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Abstract
During this internship, we studied four spherules (impact melt glasses) inside
Martian meteorite Rabt Sbayta using LA-ICP-MS at the NHMFL. Elemental
abundances for ~60 elements as a function of distance were obtained by
scanning the laser along a line. Using chemical signatures, we infer that
the spherules were derived by melting of sand and clay-rich precursors
in variable proportions. The spherules exhibit higher abundances of Fe, Co,
and Ni relative to Martian igneous rocks which we infer resulted from chemical
deposition by Fe-oxyhydroxide precipitates in an aqueous environment. We
found super-enrichments of Zn, possibly of volcanogenic origin. Relative to
Martian igneous rocks, excess abundances of K, Fe, Ni and Zn in the
spherules are similar to observations made by the Curiosity rover from the
Windjana sandstone. This offers the exciting possibility that we have
identified the meteoritic equivalents of Martian sediments which can be
studied in laboratories equipped with tools that cannot presently be
transported to Mars.

Introduction
Has Mars always been a frozen desert with a thin atmosphere or was it once a
warm, humid planet with flowing water and a thick atmosphere? In 2011,
NASA launched its Curiosity rover which recently spent time in the Kimberly
formation, extracting and analyzing the Windjana drill sample (a section of the
Dillinger member). Although Curiosity has the ability to chemically analyze
samples in situ, it lacks the level of unprecedented sensitivity and precision of
mass spectrometry available on Earth, leaving NASA waiting impatiently for
the first Mars sample return mission. So why wait for NASA to bring Martian
samples back when Martian meteorites have been found on Earth? In 2011, a
meteorite, now named Rabt Sbayta, was discovered in Morocco. Oxygen
isotope analysis determined the meteorite to be of Martian origin (Agee et al.,
2013) and U-Pb zircon dating
placed its age at around 4.428
billion years old (Humayun et
al., 2013), making it the oldest
known Martian meteorite.
Several meteorites are paired
under the name Rabt Sbayta,
one being Northwest Africa
(NWA) 7533. Geologically
speaking, Rabt Sbayta (and
pairings) is a polymict
regolith breccia whose
matrix and clasts formed
Figure 1: A BSE image of Rabt Sbayta 003 showing
when impacts brecciated
location of laser traverses (arrows). Sample size ~ 2.5cm
Mars’ earliest crust.
x 2cm

When looking at cross sections of Rabt Sbayta, one can observe round
spherules – known to be impact melt glasses (Udry et al., 2014) – within the
matrix. Are the spherules all from the same parent material? Can they help
us answer questions about ancient Mars? We chemically analyzed the
spherules by laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) at the NHMFL and compared their compositions to those of
rocks analyzed in situ by the Curiosity rover. Through LA-ICP-MS of Rabt
Sbayta 003 and NWA 7533, we hope to answer not only the above questions
but also the questions NASA is hoping to answer when they receive the first
rock samples brought back from Mars perhaps a decade into the future.

Methodology
Rabt Sbayta 003 and NWA 7533 SP5 were analyzed using LA-ICP-MS. The
instruments used for this analysis were the Electro Scientific Instruments New
Wave™ UP193FX ArF excimer (193 nm) laser ablation coupled to a Thermo Element
XR™ ICP-MS at the Plasma Analytical Facility of the NHMFL. Ablated aerosols were
transferred to the Argon plasma by a continuous He flow (800 ml/min) and ionized in
the plasma. We ran line scans (traverses) with either 25 micron or 50 micron beam
diameters scanned at 5 µm/s or 10 µm/s, respectively, through 4 spherules at 50 Hz
repetition rate over distances of 1-3 mm yielding composition as a function of
distance. The mass spectrum was scanned from 7Li to 238U about once per second,
monitoring the signal originating from the sample. Beam intensities were converted to
concentrations by relative sensitivity factors (RSFs) obtained from the USGS
standards GSD, BHVO-2g, BCR-2g, and BIR-1g.
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Figure 3: A chart of refractory elements normalized to CI-Chondrite abundances. Arrows
indicate anomalies further examined in discussion.
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Figure 2b: A closer look at the spherule in
NWA 7533 SP5 showing the laser traverse
(arrow). Scale bar is 1 mm.

Conclusion
Chemical analysis of Martian meteoritic impact melt glass spherules by laser
ablation ICP-MS revealed a sedimentary origin for the precursors of each of
the four spherules analyzed. The spherules have high-Ni contents compared
with the host breccia, but we infer that the Ni is not of impactor origin due to
the low Ir abundances. Chemical anomalies with respect to Martian igneous
processes indicate that the precursors included sands and clays. This
serendipitous discovery of melted sediments within a Martian meteorite
provided information complementary to that collected by Curiosity’s APXS and
provided the first sedimentary material for study in laboratories a decade
before NASA’s first anticipated sample return mission.
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Figure 2a: A BSE image of NWA 7533 SP5
showing the the section’s only spherule in the
lower right corner. Scale bar at top is 1 mm.

•A sedimentary precursor for the spherules: The spherule compositions show a nonigneous chemical make up in several fundamental ways. (1) The spherules have
higher Fe-Co-Ni than Martian igneous rocks. All the spherules have high Ni
abundances (700-1,300 ppm), higher than in the breccia matrix (450 ppm), and
significantly higher than in typical Martian igneous rocks (≤100 ppm); however, Ir is
low (≤1 ppb) in the spherules. For comparison, Ir is present at tens of ppb in the
breccia. This effectively rules out an impactor origin for the high Ni in the
spherules. The high-Ni is likely due to chemical deposition by Feoxyhydroxide precipitates during sedimentation of the spherule precursors.
(2) Some of the spherules also contain anomalously high abundances of Zn (>100
ppm) compared with Martian igneous rocks (≤100 ppm). Such super-enrichments of
Zn are observed in Martian sedimentary rocks, e.g., the Windjana sandstone
(Thompson et al., 2016), and may derive from volcanic gas emissions that recondensed to the Martian surface. (3) Certain trace elements – the refractory
incompatible elements (Figure. 3) – remain in constant proportions throughout
igneous processes producing parallel trends on a plot of chondrite-normalized
abundances. However, density sorting during sediment transport can effectively
separate denser minerals (ρ >4 g/cm3) from pyroxenes and feldspars (ρ ~3 g/cm3),
which constitute the abundant sand grains. Such density separation creates
anomalies in Ti, Nb, Ta, Zr and Hf (Figures 3-4) due to enrichment or depletion of
ilmenite (FeTiO3) or zircon (ZrSiO4). Martian igneous rocks also have a constant
ratio of alkalis to Th, but two of the spherules (RS-1 and 3) have large excesses of
Rb, Cs and Tl (Tl+1, acting similar to Rb), a feature characteristic of clay minerals
formed in neutral to alkaline waters. For spherule RS-3, the presence of both the
highest Zr-Hf excess and the large
Rb-Cs-Tl excess indicate that the precursor
was a poorly sorted clastic sediment,
possibly glacial diamictite.
•Comparison between LA-ICP-MS study of
meteoritic spherules and rover missions: The
high-Ni, striking Zn, and high-K2O features we
found in the spherules after studying them in
far greater detail using LA-ICP-MS versus
APXS, show similarities to measurements
reported in situ by NASA’s Curiosity rover in
Gale Crater.This enables the first synergistic
chemical study of Martian sedimentary
rocks in a terrestrial laboratory at least a
Figure 5: The Curiosity rover’s self-portrait
decade before the possible return of the
overlooking the Windjana sandstone at
first Martian rocks to Earth.
Kimberley formation.

Four spherules were analyzed for ~60 elements by LA-ICP-MS from the paired
meteorites, NWA 7533 and Rabt Sbayta 003. The approximate composition of each
of these spherules was similar to basalt, the major volcanic rock type that covers
the surface of Mars. This is also true of sediments measured in situ on Mars by
NASA rover missions (e.g., Thompson et al., 2016). Figure 2a shows the location of
the spherule in NWA 7533. A more detailed image in figure 2b reveals a thin (~100
µm) rim around the spherule. Figures 3 and 4 show bulk compositions for the
spherules for selected elements. Figure 3 shows the composition of the bulk matrix
from the breccia, considered to be broadly representative of the surface
composition of Mars (Agee et al., 2013).
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Figure 4: A chart of alkali’s and other significant elements normalized to the bulk breccia.
Included in the chart is the data collected from the Windjana drill sample by Curiosity for
comparison (Thompson et al., 2016).
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