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Meteorites on Mars observed with the Mars Exploration Rovers

C. Schréder,' D. S. Rodionov,>* T. J. McCoy,4 B. L. Jolliff,’ R. Gellert,®

L. R. Nittler,” W. H. Farrand,® J. R. Johnson,” S. W. Ruff,'° J. W. Ashley,10

D. W. Mittlefehldt,! K. E. Herkenhoff,” I. Fleischer,” A. F. C. Haldemann,''

G. Klingelhéfer,” D. W. Ming,' R. V. Morris,' P. A. de Souza Jr.,'* S. W. Squyres,"?

C. Weitz,'* A. S. Yen," J. Zipfel,16 and T. Economou'’

Received 14 August 2007; revised 9 November 2007; accepted 21 December 2007; published 18 April 2008.

[11 Reduced weathering rates due to the lack of liquid water and significantly greater
typical surface ages should result in a higher density of meteorites on the surface of
Mars compared to Earth. Several meteorites were identified among the rocks
investigated during Opportunity’s traverse across the sandy Meridiani plains. Heat
Shield Rock is a IAB iron meteorite and has been officially recognized as “Meridiani
Planum.” Barberton is olivine-rich and contains metallic Fe in the form of kamacite,
suggesting a meteoritic origin. It is chemically most consistent with a mesosiderite
silicate clast. Santa Catarina is a brecciated rock with a chemical and mineralogical
composition similar to Barberton. Barberton, Santa Catarina, and cobbles adjacent to
Santa Catarina may be part of a strewn field. Spirit observed two probable iron
meteorites from its Winter Haven location in the Columbia Hills in Gusev Crater.
Chondrites have not been identified to date, which may be a result of their lower
strengths and probability to survive impact at current atmospheric pressures. Impact
craters directly associated with Heat Shield Rock, Barberton, or Santa Catarina have not
been observed, but such craters could have been erased by eolian-driven erosion.
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1. Introduction

[2] Mars’ cratered landscapes are testimony to ongoing
impacts of meteoroids onto its surface. The flux of crater-
producing objects is expected to be greater at Mars
relative to Earth because of the planet’s closer proximity
to the asteroid belt [e.g., Shoemaker, 1977]. Recent
images from orbiting platforms show that hypervelocity
impacts persist to the present-day [Malin et al., 2006].
The atmosphere of Mars is thick enough to decelerate
meteoroids of small mass sufficiently to survive impact
[Dycus, 1969]. Weathering and erosion limit the residence
time of meteorites on planetary surfaces. On Earth, stony
meteorites recovered from Antarctica display the longest
terrestrial residence times of up to a few million years
[Scherer et al., 1997; Welten et al., 1997], while meteor-
ites in hot desert regions decay at least 1 order of
magnitude faster [Bland et al., 1996]. The current climate
on Mars is characterized by low temperatures and an
extremely limited availability of liquid water. Bland and
Smith [2000] estimate that meteorite decay due to chem-
ical weathering occurs on a 10° year timescale on Mars.
On the basis of the larger flux and lower weathering
rates, Bland and Smith [2000] calculated an average
accumulation of ca. 5 x 10* to 5 x 10° meteorites
greater than 10 g in mass per square kilometer on Mars,
compared to two to three samples per square kilometer in
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a typical hot desert accumulation site on Earth [Bland et
al., 1996]. Therefore both of the NASA Mars Exploration
Rovers (MER), Spirit and Opportunity, could be expected
to come across meteorites during their journeys. The
challenge is to recognize them.

[3] Meteorite finds on the surface of Mars offer another
perspective on NASA’s “follow-the-water” exploration
strategy. The susceptibility of meteorites to rapid alter-
ation processes makes them ideal materials for searching
for evidence of climate change on Mars [Ashley and
Wright, 2004]. Reduced metallic iron, estimated to be
present in approximately 88% of all falls on Earth, will
oxidize in the presence of water on Mars, even if no
additional oxygen is available [e.g., Gooding et al.,
1992]. Because of this high reactivity, meteorites found
on Mars might exhibit subtle signs of alteration where a
Martian basalt, when exposed to the same set of con-
ditions, might not. Both MER rovers are located in near-
equatorial latitudes, where surface water exposure under
current obliquity cycles is anticipated to be negligible
[e.g., Carr, 1996], but could be significant within the
near-subsurface [Burr et al., 2005]. A single “rusty”
meteorite with measurable oxyhydroxides at either loca-
tion, for example, would therefore be evidence of wetter
climatic conditions than exist today. Such a finding would
be significant irrespective of meteorite residence time. A
lack of oxyhydroxides in meteorites would also offer
insight, but questions of residence time become more
important in such cases. The difference between irons and
stony or stony iron meteorites becomes important here
because alteration products may still exist within stony
meteorite interiors whereas they may be readily abraded
by wind erosion from the surfaces of irons.

[4] At another level of interest, long-lived meteorites on
Mars may sample asteroids which have not been sampled
on Earth within the last few million years. Because the
dynamical characteristics of Mars-crossing objects differ
from Earth crossers, the population of impactors that have
accumulated on the two objects may differ in initial
composition.

[5s] Spirit and Opportunity are equipped with the Athena
Science Payload [Squyres et al., 2003] consisting of a
0.27 mrad/pixel, multiple filter visible to near-infrared
(400 to 1010 nm) Panoramic camera (Pancam) [Bell et al.,
2003], a Mini-Thermal Emission Spectrometer (Mini-TES)
covering the 5 to 29 um wavelength region [Christensen
et al., 2003], a 30 pm/pixel Microscopic Imager (MI)
[Herkenhoff et al., 2003], an Alpha Particle X-ray Spec-
trometer (APXS) for elemental composition [Rieder et al.,
2003], a Mdossbauer (MB) spectrometer for determining
mineralogy of iron-bearing phases [Klingelhdfer et al.,
2003], a set of magnets for attracting dust particles
[Madsen et al., 2003], and a Rock Abrasion Tool
(RAT) to remove surface contamination and weathering
rinds from rock surfaces [Gorevan et al., 2003]. The
rovers also carry engineering cameras to support mobility,
navigation, science, and placement of the instrument arm
[Maki et al., 2003].

[6] Opportunity is exploring the Meridiani Planum region
of Mars. The area is characterized by sulfate-rich bedrock
largely covered by eolian basaltic sand and lag deposit of
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hematite-rich spherules [Squyres et al., 2004, 2006a,
2006b]. The basaltic sand cover is typically about 1 m
thick; wind deflation exposes bedrock in places and
exhumes the hematite spherules which make up the lag
deposit [Soderblom et al., 2004]. On Earth, increased
accumulations of meteorites are found in areas where wind
deflation has removed eolian sand covers [Zolensky et al.,
1990]. On the basis of the Ni contents of Martian soil
samples and certain sedimentary rocks, Yen et al. [2006]
estimated an average of 1% to 3% contamination from
meteoritic debris.

[7] Numerous rock fragments are also scattered across
the surface of Meridiani Planum. These rock fragments,
though of diverse origin and composition, seem to be
impact-related to some extent. They appear to cluster in
troughs between ripples on the plains, and are notably
abundant on rocky surfaces in and around impact craters
[Jolliff et al., 2006]. During daily rover operations, the
MER Science Team refers to any rock larger than 1 cm as
a cobble. In this article we will refer to each rock as a
pebble, cobble, or boulder according to its diameter. A
pebble, in this respect, ranges from 4 mm to 64 mm
according to the Krumbein ¢ scale [Krumbein and Sloss,
1963].

[8] An approximately 40 cm x 20 cm isolated boulder,
Bounce Rock, is the first rock investigated in situ on the
surface of Mars whose chemical and mineralogical com-
position matches that of basaltic shergottites, a subgroup
of more than 30 meteorites whose origin has been inter-
preted to be Mars. Bounce Rock is particularly similar in
composition to lithology B of the meteorite EETA79001
[Rodionov et al., 2004; Zipfel et al., 2004]. The distinct
characteristics of Bounce Rock, together with its isolated
occurrence, suggest that it is not locally derived. A
possible source is a relatively fresh 25 km crater located
75 km southwest of Opportunity’s landing site, whose
ejecta lie atop the hematite-bearing plains [Squyres et al.,
2004].

[9] The pebble FigTree Barberton2 (hereafter referred
to as Barberton), discovered at the rim of Endurance
crater, and the boulder Heat Shield Rock, discovered
south of Endurance Cater, were interpreted as a stony
meteorite and an iron meteorite, respectively [Schroder et
al., 2006; Rodionov et al., 2005]. Heat Shield Rock is
officially recognized as a meteorite with the name
“Meridiani Planum” [Connolly et al., 2006]. We will use
Heat Shield Rock throughout this article, however, in order
to avoid confusion with the location name of Opportunity’s
landing site. The cobble Santa Catarina discovered at the
rim of Victoria crater shows similarities to Barberton. These
three rocks will be described in detail in the next chapters.
Their location along Opportunity’s traverse is shown in
Figure 1. Other potential meteorites, also from the Spirit
landing site in Gusev Crater, which were not investigated by
the full rover payload are described thereafter, followed by a
discussion of the general conclusions that can be drawn
from this data set.

[10] The place names used in this paper for landforms,
rocks, and soils have not been approved by the Interna-
tional Astronomical Union and are meant to be informal
and convenient ways to remember features (e.g., an
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Figure 1. Opportunity traverse map showing large impact craters and the location of Barberton,
probably a stony meteorite at the rim of Endurance crater; Heat Shield Rock, an iron meteorite discovered
close to Opportunity’s heat shield south of Endurance; Santa Catarina on the rim of Victoria crater,
similar in composition to Barberton.

outcrop or eolian bed form) and targets (e.g., specific
location on a feature for which in situ measurements were
acquired). Similarities between the feature and/or target
names of rocks discussed as potential meteorites here and

the names of actual meteorites in collections on Earth are
unintended. In the case that any of the rocks discussed
here will be officially recognized as meteorites, we
suggest following the example of renaming Heat Shield
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Figure 2. Heat Shield Rock, (a) as first seen close to
Opportunity’s heat shield (http://marswatch.astro.cornell.
edu/pancam_instrument/images/False/Sol335B P2364 1
False 1.257 pos 1.jpg); (b) in a Pancam approximate
true color close-up view, showing its pitted surface and
high reflectance (http://marswatch.astro.cornell.edu/pancam
instrument/images/True/Sol346B_P2591 1 True RAD.jpg);
(c) the RAT-brushed spot near the center of the rock
indicating the area investigated in detail by the remaining
IDD instruments (http://marswatch.astro.cornell.edu/pancam
instrument/images/True/Sol352B _P2596 1 True RAD.jpg).
Heat Shield Rock measures 31 c¢m in its longest dimension.

Rock after the location of the find, i.e., Meridiani
Planum, adding a counter where necessary.

2. Heat Shield Rock

[11] Driving south from Endurance crater, Opportunity
stopped to investigate the heat shield that had been
dropped during the lander’s descent to the surface. Heat
Shield Rock was found just several meters from the heat
shield (Figure 2a). Its maximum dimension is 31 cm. It
was first identified as an interesting target on the basis of
its unusual appearance in Pancam images, which show a
highly pitted surface that is gray in tone with quasi-
specular highlights (Figure 2b). Mini-TES observed Heat
Shield Rock from two different standoff positions, provid-
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ing the first clues to its composition. The spectra revealed
features that are nearly indistinguishable from those of the
Martian atmosphere although at reduced contrast, indicat-
ing that the rock is highly reflective at mid-infrared
wavelengths. Ruff et al. [2008] demonstrated that the
spectrum of Heat Shield Rock resembles a gray body with
emissivity of ~0.3, a characteristic of metals and consis-
tent with an iron meteorite. Photometric studies of Heat
Shield Rock [Johnson et al., 2006] show that it is one of
the most forward scattering materials observed by Oppor-
tunity, also consistent with a smooth, metallic surface. The
surface pits are interpreted as regmaglypts developed by
ablation during the descent through the Martian atmo-
sphere. Heat Shield Rock was subsequently investigated
with the IDD instruments on both ‘“as is” and RAT-
brushed surface targets between sols 347 and 352. No
attempt was made to grind the rock because laboratory
tests using an engineering model of the RAT on an iron
meteorite sample suggested abrading Heat Shield Rock
would have led to rapid and substantial bit wear.

2.1. Classification

[12] The APXS-derived bulk elemental composition of
Heat Shield Rock is 93% Fe, 7% Ni, ~300 ppm Ge, and
<100 ppm Ga (R. Gellert et al., In situ chemistry along the
traverse of Opportunity at Meridiani Planum: Sulfate-rich
outcrops, iron rich spherules, global soils and various
erratics, manuscript in preparation, 2008). Mdssbauer spec-
tra show 94% of the Fe in a metal phase. On the basis of
the Fe/Ni ratio, this phase was assigned to kamacite, a-
(Fe,Ni), by Morris et al. [2006]. Small amounts of taenite,
~-(Fe,Ni), are generally present in iron meteorites with 7%
bulk Ni, but would be below the MB detection limit within
the available counting statistics and the relatively high
concentration of other Fe-bearing phases. Heat Shield Rock
is classified as a IAB complex iron meteorite based on its Ni
and Ge contents (Figure 3). It has acquired official meteorite
status with the name “Meridiani Planum™ [Connolly et al.,
2006].

2.2. Surface Coating

[13] Figure 4a shows a false-color Pancam image of Heat
Shield Rock after it was brushed by the RAT. Pancam
spectra of bright dust and darker soil that collected in small
pits on the surface are typical of materials containing
variable amounts of air fall-deposited dust and basaltic soil.
The 535 nm band depths of dust/coatings in the pits of Heat
Shield Rock are elevated compared to windblown soil,
indicating a somewhat greater level of ferric oxide crystal-
linity in those materials.

[14] Portions of the surface appear coated with a material
more purple in the false-color image compared to the
majority of the surface and likely represent more oxidized
portions of the rock surface as evidenced by the deeper
535 nm band. Such color variations in the brushed and
unbrushed portions of the rock are also evident in a MI
mosaic colorized with Pancam data (Figure 4b). The
brushed, uncoated material appears “blue” in the false-
color images and exhibits a spectrum quite similar to
laboratory spectra of the Canyon Diablo IAB meteorite,
where differences in brightness and spectral slope may be
related to differences in surface roughness and/or nickel
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Figure 3. The plot shows log Ge versus log Ni for meteorite Meridiani Planum (Heat Shield Rock)
compared to iron meteorites. (a) All iron meteorites show a wide range in Ge content and more limited Ni
contents. Meridiani Planum plots within the region occupied by IAB and IIICD irons. Individual
ungrouped irons and fields for the 12 iron meteorite groups are shown. Box shows region expanded as b.
(b) Meridiani Planum has Ge-Ni characteristics within the ranges of Ni-poor IAB and IIICD irons. Iron
meteorite data are averaged from all available analyses from the Wasson group at UCLA [Choi et al.,
1995; Esbensen et al., 1982; Kracher et al., 1980; Malvin et al., 1984; Rasmussen et al., 1984; Schaudy et
al., 1972; Scott, 1978; Scott and Wasson, 1976; Scott et al., 1973, 1977; Wasson, 1967, 1969, 1970, 1990,
1999; Wasson and Canut de Bon, 1998; Wasson and Choi, 2003; Wasson and Kallemeyn, 2002; Wasson
and Richardson, 2001; Wasson and Schaudy, 1971; Wasson and Wang, 1986; Wasson et al., 1980, 1988,

1989, 1998].

abundance [Gaffey, 1976; Britt and Pieters, 1987]. Mdss-
bauer spectra of both the “as is” and the brushed surface
show ~5% of the Fe in the ferric state. The brushed
meteorite surface is enriched in P, S and Cl when compared
to Martian soil (R. Gellert et al., manuscript in preparation,
2008). The coating may be a remnant of a fusion crust;
some of the Fe may have been oxidized during the mete-

orite’s descent through the Martian atmosphere. Preferential
melting of mineral inclusions such as schreibersite and
troilite would have led to the deposition of P and S, and
the formation of the ablation features. On the other hand, it
is not clear whether in a thin, oxygen-poor atmosphere an
oxidized fusion crust would have formed at all. On Earth,
weathering may proceed by the introduction of Cl into the
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Figure 4. (a) Pancam false-color image (sol 352, P2596) of Heat Shield Rock created from 753 nm,
535 nm, and 432 nm images. White box outlines region of Microscopic Imager mosaic acquired after
RAT brush (sol 349), shown in Figure 4b, with color overlain from the same Pancam false-color images
as in Figure 4a. Bright streaks are caused by image saturation in the MI mosaic. Colored regions in Figure 4a
are regions of interest from which Pancam spectra were extracted as shown in Figure 4c. Canyon Diablo

1000

laboratory spectrum (RELAB MI-CMP-008, spectrum 001) is vertically offset —0.1.

rock [Buchwald and Clarke, 1989]. Chlorine is ubiquitously
present in Martian fines at much higher levels compared to
terrestrial soils [e.g., Clark et al., 1982; Yen et al., 2005].
Oxidation of the Fe in the presence of Cl leads to the
formation of akaganeite, 5-FeOOH, which is one of several
iron oxides whose Mdéssbauer parameters could be recon-
ciled with the data for the nanophase ferric oxide compo-
nent. Each instrument’s field of view contained both coated
and uncoated material, and therefore any assignment of
these features to either the rock or the coating is equivocal.

[15] MiniTES spectra lack obvious features that can be
attributed to Fe oxides. This implies that the dust cover
that has been removed through RAT-brushing is relatively
thin (< ~30-50 pm), and any coating is only a minor
component of the total surface area. Mini-TES has a larger
field of view than the other instruments and so did not
observe in isolation any of the coating. The coating does
not cover the whole meteorite surface but rather occurs in

isolated patches (Figures 2c and 4). This can be interpreted
in several ways: (1) the meteorite is a relatively recent
arrival on the Meridiani plains with insufficient time for
alteration of the complete surface to have occurred;
(2) alteration of the complete surface has occurred but
the evidence for it has been stripped off the rock through
the action of wind; (3) the meteorite arrived on the plains
early in their history, but alteration has been so inefficient
that the rock has remained relatively pristine over the
duration of its presence on the plains; or (4) the rock could
have been partially buried at different times, and the
coating may have formed when only that portion of the
rock was above the soil level.

3. Barberton

[16] On sol 121 of its mission, Opportunity started to
investigate the ~3 cm-sized pebble Barberton at the rim of
Endurance crater (Figure 5). The pebble was analyzed in
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Figure 5. The ~3 cm cobble Barberton at the rim of
Endurance crater, (a) in a false color Pancam image
highlighting the differences between the hematite spherule
lag deposit, sulfate-rich outcrop, and basaltic soil (http://
marswatch.astro.cornell.edu/pancam_instrument/images/
False/Sol123B _P2535 1 False 1.257.jpg); (b) an approxi-
mate true color Pancam image showing the omnipresent dust
as a red hue (http://marswatch.astro.cornell.edu/pancam_
instrument/images/True/Sol123B_P2535 1 True RAD.jpg).
The circular depression from the Mdssbauer contact plate
indicates the soil target McDonnell HillTop Wilson.

situ by the MI (Figure 6), the APXS, and the MB spec-
trometer. Owing to mission constraints, integration times for
both spectrometers were limited. Barberton was too small to
be brushed or abraded with the RAT. A neighboring soil
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target, McDonnell HillTop Wilson (Figure 5), was investi-
gated with the APXS and MB instruments for comparative
studies.

3.1. Chemistry

[17] Table 1 shows the chemical composition of Barber-
ton compared to the soil target McDonnell HillTop Wilson
which has a composition similar to the most dusty of the
basaltic soils found throughout Opportunity’s traverse.
Barberton stands out by its high Mg and Ni contents.
The Mg content is the highest at Meridiani Planum,
approximately twice that of basaltic soils or rock frag-
ments of basaltic composition such as Bounce Rock. It is,
however, lower than rocks of ultramafic composition

Figure 6. Microscopic Imager pictures of Barberton (sol
121, sequence ID p2956). Each frame is 31 mm square.
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Table 1. Chemical Composition of Barberton, Santa Catarina and Related Targets
Barberton Minus
Percentage of
Soil
Sol B122 Sol B123 25% 35% Sol B1046 Sol A688 Sol A700

Feature FigTree HillTop_Wilson Algonquin Commanche
Target Barberton2® cobble McDonnell® soil Santa Catarina® cobble Iroquet brushed Palomino

rock (Gusev) rock (Gusev)

Weight Percent
Na,O 1.76 2.38 1.55 1.43 1.51 1.59 1.12
MgO 14.79 7.61 17.18 18.66 18.04 223 24.75
AL O3 6.2 9.21 5.20 4.58 4.35 4 2.93
SiO, 443 453 43.97 43.76 44 40.6 41.3
P,0s 0.66 0.87 0.59 0.55 0.61 0.63 0.45
SO, 5.56 7.12 5.04 4.72 5.09 432 2.69
Cl 0.6 0.84 0.52 0.47 0.62 0.87 0.61
K,0 0.29 0.51 0.22 0.17 0.14 0.12 0.04
CaO 4.42 6.73 3.65 3.18 3.43 2.61 1.93
TiO, 0.51 0.97 0.36 0.26 0.24 0.35 0.25
Cr0; 0.5 0.36 0.55 0.58 0.61 0.87 0.71
MnO 0.36 0.37 0.36 0.35 0.38 0.38 0.43
FeO 18 12.5 19.83 20.96 20.6 21.2 22.6
Fe,05" 1.98 5.66 0.75 0.00
Parts per Million

Ni 1639 503 2018 2251 3207 891 1000
Zn 207 376 151 116 164 131 132
Br 47 35 51 53 59 72 156
S03/Cl 9.27 8.48 9.69 10.04 8.21 4.97 4.41

Fe®"/Fer ratios from MB have not been taken into account for targets Santa Catarina, Iroquet_brushed, and Palomino. For these targets, FeO represents

the total Fe content.
Values from R. Gellert et al. (manuscript in preparation, 2008).

investigated in the Columbia Hills in Gusev Crater by the
Spirit rover [Mittlefehldt et al., 2006]. The Ni content is
exceeded at Meridiani Planum only when compared to
Santa Catarina and Heat Shield Rock. High Ni may
indicate a meteoritic origin. On the other hand, the Ni
content of olivine crystals in rocks of ultramafic compo-
sition can be very high. Alternatively, the chemical com-
position of Independence class rocks investigated by Spirit
in Gusev Crater suggests they have been altered to
montmorillonite or its compositional equivalent [Clark et
al., 2007], a process during which Ni could have been
mobilized and accumulated [Yen et al., 2006]. Rocks of
the Independence class investigated by Spirit in the
Columbia Hills have variable Ni contents. The upper
limit of that range, 2068 ppm, exceeds the Ni content
of Barberton. The high Ni target of Independence class
could also be a breccia incorporating Ni-rich meteoritic
infall material [Clark et al., 2007].

[18] Barberton did not completely fill the field of view
of the APXS instrument and a contribution from the
surrounding material must be taken into account in
determining its composition. We subtracted certain per-
centages of the composition of the soil target McDonnell
HillTop Wilson in an attempt to compensate for that
contribution (Table 1). For this comparison of Barberton
and McDonnell HillTop Wilson, based on Mgdssbauer
measurements of iron oxidation state [Morris et al.,
2006], the total Fe contents have been divided into
divalent and trivalent iron listed as FeO and Fe,O;,
respectively. The maximum contribution of the soil is
reached when for one of the elements the fraction of soil
times the abundance of the element in the soil equals the

abundance of that element in the Barberton measurement.
This is the case for Fe,Os at a subtraction of 35% soil.
Because the bulk composition of Barberton likely con-
tains less Fe,O3 than indicated by the surface measure-
ment given in Table 1 (see also discussion of Mdssbauer
results below), the value of 35% is taken as the upper
limit of contribution of surrounding material. The sub-
traction of up to 35% of a soil component leads to a
composition rich in Mg and Ni and poor in Al and Ca
unlike any other material analyzed by Opportunity except
for Santa Catarina (see below). Note that the differing
APXS and MB sampling depths could complicate this
interpretation, as Fe oxidation state is determined over a
greater depth than the elemental chemistry.

[19] The amount of S in Barberton is relatively high. On
the one hand, the high S might be attributed to a weathering
rind or adhering dust on the rock surface. Fines may have
been welded or sintered onto Barberton upon impact [e.g.,
Horz and Cintala, 1984]. The elements S and Cl are
correlated in basaltic soils at Meridiani, and the SO5/Cl
ratio in the Barberton measurement falls within that range.
However, the ratio increases after the measured composition
is corrected for soil in the analysis, suggesting that some of
the S is inherent to Barberton and that it could be present as
reduced S, i.e., in the form of troilite.

3.2. Mineralogy

[20] The Fe-bearing mineralogy determined by Oppor-
tunity’s Méssbauer spectrometer is dominated by Fe’" in
the minerals olivine (51%) and pyroxene (32%) [Morris
et al., 2006]. In addition, the spectrum shows contribu-
tions from nanophase ferric oxides (6%) and metallic Fe
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Kamacite, peaks 1 and 6

Troilite, peaks 1 and 6

1,12 4 Ol Santa

Px Catarina

1,10 === NpOX

—— Tr

Intensity (counts/baseline)

Barberton

Intensity (counts/baseline)

Velocity (mm/s)

Figure 7. Mossbauer spectra of (top) Santa Catarina and
(bottom) Barberton. Peaks 1 and 6 of the magnetically split
sextets typical for kamacite and troilite are indicated.
Troilite in Barberton and kamacite in Santa Catarina are,
if present, hard to resolve against the statistical background.
Ol, olivine; Px, pyroxene; NpOx, nanophase ferric oxides;
Tr, troilite; Km, kamacite.

in the form of kamacite (11%), an Fe-Ni alloy (Figure 7).
The numbers given in brackets are Mdssbauer subspectral
areas [Morris et al., 2006] and represent the percentage
of total Fe associated with the respective mineral.
McSween et al. [2008], for example, discuss how to
reconcile the data with mineralogical information from
APXS and Mini-TES. The range of Fe oxidation states
suggests the presence of a fusion crust, fines welded onto
Barberton upon impact, and/or a weathering rind. Weath-
ering products may include Ni-rich Mg-sulfates and
“metallic rust” rich in Fe, Ni, and S, such as identified
as terrestrial weathering products in meteorites collected
in Antarctica [Gooding, 1984, 1986]. The latter may
contribute to the nanophase ferric oxide phase identified
in the Mossbauer spectrum of Barberton.

[21] Barberton may contain some troilite, FeS, depend-
ing on the amount of sulfur present in its bulk compo-
sition. Using a model that included a troilite component
to fit the Barberton Mdssbauer spectrum yielded ~2% of
the Fe in troilite. However, the quality of the fit did not
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improve significantly, and hence evidence for troilite in
the Mdssbauer data is inconclusive.

3.3. Classification

[22] Although unique among samples investigated at
Meridiani Planum, the chemical composition of Barberton,
rich in Mg and Ni and poor in Al and Ca, would be
consistent with an ultramafic rock of Martian origin. Kama-
cite or metallic Fe have not been identified in any rock on
Mars, other than the iron meteorite Heat Shield Rock, nor in
any of the Martian meteorites in collections on Earth.
However, the most reduced among the Martian meteorites,
QUE94201, crystallized slightly above the iron-wiistite
buffer [McKay et al., 2003; Karner et al., 2007], and an
occurrence of metallic Fe in Martian crustal or mantle
material cannot be excluded.

[23] When compared to a range of meteorites [Nittler et
al., 2004], Barberton is similar in Mg/Si, Ca/Si and Al/Si
ratios to howardites and diogenites, but enriched in S/Si, Fe/
Si and Ni (Figure 8). Mesosiderites provide a better match
because they have a howardite-like silicate composition
with additional metal and sulfide. Assuming a silicate clast
of howardite-like composition, e.g., the howardite Bununu
[Jarosewich, 1990], and adding small amounts of metal
(FegoNijo) and sulfide (FeS), the Barberton composition can
be reproduced (Table 2).

[24] Mesosiderites typically do not contain abundant
olivine, although centimeter-sized olivine clasts have been
observed in several mesosiderites [Boesenberg et al., 1997,
Delaney et al., 1980; McCall, 1966; Mittlefehldt, 1980;
Nehru et al., 1980]. However, the modal abundance of
olivine is typically much less than that of pyroxene in
mesosiderites [Powell, 1970; Prinz et al., 1980]. A thin
section of the meteorite MIL03443 shows a groundmass of
coarse comminuted olivine and has been tentatively classi-
fied as a clast from a mesosiderite [McCoy, 2006].

[25] Kimura et al. [1991] investigated enclaves in the
Vaca Muerta mesosiderite. Modal abundances of metal
determined for several clasts and the whole enclave of an
olivine-orthopyroxenite monomict breccia range from trace
amounts to 7.1 vol %. Calculating the modal amount of
metal with soil-subtracted Barberton values yields 1.7 to
1.9 vol %, whereby we used the simplifying assumptions
that all Ni is in kamacite and that kamacite is [Feg 95,Nig g5].
On the basis of the chemical similarity to mesosiderite
silicate clasts and its metal content we favor a meteoritic
origin for Barberton. It may be the first stony meteorite
discovered on the surface of Mars.

4. Santa Catarina

[26] A field of cobbles extending over an area of 96 by
108 m as visible from the rover was encountered while
traversing the Cabo Anonimo promontory on the rim of
Victoria crater between sols 1034 and 1055. The first of
these cobbles examined, named Santa Catarina, measures
about 14 cm in its longest dimension and about 11 cm
across. It received the full complement of IDD instrument
analyses. The rock could not be abraded or brushed because
of its geometry. APXS, Mdssbauer, and MI measurements
were done on an “as is” but relatively dust-free surface
(Figure 9). As described below, the results suggest a
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Figure 8. Element ratio plots comparing Barberton, Santa Catarina, and two Mg-rich ultramafic rock
targets of the Algonquin class investigated by Spirit in Gusev Crater to several classes of meteorites, in
particular, chondrites and HEDs. The areas in which mesosiderites plot with increasing metal/silicate ratio

are indicated where applicable.

possible genetic link to Barberton. Mini-TES data were
acquired for Santa Catarina on sol 1055. Seventeen addi-
tional nearby rocks were targeted for remote sensing using
Mini-TES in this cobble field: Mafra, Lajes, Xaxim,
Videira, Joacaba, Tubarao, Igreja, Florianopolis, Gallego,
Vasco, Gomes, Santandres, Deseado, Narrows, Sardines,
Trabajo, and Paloma. After background subtraction and
using the current model to correct for dust on the Mini-TES
pointing mirror, spectra from this suite of rocks indicate
little variation among them. Pancam spectra reveal two
different spectral types within the cobble field: One with a
broad NIR absorption with an apparent band minimum at
1009 nm, and one with a narrower NIR absorption with a
934 nm band minimum and a distinct 864 to 904 nm
downturn (only the latter is shown in Figure 10). However,
the differences may be a consequence of sampling because
only a few pixels per cobble were averaged. For example, the
sampling might have preferentially hit olivine phenocrysts on
some and orthopyroxene on others. It is therefore possible
that Santa Catarina represents the chemical, textural, and
mineralogical nature of this group.

4.1. Texture and Morphology

[27] Santa Catarina is a brecciated rock containing some
clasts with possible igneous quench textures. Figure 11
shows an MI mosaic of Santa Catarina obtained on sol
1045. Fractures are clearly visible in the rock, as are several

clasts. One clast appears to consist of light-toned crystals in
a darker matrix. Another clast reveals what might be an
igneous quench texture of olivine phenocrysts.

4.2. Chemistry

[28] Santa Catarina has an ultramafic composition with
unusually high Ni. Compared to other Meridiani Planum
materials, sulfate-rich outcrop, basaltic soil, Barberton, and
other, nonmeteoritic rock fragments, Santa Catarina is most
similar to Barberton. Ratios of Mg/Si, Ca/Si, Al/Si, S/Si, Fe/
Si are all very close to soil-subtracted Barberton values
(Figure 8). Ultramafic rocks investigated by Spirit in Gusev
Crater also have a similar chemical composition in some

Table 2. Model Calculation of a Mix of Howardite Material
Mixed With (Fe,Ni) and FeS Compared to Barberton

Fe Ni S Si Component,%
Howardite® 14.1 0.06 035 227 0.94
Fe90Nil0 90 10 0 0 0.015
FeS 63.5 0 36.5 0 0.045
Mix 17.45 0.21 1.97 2135

Barberton - 35% soil  16.33 0.23 1.89 20.45
Mix  Barberton

Fe/Si 0.82 0.80
Ni 0.21 0.23
S/Si 0.09 0.09

*Howardite composition of Bununu from Jarosewich [1990].
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Figure 9. Pancam approximately true color image of Santa
Catarina. In the image, the lower, dark-toned area of the rock
appears to be relatively dust-free and was investigated by M1
(see Figure 10), APXS, and MB. Santa Catarina measures
approximately 14 cm in length and 11 cm across (http:/
marswatch.astro.cornell.edu/pancam_instrument/images/
True/Sol1055B_P2564 1 True RAD.jpg).

respects, in particular the Algonquin class rock targets
Algonquin Iroquet Brushed and Comanche Palomino
(Table 1). However, these Algonquin class rocks have higher
Mg and lower Si than either Santa Catarina or Barberton. The
Ni content of Santa Catarina is more than three times the
highest value for Algonquin class (1000 ppm). The investi-
gated surface appeared to be relatively free of dust and no
attempt for a dust correction was made.

[29] Because of the similarity of the APXS composition
of Santa Catarina and the soil-corrected composition of
Barberton, and because the MI images of Barberton show
dust adhering to the analyzed surface, we have done
additional compositional modeling [e.g., Jolliff et al.,
2007] to test whether a thin layer of dust might make the
derived composition of Barberton approach the composition
of Santa Catarina. We consider the effect of a thin layer of
dust primarily through the attenuation of low-energy X rays
compared to high-energy X rays. Attenuation coefficients
were calculated from the average attenuation cross sections
for the characteristic X-ray lines of measured elements,
taken from Gellert et al. [2006, Table 1]. The compositions
of the soil targets McDonnell HillTop Wilson and Les
Hauches were selected for this analysis because they have
the most dust-like visible and Mdssbauer spectral character-
istics, for example, high nanophase ferric oxide contents
[Morris et al., 2006]. Attenuation factors are calculated
using the absorption equation, I = Tpe **, recast as /Iy =
e "%, where 1 is the attenuation coefficient and x is the
layer thickness, expressed in mg/cm?.
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[30] The primary effect of thin layer dust coatings
(Figure 12) is to make the light element concentrations
more dust-like and less like the substrate (in this case,
Barberton). X rays from heavy elements, on the other
hand, are less attenuated by the dust layer and thus reflect
more the character of the substrate. Figure 12 shows that
a thin layer dust coating on Barberton is not consistent
with a rock (substrate) composition similar to Santa
Catarina. However, a simple two-component (rock-soil)
mixing model used to calculate the composition of
Barberton, is consistent for the rock-forming elements
with a Santa Catarina-like composition for Barberton,
with 25-35% soil contamination in the APXS analysis.

4.3. Mineralogy

[31] The Fe-bearing mineralogy is, as in Barberton,
dominated by Fe?' in the minerals olivine (52%) and
pyroxene (26%). Santa Catarina is more oxidized than
Barberton with 14% of the Fe as nanophase ferric oxide.
Contrary to Barberton, troilite (7%) is identified in the
MB spectrum of Santa Catarina whereas there is no
conclusive evidence for kamacite within the available
statistics (Figure 7). Fitting models containing kamacite
put it at or below the detection limit of 2% without
improving the quality of the fit significantly, which is
unexpected considering the high Ni content of the rock. It
is also possible that the brecciated structure of Santa
Catarina is responsible for mineralogical heterogeneity
larger than the field of view of the Mdssbauer instrument.

4.4. Classification

[32] We do not attempt to classify Santa Catarina as any
known meteorite type because the unidentified mineralog-
ical host of the Ni leaves room for a Martian origin of the
rock. Rather than in kamacite, the Ni may reside in taenite
or tetrataenite leaving the amount of Fe associated with that
phase at or below MB detection limits. On the other hand,
Ni may reside in the olivine phase. In this case, the lack of
metallic iron would make a Martian origin of Santa Catarina
more likely.

0.25¢

0.2}

0.15}

—+— |birama

— % — Florianopolis

-=0—"Lajes

—=— Santa Catarina
L I

L 1 I
500 600 700 800 900 1000
Wavelength (nm)

R* (spectra offset for clarity)

Figure 10. Pancam spectra of several specimens in the
Santa Catarina cobble field are very similar to the spectrum
of Santa Catarina itself.
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Figure 11. Mosaic of radiometrically calibrated MI images of Santa Catarina, using a digital elevation
model. The single frames were acquired on Sol 1045 while the target was fully shadowed. The image is
about 5 cm high. The APXS with a circular field of view of ~3 cm when in contact and the MB with a
field of view of ~1.4 cm when in contact measured the area in the center of the mosaic. Subsets show
image i, a clast consisting of light-toned crystals in a darker matrix; and image ii, a clast revealing what
might be an igneous quench texture of olivine phenocrysts.

[33] Troilite has also been observed in Martian meteorites
[e.g., Floran et al., 1978], but it is only a trace phase.
Troilite is prevalent in mesosiderites [e.g., Mittlefehldt et al.,
1998, and references therein], and is more abundant than
metal in the enclaves of the Vaca Muerta mesosiderite
investigated by Kimura et al. [1991]. Therefore it is possible
that some troilite remained while the metal phase was
completely altered to, e.g., Ni-rich Mg sulfates and “metal-
lic rust.” These phases have been described as terrestrial
weathering products in meteorites collected in Antarctica
[Gooding, 1984, 1986]. Compared to Barberton, Mossbauer
spectra of Santa Catarina show a higher percentage of Fe in
the nanophase ferric oxide phase.

[34] Santa Catarina could also conceivably be a breccia of
Martian materials excavated from deep within Victoria

crater mixed with material from the projectile that formed
the crater. On the basis of its overall similarity to Barberton
and its high Ni content, we favor a meteoritic origin for
Santa Catarina. Barberton, Santa Catarina and adjacent
cobbles together may represent a meteorite strewn field.

5. Other Possible Meteorites

[35] There are likely many more meteorites among the
cobbles and float rocks which Opportunity passed during
the traverse across the Meridiani plains. While iron mete-
orites may be identified with a high degree of certainty by
remote sensing alone, only an investigation with the full
suite of the Athena science package can yield a positive
identification of stony meteorites. An attempt at classifica-
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Figure 12. Compositional plots showing models of the Barberton measured composition as a mixture
of rock and soil vs. rock with a thin coating of dust/soil. Error bars reflect analytical uncertainties based
on counting statistics. Dust/soil is modeled using two different compositions: (1) Les Hauches bright soil
and (2) McDonnell HillTop Wilson soil (adjacent to Barberton). For the elements plotted here, these
compositions are very similar. Les Hauches has the highest concentration of nanophase ferric oxide as
measured by the Mdssbauer spectrometer, suggesting that it is the best available proxy for the dust bulk
composition and is therefore used in the calculations. The rock-soil mixing model uses simple linear
mixing. The thin layer model uses X-ray transmission coefficients to model the Barberton composition as
a thin layer of soil/dust coating the rock, with layer thickness (0.09 and 0.3) in mg/cm2 (see text). (a) MgO
versus SO3 and (b) MgO versus SiO, suggest that the two models bracket the composition of Santa
Catarina. However, (¢) MgO versus FeO(T) and (d) CaO versus TiO, indicate that the soil-rock mixing
model accounts for most of the compositional differences between Barberton and Santa Catarina, whereas
the thin layer model does not. The model results indicate that if Barberton and Santa Catarina in fact have
similar compositions, simple soil subtraction provides a better explanation for nearly all elements than
does the thin layer model. Soil subtraction consistently gives a solution between 25% and 35% soil to
match the Santa Catarina composition.

tion of meteorites is also possible only with data from the
full science package. Most rock fragments have been
investigated with the remote sensing instruments only.
Several meteorite candidates can be identified among them.

[36] A grouping of cobbles was observed at the rim of
Endurance crater on sol 111 (Figure 13). Morphologically
they appear similar to Barberton and unlike the sulfate-rich
outcrop material. Figure 13b shows spectra from this
grouping along with the spectrum of Barberton acquired
on sol 123. Barberton shows a generally “red” spectrum in

13

the near infrared (longward of 700 nm) with generally
increasing reflectance. This is different from the sol 111 cob-
ble spectra which are either flat or have decreasing reflec-
tance with wavelength in the near infrared, but not
significant when taking the error bars resulting from aver-
aging several pixels on Barberton into account. Similar
differences occur when Barberton is compared to Santa
Catarina (Figure 13c). Thus, based on the same arguments
used for the cobbles surrounding Santa Catarina, a genetic
link between these cobbles and Barberton is possible.
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Figure 13. (a) Cobbles observed in the vicinity of Barberton
at the rim of Endurance crater (http://marswatch.astro.cornell.
edu/pancam_instrument/images/True/Soll11B P2587 1
True RAD.jpg), and (b) Pancam spectra as observed on sol
111 along with the spectrum of Barberton acquired on sol 123.
Spectra have been offset for clarity; Barberton is the second
spectrum from the top. (c) Comparison of Pancam spectra of
Barberton and Santa Catarina.

SCHRODER ET AL.: METEORITES ON MARS

E06S22

[37] On the basis of Pancam spectral data of soil targets
Aegean Crest (investigated on sol 73) and Mobarak (sols
415-417), Weitz et al. [2006] suggested that several clasts
up to 2 cm in size might be fragments of metallic meteor-
ites. One of these clasts was a 9 mm spherule. Metallic
spherules are common on the plains surrounding Barringer
Meteor Crater in Arizona, and are interpreted to be melted
droplets of the Canyon Diablo iron meteorite that solidified
during flight after the impact [Blau et al., 1973].

[38] The presence of meteorites on Mars is of course not
limited to the plains of Meridiani Planum. Because of the
greater abundance of loose rocks at Spirit’s landing site in
Gusev Crater they are much more difficult to identify.
Nonetheless, two 25 to 30 cm boulders, named Zhong Shan
and Allan Hills, show pitted, spectrally gray surfaces in
Pancam images and have thermal infrared characteristics in
Mini-TES spectra similar to those of Heat Shield Rock
(Figure 14). Unfortunately, these rocks lie on steep terrain,
and because they were encountered after the failure of
Spirit’s right front wheel, in situ investigation was not
possible.

6. General Discussion of the Data Set
6.1. Lack of Associated Impact Craters

[39] Popova et al. [2003] calculated that stone and iron
meteoroids as small as 0.03—0.9 m (depending on strength)
and 0.01 m, respectively, can reach the Martian surface at
crater forming velocities (>500 m/s) under current atmo-
spheric pressures. Craters formed by such objects would
have a diameter of about 0.5-6 m and 0.3 m, respec-
tively. Horz et al. [1999] presented evidence from the
Mars Pathfinder Mission for craters <I m in diameter.
Indeed, Opportunity has imaged craters in this size range
(Figure 15). Chondritic meteorites impacting fines at
velocities of 1.6 km/s may yield discrete pieces, whereas
iron meteorites may survive velocities in excess of 2.0 km/s
intact [Horz and Cintala, 1984; Bland and Smith, 2000].
However, craters attributable to Barberton, Heat Shield
Rock, or Santa Catarina as primary impactors have not
been observed which leaves three possible conclusions:
(1) Craters have been eroded away since impact; (2) mete-
orites were decelerated to near free-fall velocities prior
to impact; and (3) meteorites are spalled-off fragments of
an impactor.

[40] Of the three rocks in question, the iron meteorite
Heat Shield Rock is the largest and strongest, potentially
producing a crater of ~10 m in diameter and up to 3 m
in depth [Grant et al., 2006]. Craters of comparable size
observed during Opportunity’s traverse of the Meridiani
plains show variable gradation states, ranging from fresh
appearances to almost completely infilled and buried by
drift [Grant et al., 2006; Golombek et al., 2006]. The
bedrock along Opportunity’s traverse consists exclusively
of very soft sulfate-rich sandstone that is highly suscep-
tible to wind erosion. Since ~0.4 Ga ago, 1-10 m of
erosion and redistribution of sand at Meridiani have
occurred [Golombek et al., 2006]. This would have been
sufficient to erase any visible trace of an impact crater
formed by Heat Shield Rock.

[41] On the basis of the evidence for fluvial processes on
Mars, a warmer, i.e., denser atmosphere on early Mars is

14 of 19

85UB01 SUOWILLIOD 8A 1810 8|fedldde 8y Aq peuenob 8. Saole VO '8sn JO SaInJ 10} Afeid1T8UIIUO A8]IM UO (SUO N PUOO-PUR-SWLBI LD A8 | 1M AeIq 1[Ul [UO//STHIY) SUORIPUOD PUe SWe 1 8L 88S *[G202/0T/L2] Uo ARiqiauliuo A8|im boy AisieAlun aweis euozuy Aq 0662003 2002/620T OT/I0p/w0d" A3 1m Are.q1putjuo'sgndnBe//sdny woiy papeojumod ‘93 ‘800z ‘9202295T2



E06S22

SCHRODER ET AL.: METEORITES ON MARS

E06S22

Wavelength (um)
9 10 12 15 20

240

220

200

Brightness Temperature (K)

180[ | I Ll 1 I 11 1 I

p3929__sol342B__heat__shield_rock
p3443_sol1029A_zhon
p3448__sol858A__allan__hills
p3449__sol865A__dome__fuji
p3545_sol1029A_5Spt_sky_scan_br_T (scaled by 50%)

shan

1 1 | l 11 1 l 1 1 | I 11 1 I

1800 1600 1400 1200

1000 800 600 400

Wavenumber (cm ')

Zhong Shan

Dome Fuji

Allan Hills

Figure 14. (a) Mini-TES and (b) Pancam observations of two probable iron meteorites in Gusev Crater.
The spectrum of the known iron meteorite originally called Heat Shield rock (black) displays the spectral
characteristics of the Martian atmosphere (pink) because of the highly reflective nature of metallic iron in
thermal infrared wavelengths. Two other rocks called Zhong Shan (purple) and Allan Hills (blue) found
in Gusev Crater by the Spirit rover have similar morphological and spectral characteristics to Heat Shield
rock. A rock called Dome Fuji adjacent to the two probable iron meteorites demonstrates how different
the spectrum of a basaltic rock is (green). All of the spectra are shown as brightness temperature rather
than emissivity because the latter requires an accurate estimation of kinetic temperature, which is difficult

for such reflective rocks.

often inferred [e.g., Carr, 1996]. Variations in atmospheric
density on Mars may be caused by its oscillating obliquity
[Ward, 1992] or by extensive volcanism [e.g., Pollack et al.,
1987]. If the Martian atmosphere were much thicker when
Heat Shield Rock arrived, the meteoroid could have been
decelerated to below crater forming velocity. To decelerate a

rock the size of Heat Shield Rock below crater forming
speeds one has to invoke a denser atmosphere, denser than
100 mbar according to Popova et al. [2003], at some point
in the Martian past.

[42] Finally, small pieces of lightly shocked material may
be spalled off from the rear of a meteorite upon impact and
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Figure 15. Navcam image of two small impact craters
discovered by Opportunity along her traverse across the
Meridiani plains on sol 433. The largest of the two craters
measures 20 cm in diameter and is 1 cm deep. The smaller
of the two is 10 cm wide and less than 1 cm deep.

land distant from the primary crater with much smaller
velocities relative to the surface [Melosh, 1989] without
producing a crater. Shocked fragments of the Canyon
Diablo iron meteorite, including objects the size of Heat
Shield Rock, were formed in this way [Buchwald, 1975].
According to calculations by Bland and Smith [2000], only
pieces of small masses between 10 to 50 g are likely to
reach the Martian surface at survivable impact velocities.
Whereas Barberton may fall in this mass range, Santa
Catarina and Heat Shield Rock do not. Therefore, if they
fell under current conditions, they are probably spalled-off
fragments of larger impactors. Because Barberton was
found right at the rim of Endurance crater and Santa
Catarina and adjacent cobbles were found at the rim of
Victoria crater, one may further speculate that they are
pieces of the impactors that formed those craters. To test
this hypothesis, one may look for rocks of the same
composition inside the craters. If Barberton or Santa Cata-
rina are unrelated to the formation of the craters and fell
much later, a strewn field would not necessarily stop at the
crater rim. Thus, finding another fragment on the floor of
either Endurance or Victoria would make a strong point
against this hypothesis.

6.2. Statistical Expectations Versus Identified
Meteorite Types

[43] On Earth, 86% of observed meteorite falls are
chondrites. Chondrites are also expected to dominate the
flux on Mars. Derived from Ni abundances, Yen et al.
[2006] estimated 1% to 3% chondritic input to soils and
sedimentary rocks on Mars. Interestingly, this number
coincides with the 1.5% to 2% of chondritic material on
the lunar surface [7aylor, 1982]. But to date, no rock of
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chondritic chemical and mineralogical composition has
been identified by either Spirit or Opportunity. The two
rocks identified with most confidence as meteorites, Heat
Shield Rock and Barberton, are an iron meteorite and
probably a stony iron meteorite. In any case, Barberton is
achondritic rather than chondritic. Achondrites and irons, in
particular, generally display greater strength than chondrites
and are more likely to survive impact. Taking the available
MER data, i.e., the meteorite types observed and the
estimated 1% to 3% chondritic input, one can speculate
that chondrites are less likely than achondrites or irons to
survive impact at current atmospheric conditions.

[44] Of course, the number of confidently identified
meteorites is small. Neither Opportunity nor Spirit has yet
conducted a systematic survey to find meteorites. Meteor-
ites were discovered by chance, and therefore our observa-
tions are biased in certain ways. Opportunity may have been
driving within a meteorite strewn field which skewed our
observations. Only a small fraction of the cobbles and float
rocks visible in the images documenting Opportunity’s
traverse have been investigated in detail. The few rocks
that have been investigated in detail show that, while it is
possible to identify iron meteorites with the remote sensing
instruments alone with a high degree of certainty, it is much
harder to differentiate rocky material and virtually impossi-
ble to distinguish between rocks of Martian and meteoritic
origin from a distance. With increasing distance from the
rover, cobbles fill a smaller portion of the field of view of
the Mini-TES instrument. Background subtractions leave
less spectral details for mineralogical interpretation with
decreasing size. Also, cobbles that were investigated with
the full payload were above a certain size, to allow for
RAT brushing and to fill the field of view of all instruments,
with Barberton being the smallest by far. Bland and Smith
[2000] estimated that pieces of chondritic material in the
range of 10—50 g could survive intact. With an average bulk
density of around 3.5 g cm > for chondrites [Wilkison and
Robinson, 2000] such pieces may be smaller than Barberton
in many cases.

[45] Bland and Smith [2000] also speculated that there is
a real possibility for future sample return missions to blindly
pick up meteoritic rather than Martian material. However,
the MER results suggest that the probability to come across
a meteorite is in fact small. Furthermore, a payload with
capabilities similar to the MER Athena instruments can
distinguish between Martian and meteoritic material.

7. Summary and Conclusions

[46] The Athena instruments can identify and, in some
cases, classify meteorites. However, the example of Barber-
ton shows that only the complementary information from all
instruments is sufficient.

[47] Heat Shield Rock is classified as a IAB iron mete-
orite based on its chemical composition. It is officially
recognized and named ‘“Meridiani Planum.” It displays
isolated patches of a coating.

[48] While a Martian origin for Barberton cannot be
excluded, we favor a meteoritic origin. Compared to mete-
orite types known, Barberton’s composition is most like a
mesosiderite silicate clast. It may be the first stony meteorite
identified on Mars.
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[49] Santa Catarina is a brecciated rock containing some
clasts with possible igneous quench texture. Its chemical
composition is similar to Barberton. Although it has higher
Ni than Barberton, (Fe,Ni) metal was not identified. On the
basis of its similarity to Barberton, we favor a meteoritic
origin. Santa Catarina, its adjacent cobbles, and Barberton
may be part of a meteorite strewn field.

[s0] Ferric nanophase oxides were detected in Barberton,
Heat Shield Rock, and Santa Catarina. However, no evi-
dence of extant well-crystalline oxyhydroxides was detected
in or on any of the meteorite candidates identified thus far at
Meridiani. This is consistent with anticipated alteration
intensities for the near-equatorial latitudes of Mars.

[s1] If Barberton, Heat Shield Rock, and/or Santa Cata-
rina created impact craters, they were probably erased by
eolian erosion processes. Alternatively, a denser atmosphere
at some point in the Martian past might have decelerated the
rocks enough to prevent hypervelocity impacts. If they fell
under current conditions, they are probably spalled-off
fragments of larger meteoroids and did not produce impact
craters. It is possible that Barberton and Santa Catarina are
pieces of the impactors that formed Endurance crater and
Victoria crater, respectively.

[52] Two iron meteorites were identified by Spirit’s
remote sensing instruments only from its Winter Haven
location in the Columbia Hills inside Gusev Crater.

[53] Rocks of chondritic composition have not been
detected to date. Chondrites may be generally too weak to
survive impact at current atmospheric densities. However,
our observations may be biased because of the MER
sampling strategy.

[54] Further study of meteorites on the surface of Mars
will help to gain insights into past Martian surface and
atmospheric processes.
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