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3. Results
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1. Introduction
• Space weathering (SW): set of processes on atmosphere-free body surfaces modifying their

spectral characteristics (darkening and reddening of reflectance spectra) and yielding
irreversible damages at the micro- and nanometer scale (i.e., formation of iron nanoparticles
(npFe0s), melting, recrystallization, and development of dislocations) (e.g., [1], [2]).

• Main causes: solar wind exposure and micrometeorite impacts.
• How to study it: natural samples (lunar and Itokawa; e.g., [1], [3], [4]), ion irradiation and laser

experiments (e.g., [5], [6], [7]).
• In this work: preliminary spectroscopic and TEM results of ultra-short laser experiments as a

tool to reproduce SW effects on oriented olivine (ol) crystals.

2. Samples and Methods
• Samples: slices (300-500 µm thick) of single crystals of Pakistani ol (Fo94.5) cut perpendicular to

the three main crystallographic axes (c.a.) [100], [010], and [001].
• Laser setting: single-shot irradiations under vacuum (10-3 mbar) via Ti:sapphire laser at a

wavelength of 800 nm. Pulse duration 100 fs, spot diameter ~35 µm. Grids at different pulse
energies (3, 2, and 1 mJ) on each sample. Maximum laser intensity of ~1015 W cm-2.

• Spectroscopy: reflectance spectra in the NUV-vis-NIR range of irradiated (3 mJ) and non-
irradiated areas.

• Microscopy: OM, white light interferometry, SEM for the morphological characterization. TEM
(BF, DF, HR, STEM, EDX) on FIB-lamellae to evaluate the damages at the nanometer scale.

5. Future Work
• Completion of the FIB-cutting, TEM observation, EDX and EELS measurements of the olivine

microcraters at the different orientation and pulse energies to constrain process of formation
of the layered structure and of the npFe0s.

• Application of the most reliable setting on olivine with different composition and on other
relevant astrominerals, e.g. enstatite, plagioclase, and sulfides.

4. Discussion and Conclusions
i. Experimental approach. The best experimental technique to reproduce the impact of

micrometeorites on airless body is still unknown. The most common setting uses laser pulse
duration of few ns ([5], [6]). These durations induce too much heating, as the interaction
between the laser light and the induced plasma is dominant. Such thermal effects are not
expected during the high-velocity impact of small, micrometer-sized particles. Using an ultra-
short laser pulse, the interaction between the laser pulse and the formed ejecta plume are
limited. Contrary to previous experiments which used mostly pellet samples, we performed
our experiments on oriented ol crystals to avoid additional particle-particle interactions and
to characterize the direction-dependent strength of anisotropic materials.
The results of the spectral measurements and the preliminary TEM investigation
corroborate that our setting is a reliable approach to reproduce the effects of the SW and to
check and study exactly where and how certain modifications occur.

ii. Origin of the layered structure. In both natural and experimental samples, the topmost
amorphous npFe0-bearing layer were interpreted as a vapor deposit (e.g., [3], [4], [8]). In our
experiments, there are no clues for such origin, on the contrary, the splash-form morphology
indicates that the entire glass layer likely formed as a thin sheet of ol melt. Palisade layer

probably crystallized from the melt. The crystallization was more effective where the
temperature were higher, namely in the center. The underlying polycrystalline layer due to
the polygonal shape of its crystals and the high degree of misorientation might represent an
extremely high shock stage, a transition between a molten layer and the ol substrate.

iii. NpFe0s formation. The formation of npFe0s was attributed to the in-situ reduction of Fe2+

during impact-induced vapor deposition of the topmost amorphous layer (e.g., [4], [6]).
However, this mechanism is unclear. The occurrence of npFe0s also within the polycrystalline
layers, the Mg-loss in the glass layer, and the intense fracturing suggest a disproportion of
Fe2+ (3Fe2+↔ Fe0 + 2Fe3+) [9]. However, further investigations are necessary.
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• TEM-EDX maps and
analyses show a
significant Mg-loss in the
glass layer.

• Mg-loss is stronger at the
rim than at the crater
center.

• NpFe0s are enriched in Ni.

• Crater morphology: spherical to elliptical shape (diameter, Ø:
50-73 µm, depth: 1.1-2.6 µm); covered by a glass layer;
splashes and rare vesicles (Ø <0.5 µm) at the rim.

• Spectral features: spectra of irradiated areas show a strong
reduction in the absolute reflectance (darkening). Spectra of
irradiated areas scaled at 550 nm show a strong increasing of
the reflectance with increasing of the wavelength
(reddening).

• Crater cross-sections show a layered structure. TEM-BF
images A and C (relative sketches B and D) were taken from a
crater center produced at 3 mJ parallel to the c.a. [100].

• TEM-BF image E was taken from the crater rim. Layers are
thicker at the center than at the rim. Polygonal ol layer is
absent at the rim. Substrate contains planar fractures and c-
dislocations.

• Shaded areas in the sketches images (B,D,F) indicate the
distribution of npFe0s (d110 = 2.064 Å). Average Ø 4-7 nm.

• The next figure shows the diffraction patterns via SAED of
each crater layer from the top to the bottom. A) glass, B)
polycrystalline ol layers, C) misoriented ol, D) Ol substrate.
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