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Introduction: Recent work has demonstrated that 

spectra measured in the “cross-over” infrared range (4-
8 µm) are powerful tools for remote determination of 
olivine and pyroxene Mg#. Olivine has strong bands at 
5.6 and 6.0 µm that shift systematically to longer 
wavelengths with increasing Fe content [1]. “Cross-
over” spectra may be used to determine Mg# of olivine 
and pyroxene within +/-10 mol% [1,2]. Anorthite has 
unique spectral features at 5.3 and ~6.2 µm that are 
well-defined at up to 20 wt% anorthite in particulate 
mixtures with mafic minerals [3]. In order to evaluate 
the utility of “cross-over” spectroscopy on the Moon 
and other airless bodies, it is necessary to assess the 
effect of space weathering on these spectra.  

Although space weathering has been previously 
shown to have significant effects on spectra measured 
in the visible-near infrared (VNIR, 0.4-3 µm) [e.g., 
4,5] and mid-infrared (MIR, ~8-25 µm) ranges [7], the 
effects on spectra in the 4-8 µm range are generally 
unknown. In the VNIR, lunar-like space weathering 
causes reddening and darkening of spectra and 
weakening of spectral features, creating significant 
obstacles to detecting minerals and assessing their 
composition on the Moon [e.g., 6]. Meanwhile, in the 
MIR range, space weathering shifts the position of the 
Christiansen feature (CF) to longer wavelengths [7]. In 
order to determine the potential effects of space 
weathering on “cross-over” spectra of olivine, 
pyroxene, and plagioclase, we are investigating “cross-
over” spectra of (1) experimentally laser-weathered 
olivine and (2) plagioclase and plagioclase- and 
pyroxene-bearing samples returned from the Moon that 
vary in their degree of natural space weathering.  

Background: Space weathering is pervasive on the 
Moon and other airless bodies, producing nanophase 
metallic iron (npFe0) and microphase iron (mpFe0) 
[e.g., 4,5]. While npFe0, concentrated in mineral grain 
rims, causes both darkening and reddening of VNIR 
spectra, the mpFe0, concentrated in agglutinates, 
causes darkening and reduction in optical contrast of 
VNIR spectra [e.g., 5]. These effects can significantly 
hamper remote compositional analysis.    

 The “cross-over” region is the wavelength range of 
the infrared where the volume scattering of photons in 
the VNIR transitions to the surface scattering of 
photons in the MIR. In the inner Solar System, the 
“cross-over” region for silicate minerals also generally 

coincides with the transition between the dominance of 
reflected solar photons in VNIR and thermally emitted 
photons in the MIR. Spectral bands of silicates in the 
“cross-over” region are hypothesized to arise as 
combination-overtones of fundamental vibrations in 
the MIR [8], where space-weathering effects are more 
modest than in the VNIR [7].  

Materials and Methods: We examined spectra 
measured from 1) experimentally weathered San 
Carlos olivine (Fig. 1), 2) separates of Miyake-Jima 
anorthite, and 3) anorthite-rich bulk lunar soils (Fig. 2). 
The similarity of Miyake-Jima anorthite’s high-Ca 
content (~An98) [9] and “cross-over” spectral 
character to lunar anorthite make it an ideal analogue 
material.  

 

Olivine with a particle size of <45µm was laser- 
weathered by exposing the sample to nanosecond 
pulsed laser irradiation, which approximates the 
micrometeorite component of space weathering. 
Experiments were conducted at Washington University 
using methods described in [10]. Experiment durations 
were: 0 min, 7 min, 40 min, and an unspecified 
duration between 7 and 40 min (Fig. 1). Miyake-Jima 
anorthite (particle size <25 µm) was also laser-
weathered using the same method as the olivine for the 
maximum duration (~40 min). This technique has been 
shown to produce npFe0 and micro-phase iron 

Fig. 1. (a) VNIR and (b)“cross-over” spectra of laser 
weathered San Carlos olivine. Dashed vertical lines 
indicate 5.6 and 6.0 µm diagnostic bands [1]. Absolute 
reflectance at 4.5 µm of offset spectra given in italics. 
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observed in space-weathered materials and to simulate 
accurately the spectral reddening and darkening caused 
by space weathering in the VNIR [11].  

We examined bulk (<1 mm) Apollo soils 66031 
and 67701, which are anorthite-rich highlands samples 
that differ primarily in their degree of space 
weathering as measured by Is/FeO [12]. Samples 
66031 and 67701 have an Is/FeO of 102 (mature) and 
39 (submature) and consist of 33 wt% and 14.3 wt% 
glass (including agglutinates), respectively [12]. These 
samples have been previously used to study space 
weathering effects in the MIR [12]. We also examined 
<150 µm particle size separates of these samples.  

Coordinated spectral measurements of the olivine 
samples, plagioclase samples, and <150 µm particle 
size separates of the lunar soils were made in the 
NASA/Keck Reflectance Experiment Laboratory 
(RELAB) at Brown University. We made bidirectional 
reflectance (BDR) measurements for the VNIR, 
“quick-look” ASD measurements for the VNIR, and 
FTIR measurements for the “cross-over” region and 
MIR. Emissivity spectra of the highlands soils samples 
were also collected under ambient conditions and a 
simulated lunar environment (SLE) in the Planetary 
Analogue Surface Chamber for Asteroid and Lunar 
Environments at the University of Oxford.  

Results: Laser-weathering and npFe0 development 
have a small influence on the reflectance character of 
olivine in the “cross-over” region. Laser-weathered 
olivine exhibits strong, distinct 5.6 and 6.0 µm bands, 
while also exhibiting increased reddening and 
darkening in the VNIR range that is characteristic of 
progressive space weathering (Fig. 1). In the “cross-
over” region, the strengths of the 5.6 and 6.0 µm bands 
are similar in the fresh, 7 min, and intermediate-
duration sample, while they are somewhat weaker in 
the 40 min sample. The positions of the diagnostic 5.6 
and 6.0 µm band centers across the sample suite do not 
change with duration of laser irradiation. 

The notable red slope of the VNIR spectra of the 
laser-weathered MJ anorthite compared to the pure, 
non-weathered anorthite indicates that experimental 
weathering produced minor npFe0 iron on the surface 
of grains that is detectible in the VNIR. However, 
effects at in the “cross-over” range are not detected.  

The more weathered soil 66031 has slightly lower 
optical contrast than the less weathered soil 67701 in 
both reflectance and emissivity spectra (Fig. 2), which 
may result from the relatively higher proportion of 
agglutinates and lower proportion of anorthite in the 
more weathered sample. The emissivity spectra 
measured under a simulated lunar environment exhibit 
slightly weaker anorthite bands than the spectra 
measured under ambient conditions.  

Conclusion: Our results indicate that npFe0 has a 
weak influence on spectra and that the mpFe0 in 
agglutinates may weaken spectral bands in the “cross-
over” range. Future work will focus on the influence of 
agglutinates on “cross-over” spectra of olivine and 
olivine-anorthite mixtures, as well as the effect of 
space weathering on mafic mineral-bearing lunar soils. 
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Fig. 2. (a) VNIR and (b-c) 
“cross-over” spectra of 
anorthite-rich highlands soils 
66031, which is a mature, 
agglutinate-rich soil and 
67701, which is relatively 
immature. (a-b) Reflectance 
spectra of <150 µm fraction. 
(c) SLE and ambient 
emissivity spectra of bulk 
soils. Emissivity spectra 
offset for visual clarity. 
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