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Introduction: Together, micrometeoroid bombardment and solar wind irradiation alter the chemical, microstruc-

tural, and spectral characteristics of regoliths on the surfaces of airless bodies [1]. In lunar and ordinary chondritic 
regoliths, space weathering causes reddening and darkening of spectra and the reduction of spectral contrast of char-
acteristic absorption bands across VIS-NIR wavelengths. While our understanding of space weathering is based on 
analysis of lunar samples and, more recently, returned samples from asteroid Itokawa, we have begun to investigate 
how carbonaceous chondrites respond to these processes [2-5]. In advance of the sample return and analysis from 
the Hayabusa2 and OSIRIS-REx missions, laboratory experiments simulating space weathering of carbonaceous 
chondrites have provided insight into the response that organic-rich, mineralogically diverse samples have to simu-
lated space weathering processes. Historically, laboratory experiments of space weathering have been performed 
such as to investigate constituent weathering processes in isolation, i.e., individual samples are exposed to either 
simulated micrometeoroid bombardment or ion irradiation. However, on airless surfaces these processes are operat-
ing in tandem, and their effects are cumulative. With this in mind, here we present results of combined pulsed laser 
irradiation and ion irradiation experiments performed on a slice of the CM2 Murchison carbonaceous chondrite. 

Samples and Methods: We dry-cut a chip of the Murchison meteorite and rastered a 7 mm x 7 mm area of the 
sample twice with a Nd-YAG pulsed laser (~6 ns pulse duration, energy 48 mJ/pulse) under high vacuum at North-
ern Arizona University [2]. We collected reflectance spectra from the unirradiated sample, and the lasered region of 
the meteorite over the wavelength range of 0.35-2.5 μm using an ASD FieldSpec 3 Spectrometer at NASA JSC. We 
also performed micro-FTIR hyperspectral imaging using the Nicolet iN10MX over the ~650-4000 cm-1 spectral 
range at Stony Brook University. We then performed ion irradiation at the University of Virginia for two discrete 
regions of the sample, each overlapping a portion of the lasered region. The first ion irradiated region was exposed 
to 2 keV H2+ to a total fluence of ~8.0 x 1017 ions/cm2. The second region was exposed to 4 keV He+ to a total flu-
ence of ~1.0 x 1018 ions/cm2/s. We then characterized changes in the surface chemistry in the unirradiated, laser-
only, laser+H+ region, and the laser+He+ region with X-ray photoelectron spectroscopy (XPS). We performed scan-
ning electron microscopy (SEM) to investigate changes in surface composition and microstructure using the Hitachi 
TM 4000 Plus benchtop SEM at Purdue University. We plan to prepare electron transparent thin sections using the 
focused ion beam (FIB) SEM at Purdue University for analysis in the transmission electron microscope (TEM). 

Results and Discussion: VIS-NIR reflectance spectra of the laser irradiated region of the sample show signifi-
cant darkening compared to the raw, unirradiated material. There is also a progressive weakening of the 0.7 µm 
band associated with Fe2+ to Fe3+ charge transfer in phyllosilicates and an increase in the depth of the absorption 
band at ~0.48 µm increases between raw and 2x lasered sample. Micro-FTIR data indicate the lasered region of the 
sample is also darker in the IR than the unirradiated material [6]. Prior to ion irradiation, XPS data from the laser 
irradiated region indicate that the carbon content was reduced to ~30% and sulfates, likely the result of exposure to 
oxygen in Earth’s atmosphere, were reduced to the native sulfide. With subsequent 4 keV He irradiation, the carbon 
content of the laser processed region was further decreased by an additional 30% to < 1 atm%. Ion irradiation in-
creased the Mg, Fe, and Ca content of the surface, however. Surprisingly, in comparison to material irradiated ex-
clusively by ions (where oxygen is preferentially removed), the oxygen content increased by a small percentage 
(~2%) in the laser-processed meteorite. In contrast, XPS results from the laser+H2+ irradiated region indicate mini-
mal change in surface chemistry. Secondary electron (SE) images of the surface of the sample show an increase in 
roughness in both the laser+H2+ and laser+He+ irradiated regions. Dual-irradiated regions of the sample are also 
characterized by extensively vesiculated melt deposits spread across matrix regions and chondrules. Interestingly, 
sulfide grains in the dual-irradiated regions of the sample which exhibit substantial melt textures and polygonal sur-
face fracturing, but no significant evidence of vesiculated textures. In comparison, regions of the sample that only 
experience H- or He- irradiation did not exhibit significant changes in surface texture, with the exception of isolated 
regions of possible vesiculation. We will discuss results of the micro-FTIR and TEM analyses at the meeting. 
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