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Introduction: The progressive chemical, micro-

structural, and spectral changes of airless planetary sur-
faces, known as space weathering [1], are caused by en-
ergetic particles from the solar wind and high-velocity 
micrometeoroid impacts. Together, these processes may 
result in ion implantation, comminution, amorphization, 
melting, vaporization and subsequent recondensation, 
and the formation of iron-bearing nanoparticles in 
grains on the surfaces of airless bodies. For the Moon in 
particular, the occurrence of metallic iron nanoparticles 
alters the visible-near infrared (VNIR) reflectance spec-
trum of surface materials producing reddening, darken-
ing, and attenuation of absorption bands [2,3]. These 
spectral changes complicate our understanding of the 
surface composition of airless bodies as interpreted 
from remote sensing data.   

Traditionally, space weathering research has fo-
cused on silicate minerals which are the most abundant 
components of lunar and ordinary chondritic samples, 
with only a nascent understanding of how other mineral 
phases respond to weathering processes. Among the un-
derstudied and unexplored mineral groups are sulfides 
[4,5] and Fe-oxides like magnetite (Fe3O4). These min-
eral phases are common accessory minerals in CM and 
CI chondrites [6,7], which are possible compositional 
analogs for asteroids Bennu and Ryugu [8,9]. In addi-
tion, magnetite has been identified on the surface of as-
teroid Bennu [10]. These opaque minerals are spectrally 
dominant at visible to near-infrared wavelengths even at 
minor abundances, so understanding their response to 
space weathering is critical for understanding the spec-
tral properties of asteroids. To evaluate the response of 
magnetite under space weathering conditions, we simu-
lated micrometeoroid bombardment and solar wind ir-
radiation on synthetic magnetite powders.  

Methodology:  Magnetite powders with grain sizes 
<45 µm were pressed to pellets at 1500 psi. To simulate 
micrometeoroid bombardment, we performed pulsed-
laser irradiation experiments (6-8 ns per pulse) using a 
Nd-YAG laser at 10-8 Torr. The pellet was subjected to 
different number of laser pulses (1x, 2x, 5x)  to simulate 
progressive space weathering exposure time. To repli-
cate solar wind irradiation conditions, we performed 
nominal 1 keV H+ and 4 keV He+ irradiation experi-
ments using fluxes ~1 x 1013 ions/cm2/s,  with total flu-
ences of 5.3 x1017 H/cm2  and  3.6 × 1016 He/cm2 com-
parable to exposure times of 440 years and 750 years at 

1 AU, respectively. The ion irradiation was accompa-
nied by X-ray photoelectron microscopy (XPS) to ana-
lyze the chemical changes produced during irradiation. 
We used a Thermo Scientific Helios G4 UX focused ion 
beam scanning electron microscope (FIB-SEM) at Pur-
due University to analyze textural characteristics and 
prepare electron transparent samples for transmission 
electron microscopy (TEM) analyses. We performed 
TEM analyses of the laser-irradiated samples using the 
aberration corrected Hitachi HF 5000 TEM at the Uni-
versity of Arizona, which is equipped with two Oxford 
100-mm2 silicon-drift energy dispersive X-ray spectros-
copy (EDS) detectors. To compare the spectral proper-
ties of the pulsed-laser and the ion irradiated pellets,  we 
acquired reflectance spectra in the visible near-infrared 
region (0.35 – 2.5 µm) using a ASD FieldSpec Pro3 re-
flectance spectrometer at Purdue University.  

Results: We identified diverging spectral, morpho-
logical, and chemical characteristics between the laser- 
and ion- irradiated magnetite samples.  

Micrometeoroid bombardment simulations: SEM im-
aging shows the development of melt textures on the 
surfaces of the magnetite grains after pulsed-laser irra-
diation (Fig. 1). However, the melts are not homogene-
ous across the entire irradiated surface, instead, they are 
localized on a few individual grains. Preliminary TEM 
analyses show that the melts have an approximate thick-
ness of 200 nm and present crystalline and short range 
ordered regions (Fig. 2). The crystalline region presents 
d-spacing values of 0.24 nm similar to (222) magnetite. 
EDS analyses do not show a distinct chemical change 
between the melt and the interior of the grain.  

 
Figure 1. Secondary electron (SE) image of melt on 
the surface of a magnetite grain after pulsed laser irra-
diation. 
 

2213.pdf53rd Lunar and Planetary Science Conference (2022)



Solar-wind irradiation experiments: SEM imaging of 
the ion irradiated grains did not show significant tex-
tural changes compared to the unirradiated grains. XPS 
data in both the H+ and the He+ irradiated pellets shows 
a decrease in the concentration (at%) of O and an en-
richment of Fe with increasing fluence (Fig. 3).  4 keV 
He+ irradiation of the magnetite powders produced a 
6.7% reduction of O and a 32.1% increase in the con-
centration of Fe, whereas the 1 keV H+ caused a 35% 
reduction of O and a 64% increase of Fe. A small 
amount of N2 (<5%) was identified as result of 
contamination of the H2 gas; similar compositional 
results were observed for subsequent pure H irradiation. 

Reflectance spectral measurements: The 5x pulsed la-
ser and the H+ ion irradiated samples are slightly 
brighter at wavelengths > 450 nm, and more red sloped 
compared to the unirradiated magnetite (Fig. 4), 
whereas the He+ irradiated sample exhibits a lower re-
flectance (except in the 850 nm to 1150 nm interval, 
where it presents similar reflectance) in comparison to 
the unirradiated magnetite.   

Discussion: SEM imaging shows a contrasting re-
sponse of the magnetite under pulsed-laser irradiation 
compared to ion irradiation. While the laser irradiation 
produces melts on the surfaces of the magnetite, the ion 
irradiation did not produce significant textural changes. 
The TEM data indicates that the melt has intermittent 
crystalline and short-range ordered regions, which is at 
odds with the amorphous melt produced on silicate min-
erals under similar irradiation conditions. The spectral 
analysis indicates that the He+ sample exhibits an over-
all darkening compared to the other studied samples, 
and we expect future TEM analyses may reveal which 
microstructural or chemical features are driving this al-
teration. The 5x pulsed laser and the 1 keV H+ irradiated 
samples exhibit a brighter spectrum and redder slopes 
compared to the unirradiated sample.  

Bennu’s surface exhibits a bright spectrum and a 
blue slope, characteristics which have been attributed to 
possible space weathering processes [11]. Moreover,  
the addition of “fresh” magnetite has been shown to ef-
fectively produce a blue slope on CM chondrites at  
shorter wavelengths (0.65-1.0 µm) [12]. Our space 
weathering experiments produced slightly reddened 
slopes for magnetite, suggesting that a bluing effect at 
shorter wavelengths may be achieved through fresh, but 
not weathered magnetite. Future work includes the sim-
ulation of space weathering conditions on other under-
studied phases including hematite, pentlandite, troilite, 
and pyrrhotite.  
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Figure 4. Reflectance spectra of 5x pulses, 1 keV H+ 
and 4 keV He+ irradiated, and unirradiated magnetite. 
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Figure 3. XPS data showing the enrichment of Fe and 
depletion of O as a function of a) He+ and b) H+ fluence.  

 
Figure 1. Bright field (BF) TEM image of 5x pulsed la-
ser irradiated magnetite showing crystalline and short- 
range ordered areas in the melt. 
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