research Co.,
Houston, Texas

University of Buffalo, New York

U. S. Geological Survey, Menlo Park
Brookhaven National Laboratory, New York
U. S. Geological Survey, Reston
University of Wisconsin, Madison
California Institute of Technology
University of Hawaii

U. S. Geological Survey, Menlo Park
Harvard University

University of California, Santa Barbara
University of South Florida
University of Oregon

State University of New York,

Stony Brook

Massachusetts Institute of Technology
Rockwell International Science Center,
California

formerly of Case Western

Reserve University, Ohio

University of Wisconsin, Madison

U. S. Geological Survey, Reston
University of California, Los Angeles
U. S. Geological Survey, Menlo Park
Purdue University

University of California, San Diego
NASA/Johnson Space Center
University of Wisconsin, Madison

U. S. Geological Survey, Denver
State University of New York,

Stony Brook

South Dakota School of Mines and
Technology

University of California, Berkeley
California Institute of Technology
Argonne National Laboratory, Illinois
Los Alamos National Laboratory,
New Mexico

University of California, Berkeley

U. S. Geological Survey, Denver



A2-2

APPENDIX A2, con’t

R. A. Schmitt

J. William Schopf
Brian J. Skinner
Joseph V. Smith
D. W. Strangway
M. Tatsumoto
Robert M. Walker
H. Wanke

S. H. Ward
G. J. Wasserburg
David R. Wones (Deceased)

Oregon State University

University of California, Los Angeles
Yale University

University of Chicago

University of British Columbia, Canada
U. S. Geological Survey, Denver
Washington University
Max-Planck-Institut fur Chemie, Mainz,
FRG

University of Utah

California Institute of Technology
formerly of U. S. Geological Survey,
(Reston)
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