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Introduction: Many Mars surface rocks, photo-
graphed by the Mars Exploration Rovers, appear to
have shiny, dark coatings. These coatings resemble
terrestrial rocks covered with rock varnish. In arid ter-
restrial regions, this hard, dark coating (also called
desert varnish) is manganese-rich and also contains
sheet silicates and widely varying levels of silica. De-
sert varnish has long been linked to simple bacteria and
fungi [1,2], but unequivocal proof of a biogenic origin
has yet to be shown. Both bacteria and fungi have been
isolated from desert varnish, and manganese-oxidizing
microorganisms such as Bacillus, Pedomicrobium,
Cremonium, Cladosporium, Penicillium, and Verticil-
ium are among them [3]. The microbes remove metal
particles from atmospheric dust and fog, oxidize them,
and then build up layers and layers of varnish, with
phyllosilicates acting as "glue". Researchers have
speculated that the manganese-oxides may aid micro-
organisms by acting as ultraviolet screens [1, 3, 4] or
may facilitate radiation resistance, which has been
shown for cyanobacteria [5].

Analysis of martian rocks by Spirit and Opportu-
nity has shown that they have a remarkable geological
diversity and that many have undergone substantial
chemical (hydrous) alteration [7]. Furthermore a type
of "case-harding" of the outer surface of some rocks
has been observed [8]; certainly the Rock Abrasion
Tool (RAT) has shown thick weathering rinds with
significant chemical differences between the inner
composition and the outer surface of some rocks [9].

Analysis Methods: Samples of desert varnish on
numerous types of rock substrates were collected at
sites throughout the southwestern United States, in-
cluding Mojave Desert area, California; Hanksville,
Utah; Socorro and Carlsbad, New Mexico. Samples
were imaged in a JEOL 5800LV scanning electron
microscope and quantitatively analyzed on a JEOL
8200 electron microprobe. Samples were aseptically
collected for culturing and for DNA analysis; both
natural and cultured samples were extracted, PCR am-
plified, and sequenced. Fungal DNA was analyzed
using 18S and bacterial DNA analyzed using 16S
primers.

Results: Microprobe analysis of samples from
the Socorro, NM region yielded lead in percent levels.
Anthropogenic lead is usually present in ppm levels in
desert varnish but is much higher at Socorro due to
lead smelters that operated there at the end of the 19th
century. Importantly, the lead acts as a tracer in our
samples to reveal a varible rate of varnish growth.
While many samples exhibit high lead concentrations

at the outer surface, others contained lead at some dis-
tance under the surface, yielding growth rates as high
as 30 um per millenia. Varnish from rock surfaces
occasionally wetted by runoff exhibited the highest
lead concentration at the greatest distance under the
surface. Our results indicate that rock varnish grows at
different rates, depending on the rock surface envi-
ronment, growing fastest where occasionally wetted
and slowest where constantly dry. On the other hand,
the sample exposed to the most water run off had the
lowest lead level presumably attributable to fluid re-
moval of atmospherically deposited lead.

DNA analysis of samples indicates that a diverse
microbial community is associated with desert varnish,
in agreement with the findings of many other workers.
Imaging and DNA analysis of cultures reveals that
manganese is sequestered into distinct features by sev-
eral types of fungi. Likewise fungi can rapidly colonize
rock surfaces, even these exposed to constant sun and
receiving only occasional water.

Discussion: Chemical analysis of martian mete-
orites has revealed that Mars boasts more manganese
and iron than Earth. Seasonal fogs on the red planet
could moisten the rocks with enough water to sporadi-
cally supply resident organisms [6]. Thus manganese-
or other metal-rich rock coatings may hold implica-
tions for Martian biogenic origin of similar rock coat-
ings. Likewise, our work has shown that a microbial
community associated with rock coatings can be pre-
sent deep under the surface of porous rocks where they
are protected from radiation and desiccation. In this
case, the metal-oxides produced by the community
help to produce a case hardening effect that acts as
sunscreen and dessication retardant for the microbial
communities.

Implications for Mars Sample Return: If bio-
genic signatures are present in rock coatings, abrasive
(RAT) tools for in situ analysis will very likely destroy
such delicate and three dimensional evidence. There-
fore the return of samples, especially cores samples
that include rock coatings and underlying substrate, is
essential to understanding the origin of such coatings.
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Figure 1. Electron micrographs taken from the surface
of non-varnished rocks. A) MCF in a pit on the surface

of a sample from a blasted road cut. Scale bar =20 um.

sample. Scale bar = 10 um. C) BSE image of incipient
varnish in image B above. MCF appear dark while
incipient rock varnish (Fe- and Mn-rich) is light. Scale
bar =200 um. D) Close up on incipient varnish in
lower center of image C. Scale bar = 100 um. E) EDS
manganese map on the same area as image C above. F)
Varnish colonies deep in surface-exposed pore.
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Introduction: Understanding the role of water in
the evolution of the crust of Mars is an important prob-
lem in planetary science. Large deposits of aqueous
alteration minerals, including phyllosilicates, have
recently been detected on the martian surface using
remote sensing techniques [1-3]. Martian meteorites
also host a variety of secondary minerals that can pro-
vide insights into aqueous alteration processes in the
martian crust ([4]; and references therein). The
nakhlites are among the most aqueously altered mar-
tian meteorites and contain relatively abundant (~1-3
vol.%) secondary mineral assemblages known as id-
dingsite [5]. Constraints on the timing, temperatures
and chemical composition of near-surface martian flu-
ids that formed iddingsite in the nakhlites have previ-
ously been determined from petrologic and geochemi-
cal studies of these secondary phases [4-13].

Boron is relatively soluble and can be readily mo-
bilized in aqueous fluids [14]. The utility of B isotopes
for tracing fluid-rock interactions has been demon-
strated by several recent studies [15-19]. Boron can
adsorb to reactive clay surfaces, including those in the
interlayers, during interaction with fluids and the in
early stages of diagenesis [16, 17]. Boron is also incor-
porated into the tetrahedral sites in clay minerals dur-
ing diagenesis [20]. Clay minerals can therefore pre-
serve information about the chemistry of fluids from
which they formed [19]. Boron isotope fractionation
during these processes is thought to be controlled by
the preference of each B isotope for a different coordi-
nation state [21]. The heavier isotope, B, prefers to be
in trigonal coordination, while the lighter isotope, 1B,
prefers tetrahedral coordination [21]. The fractionation
of B isotopes during incorporation into and adsorption
onto clay minerals is strongly temperature dependent
[19]. As such, if the temperature of the altering fluids
and the '"B/'°B ratio of the secondary phases are
known, the B isotopic composition of these fluids can
be estimated.

There are currently very limited data on the B iso-
topic compositions of the martian meteorites [22,23].
Furthermore, there are no reported B isotopic meas-
urements of igneous minerals in the nakhlites. In an
effort to better constrain the B isotopic compositions of
the various (silicate and aqueous fluid) reservoirs on
Mars, we present ''B/'’B measurements of iddingsite,
pyroxene, and a magmatic inclusion in an olivine grain
in Nakhla. Quantifying the various B isotopic reser-
voirs of Mars is an important step toward understand-
ing the martian geochemical cycle of B and what it can

tell us about the aqueous alteration of the martian
crust.

Samples and Analytical Methods: A description
of our analytical methods is provided in [23]. Most of
the B isotopic measurements of iddingsite were made
on a thick section of Nakhla, including all of the post-
NH,4CI exchange analyses [23]. Subsequent to these
analyses, the Nakhla thick section was re-polished and
two additional thin sections were prepared from it. One
of these thin sections was characterized by optical mi-
croscopy to identify iddingsite and various igneous
minerals. This thin section was ultrasonicated in 1.82%
mannitol solution to remove surface contaminant B as
previously described [23] and was then gold-coated
immediately following this cleaning procedure. The B
isotopic compositions of igneous phases (augites and a
glassy melt inclusion in olivine) and several areas of
iddingsite were measured in the polished gold-coated
thin section using the Cameca IMS 6f ion microprobe
at Arizona State University (ASU).

Results: The 5''B values measured in various
mineral phases in Nakhla are shown in Fig. 1. No sig-
nificant differences in the ''B/'°B ratio were found
between different areas of iddingsite analyzed by us in
the thick section and the thin section. As such, our pre-
viously reported iddingsite data obtained on the Nakhla
thick section [23] are presented together with the re-
sults of the new measurements of iddingsite on the thin
section (solid red symbols in Fig. 1). For comparison,
the 3''B values measured in iddingsite after the NH,Cl
exchange procedure to remove interlayer B [23] are
also shown (open red symbols in Fig. 1). The average
8''B of Nakhla iddingsite before (-5.4 + 1.0%o) and
after (-5.7 £ 2.8%0) the NH4Cl exchange are identical
within errors (+16me.n). The large errors and consider-
able scatter in the B isotopic compositions of pyroxene
are the result of the low B concentrations (<~1ppm) in
this phase. However, the average 8''B value for Nak-
hla pyroxene (-4.5 £ 3.0%0) is also indistinguishable
from that of iddingsite within errors. The magmatic
inclusion has a higher B content than the pyroxene, but
an identical 8''B value within error (-4.4 = 2.5%o).

Discussion: The identical B isotopic compositions
measured in pyroxenes and a magmatic inclusion in
olivine of Nakhla are consistent with a lack of isotopic
fractionation between crystals and melt during the
formation of igneous rocks [15]. The enrichment of B
in the magmatic inclusion relative to pyroxene is also
consistent with the incompatible behavior of B in ig-
neous systems [14]. The 5''B value of igneous miner-
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als in Nakhla is somewhat higher than that reported for
igneous minerals in other martian meteorites [22] and
may indicate heterogeneity in the B isotopic composi-
tions of martian magmas.

In our previous report, we suggested that the simi-
larity of the ''B/'’B ratios of exchangeable interlayer
and tetrahedrally bound B in Nakhla iddingsite could
be the result of similar coordination of B in the fluid
and minerals (i.e., both tetrahedral) [23]. The specia-
tion and coordination of B in aqueous fluids is pH de-
pendent, with predominately tetrahedrally coordinated
B (i.e., present in the fluid as B(OH), species) at
higher pH [21]. Therefore, it is likely that the pH of the
fluids that formed nakhlite iddingsite was somewhat
alkaline.

The similarity of B isotopic compositions in pri-
mary igneous and secondary alteration phases in Nak-
hla can also provide insight into the aqueous process-
ing of the crust of Mars. This similarity suggests that
the B in iddingsite is derived primarily from the disso-
lution of the igneous phases, as has been suggested for
other trace elements [10]. The similarity of the B iso-
topic compositions of the igneous minerals, trapped
interlayer fluids and iddingsite in Nakhla suggests that
no resolvable isotopic fractionation of B occurred dur-
ing the alteration of this meteorite. If the relatively
low-temperature (<150°C; [4-7]) fluids that altered
Nakhla had a low pH, fractionation of B isotopes
would be expected between these various phases due
to the isotopic preference of different aqueous B spe-
cies. The lack of such fractionation effects suggests
that the fluids that altered Nakhla (1) had a relatively
high pH and (2) derived their B predominantly from
dissolution of the local igneous mineral assemblage.
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Figure 1. B isotope compositions measured in Nakhla iddingsite (Idd
and Idd-XC), pyroxene (Px) and a magmatic inclusion (MI). For
iddingsite, closed symbols are pre-NH,Cl exchange and open sym-
bols are post-exchange. Each data point represents an analysis on a
single spot and errors are in-run #1Guem. Solid horizontal lines are
averages of all analyses on a particular phase and grey boxes are
+16mean errors for each of these average values.
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Introduction: Recent impact craters, several of
which have been identified by the presence of exten-
sive ray systems, provide a natural tool for breaking up
and extracting samples from identifiable geological
units and putting them in an easily accessible deposit.
Hence they provide logical targets for an early sample
return mission.

The goals that would be pursued are the absolute
ages of particular surfaces, the connection between
remote sensing and the composition and petrology of
particular lava flows, and perhaps the connection of
specific craters with the well-studied martian meteor-
ites. Determining the age or other properties of a spe-
cific crater is not a first-order goal. Rather, the crater
would provide a large quantity of more-easily-sampled
material from a known geologic unit.

Martian rayed craters: Although craters with ex-
tensive visible rays have long been known on many
Solar System bodies, most notably the Moon, the first
identification of a Martian rayed craters has only come
in recent years[ 1, 2].

The Martian rayed craters have been discovered
not because of their visual albedo, but because of dis-
tinctions in their thermal infrared signature, as meas-
ured from orbit by TES and THEMIS (Fig. 1). The
low-thermal-inertia (fine-grained) material that is visi-
ble in the IR produces rays that also contain clusters of
secondary craters when examined at optical wave-
lengths [2, 3].

The first discovered was Zunil (Fig. 2), a 10-km
crater with with IR discernable rays extending ~800-
900 km [2, 3] and ~10® secondary craters of 10 m di-
ameter or more extending as far as ~1600 km [4]. In
addition, it probably produced ~10' rock fragments
>10 cm, and even more at the slightly smaller sizes
ideal for robotic sampling.

Four more definite and three probable rayed craters
were discovered by [3], and yet another (now the larg-
est known rayed crater system) was recently identified
[5]. Most, though not all, of these craters are on rather
young surfaces, late Hesperian or Amazonian, in the
vicinity of either Elysium or Tharsis. In fact, there may
be specific conditions required that make intact lava
flows prime candidates to either form rays or to render
them detectable [3]. Clearly, this is not a problem if the
goal is to learn about Martian volcanism.

Science goals: Geochronology is an attractive ob-
jective for a sample return mission, because the ques-
tions of when processes occurred and how long they

took are key to understanding the evolution of Mars.
In addition, geochronology is an area in which the
power of terrestrial laboratories far exceed proposed in
situ techniques. Carefully targeted in situ measure-
ments could prove useful [6], but will never approach
the precision and multiple-system redundancy of labo-
ratory measurements [7]. Two areas that would be key
to unraveling Martian chronology would be determin-
ing the age of a very young lava surface and providing
a point in the “middle” of Mars’ history (e.g., Hespe-
rian). Either (though not both) is possible with the se-
lection of the proper rayed crater. Either would pro-
vide a calibration point with chronologies based on
crater counts, perhaps helping determine the impor-
tance of secondary cratering in crater counts [2] and
potentially providing a source for some of the Martian
meteorites.

Since the rayed craters are among the youngest cra-
ters on Mars, and possess rays including numberous
secondaries formed from high-speed ejecta (>1 km/s),
they are likely candidate source craters for Martian
meteorites [2, 3]. If, in fact, a source crater is sampled,
that has the advantage of tying the vast amount of in-
formation acquired on the Martian meteorites to a spe-
cific location, providing valuable geologic context for
the best characterized Martian samples to date. If the
crater sampled is not a source crater for Martian mete-
orites, knowing the age and state of preservation of the
crater may provide some clues to which craters may be
source craters, and still provides a calibration point for
the Martian crater production function.

Most of the rayed craters are on fairly extensive
lava flows, extensive enough that they are identifiable
in orbital data. Knowing the composition and mineral-
ogy of the rocks from surface samples would provide a
crucial comparison point for spectral data obtained
from orbit, if not too dusty.

Note that the ideal sampling locations to take ad-
vantage of these craters would probably not be within
the craters themselves. In some cases, the ground is
rough, but a more serious problem is that many of
them contain ponded deposits that might be impact
melt. While perfect for dating a crater, such impact
melt would destroy much of the information about the
pre-crater geology. Nor would a sample from a ray
itself or a distant cluster of secondary craters be ideal.
The thermal signature of the rays themselves is pro-
duced by fine-grained material, perhaps only skin
deep. Meanwhile, much of the fragmented material in
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Introduction: The recent discovery of at least 3
iron-nickel meteorites on the surface of Mars [e.g., 1-
3] highlights the importance of exogenic material in
planetary surface evolution. Because iron meteorites
represent but a small fraction (~5%) of the total popu-
lation of terrestrial meteoritic debris, the question
arises as to the whereabouts of the reminder of the me-
teorite population, i.e., the chondrites, achondrites, and
stony-irons (which are about 86%, 8%, and 1%, re-
spectively, of the terrestrial non-cometary bolide popu-
lation [4]). The high Ni content of Martian soil [5]
indicates an average of 1-3% contamination from me-
teoritic debris (confirming previous estimates [e.g., 6]).
Here we estimate the meteorite population that may be
archived on the Martian surface and discuss potential
recognition criteria. Retrieving exogenic material (me-
teorites) from the Martian surface is unlikely to be a
principal aim of the proposed sample return program.
Therefore, a coherent sampling strategy must be em-
ployed to determine the origin of potential samples
prior to their acquisition.

Terrestrial meteorites inform us of a fundamental
disparity in the type abundance of meteorites recog-
nized on the ground (finds) as opposed to the rarer
events where meteoritic debris is actually observed to
fall from the sky (falls). In the former category, the
percentage of iron meteorites vastly exceeds their ob-
served abundance in the latter [4]. This over-
representation of irons in finds is due to a combination
of ease of recognition, preferential preservation, and
greater resistance to fragmentation in passage through
the Earth’s atmosphere and surface impact processes.
Observations of asteroid populations [e.g., 7] and the
relatively unbiased Antarctic micrometeorite collec-
tions [8] have confirmed the view that the type abun-
dance of falls more accurately reflects the type distri-
bution of meteorite parent bodies than do the finds.

Martian finds: The twin Mars Exploration Rovers
(MER) have been continuously operating in excess of
4 Earth years. Through Sol 1170, the total distance
traversed by Spirit and Opportunity is 6.2 km and 10.3
km, respectively. Assuming that each rover can nomi-
nally collect remotely sensed data on targets within an
effective radius ~15 m, the cumulative area explored is
about 0.5 km’, representing less than 7! 10” of the
Martian surface. Yet even in this limited area, at least
3 distinct rocks have been recognized whose character-
istics are consistent with iron meteorites (dubbed “Heat

Shield”, “Zhong Shan”, and “Allan Hills”). Initially
recognized by their unique spectral properties, these
bodies have bland visible, near-infrared, and thermal
infrared spectra that lack absorption features due to
mafic minerals or other silicates, sulfates, or carbon-
ates [9, 10]. Surfaces textures are generally pitted, and
overall rock shapes tend to be sub-rounded to rounded
(Fig. 1). APXS (Alpha Particle X-ray Spectrometer)
measurements of the rock Heat Shield indicate a Ni
abundance of ~7% [11], and Mdéssbauer analyses indi-
cate that ~94% of its Fe is in the form of the iron-
nickel mineral kamacite [12], both of which are consis-
tent with the interpretation of Heat Shield as an iron
meteorite. Interestingly, the extremely low ferric iron
content (Fe3+/FeTml <0.06) suggests minimal surface
weathering [12]. Since native Fe is not a common
igneous or volcanic product, its presence on a plane-
tary surface is a likely indicator of an exogenic process
(i.e., impact delivery).

Figure 1. Pancam mosaic of “Heat Shield” rock, an
iron-nickel meteorite at the Opportunity site (Sol 346).

An even rarer find at the Opportunity site is the
pebble “Barberton,” which may be a mesosiderite [3,
5, 12], a stony-iron meteorite. Stony-irons comprise
<1% of terrestrial falls [4].

Atmospheric passage: The presence of an atmos-
phere both helps and hinders the survival of incoming
meteorites. Thermal stresses due to the friction of
passing atmospheric gasses heat up and ablate the
outer surface layers of a bolide, and induced mechani-
cal stresses can fracture and fragment incoming mate-
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rial. But atmospheric processes also serve to deceler-
ate incoming projectiles, thus allowing them to reach
the surface at terminal velocity rather than at cosmic
velocity (>2 km/s).

Using the relative percentage of iron meteorites
known from falls on the Earth as a guide, the percent-
age of iron bolides at the top of Earth’s atmosphere is
about 5% [4]. Although the total flux of incoming
bolides at Mars is greater than the flux at the Earth by
about a factor of about 2 (due to Mars’ closer proxim-
ity to the asteroid belt) [13], one can assume that the
same relative proportions of irons to stones is applica-
ble to the top of the Martian atmosphere. So for every
incoming iron bolide, this suggests ~19 incoming stony
bolides. The survival rate of incoming projectiles
through the thin Martian atmosphere has been esti-
mated for vertical (6=90°) [14], inclined (6=45°) [15],
and vertical to oblique (6=0-90°) [16] entry trajecto-
ries. The results from these studies indicate that up-
wards of 10% of the incoming meteorites may make it
to the surface (either intact or in a fragmented state).
The survival rates for irons and stones are different and
model-dependant [e.g., 14-16] — irons are more suscep-
tible to ablation due to their higher thermal conductiv-
ities, while they are also more likely to resist fragmen-
tation and survive a high-velocity collision with the
surface without shattering. For simplicity, assuming
the same survival rate for irons and stones, the discov-
ery of 3 iron meteorites on the Martian surface sug-
gests 30 incoming iron bolides and 570 incoming stony
bolides. Therefore, on the order of 60 stony meteorites
should be present in the area thus far examined by the
rovers.

Implications and potential recognition criteria:
Recognizing this predicted suite of stony meteorites
hidden among normal (endogenic) rocks on the Mar-
tian surface will be a challenging task. Fortunately,
several characteristics of stony meteorites may facili-
tate their recognition. A universal trait of terrestrial
meteorites is a fusion crust—a low albedo, charred
outer layer—resulting from frictional heating during
atmospheric passage. The ability to abrade the outer
surface layer of a rock with the RAT (Rock Abrasion
Tool) would facilitate recognition of a fusion crust.
Abraded or broken surfaces of ordinary chondrites
might reveal the presence of chondrules (but only in

low petrologic grade meteorites). Fusion crusts would
also have spectral signatures corresponding to silicate
glass. Atmospheric passage also shapes the outer sur-
face layers of meteorites in the form of regymplytic
surface textures. Finally, if potential meteorites were
analyzed with the APXS, ChemMin, or ChemCam
instrument suites, they would exhibit distinctive
chemical signatures. For example, a rock with a high
elemental carbon abundance would be a strong carbo-
naceous chondrite candidate.

Importance for proposed sample return: Low
erosion rates on Mars imply that fallen meteorites will
be long-lived surface components. Accidentally re-
turning a meteorite sample from Mars would hamper
efforts to calibrate the relative Martian chronology,
and would contribute no information about endogenic
processes.  Alternatively, meteorites or impactites
might be interesting targets to sample due to their po-
tential to archive paleo-atmospheres [17] or due to
their potential to provide additional insight to the pe-
riod of heavy impact bombardment in the inner Solar
System. In either case, there is a clear need to develop
sample protocols that would allow us to distinguish
potential meteorites before surface samples are ac-
quired.
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TWO GENERATIONS OF CARBONATE IN ALH84001: THREE OXYGEN ISOTOPES AND OH.
J.W. Valley', T. Ushikubo', and N.T. Kita', 'Department of Geology & Geophysics, University of Wisconsin,

Madison, WI 53706, valley@geology.wisc.edu

Introduction: Analysis by ion microprobe can
provide accurate and precise stable isotope ratios
(£0.1-1%0) of pg to ng samples at 1-10 um-scale in
grain mount or thin section [1]. These capabilities can-
not be matched by instruments on Mars, although ro-
botic sample selection is important.

ALH84001: Secondary carbonate minerals in the
Martian meteorite, ALH84001, have been intensely
studied and variously interpreted. Several textural
forms have been described including concentrically
zoned “globules” (or concretions) with distinctive
white magnesite rims, and “clots” of relatively homo-
geneous ankerite intergrown with glass and orthopy-
roxene (see [2]). The apparent continuum of Ca-Mg-Fe
composition varying from near calcite to magnesite,
has lead some workers to conclude that all textures
formed by a single process, however [2] shows that
compositions are not continuous if Mn is considered
and that 8'®0, measured in sifu from 30 micron spots
by CAMECA 4f ion microprobe, also correlates to
texture (Fig. 1). Thus, there are at least two popula-
tions of carbonate. Globules were interpreted to form
by aqueous precipitation at 20-190°C while clots may
have formed by shock melting of globules [2].
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Fig. 1. Carbonates in ALH84001. Globules, XCa
<0.2, have variable 880 from 3 to 27%o. Carbonate
clots, XCa >0.4 have 8'°0 mostly from 3-7%o. [2]

Three oxygen isotopes have been measured by sev-
eral studies of bulk silicate samples in Martian meteor-
ites and consistently yield A'"’O ~ 0.3 [3]. Bulk analy-
ses of carbonates have also yielded A'’O values above
the Terrestrial Fractionation line (A'’0=0), but values
average 0.8+0.05%o, indicating that carbonates precipi-
tated from fluids that exchanged with the Martian at-
mosphere and that the atmosphere is not in exchange

equilibrium with the silicate crust, attesting to the ab-
sence of plate tectonics and seafloor hydrothermal
processes on Mars [4]. There have not been previous in
situ analyses of A'’O in Martian meteorites, in part
because accuracy and precision were not sufficient to
distinguish values from Earth from those on Mars, or
Martian silicates from Martian carbonates.

Three-Oxygen Isotopes by Ion Microprobe: The
CAMECA IMS-1280 yields improved accuracy and
precision for in situ analysis of 80 and 8’0 with a
15 um spot [5]. After each analysis, '*OH was meas-
ured to correct for tailing under 'O (12-20ppm of
'SOH). A series of carbonate standards were run to
calibrate instrumental mass fractionation (IMF). SIMS
analyses of carbonate were bracketed by analyses of
orthopyroxene  from  ALH84001 (8'%0=4.99,
A'70=0.32 [3]); IMF in opx averages 0.03+0.13 permil
(n=40, 1se=0.02%0). Analyses were also made of ter-
restrial zircons, which were bracketed by analysis of
the KIM-5 zircon standard (8'%0=5.09, A'0=0).

Results: Zircon analyses demonstrate the accuracy
and precision of these in sifu three oxygen isotope
data. Values of A'’O are 0 (by definition) £0.11 (Isd,
N=28, 15e=0.02%o0) for KIM-5 and -0.05+0.12 for 44
zircons with ages from 4.0 to 4.35 Ga (Fig. 2).

Values of "0 range from 2.3 to 6.0 for carbonate
in clots (Fig. 2b) and 13.9 to 24.6 in globules (Fig. 2a).
As seen in previous studies, 8'0 in globules increases
with XMg [2]. Values of A'’O average 0.46+0.20 (1sd)
for clots, 0.61+0.36 for ankeritic domains of globules,
and 0.96+0.16 for magnesite-rich domains including
rims.

Discussion:

Terrestrial zircons. The detrital Hadean zircons are
the only terrestrial materials that are similar in age to
silicates and carbonates in ALH84001. There is no
significant difference in A'’O between KIM-5 which
represents oxygen from the Earth’s mantle at ~0.1Ga
and the A'’O of Jack Hills (Western Australia) detrital
zircons, which preserve values of oxygen isotope ratio
from magmas that were contaminated by supracrustal
oxygen at > 4Ga in the Hadean [7]. Thus there is no
evidence in these data for a secular trend in A'’O on
Earth for the mantle, crust, or hydrosphere.

Martian carbonates. Figs. 2 shows that the new in
situ analyses of three oxygen isotopes from the Mar-
tian meteorite, ALH84001, are clearly distinct in A0
from those for terrestrial samples, proving that carbon-
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ates did not originate on Earth. The average for all
samples is close to that reported for bulk analyses [4].
The data are consistent with heterogeneity of ~0.5
permil in A0 within and among carbonates in
ALHB84001. This hypothesis is supported by the bulk
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Fig. 2. In situ ion microprobe analyses of 8'’O vs.
8'80 VSMOW in carbonates from globules (6'%0>13)
and clots (8'°0<6) in ALH84001 (large blue squares)
and from terrestrial zircons (small red triangles). Zir-
cons with 80 near 5 are the standard, KIM-5. All
values above 6 permil are >4.0 Ga detrital zircons from
the Jack Hills. 2a. shows all data. 2b. enlargement
showing only data for carbonate clots in ALH84001
and zircons.

data [4] that equal the average of our new in situ analy-
ses. If carbonates are variable, this would confirm the
hypothesis that there are multiple generations of car-
bonate formation with globules formed by low tem-
perature aqueous precipitation [2].

Water in Martian carbonates. Bulk analysis of
Martian meteorites shows significant H,O contents
with elevated D/H. In situ analysis of 8D in
ALH84001 carbonates yields values from +182 to
2092 permil, but the 60um spot size was too large to
test for zonation [8]. High D/H is confirmed by micro
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Fig. 3. Ion microprobe analysis of 8'*0 VSMOW
vs. count rate on OH normalized to oxygen for carbon-
ates in ALH84001. Carbonate globules (8'80>13) con-
tain significantly more OH than clots (8'*0<6).

analysis of bulk samples of carbonate, and leaching
experiments suggest that the main carrier of H in glob-
ules is hydromagnesite [9]. Figure 3 shows that H is
concentrated in the Mg-rich globules (8'*0 >13) over
the relatively Mg-poor clots ('O <6). Ion imaging of
individual analysis pits shows that H is homogeneously
distributed over the 15um domains analyzed, ruling
out late hydrous alteration along cracks. These obser-
vations show that the water in carbonate globules is
largely Martian in origin and concentrated in the white
rims probably as hydromagnesite. The lower water
content of ankeritic clots is consistent with dehydration
due to impact melting of hydrous low-T globules.
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SALT-HYDRATE STABILITIES AND MARS SAMPLE RETURN MISSIONS. D. T. Vaniman', D. L. Bish?,
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man@lanl.gov), 2Department of Geological Sciences, Indiana University, 1001 E 10th St., Bloomington, IN 47405,
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Salts on Mars: Early evidence from Viking for
salts on Mars [1] has been reinforced by subsequent
orbital [2] and landed [3] missions. Clark [4] first laid
out the role of hygroscopic salts in martian hydrogeol-
ogy. Salt hydrates on Mars can include structural OH
(e.g., K-jarosite KFe**3(OH)¢(SO,), with OH at corners
shared between FeOg octahedra), structural H,O (e.g.,
hexahydrite MgSO,-6H,0O with H,O oxygens in octa-
hedral coordination with Mg), and H,O in independent
sites (e.g., epsomite MgSO47H,0O with the 7% H,0
extrapolyhedral). In general, only salt hydrates with
H,0 in independent sites may dehydrate and rehydrate
reversibly. The other structures are usually destroyed
by dehydration, with loss of mineral information con-
cerning formation environment and with release of
H,O that may react with other phases, possibly con-
densing on and dissolving soluble constituents. Recent
work on several sulfate hydrates is summarized here.

Ca-sulfates. CaSO,nH,O occurs as gypsum (n=2)
anhydrite (n=0), and bassanite (n=0.5). Gypsum has
H,0 molecules in 25% of the apices of 8-fold poly-
hedra containing Ca, the other 75% shared by oxygens
of SO, tetrahedra. Bassanite, in contrast, has chains of
SO, tetrahedra around channels containing H,O. With
slow dehydration of bassanite, H,O can be removed
almost entirely, producing “soluble” anhydrite. Ag-
gressive complete dehydration with heating produces
“insoluble” anhydrite with Ca-SO4-Ca chains in an
orthorhombic structure. All three Ca-sulfate forms
might occur on Mars. Gypsum and insoluble anhydrite
should be stable under most conditions of collection
and sample return; in the presence of H,O ice, bas-
sanite can regain water and may fully rehydrate to gyp-
sum but the process is slow (e.g., ~10” hours at -2 °C).

Mg-sulfates. The Mg-sulfate system has highly
variable values of n in the formula MgSO,-nH,0, with
common values of 7 (epsomite), 6 (hexahydrite), and 1
(kieserite). Chipera and Vaniman [5] point out the pro-
pensity for multiple metastable forms under dehydra-
tion. In addition, at low pH,O, amorphous forms ap-
pear with low values of n dependent at least in part on
temperature of dehydration [6].

Recent work in the Mg-sulfate system has led to
the recognition that a phase long suspected to have 12
waters of hydration is in fact an 11-hydrate [7]; dis-
covery of this phase on Earth and suggestions that it
may occur in cold, icy environments on Mars are re-

flected in the new mineral name “meridianiite” [8].
This new mineral has SO, tetrahedra and Mg in octa-
hedral coordination with H,O oxygens, between sheets
of H,0, and it can not survive above 275 K. Clearly,
only a very ambitious refrigerated sample system
could return such a sample to Earth. A mission to re-
turn such material would probably be a component of
one designed to collect and return H,O ice, not likely
in the near term.

Fe-sulfates. Acid systems on Mars can produce
ferric sulfate salts [9]. Jarosite is the only confirmed
Fe-sulfate mineral on Mars, determined by Mdssbauer.
Jarosite is quite resilient because of the lack of H,O
molecules and strong linkage by OH of corner-sharing
octahedra. Other Fe-sulfates are not so durable [10].
Coquimbite (Fey(SO4);9H,0) has independent H,O
and dehydration on heating to 30 °C produces an
amorphous product that does not rehydrate. Kornelite
(Fey(SO4)5:7H,0)  behaves  similarly. Botryogen
(MgFe(SO4),(OH)-7H,0) becomes amorphous at com-
parably low temperatures and also will not reversibly
rehydrate, but changes into a solid crust. Even modest
heating of these H,O-bearing ferric sulfates can be
destructive, and degradation products can produce
both cemented solids and viscous liquids [11].

Mixed-cation sulfates. Experiments [12] with the
mixed-cation sulfates blodite (Na,Mg(SO,),4H,0),
kainite = (MgSO,KCl1-2.75H,0), and polyhalite
(K,CayMg(S0,)42H,0) show that all are likely stable
at Mars surface conditions. The least stable is kainite,
which above ~60 °C at low pH,O may form a yet un-
characterized phase [12]. These three mixed-cation
salts should be stable under conditions of sample col-
lection and return if maintained at <50 °C.

Other salts. Sulfate salts dominate in both orbital
and surface data from Mars. However, APXS data
leave little doubt that halides are also present. Chloride
hydrates could include antarcticite (CaCl,'6H,0),
bischofite (MgCl,-6H,0) [see ref. 13], and tachyhy-
drite (CaMg,Clg:12H,0). Thus the sulfates described
above only hint at the salt hydrate complexity that may
be present on Mars.

Case Histories of Stability Problems in Extra-
terrestrial Samples: Lunar and meteorite samples
have been subject to concern over which features are
native and which may be products of terrestrial altera-
tion. This is particularly the case for meteorite finds
where the sample is known to have been subjected to
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terrestrial weathering, but even strict sample collec-
tion, transmittal, and storage protocols can lead to al-
teration.

Lunar experience. Goethite (FeO(OH)) “rust” ob-
served in Apollo 16 rocks stimulated great interest but
was eventually found to have formed by hydration-
oxidation of lawrencite (FeCl,) after collection [14].
This is but one example of problems unstable salts can
cause. Such problems may be exacerbated if samples
from different depths, or collected at different seasons,
are stored together. For hydrous silicates (e.g., smec-
tites) water release may be nondestructive, but salts
can dissolve or alter with exchange of very little water.

Meteorite experience. Epsomite is observed as a
hydrous phase in primitive CIl chondrites and has
been cited as evidence of late-stage oxidation of the
CI1 parent body [15]. However, there is strong evi-
dence that epsomite formed in these meteorites after
they were placed in humid terrestrial museums [16].

Implications for Mars sample return: Many salt
hydrates might not be returned to Earth unmodified
unless efforts are made to preserve Mars conditions of
temperature and pH,O [17]. Freezing samples from
point of collection to processing for analysis on Earth
would help maintain unstable hydrates but would be
difficult, costly, and not foolproof — exchange of H,O
vapor between samples may still occur. Some samples
collected at equatorial to mid latitudes may be desic-
cated and for these samples exceptional preservation
may be unnecessary. Much is uncertain and a sequen-
tial approach to sample return is warranted.

Start easy, with equatorial sample return. Shallow
regolith and rock surfaces from equatorial regions are
likely to be desiccated, for mineral water loss under
summer midday temperatures is more effective and
rapid than rehydration at nighttime or winter condi-
tions when frost is present. Sample return from higher
latitudes where ground ice is present will not only pre-
sent challenges with possible unstable salt hydrates but
also with rover or lander operations at very cold tem-
peratures, as well as the logistics of landing and depar-
ture at high latitude.

Analyze in situ. Sample analysis in situ will pro-
vide baseline determination of mineralogy, composi-
tion, and fabric against which later observations on
Earth can be compared. This is recognized by MEPAG
[18] in recommendations allowing for a sample analy-
sis system of ~50 kg on the lander or rover. Active
analysis systems have their own challenges and the
analytical tools should avoid or minimize heating sam-
ples above maximum site temperature.

Plan ahead for on-planet sample holding. Tem-
peratures on the lander or rover may affect salt hydrate
preservation. For example, the heat of an equatorial

summer plus heat produced by the RTG on the 2009
MSL rover can raise the sample cache to 50 °C. Insu-
lation or shading of the sample container might pre-
vent temperature from rising so high, but thermal de-
sign constraints and consequences need careful evalua-
tion.

Store separately. Samples collected at summer
from an exposed rock surface may, if contained with
samples collected from frost-coated regolith at winter,
undergo H,O vapor exchange with deleterious effects
(e.g., loss of interlayer H,O from smectite leading to
chloride salt deliquescence). Separate containerization
of each collected sample can minimize such effects.

Chill while in transit. Current sample return con-
siderations do not anticipate active refrigeration on the
return spacecraft, with an upper temperature constraint
of 50 °C [18]. Design to keep temperature as low as
possible should be considered, and active refrigeration
should be evaluated in trade studies.

Process in an appropriate environment. Avoid-
ance of elevated temperature as samples are processed,
allocated, and analyzed will be important for at least
some splits of the returned material. It may sufficient
to first examine a chilled split for physical alteration
(deliquescence, solution, etc.) and get a baseline as-
received mineral analysis before other splits are proc-
essed and allocated.

Analyze with vigilance. Analytical results that pro-
duce unexpected evidence of H,O exchange between
minerals, suspicious mineral morphologies, and disso-
lution/precipitation features should be scrutinized to
determine whether such features may be artifacts.
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Introduction: A Mars Sample Return Mission
will further understanding of the geologic history of
Mars, by enabling direct study of surficial materials.
The history of chemical interactions between Mars’
crustal materials and the planet's fluid envelopes are
recorded in igneous and sedimentary materials pres-
ently exposed on Mars’ surface. The known history of
vigorous surficial fluvial and aeolian activity on Mars
suggests that much of the surficial material available
on the surface of Mars has been modified by exogenic
processes involving physical and/or chemical interac-
tions with Mars’ atmosphere, and with any hydro-
sphere which existed at different times during Mars’
natural history. However, the extent of any chemi-
cal/mineralogical alteration, the relative importance of
physical and chemical processes, the timing of any
chemical alteration that may have occurred, and what
information the surficial materials contain about the
chemical history of Mars’ surface and atmosphere are
all matters of continuing research interest.

Orbiter and lander/rover studies of Mars’ surface
have identified and provided preliminary characteriza-
tion of a range of surficial materials available for sam-
pling, including igneous and sedimentary rocks, possi-
ble volcaniclastic/pyroclastic rocks, and
unconsolidated sediment. Some surfaces expose unal-
tered anhydrous silicates (militating against extensive
interactions with water), but most results (including
studies of Mars meteorites) indicate at least minor
aqueous alteration of exposed surface materials.

Clay minerals form by deuteric and hydrothermal
alteration of igneous parent materials; weathering of
any parent-rock type; and diagenesis of sediments (in-
cluding volcaniclastics). This contribution reviews
what can be determined about mineral-environment
interactions from the study of the clay-mineral prod-
ucts of mineral-water interactions, emphasizing low-
temperature surface phenomena (weathering).

Rock and mineral weathering. During weather-
ing, primary rock-forming minerals react with solu-
tions and/or volatiles. Reactants (minerals and mobile
species) are consumed through processes governed by
interactions among structure, composition, surface
properties, and solute composition (the latter itself in-
fluenced by the history of the solution, including its
origin and other reactions the solution participated in
prior to arriving at the current reaction site). Weath-
ered regoliths produced by weathering reactions con-
tain residual primary rock-forming minerals (remnant

reactants), secondary minerals, and solutions and/or
volatiles of altered composition. On Earth, clays
formed by weathering vary with the interplay between
(1) the dissolution kinetics of primary minerals that
release silica and cations to solutions and (2) the
leaching intensity of the weathering environment.

In many situations of interest, the solutions left the
system long ago, and it is from the surviving solids that
we infer the former processes [1-5]. Although reactant
and product solutions and volatiles may no longer ex-
ist, considerable insight into their nature, abundance,
and properties can be achieved by examining the reac-
tant and product minerals. The compositional and
textural relationships among reactants and products
record mineral stability and elemental mobility, which
in turn result from the thermodynamics and kinetics of
reactions in the weathering system (including its vola-
tiles). Even on Earth, where high temperatures and
abundant water faciliate relatively rapid kinetics (at
least in comparison with present conditions on Mars),
the mechanisms of weathering reactions often prevent
the attainment of thermodynamic equilibrium. Most
naturally weathered materials therefore represent vari-
ous intermediate stages between unaltered parent mate-
rials and the ultimate weathering products.

Multiple analytical methods are required to iden-
tify, characterize, and reconstruct weathering factors,
processes, and conditions (including atmospheric com-
position and the solute characteristics of any liquid
water) that may have existed when the weathering re-
actions took place in these transitional materials.
Some analyses can be performed in sifu, but the com-
plete array of methods available in terrestrial laborato-
ries is not readily transported off-planet. Also, robotic
missions are constrained to use instruments that were
available when the mission was designed. As the Star-
dust mission recently reminded us [6,7], sample-return
missions allow use of the instrumental state-of-the-art
available at sample return and thereafter.

What do clay minerals tell us about alteration
conditions? For most of Mars’ natural history, Mar-
tian environments of aqueous alteration (surface and
shallow subsurface environments like those sampled
by Mars meteorites) were likely characterized by low
fluid-rock ratios, negligible leaching, and highly reac-
tive (mafic) parent materials. Weathering in such sys-
tems may resemble the earliest stages of weathering of
terrestrial mafic volcanic rocks. Rapid reaction rates
of the mafic silicates and negligible leaching produce
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conditions more similar to closed-system conditions
than in most other terrestrial weathering environments.
Consequently, much analysis of Mars-surface mineral-
ogy assumes that thermodynamic equilibrium ade-
quately describes parent-product mineral relationships
of weathered planetary surface materials [8-10]. How-
ever, metastability (not thermodynamic equilibrium) is
common in low-temperature mineral-water systems, so
observations of kinetically controlled textures and
mineral associations are more likely than thermody-
namic modeling to detect evidence of processes and
reaction paths [1-5].

Elemental transfer during alteration. Unlike
whole-landscape (orbiter) and whole-sample
(lander/rover) mineral and chemical data, returned
samples will allow a variety of observations at spatial
scales comparable to those at which chemical mineral-
water interaction processes operate. These include
textures at the interfaces between reactant and product
minerals (that preserve information about the geo-
chemical kinetics of the reactions; [11]); compositions
(structural formulae, trace elements, isotopes) of reac-
tant and product minerals and genetically related reac-
tant-product assemblages; and compositional relations
of products with mineral phases elsewhere in the rego-
lith/landscape other than the local “parent mineral”.

Structural relationships between naturally weath-
ered chain-silicates and their alteration products indi-
cate that the T-O-T (tetrahedral-octahedral-tetrahedral)
“I-beams” of the chain silicates are transformed with
minimal rearrangement of bonds into 2:1 T-O-T sheets
[5,12-15]. While these structural relationships are well
understood, less is known about compositional aspects
of these reactions. Where primary- and secondary-
mineral compositions are known from electron micro-
probe analyses, (isovolumetric) pseudomorphic re-
placement of primary chain-silicates by secondary
sheet-silicates requires export of some elements and
import of others. For example, one recent case study
finds that clinopyroxene weathering to smectite con-
served Si in the conversion of pyroxene to clay, lost
Mg, and required import of Fe from faster-weathering
Fe-bearing minerals nearby [16]. On Earth, leaching
removes those elements overabundant in parent miner-
als relative to products; on Mars such mobile products
may not have moved far in those cases where there
was little water to carry them. Recent studies of
within-regolith redistribution of major mineral-forming
elements during terrestrial weathering [16] will serve
as a model for future studies of major-, minor-, and
trace-element redistribution at various spatial scales
during clay-mineral formation in both terrestrially and
extraterrestrially weathered rocks.

Primary-mineral corrosion textures and clay-
mineral textures. Olivine subjected to terrestrial
weathering of Mars-meteorite finds corrodes in the
same manner as terrestrially weathered terrestrial oli-
vine [17] and small-scale corrosion features on weath-
ered terrestrial chain-silicates resemble features in
Mars meteorites [18], indicating that insight from ter-
restrial weathering of mafic silicates is transferable to
interpreting the alteration of silicates in samples from
Mars.

Pyroxene surfaces are unaffected by relative hu-
midity changes during sample handling and examina-
tion [11,16], whereas the smectite formed as the
weathering product of the same pyroxene is strongly
modified by environmental excursions during sample
handling [16]. Preservation of clay-mineral textures in
returned Mars samples will be challenging; like other
hydrous phases, variations in temperature and relative
humidity will drive hydration-dehydration and changes
in the volumes and textures of hydrous phases. Corro-
sion and replacement textures at the surfaces of anhy-
drous igneous minerals (including contacts with al-
teration products and exposed surfaces) will be much
less vulnerable to modification by the sample recov-
ery-return process. Compositional attributes of clays
are more robust than textures and will better survive
sample return.
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Ground Truth from Mars: Science Payoff from a Sample Return Mission 107
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Introduction. Highly siderophile elements (HSE:
Re, Os, Ir, Ru, Rh, Pd, Pt, and Au) strongly partition
into metal relative to silicates. As such, their
abundances in planetary mantles were strongly
affected by core formation. The moderate abundances
of HSE in the terrestrial mantle have been explained as
a consequence of one of several processes. Some have
advocated that HSE abundances in the mantle were
established by metal-silicate equilibration at the base
of a deep magma ocean where metal-silicate
distribution coefficients may have been appropriate
(sufficiently low) to account for the present mantle
abundances [1,2]. Others argued that continued
accretion postdated the final stages of terrestrial core
segregation and that the accumulation of late accreted
materials increased the HSE abundances from very
low immediately following completion of core
segregation, to their current moderate levels [3,4].

Constraining the abundances of HSE in the mantles
of other inner solar system bodies may help to
distinguish between the early planetary processes that
had the largest effect on the HSE budgets of the
planetary mantles. Unfortunately, comparisons are
difficult. The abundances of HSE in the lunar mantle
have been highly problematic to constrain because of
the lack of direct samples of the lunar mantle, the
paucity of lunar ultramafic rocks (which are most
useful for characterizing HSE abundances in mantle
sources), and the likely complex stratigraphy of the
lunar mantle. Nonetheless, several recent studies have
concluded that HSE abundances in the lunar mantle
are much (~20x) lower than in the terrestrial mantle,
and may be in chondritic relative abundances [5-6].
These conclusions, however, remain tenuous.

Here, we report new HSE data for two Iherzolitic
shergottites and eight basaltic shergottites as a means
of placing additional constraints on the HSE inventory
of the martian mantle. This study is complementary to
our ongoing study of the Re-Os isotopic systematics of
SNC meteorites [7,8]. The SNC suite offers some
distinct advantages for studying HSE in the martian
mantle compared to studying existing lunar samples in
our inventory for understanding the lunar mantle. Most
notable is the substantial proportion of ultramafic
samples (lherzolites) and basalts with relatively high
MgO among the SNC suite. Although these rocks are
not direct samples of the martian mantle, their HSE
abundances likely more closely record mantle
abundances compared to more evolved materials.
Several previous studies have reported HSE

abundances in martian SNC meteorites that are
generally similar to abundances in terrestrial rocks
with the same MgO [9,10]. Based largely on the study
of ultramafic samples, the implication has been that the
concentrations of the HSE in the martian mantle are
roughly comparable to their concentrations in the
terrestrial mantle.

Methods. Rhenium, Os, Ir, Ru, Pt, and Pd
concentration data were determined for the following
SNC meteorites: SaU094, Sau008, ALH77005,
EET79001 (lithology A), NWA1195, NWA1068,
Dhofar019, LEW88516, Y980459, and DaGA476.
Because of previous problems interpreting the Re-Os
isotopic systematics of DaG476 [7], and desert SNC
meteorites in general [8], we have begun a series of
experiments to assess effects on HSE (and Os
isotopes) resulting from desert weathering. In addition
to two bulk samples (one with a pristine appearance
and the other with visible alteration), we also analyzed
a magnetic separate, a leachate (liberated from the rock
using acetic acid) and the leach residue.

As with our previous work on SNC and lunar
samples, the SNC meteorite samples were equilibrated
with spikes and digested in Carius tubes @270°C
using a mixture of nitric and hydrochloric acids. For
the latest analytical campaign, blanks for Re, Os, Ir,
Ru, Pt, and Pd averaged 1.1, 0.15, 0.39, 0.57, 27, and
9.1 pg, respectively. The effects of chemical blank on
individual results varied from negligible for most
elements in most samples to ~50% for Re in the
magnetic separate of DaG476. Osmium concentrations
(and isotopic compositions [8]) were determined by
negative thermal ionization mass spectrometry. The
remaining HSE were analyzed by inductively coupled
plasma mass spectrometry. Accuracy of these
measurements was monitored via periodic interspersal
and analysis of spiked solutions of known isotopic
compositions. In most cases, accuracy and precision of
all concentrations except Re are estimated to be +3%.

Results. Several observations are worthy of note.
First, concentrations of the HSE in the meteorites are
generally within the range of concentrations previously
reported for SNC meteorites. The concentrations are
also similar to those in terrestrial peridotites and
picrites which have MgO extending over a comparable
range. An exception to this is Y980459 which has an
HSE pattern shape that is similar to that for
NWAZ1195, but with substantially higher HSE content
(Fig. 1). Second, all samples except Dhofar019 are
characterized by broadly flat chondrite-normalized
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HSE patterns that are depleted in Re relative to other
HSE (Fig. 1). This result suggests that during the
production of these lavas Re was either similarly
compatible to the other HSE, or was lost from surface
flows due to volatility, as has been observed for some
terrestrial lavas. Finally, results for DaG476 indicate
that HSE are evidently present in substantial quantities
in phases that can be easily dissolved via a mild leach.
This suggests that HSE patterns of desert meteorites
must be interpreted with caution.
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Figure 1. C1 chondrite-normalized HSE patterns for whole

rock lherzolitic (green) and basaltic (red) shergottites.
Dhofar019 and Y980459 are labeled.

Synthesis. These results, coupled with previously
published data, indicate that the martian mantle
sampled by shergottites contains similar abundances of
the HSE to the terrestrial mantle. Further, the relatively
unfractionated chondrite-normalized patterns for

higher MgO samples, together with the broadly
chondritic initial '*’0s/**®0s ratios [7,8], provide
evidence that the HSE are in chondritic relative
abundances in the martian mantle source regions.
These conclusions, if correct, would be difficult to
explain via magma ocean models which may require a
unique set of circumstances (p, T, fO,) to account for
the abundances of some HSE in the terrestrial mantle.
Thus, these observations seemingly favor late
accretionary models for the HSE in both the terrestrial
and martian mantles. If late accretion was the
mechanism that controlled the HSE abundances,
however, it is remarkable that the additions to Earth
and Mars were so proportionally similar and mixed so
well within the respective mantle sources.
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Table 1. HSE data (in ng/g) for Iherzolitic and basaltic shergottites. Listed in order of decreasing MgO (in wt. %)

Sample Wat. (9) MgO Re
Lherzolitic Shergottite

ALH77005 0.14 28.0 0.156
LEW88516 0.09 24.0 0.076
Basaltic Shergottite

Sau008 0.18 20.5 0.496
Sau094 0.18 205 1.399
NWA1195 0.88 19.3 0.237
Y980459 0.08 ~19 1.020
DaG476 (altered) 0.08 ~19 0.211
DaG476 (fresh) 0.10 ~19 0.265
DaG476 (magnetic) 0.02 ~19 0.048
DaG476 (residue) 0.08 ~19 0.367
DaG476 (leachate) 0.02 ~19 0.429
EET79001 (lith A) 0.17 ~16.5 0.107
NWA1068 0.19 16.6 0.186
Dhofar019 0.34 14.6 0.296

Os Ir Ru Pt Pd
1.377 3.366 4.386 2.130 1.319
1.546 1.291 2.413 2.559 1.636
0.702 0.698 1.719 4.555 3.625
2.129 2.071 2.743 7.968 6.075
4.046 3.304 6.119 6.831 3.837
8.985 14.24 22.49 21.87 27.76
1.041 0.836 1.957 4.614 5.094
1.562 1.031 1.808 3.154 3.489
0.483 0.462 78.04 4.687 3.008
3.986 3.230 4.758 4.240 3.404
0.954 0.419 1.205 2.887 2.996
1.261 1.095 2.127 6.443 3.586
0.858 0.695 1.725 3.881 3.614
0.021 0.034 0.108 0.035 0.129
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Introduction: Although Mars today has no global
dipole magnetic field, the twin discoveries of crustal
magnetic anomalies in the ancient southern cratered
terrane by the Mars Global Surveyor [1] and 4 billion
year old remanent magnetization in Martian meteorite
ALH 84001 [2] suggest that Mars had a core dynamo
during the Noachian epoch. Knowledge of the timing
and intensity of the Martian field is critical for under-
standing the thermal evolution of the Martian core, the
possibility of an early period of plate tectonics, and the
history of atmospheric loss on Mars. Because the
crustal anomalies are sufficiently intense to deflect or
focus incoming particle radiation, knowledge of the
crustal magnetization pattern may also be important
for locating possible human settlements.

Science from magnetic studies: When magnetic
minerals crystallize, cool, or are aqueously deposited
in presence of a magnetic field, their magnetic mo-
ments tend to align themselves in the direction of the
local magnetic field and become magnetized with a
magnitude that scales with the field intensity. There-
fore, paleomagnetic studies of rocks yield two main
pieces of information: the intensity and the direction of
ancient fields. Because the original orientations of
Martian meteorites on Mars are unknown, all paleo-
magnetic studies to date on Martian materials have
only been able to measure the field paleointensity. In
situ paleomagnetic studies of Mars rocks and analyses
of returned Martian samples afford the critical advan-
tage of (a) knowing the geologic context of the samples
and (b) providing the first opportunity to get paleodi-
rectional information on Martian fields.

Paleodirectional data. We regard paleodirectional
data as the most important product to be gained from
returned samples. Such information can be used for
three very important investigations: 1) confirming that
ancient magnetic fields were due to a core dynamo, 2)
characterizing the temporal behavior of the Martian
dynamo (reversal frequency and secular variation) and
3) chronicling local and planetary scale tectonic evolu-
tion (motion of the crust and/or mantle with respect to
the background field).

1. While it is generally believed that an ancient dy-
namo once operated on Mars, it is not known for cer-
tain if magnetic fields observed from orbit were pro-
duced by impact processes [3] or a core dynamo. In
extremely old or altered geologic units, it may be very
difficult to determine if the magnetization is due to one
effect by a combination of both effects. If the

Fig. 1. Gnomon used to
orient Apollo 15 samples
15485, 15486 and 15499
extracted from a boulder
\‘-.WA,L /_\ e, - at Dune Crater. The
-] s T ABG N gnomon rod points to
s i R NN vertical and its shadow
= S can be used to determine
' 2_&‘ geographic north.

-{- generated by impacts,
then rocks of similar
ages would likely have random magnetization direc-
tions. However, rocks magnetized by an axial geocen-
tric dynamo like that of the Earth should have average
magnetization that points to either spin pole with incli-
nation given by a characteristic latitudinal depend-
ence. Discovery of such an effect would by itself be
revolutionary in proving Mars had a dynamo. Only
when the field generating mechanism is established

can one proceed to investigations 2 and 3.

2. If one assumes that a crustal block was originally
magnetized in the direction specified by a Mars-centric
axial dipole, then the measured magnetization direc-
tion in an oriented sample from a known site can be
used to infer the secular variation and reversal fre-
quency of the field. These data can constrain the na-
ture of core convection, the mechanism of field gen-
eration, and possibly the age of any solid inner core.

3. The same dataset can be used to test the hypothe-
sis that Mars has experienced plate tectonics and/or
local crustal tectonics. A properly designed study
could even also locate the paleorotational axes of the
planet. For example, it has long been thought that the
formation of Tharsis resulted in true polar wander
(TPW) which moved the center of mass of this edifice
to the equator where it now lies [4]. Paleomagnetic
investigations coupled with other forms of geo-
chronometry would be able to test this hypothesis and
place constraints on the timing and rate of this motion.
Post-Tharsis TPW has recently been invoked as a
mechanism for disrupting the elevation of putative
shoreline features on the North Polar Basin [5]; eleva-
tion differences along these features have been the
major evidence against their interpretation of shore-
lines. Paleomagnetic study of in situ or returned ori-
ented Martian samples is one of the few mechanisms
capable of testing the TPW/shoreline hypothesis.

Paleointensity data. Paleomagnetic studies of re-
turned samples can also provide a wealth of informa-

paleofields were
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tion concerning the cooling history of the planet by
monitoring the strength of the Martian dynamo versus
time. This information can also be used to determine
when the planet had a dynamo and when it decayed,
which will give more information about the mecha-
nism generating the dynamo and planetary thermal
evolution. A strong dynamo may have also provided
protection from solar wind destruction of the Martian
atmosphere and radiation protection for any primitive
life.

Ideal samples and sampling strategy. The ideal
targets for paleomagnetic studies are oriented samples
taken from coherent bedrock with well-defined paleo-
horizontal indicators. Samples should be orientated
with respect to present true north and vertical before
they are removed from the outcrop. An established
method from the Apollo missions for orienting sam-
ples is to photograph the sample in the same field of
view as a gnomon (Fig. 1). A gnomon is a tripod and
sun compass with a freely rotating gimbaled bar that
always points toward true vertical (such that sample
inclination can be inferred) and whose shadow can be
used for obtaining geographic declination [6]. A simi-
lar device could be afixed to a sampling arm on a
rover.

The ideal lithologies for paleomagnetic investiga-
tions are bedded basalts because of their high mag-
netization intensity, excellent fidelity for recording
paleodirectional and paleointensity information, and
the simple process by which they become magnetized.
Sediments (both siliclastic and chemical) would also
be very useful for paleomagnetic studies, but they are
less favorable than basalts because of their relatively
weaker magnetization, tendency to record a magnetiza-
tion direction shallower than the true direction (par-
ticularly for claystones), and the lack of robust abso-
lute paleointensity techniques for sediments. For ei-
ther rock type, the samples should be collected from
units with identifiable stratigraphy, bedding, layering,
or other paleodirection indicators. This will greatly
facilitate determining how the orientation of the unit
has changed since the time of magnetization.

Landing site. The choice of the landing site is criti-
cal. Impact melts and regions heated by impacts
should be avoided because they will likely have been
demagnetized or remagnetized by impact processes
(which may generate strong fields [3]). The samples
ideally should be unshocked and unweathered. Inter-
esting sites are the high crustal magnetic anomaly lo-
calities (which likely record an ancient dynamo) and
bedrock outcrops at Meridiani [7] and Gusev [8]
(which afford the possibility of sequence stratigraphy).

Sampling strategy. It is advisable to either collect
multiple samples from each stratigraphic level with a
coring device or to drill a long core perpendicular to

the stratigraphic sequence. Multiple samples afford the
possibility of determining the temporal behavior of the
field and can be averaged to obtain statistically mean-
ingful aggregate properties of the geomagnetic field.
Using a coring device also ensures that orientation can
be reconstructed in the laboratory. For basalts, a mini-
mum mass of 0.03 cm® per sample would be measur-
able with modern superconducting rock magnetome-
ters. Sedimentary samples might require one or more
orders of magnitude more sample mass (depending on
the lithology). The drill used to collect the cores
should ideally be made from nonmagnetic materials to
avoid contaminating weakly magnetized rocks.

Sample handling requirements. There are two main
sample storage requirements for this investigation: 1)
samples should ideally not be heated above ambient
Martian (or at least terrestrial) temperatures and 2)
samples should not be exposed to magnetic fields
greater 10 microtesla and ideally no greater than ~ 0.1
microtesla. The latter requirement can be easily ful-
filled if the samples are shielded inside of a high mag-
netic permeability container for the return trip to Earth.
Because Apollo samples were not returned in magneti-
cally shielded containers, part of their magnetic record
was overprinted by spacecraft magnetic fields [9]. On
Earth, samples should be stored in a magnetically
shielded environment to prevent the acquisition of
viscous remanent magnetization in the Earth's field.

In situ magnetic field measurements: While not re-
quired for analysis of returned samples, measurements
of the local magnetic field with a magnetometer could
provide useful information about the large-scale mag-
netization of the unit being sampled. This information
would help interpret the magnetization of sample
cores. For example, if several bedrock localities sam-
pled 500 m apart are found to have similar magnetiza-
tion directions, it would be helpful to know if a similar
ambient magnetic field direction is observered be-
tween sites at km scales. If the directions were found
to be similar, it would greatly strengthen the case for a
homogenous field produced by a core dynamo.
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Introduction: Mars Sample Return will util-
ize laboratory instruments to investigate Mars
samples from known locations with precisions not
obtainable with in-situ instruments on Mars.
However, given the return sample limitations, it is
imperative that the most revealing samples are
returned. Sample caches on MSL and/or ExoMars
are planned to be used for collecting desirable
samples. If MSR does not pick up these caches,
some analytical instrumentation will be required
to determine the best samples to return. This in-
strument or instrument suite should minimally
provide elemental abundances including those of
astrobiological importance (e.g., H, C, N, O) and
mineral identification. However, in-situ instru-
ments should be minimized to avoid complexity
and cost increases to MSR. For this reason, a sin-
gle instrument with widely ranging capabilities
and minimal sample handling/processing needs
would be the best option. Here we suggest
ChemCam or a ChemCam-like instrument as the
best option.

ChemCam is an active remote sensing in-
strument suite being built for MSL [1,2]. It uses
laser pulses to remove dust and to profile through
weathering coatings of rocks up to 9 m away.
Laser-induced breakdown spectroscopy (LIBS)
obtains emission spectra of materials ablated from
the samples in electronically excited states over
an analysis spot < 1 mm in diameter at the focal
point of the incident laser beam. A great advan-
tage of LIBS is its sensitivity to H, C, N, O, Li,
Be, and B as well as the heavier elements. The
light elements are critically important to searching
for samples of astrobiological interest, and are not
detected by most in-situ techniques. LIBS analy-
ses are rapid, requiring only several minutes to
point at the target, focus, and shoot. ChemCam
also includes a remote micro-imager (RMI) to
provide context images of the target. The RMI
has a field of view of 20 mrad (20 cm @ 10 m)
and a resolution of ~80 prad (< 1 mm @ 10 m).

A key feature in suggesting ChemCam as the
instrument to enable Mars Sample Return is its
versatility. The small analysis footprint allows
ChemCam to act as a contact instrument when
samples are within the workspace of the rover’s
sample arm. Because of this, the MSL mission
planning calls for ChemCam to operate during
drive sols, remote sensing sols, and during contact
sols. Another important feature is the combined
imaging and chemical analyses. The RMI resolu-
tion is more than an order of magnitude better
than that of PanCam, and is within a factor of
three of the Microscopic Imager. At this resolu-
tion, the microscopic texture of the rocks becomes
visible.

ChemCam is a collaboration between NASA
and CNES. ChemCam’s cost to NASA is under
$9M, a small fraction of the cost of many instru-
ments.

References: [1] Maurice S., Wiens R., Manhés
G., Cremers D., et al. (2005) Lunar Planet. Sci.
XXXVI, 1735. [2] Wiens R., Maurice, et al. (2005)
Lunar Planet. Sci. XXXVI, 1580.
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HONEYBEE ROBOTICS SAMPLE ACQUSITION, TRANSFER AND PROCESSING TECHNOLOGIES
ENABLING SAMPLE RETURN MISSIONS. K. Zacny, G. Paulsen, K. Davis, E. Mumm, and S. Gorevan. Hon-
eybee Robotics Spacecraft mechanisms Corporation, New York, NY, *zacny@honeybeerobotics.com.

Introduction: In the last decade, Honeybee Robot-
ics Spacecraft Mechanism Corporation has developed
numerous sampling acquisition processing and sample
transport devices. This abstract and conference presen-
tation or a poster will detail each system with particu-
lar emphasis on design, performance, testing, results,
and TRL level.

The Mini Corer: The Miniature Rock Coring and
Rock Core Acquisition and Transfer System (Mini-
Corer) was designed, built, and tested for the NASA’s
Mars Sample Return Athena Payload, scheduled for
launch in 2003 [1]. It is a rover belly-mounted system
and acquires rock cores for in-situ examination, and
for caching for sample return Figure 1. The Mini-
Corer weighs 2.7 kg (not including pitch-translate sys-
tem) and its dimensions are 29.8 cm x 14.51 cm x 9.64
cm.

Figure 1. An engineering model of Mini-Corer was installed
on JPL’s field test rover, FIDO, to facilitate basic mission
operations testing (see arrow). The Mini-Corer mass is 2.7
kg and the Mini-Corer box dimensions are 29.8 cm x 14.51
cm x 9.64 cm. This model currently resides at JPL.[2]

The Mini-Corer can obtain a 25 mm long and 8
mm in diameter core in strong basalt (compressive
strength of 100 MPA) in less than six minutes while
consuming fewer than 10 watt-hours of power. The
Mini-Corer’s carbide cutting teeth penetrate 30 cm in
basalt at a penetration rate of more than 20 cm/hr
(Figure 2).

The Mini-Corer can autonomously break off and
retain the core. An internal pushrod is used to eject the
core. This same pushrod is used to stabilize the target
rock during the initial coring.

The Mini-Corer is also designed with a quick-
change bit acquisition capability. Using the same
quick-change subsystem, the Mini-Corer drill can be
commanded to acquire a soil acquisition end effector
for soil sampling.
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Figure 2. Rate of Penetration (ROP) and Wight on Bit
(WOB) vs. Accumulated Depth for a single bit in 100 MPa
Keweenaw Basalt. [2]

The Coring Abrading Tool (CAT): The inte-
grated coring and abrading tool (CAT), is a hybrid of
Honeybee’s existing Rock Abrasion Tool (RAT) and
Mini-Corer (MC) designs (Figure 3). The Rock Abra-
sion Tool is a TRL 9 instrument that is currently oper-

ating onboard of the Mars Exploration Rovers.
- L b x

Figure 3. Corer Abrade Tool (CAT) can acquire rock cores
and abrade rocks. It weighs less than 4 kg and is designed to
be arm mounted.

The CAT is an arm-mounted, stand-alone device,
requiring no additional arm actuation once positioned
and preloaded. This instrument is capable of autono-
mously acquiring, retaining, and transferring cores 8
mm in diameter and up to 100 mm long of solid and
unconsolidated material. In addition to coreing, this
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system is also capable of abrading and brushing rock
surfaces and changing out bits and end-effectors
autonomously. Shown in Figure 1, the CAT weighs
less than 4 kg, and can penetrate 100 MPa basalt rock
with only 120 Newton of preload (the actual Weight
on Bit was less). The CAT was extensively tested in a
vacuum chamber (under simulated Mars atmospheric
conditions) and it is currently at TRL of 6.

The Sample Acquisition and Transfer Mecha-
nism (SATM) drill: The SATM is a 1-meter class
drill system that features sample handling abilities and
sample return containers (Figure 4). A prototype was
developed and successfully tested to validate the per-
formance requirements for the NASA ST/4 Champol-
lion mission goals. The SATM was designed to ac-
quire samples at 20 cm and at one meter below the
surface with little or no cross-contamination. Depend-
ing on the scientific sampling needs, the system can
accommodate sample volumes ranging from 0.1-1.0
cc.

Figure 4: Detail of Sampling Tip (Door Closed) of the
Sample Acquisition and Transfer Mechanism (SATM)
drill.

The Mechanized Sample Handler (MeSH): The
MeSH is a miniature centralized sample preparation
station that could be mounted on an MSL-class (large)
rover.

The MeSH capabilities include three main subsys-
tems: a rock crusher, a sieving/shaking mechanism,
and a portioning/distribution system. The MeSH is
designed to receive a variety of sample types (loose
regolith, pebbles and small rock cores) from a variety
of sampling devices, crush a sample and distribute
powdered samples to a variety of instruments.

MeSH’s rock crusher uses compression and attri-
tion to reduce rock cores from a solid core to a very
fine powder. The sieving/shaking mechanism sorts fine
powder samples into two size categories, both targeted
to be below 150 microns. The portioning/distribution
system takes the sieved sample and makes an aliquot
(or small portion) of it. The aliquot is then passed off
to one of several instrument inlet ports.

The Sample Manipulation System (SMS): The
SMS as shown in Figure 6 was developed for the Sam-
ple Analysis at Mars (SAM) Instrument aboard the
Mars Science Laboratory (MSL). The goal of the SMS
is to precisely position a sample from the sample inlet
device to pyrolysis ovens [3].

The main design driver for the SMS is precise,
autonomous manipulation of 74 sample cups to multi-
ple interfaces. The SMS positions each sample cup
below any interface to within 0.71 millimeters of true
position and delivers up to 1330 Newtons to create a
hermetic seal between the sample cup and pyrolysis
oven. The high sensitivity of the spectrometers require
the SMS to be very clean and also capable of sealing
the sample cups from the outside environment during
Assembly, Test, Launch, Transit, and Surface Opera-
tions while it is not executing an experiment.

The SMS is a first generation flight system that
was flight qualified and delivered to Goddard Space
Flight Center (GSFC) in November 2007.

»

Figure 6. The Sample Manipulation System was developed
for Mars Science Laboratory Sample Analysis at Mars in-
strument. It has 74 cups that transfer a sample to a pyrolysis
oven and make a hermetic sea with the oven.

References: [1] Myrick T. et al. (2000) LPSC
XXXI, Abstract #6105. [2] Zacny K. et al. (2008) As-
trob. J. [3] Kennedy T. et al. (2006) Optimization of a
Mars Sample Manipulation System Throught Concen-
trated Functionality, AIAA Space 2006.
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WHAT CAN YOU DO WITH A RETURNED SAMPLE OF MARTIAN DUST?
M.E. Zolensky and K. Nakamura-Messenger; Astromaterials Research and Exploration Science, NASA Johnson
Space Center, Houston, TX 77058 USA (michael.e.zolensky@nasa.gov).

Stardust PET: A major issue that we man-
aged to successfully address for the Stardust Mission
was the magnitude and manner of preliminary ex-
amination (PET) of the returned samples [1], which
totaled much less than 1 mg. Not since Apollo and
Luna days had anyone faced this issue, and the les-
sons of Apollo PET were not extremely useful be-
cause of the very different sample masses in this
case, and the incredible advances in analytical capa-
bilities since the 1960s. After considerable discus-
sion with the Curation and Analysis Planning Team
for Extraterrestrial Materials we finally all agreed
that we would make the 9 month long sample PET as
comprehensive as possible, and to also be as inclu-
sive as reasonable with respect to the PET team. We
divided the PET effort into six parallel and interre-
lated efforts: (1) Bulk Composition, (2) Mineralogy
and Petrology, (3) Organics, (4) Optical Properties,
(5) Isotopes, and (6) Small Craters in Aluminum. All
qualified scientists were invited to join any number
of these groups, provided they met some minimal
background requirements and agreed to group publi-
cation all PET results in Science (see Brownlee et al.,
2006 [1] and all the adjacent papers). Initially we
limited PET participation to PhDs with prior experi-
ence with analysis of astromaterials. As the effort
progressed these rules were relaxed to permit new
techniques to be employed and new expertise to be
involved. An attractive result of this exercise was the
entry of numerous new groups into the astromaterials
field and the formation of very powerful new col-
laborations.

The PET was designed to proceed from the
least invasive analyses through marginally destruc-
tive ones, and finally to some completely destructive
procedures, to maximize the data harvest from mini-
mal sample mass [2]. Thus we began many analysis
trees using synchrotron X-ray fluorescence (SXRF),
synchrotron tomography (SCT), and/or scanning

transmission X-ray microscopy (STXM) of entire
keystoned tracks, before actually removing individ-
ual grains from the tracks for analysis. These analy-
ses enabled us to focus later characterization efforts
on the most interesting captured grains, that would
then be removed from the aerogel. We did not al-
ways have the time to follow this incremental ana-
Iytical protocol during PET, but it was a model we
followed whenever possible. For these separated
grains we usually performed Vis-IR spectroscopy
before proceeding to ultramicrotomy, isotopic, min-
eralogic or organic analyses of sections of grains.
Table 1 lists the most commonly applied analytical
techniques for nanogram-sized astromaterials, along
with their relative, general level of sample destruc-
tiveness (modified after [2]). The techniques actually
applied to Stardust samples during PET are under-
lined. Considering the short time (9 months) avail-
able for sample PET the range of applied analyses is
remarkable, reflecting the value of the returned sam-
ples and the depth and dedication of the sample
community. When we began to test silica aerogel as
a capture media for cometary coma grains in the mid-
1980s, the list of available analytical techniques was
far shorter than what it is today, and the roster of
nanogram-able sample analysts in the astromaterials
community was far smaller. A principal value of a
returned sample over what may be accomplished
remotely is that the samples can be reanalyzed as
new techniques are developed and new ideas and
hypotheses are proposed. As long as we continue to
take good care of dust-sized samples, we can expect
far more and improved analyses to be made of them
in the coming decades.

References: [1] Brownlee et al. (2006) Science
314, 1711-1716; [2] Zolensky et al. (2000) Meteorit-
ics and Planetary Science 35, 9-29.

Table 1. A Lengthy But Not Exhaustive Summary of Analytical Techniques Available for Nanogram-sized
Samples; Analyses Performed During Stardust PET are Underlined

Technique
Imaging
Light-Optical Techniques
Scanning Electron Microscopy/ Energy Dispersive Spectrometry
Synchrotron Tomography
Transmission/Analytical Electron Microscopy
Scanning Transmission X-Ray Microscopy
Atomic Force Microscopy
Force Spectroscopy
Holographic Low-Energy Electron Diffraction

SIMS lon Imaging

Destructiveness

non-destructive
non-destructive
non-destructive
partially
partially
partially
partially
partially
destructive



Table 1 continued

Technique

Bulk and Mineral Compositional Analyses

Microparticle Instrumental Neutron Activation Analysis

Synchrotron X-ray Fluorescence

XRF Tomography

Scanning Transmission X-ray Microscopy
Micro Raman Spectroscopy
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Destructiveness

non-destructive
non-destructive
non-destructive
non-destructive
non-destructive

Electron Microprobe Analysis partially
Protron Induced X-ray Emission partially
X-ray Spectroscopy partially
Secondary lon Mass Spectrometry (incl the Nano persuasion) destructive

Time-of-Flight Secondary lon Mass Spectrometry

destructive

Laser Ablation Microprobe- Inductively Coupled Plasma-Mass Spectrometry destructive

Double Focusing Secondary lon Mass Spectrometry
Resonance lon Mass Spectrometry
Thermal lonization Mass Spectrometry

Organic Analyses
Micro Raman Spectroscopy
Fluorescence

destructive
destructive
destructive

non-destructive
non-destructive

Electron Energy-Loss Near Edge Structure partially
Scanning Transmission X-Ray Microscopy partially
Transmission and Reflectance IR-Vis Spectroscopy partially
Optically- and Acoustically-Excited Phonon Spectroscopy partially

Time-of-Flight Secondary lon Mass Spectrometry
Chromatography

destructive
destructive

Secondary lon Mass Spectrometry (incl the Nano persuasion) destructive

Stepped Combustion and Static Mass Spectrometry

destructive

Two-Stage Laser Desorption/Laser Multiphoton lonization Mass Spectrometry destructive

Noble Gas and Sample Exposure History
Solar Flare Track Analysis
Double-Focusing Mass Spectrometer

Age Dating
Laser Ablation Mass Spectrometry

Mineralogy and Atomic Structure
Synchrotron X-ray Diffraction

X-ray Absorption Spectroscopy
Transmission IR-Vis Spectroscopy

Micro Raman Spectroscopy

Transmission Electron Microscopy
Electron Energy-Loss Near Edge Structure
Atomic Force Microscopy

Electron Energy Loss Spectroscopy
Extended X-ray Absorption Fine Structure
X-ray Absorption Near-edge Structure
IR-Vis Reflectance Spectroscopy
Cathodoluminescence Microscopy and Spectroscopy

Physical Properties
Density Measurements
Atomic Force Spectroscopy
Magnetic Force Microscopy

partially
destructive

destructive

non-destructive
non-destructive
non-destructive
non-destructive
partially
partially
partially
partially
partially
partially
partially
partially

non-destructive
partially
partially
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