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Introduction:  Space weathering, driven by micro-

meteoroid impacts and solar wind irradiation,  modifies 
the microstructure, chemical composition, and reflec-
tance properties of surface material on airless bodies [1]. 
Our understanding of space weathering processes has 
largely been derived from studies of lunar and ordinary 
chondritic materials e.g., [2,3]. However, there are 
fewer constraints on how hydrated, organic-rich materi-
als respond to these processes. With the OSIRIS-REx 
and Hayabusa2 missions already reporting results from 
their carbonaceous targets, Bennu and Ryugu, respec-
tively, it is important to understand how space weather-
ing affects the surfaces of these asteroids e.g., [4]. In ad-
vance of sample return, we can investigate the micro-
structural, chemical, and spectral effects of space weath-
ering on carbonaceous chondrites by performing labor-
atory experiments, e.g., [5,6]. Here we report results of 
coordinated analyses of samples of a carbonaceous 
chondrite which independently underwent pulsed laser 
irradiation to simulate micrometeoroid bombardment 
and ion irradiation to simulate solar wind exposure.  

Samples and Methods: We dry-cut four rock chips 
of the CM2 Murchison meteorite for laser and ion irra-
diation experiments. For three of the chips, we rastered 
an Nd-YAG pulsed laser (l=1064 nm, ~6 ns pulse du-
ration, energy 48 mJ/pulse) over their surfaces 1x, 3x, 
and 5x, respectively. For the fourth chip we irradiated 
two distinct areas; one region with 2 keV H2+ ions for a 
total fluence of 8.1x1017 ions/cm2 and the second region 
with 4 keV He+ ions to a total fluence of 1.1x1018 

ions/cm2. The ion flux for both irradiations was 1.1x1013 
ions/cm2/s. 

After irradiation, we collected reflectance spectra 
over the wavelength range of 0.35-2.5 µm from the 
fresh, laser- and ion-irradiated regions of the samples 
respectively using an ASD FieldSpec 3 Spectrometer. 
We used the µL2MS instrument at JSC to investigate 
changes in the concentration and functional group 
chemistry of organics in the samples after both laser- 
and ion-irradiation. We also prepared electron-transpar-
ent thin sections from the heterogeneous meteorite ma-
trix and from select olivine, pyroxene, and sulfide 
phases using the FEI Quanta 3D focused ion beam (FIB) 
for each of the laser- and ion-irradiated samples. We 

performed microstructural and chemical analysis of 
these samples in the a JEOL 2500 transmission electron 
microscope (TEM). Finally, we used a radiative transfer 
model to interrogate the spectral effects of the nanopar-
ticle population observed via TEM in the laser-irradi-
ated samples in order to correlate microstructural and 
chemical features with measured reflectance data. 

Spectral Analyses: The VIS-NIR spectra show that 
the laser-irradiated regions of the samples are all darker 
than the unirradiated material, although there is in-
creased brightening with progressive laser irradiation. 
In contrast the ion-irradiated regions appear brighter, 
with a more significant increase in reflectance for the 
He-irradiated region of the sample (Fig. 1). There is an 
attenuation of the 0.7 µm band (associated with Fe2+ to 
Fe3+ charge transfer in phyllosilicates) in each of the ir-
radiated samples. There is an observed initial increase 
in the strength of the 0.48 µm band between the 1x and 
3x laser-irradiated samples, and an overall increase in 
the band depth for both H- and He-irradiated sections of 
the sample. 

Organic Analyses: µL2MS spectral maps of the la-
ser-irradiated samples consistently show similar (5x) or 
increased (1x) concentration and distribution of organ-
ics in the lasered regions compared to the raw surface 
and also show an increase in the abundance of aro-
matic/conjugated organic material in lasered regions. In 
contrast, analyses of the ion-irradiated regions show a 

Figure 1: Absolute reflectance spectra of the raw 
(black), 1x laser-irradiated (purple), 5x laser-irradiated 
(green), H-irradiated (red) , and He-irradiated (blue) 
samples. 
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significant decrease in the distribution of organics, by 
up to 40%, in the He-irradiated region, with aromatic 
species being preferentially retained.  

TEM Analysis: Results from the TEM reveal com-
plex microstructural and chemical features in both the 
laser- and ion-irradiated samples.  

Laser Irradiated Samples: For each of the matrix 
samples, there is a surface melt layer, increasing from 
500 nm to ~1 µm in thickness from the 1x to the 5x laser 
irradiated sections. These melts contain abundant nano-
particles, ranging from <10-100 nm in diameter. High-
resolution TEM (HRTEM) data and energy-dispersive 
X-ray spectroscopy (EDS)  maps indicate the nanopar-
ticles include Fe (possibly metal, may contain O), Fe-
oxide (magnetite), Fe-S (troilite), and Fe-Ni-sulfides 
(pentlandite). The nanoparticles are dominated by Fe-
Ni-sulfides in the 5x lasered sample (Fig. 2). HRTEM 
images indicate the degree of amorphization of phyllo-
silicates increases with continued laser irradiation. 

Ion-Irradiated Samples: The He-irradiated matrix 
section shows a continuous vesiculated layer greater 
than 100 nm in thickness. It is characterized by large 
vesicles up to 50 nm in width. HRTEM shows amor-
phization of the matrix material up to depths between 
125 – 175 nm, consistent with results from [7]. Small 
(<2 nm) nanoparticles are present below the vesiculated 
layer and are distributed heterogeneously throughout 
the sample. The H-irradiated matrix sample also has a 
continuous vesiculated layer, however it is thinner 
(<100 nm) than in the He-irradiated matrix. Here, phyl-
losilicates are amorphized up to a depth of ~95 nm from 
the surface. Finally, the H-irradiated enstatite FIB-
section is characterized by a 100 nm-thick vesiculated 
(Fig. 3). Nanoparticles between 3-5 nm in diameter are 
located within this vesiculated layer. Diffraction pat-
terns suggest these nanoparticles are likely Fe-bearing. 

Spectral Modeling: We used a radiative transfer 
model to investigate the spectral characteristics of 
quartz grains hosting nanoparticles varying in size and 
composition. Nanophase (<40 nm) and microphase 

(>40 nm) magnetite particles cause an overall darkening 
and bluing of the spectrum. Similarly, both nano- and 
microphase inclusions of troilite show darkening. How-
ever, nano-phase troilite causes strong reddening of the 
spectrum, whereas microphase particles cause bluing. 

Implications for Primitive Asteroids: The results 
presented here provide further evidence that the space 
weathering of carbonaceous surfaces is likely to be a 
complex process. Laser- and ion-irradiation produce 
seemingly conflicting spectral trends resulting in dark-
ening and bluing vs. reddening and brightening, respec-
tively. Similarly, the size and composition of nanoparti-
cles produced in the experiments is highly variable, with 
larger, Fe-oxide and Fe-Ni-sulfides present in the laser-
irradiated samples and smaller, heterogeneously distrib-
uted Fe-nanoparticles identified in isolated phases in the 
ion-irradiated samples. Radiative transfer modeling in-
dicates that the size and composition of the nanoparti-
cles plays a significant role in the resulting spectral 
characteristics of the sample. As such, differences in na-
noparticle production mechanisms and/or evolving pop-
ulations of nanoparticles could result in the inconsistent 
spectral trends observed here. Additionally, analyses of 
the organic abundance and functional group chemistry 
also indicates divergent trends between the laser- and 
ion-irradiated experiments. In both experiments, how-
ever, aromatic molecules appear resistant to simulated 
space weathering, providing clues as to the types of or-
ganic species we might expect in returned samples.  

Together, these results suggest that carbonaceous-
style space weathering is unique and that micrometeor-
oid bombardment and solar wind irradiation may induce 
competing spectral trends driven by unique microstruc-
tural and chemical characteristics specific to each con-
stituent process.  
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Figure 2: TEM data of the 5x lasered matrix. a) Bright 
field STEM, and EDS maps of b) S, c) Fe, and d) Ni. 

Figure 3: HRTEM 
image of a H-irradi-
ated enstatite grain 
showing the thickness 
of the vesiculated 
layer to be 100 nm. 
The lattice fringes in-
dicate the grain main-
tains crystallinity up to 
the boundary with the 
vesiculated layer. 
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