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Introduction:  Space weathering is a complex, 

multi-component process that occurs on atmosphere-
less bodies and results in both optical and physical 
alterations in the surface regolith of these bodies.  Al-
though limited, the retrieval of samples from Solar 
System bodies such as the Moon and Itokawa has 
greatly illuminated our understanding of the various 
processes and products that constitute space weather-
ing. Complementing the insights gained from these 
returned samples are space weathering experiments, 
which range from pulsed laser irradiation [1,2], ion 
bombardment [3,4] and kinetic energy experiments [5]. 
These experiments allow us to examine space weather-
ing effects for a variety of compositions and controlled 
experimental conditions beyond those represented by 
returned samples.  This work examines the efficacy of 
laser simulated micrometeorite impacts reproducing 
the lunar spectral maturity trends and morphological 
features (i.e. npFe and vesicle production). To assess 
the effectiveness of these experiments, we use TEM 
and spectral analyses to compare the spectra of laser 
irradiated pristine soils derived from rocks collected 
during the Apollo 12 and 16 missions to lunar soils of 
varying maturity levels. 

Methods:  The soil samples were produced from 
the interior components of lunar Mare and Highland 
rocks, 12002 and 68416 respectively. 12002 is a Mare 
basalt rock consisting predominately of pyroxene (~49 
vol.%), with accessory olivine (17%), plagioclase 
(16%) and minor amounts of ilmenite and chromite 
[6]. 68416 is a Highlands balsatic impact melt pre-
dominately composed of plagioclase (~80 vol.%), with 
accessory pyroxene (12-16%), minor amounts of oli-
vine, ilmenite and metallic iron (<5%) [7]. Each sam-
ple was crushed and dry-sieved to <75 µm, producing 
a pristine lunar soil that had little to no interactions 
with the solar wind. 

We used a Nd:YAG, 1064 nm, pulsed laser to 
simulate micrometeorite impacts on ~0.2g of each soil 
sample.  A laser spot size of 0.25 mm, an incident en-
ergy of 30mJ, a frequency of 20 Hz and a 6-8 nanosec-
ond pulse duration was used to simulate timescales of 
10 µm sized micrometeorite impacts [8].  Each of the 
sample soils were irradiated at intervals of 5, 5, 10, 10, 
10, 10 and 10 minutes for a total of 60 minutes. Each 
of the samples were irradiated as uncompressed pow-
ers and under vacuum pressures of   10-5 to 10-6 mbar.   

Spectral data were taken using a Vis/NIR (350-
2500nm) ASD Fieldspec 4 spectroradiometer.  Bidirec-
tional reflectance spectra were acquired at a viewing 
geometry of i=30° and e=0°, and measured relative to a 
99% reflectance LabSphere Spectralon Standard.   

Spectral Variations: As seen in Figure 1, the 
12002 and 68416 soils have distinctly shallow spectral 
slopes and pronounced absorption features. Although 
there are slight mineralogical differences between the 
prepared soil samples and the NASA RELAB samples 
[9], the stark contrast between the spectra demonstrate 
the pristine nature of the samples used in this work. 
Also evident in Fig. 1 is the stark contrast between 
even the most immature soils collected during the 

Figure 1: Spectra of fresh and irradiated ground lunar rocks 
relative to spectra of soils collected in-situ during the Apollo 
12 and 16 missions [9]. Top: Spectra of ground Apollo rock 
12002. Bottom: Spectra of ground Apollo rock 68416. 
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Apollo missions and the soils irradiated in this work. 
After ~60 minutes of irradiation, the 12002 and 68416 
begin to achieve slopes that are consistent with these 
immature soils. It is clear that while the pulsed laser 
irradiation modifyies the continuum slopes of the sam-
ples, this method is less efficient at reproducing the 
suppression of absorption features, particularly for 
68416. 

TEM Analyses: After irradiation, samples were 
carbon-coated to ensure conductivity for SEM and 
TEM analyses. Electron-transparent sections were pre-
pared using the UH FEI Helios 660 dual beam FIB-
SEM with a 30 kV Ga+ ion beam and a Pt protective 
strap. Sections were FIB-polished at low kV to reduce 
amorphous kerf and implanted Ga. Sections were then 
analyzed at ~200 kV in the UH FEI 80-300 kV Titan 
dual Cs-corrected and monochromated TEM/STEM. 
Brightfield and darkfield images were collected using 
STEM mode, compositions were analyzed with a 
Si(Li) energy dispersive x-ray detector. 

NpFe inclusions.  The production of npFe particles 
was ubiquitous in both the 12002 and 68416 samples, 
occuring in both melt rims as well as large glassy melt 
spherules (~500 um in diameter), which adhered to the 
host grains.  Electron diffraction patterns of Fe-rich 
inclusions were found to be consistent with oxidized 
npFe0. It is possible that the oxidation occurred after 
irradiation because diffraction patterns were taken sev-
eral months after the FIB sections were made. The size 
distribution of npFe particles is shown in Fig. 3. The 
larger particle tail resembles the tail that is observed in 
naturally weathered lunar soils [10].   

Vesicle occurance and size distribution.  Vesicle 
formation is widespread in both the glassy melt spher-
ules as well as the glassy melt rims in both the 68416 
and 12002 samples. The size distribution of vesicles in 
the 68416 appear to occur in two populations, with the 
smaller size ranging from ~5 - 20 nm, and the set rang-
ing from ~30 – 50 nm, with several as large as ~100 

nm. The size range of vesicles observed in this work is 
comparable to those observed in both naturally space 
weathered lunar and Itokawa soils [11-14].  The ob-
served large vesicles (20 nm – 50nm) are associated 
with the melt spherules and not typcially accompanied 
by the presence of npFe. In contrast, the smaller vesi-
cles appear to form primarily in the glassy rims con-
taining npFe particles.  Several vesicles also appear to 
have npFe particles.  

The size distribution of the vesicles in both lunar 
samples well approximate those of naturally weathered 
soils, however, both samples originate from the interior 
of lunar rocks, implying little to no exposure to solar 
wind and H and He ions, an expected component of 
vesicle formation [15].  It is possible that adsorbed 
water on the surface of the ground 12002 and 68416 
soils may provide a source of volatile material that 
cuold lead to vesicle formation.  It is posible that the H 
and O released during irradiation may also serve to 
oxidize the npFe particles as they are forming, affect-
ing the spectral modifcation of the soils. While npFe 
inclusions are ubiquitous in the soil rims, it is unclear 
why they are less efficient at absorption band suppres-
sion than expected. It is possible agglutinates may be 
an important mechanism in reducing spectral contrast. 

References: [1] Brunetto R. et al. (2006) Icarus, 
180, 546-554 [2] Sasaki S. et al. (2001) Nature, 410, 
555-557 [3] Marchi S. et al. (2005) A&A, 443, 769-775 
[4] Loeffler M. et al. (2009) J. Geophys. Res. 114, 
E03003 [5] Corley, L. M. et al. (2017) LPSC XLIX [6] 
Meyer, C. (2010) Lunar Sample Compendium [7] 
Meyer, C. (2009) Lunar Sample Compendium [8] Ya-
mada M. et al. (1999) Earth, Planets and Space, 51, 
1255. [9] Pieters C. (1983) J. Geophys. Res., 88, 9534-
9544 [10] Thompson, M. S. et al. (2017) Meteoritics & 
Planet. Sci., 52, 413-427. [11]  Keller L. P. & Mckay 
D. S. (1997) Geochimica et Cosm. Acta, 61, 2331-
2341.  [12] Assonov, S. S. et al. (1998) LPSC XXIX, 
1635 [13] Noble et al. (2005) Meteoritics & Planet. 
Sci., 40, 397-408. [14] Noguchi, T. et al. (2014) Mete-
oritics & Planet. Sci., 49, 188-214. [15] Cintala M. J. 
(1992) JGR: Planets 97, 947-973.  

Host Grain 

Vesicles 

npFe 

Figure 2: HAADF image of an irradiated grain from 12002 
soil.  Vesicles appear as dark voids in the glassy rim. NpFe 
particles are the bright regions that occur at the base of the 
glassy rim. 

Figure 3: Size distribution of npFe inclusions in the rim of 
a 12002 soil grain.  Particles have a mean diameter of 6.4nm 
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