
1. Introduction
Spectral observations of some parts of the lunar surface have long been shown to display unusual properties at 
visible and near-infrared (VNIR) wavelengths. The spectral shapes appear similar to those observed on Earth 
for minerals and rocks, but the darkest areas on the lunar surface are characterized by spectra with reduced band 
depths and steep red slopes (e.g., Adams & Jones, 1970; Fischer & Pieters, 1994; Hapke et al., 1970; Hawke 
et al., 2004). Today, we identify these optical effects as classic signs of space weathering of the lunar regolith.

Space weathering is the overarching term for the sum of processes affecting the lunar regolith, most broadly, 
the physical breakdown and vaporization from micrometeoroid bombardment, and chemical alteration from 
solar wind irradiation (e.g., Chapman, 2004; Noble et al., 2001; Pieters et al., 2000). Micrometeoroid bombard-
ment physically breaks the regolith apart, vaporizes portions of it, and gardens the upper meters of the regolith 
(Hapke, 2001; Keller & McKay, 1993, 1997; Noble et al., 2001; Pieters & Noble 2016; Taylor et al., 2001). Solar 
wind affects the regolith by disrupting and damaging minerals and contributing to melting and volatilization 
(Hapke, 2001; Keller & McKay, 1997; Pieters et al., 2000). The vaporization and condensation of material causes 
the formation of amorphous and iron-rich agglutinates and mineral grain rims seen in Apollo samples, which 
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Plain Language Summary Space weathering is a major process on the Moon that matures lunar 
soils over time. In this work, we try to isolate one of the effects of space weathering, darkening, to determine its 
effects on our interpretation of midinfrared emissivity spectra. We do so by adding nano-scale carbon particles 
to three silicate minerals and examine how the spectral features change as the sample gets darker under both 
ambient and simulated lunar environment conditions. We observe a decrease in overall spectral contrast and 
a shift in the Christiansen Feature (CF) position to longer wavelengths with increasing carbon content. This 
correlation between the darkening sample and CF value is similarly observed in the remote sensing data from 
Diviner Lunar Radiometer Experiment and Kaguya Multiband Imager instruments, demonstrating that it is an 
important factor to consider to accurately interpret composition from mid-infrared data of space weathered soils 
on airless bodies.
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manifest as optical effects in remote sensing data. Although the specific contributions from micrometeoroid 
bombardment and solar wind depend on the position in the solar system, the nature of space weathering means 
that it is a fundamental process of regolith maturation on any airless body (Noguchi et al., 2011, 2014; Pieters & 
Noble, 2016; Pieters et al., 2012). Therefore, the characterization of its effects on spectroscopic measurements is 
vital to correctly and quantitively interpret remote sensing data.

In this study, we explore one optical effect of space weathering, darkening, on the midinfrared (MIR) region 
by measuring the spectra of silicates under lunar-like conditions. Because the lunar environment is thermally 
extreme, it is likely that the optical darkening caused by space weathering will affect the thermal gradient within 
lunar regolith, thus altering the spectra from what we would expect from spectral libraries acquired under ambient 
conditions. We test this idea by darkening three silicate particulate samples with nanophase carbon and analyzing 
the changes in their spectral features when measured under simulated lunar environment (SLE) conditions.

1.1. Known Effects of Space Weathering on IR Spectroscopy

Space weathering alters the optical properties of the lunar regolith in the VNIR range, as has been shown in early 
telescopic observations, as well as in the Clementine, Moon Mineralogy Mapper, and Kaguya data sets (e.g., 
Conel & Nash, 1970; Fischer & Pieters, 1996; Ohtake et al., 2010; Pieters et al., 2009) and in laboratory spec-
troscopic measurements of mature lunar soils (e.g., Adams & McCord, 1971a, 1971b; Pieters et al., 1993; Taylor 
et al., 2001). Spectra exhibit lower reflectance, reduction in band depth, and an overall red slope (decreasing 
reflectance with decreasing wavelength), all of which can make it more difficult to extract compositional infor-
mation from the data. These effects appear to be a function of the degree of space weathering, as shown in remote 
sensing data (Fischer & Pieters, 1994, 1996; Keller et al., 1999; Pieters et al., 2000) and laboratory studies (Noble 
et al., 2007; Pieters et al., 2000; Sasaki et al., 2001; Yang et al., 2017).

Initial analyses of samples returned by the Apollo astronauts suggested that agglutinates might be the cause for 
the observed optical effects (e.g., Adams & McCord, 1970, 1971b; Conel & Nash, 1970), but advances in micro-
scopic imaging techniques revealed the presence of amorphous nano-phase iron (npFe) rich rims on many mineral 
grains (e.g., Burgess & Stroud, 2018; Cassidy & Hapke, 1975; Keller & McKay, 1993, 1997; Pieters et al., 2000; 
Taylor et al., 1996, 2001; Thompson et al., 2016; Wentworth et al., 1999). These npFe rims are responsible for 
the optical changes observed in the VNIR: the darkening and shallowing of features due to their presence, and 
the red slope due to the size of the npFe, typically <30 nm (Burgess & Stroud, 2018; Housley et al., 1973; James 
et al., 2001; Keller & Clemett, 2001). The size of the particles is important as agglutinates also contain larger iron 
particles (Britt-Pieters particles; >∼50 nm) that have been shown to lower the albedo without creating the red 
slopes in VNIR reflectance data (Britt & Pieters, 1994; Lucey & Noble, 2008; Lucey & Riner, 2011).

It was previously considered unlikely that space weathering would affect MIR spectra due to the penetration depth 
of MIR light (10's–100's of μm) and the surficial nature (100's of nm) of space weathering coatings; MIR spectra 
are typically representative of bulk mineralogy and less influenced by minor or trace minerals in the sampled 
material than VNIR spectra (e.g., Salisbury et al., 1997). The overall optical effects due to space weathering in 
the VNIR were attributed to the npFe-rich amorphous rims in the regolith, an extremely minor component in the 
overall sample. Thus, it was thought that these rims would be too minor a volumetric component to contribute to 
the MIR spectrum. Additionally, a study by Moroz et al. (2014) determined that the amount of npFe generated 
through irradiation experiments would be insufficient to cause detectable optical darkening and attributed the 
albedo change to textural changes from micrometeorite bombardment. Several studies of meteoritic or impacted 
materials have indicated that the shock component of space weathering may also contribute to darkening of rego-
lith and show shifts in MIR spectral features correlated with exposure to irradiation/shock (Morlok et al., 2017; 
Reitze et al., 2021; Weber et al., 2021).

Recent remote sensing studies (Glotch et  al.,  2015; Greenhagen et  al.,  2010; Kumari et  al.,  2020; Lucey 
et al., 2010, 2017) have characterized variation within the Diviner Lunar Radiometer Experiment (Diviner) data 
set that corresponds to recognized optical maturity (a measure for lunar space weathering) anomalies, includ-
ing young crater rays and swirls, which also correspond to areas of albedo variation. Additionally, Brunetto 
et  al.  (2020) noted variations in the mid-to far-IR spectra from normal and irradiated meteorite spectra that 
suggest space weathering identifiers in remote data sets of OSIRIS-REx and James Webb Space Telescope.

The MIR includes numerous spectral features that are indicative of mineralogy, such as the Christiansen feature 
(CF), Reststrahlen bands (RBs), and transparency features (TFs). The CF is an emissivity maximum that shifts 
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position with the polymerization of the material, that is, highly polymerized silicates like quartz (and other felsic 
minerals) have shorter wavelength CF positions, whereas less polymerized minerals like olivine (and other mafic 
minerals) have long wavelength CF positions (Conel, 1969; Logan et al., 1973). Since 2009, Diviner has been 
collecting MIR thermal emission data, specifically targeted at defining the CF position, to constrain the bulk 
silicate composition of the Moon (Greenhagen et al., 2010; Paige et al., 2009).

The RBs are the fundamental vibrational bands that appear as emissivity minima caused by stretching and bend-
ing of Si-Al-O bonds. The spectral shapes, intensities and positions of the RBs are directly dependent on the 
mass of the atoms, strength of the bonds, lattice geometry, and physical properties (notably particle size), which 
directly correspond to the unique chemistry and structure of a mineral and can therefore be used as composi-
tional identifiers (e.g., Conel, 1969; Cooper et al., 2002; Lyon, 1964). The TFs are emissivity minima with posi-
tions dependent on composition, and intensity dependent on particle size of the material, where fine particulates 
(<∼60 μm) have lower emissivity at TFs due to increased scattering (e.g., Cooper et al., 2002).

Some laboratory studies have already shown correlations between MIR spectral feature shifts and space weather-
ing in Apollo samples (Morlok et al., 2022) and irradiation experiments (Weber et al., 2021), while here, we focus 
on the darkening effect. By analyzing the effects of space weathering on these MIR features, combined with our 
previous knowledge of space weathering effects on VNIR spectra, we can use these data sets in tandem to create 
a more complete picture of lunar surface mineralogy.

1.2. Lunar Surface Conditions

The lunar surface environment differs substantially from Earth's, and previous laboratory studies have 
shown the importance of environmental conditions when measuring MIR spectra (Breitenfeld et  al.,  2021; 
Conel, 1969; Donaldson Hanna, Thomas, et al., 2012; Donaldson Hanna, Wyatt, et al., 2012; Donaldson Hanna 
et al., 2014, 2017; Henderson & Jakosky, 1997; Logan & Hunt, 1970; Nash et al., 1993; Salisbury et al., 1995; 
Shirley & Glotch, 2019). The lunar regolith is highly insulating, and a lack of atmosphere results in only limited 
heat transfer at grain-grain boundaries, a highly inefficient process. These properties, coupled with the expo-
sure to the cold vacuum of space and heating from solar irradiation, set up a thermal gradient within the upper 
hundreds of microns of regolith. The thermal gradient was calculated by Henderson and Jakosky (1994, 1997) 
to be as high as 40 K/100 μm. As a result of this thermal gradient, MIR spectra measured under SLE conditions 
display shifts in the positions of features and differences in contrast as compared to spectra measured under 
terrestrial ambient conditions.

Donaldson Hanna et al. (2017) have shown how variations in environmental conditions and soil maturity affect 
the CF position and the RB and TF strengths (i.e., spectral contrast) in MIR spectra. Based on the small changes 
observed in their study, along with work by Lucey et al. (2010, 2017) that noted a correlation between albedo and 
Diviner CF variation, we hypothesize that changes in the albedo of samples due to space weathering will alter the 
thermal properties of the regolith, resulting in changes in the MIR emissivity spectra.

2. Methods
2.1. Sample Description and Preparation

Samples in this study include anorthite, augite, and forsterite, chosen to represent a range of silicate polymeriza-
tions and silicates common on the Moon and other airless bodies. All samples are natural, ground to sand-sized 
particles (∼250 μm) using an agate mortar and pestle, hand-picked, and assessed for quality using an optical 
microscope, traditional powder X-ray diffraction, and electron-probe microanalysis (see Shirley & Glotch, 2019 
for further details). The samples were then further hand-ground and sieved to <32 μm using an ATM Sonic Sifter. 
We added nano-phase carbon (npC; Alfa Aesar carbon black, acetylene, 50% compressed) to create a series of 
samples with varying albedo, defined as the reflectance at 750 nm determined using an ASD FieldSpec3 Max 
spectrometer at the Center for Planetary Exploration (CPEx) at Stony Brook University. Due to the small amount 
of sample, npC quantities are not reported, as amounts were below the 10 −4 g resolution of our balance.

2.2. Transmission Electron Microscopy of Nanophase Carbon

Because VNIR slopes and band depth changes have been shown to vary as a function of nanophase absorber 
particle size (Britt & Pieters, 1994; Legett, 2019; Lucey & Riner, 2011), we characterized the nanophase carbon 
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used in this study via transmission electron microscopy (TEM). Characterization of the lamp black carbon nano-
particles was performed at the Center for Functional Nanomaterials at Brookhaven National Laboratories. Phase 
analysis and purity were confirmed using a Rigaku Ultima III diffractometer equipped with a Cu anode with a 
wavelength of 1.54 Å.

An initial view of the particle size distributions and surface morphologies was achieved using a JEOL 7600F 
scanning electron microscope with further imaging being performed by TEM. TEM samples were created through 
sonication of an alcohol-carbon nanoparticle solution and then dropped onto a lacey carbon grid. The lacey carbon 
grid was placed in a Gatan single tilt holder and imaged under bright field conditions in a JEOL JEM 1400 TEM. 
Particle size distributions were calculated from the bright field images using Adobe Photoshop and measuring each 
particle in four directions and determining their average size of ∼94 nm (Figure S1 in Supporting Information S1).

2.3. VNIR Reflectance Spectroscopy

All VNIR bidirectional reflectance spectra were acquired over the range of 0.35–2.5 μm at 1 nm spectral sampling 
under ambient conditions, measured at 0° emission angle and 30° incidence angle using an Analytical Spectral 
Devices Field Spec 3 Max Spectroradiometer located at CPEx. Spectra were acquired in a dark room behind a 
closed shroud to minimize the effects of stray light. Gain and offset detectors were optimized using a calibrated 
Spectralon standard before each sample was measured. A total of 100 scans each were collected of the sample, 
dark current, and the white reference, and three spectra were acquired for each sample and averaged.

2.4. SLE MIR Emissivity

After acquiring VNIR spectra, samples were poured into 2.3 cm diameter aluminum sample cups to maintain a 
rough surface similar to what would be expected for a natural regolith surface, and then loaded into the Planetary and 
Asteroid Regolith Spectroscopy Environmental Chamber (PARSEC) at CPEx for MIR emissivity measurements. 
PARSEC is designed to measure up to six samples per run under environmental conditions of airless planetary bodies. 
Samples were measured under ambient conditions, followed by measurement under SLE conditions. Ambient condi-
tions are defined as pressure at 1,000 mbar, chamber temperature at ∼300 K, sample temperature at 350 K, with 
no external illumination. SLE conditions are achieved by pumping the chamber down to a pressure of <10 −5 mbar, 
heating the samples from below to 350 K, heating from above via 75 W quartz halogen lamp connected to a tunable 
power source, and cooling the chamber to <150 K. The PARSEC cold shield is actively cooled via input of liquid 
nitrogen into an internal dewar, and pressure is controlled by a Pfeiffer HiCube turbo vacuum pump. PARSEC is 
connected to a Nicolet 6700 FTIR spectrometer equipped with a KBr beamsplitter and a deuterated L-alanine doped 
triglycine sulfate (DLaTGS) detector with a KBr window, measuring the thermal emission across 400–2,200 cm −1 
with a spectral sampling of 2 cm −1. The spectrometer was actively purged with air scrubbed of CO2 and water vapor. 
Measurements of a black body target in PARSEC are acquired at 340 and 370 K at the beginning of each series of 
measurements for use in the calibration. Due to a ∼1 cm gap between the spectrometer and chamber, some spectra 
show features due to atmospheric water, notably in the region shortward of 1,200 cm −1.

Emission spectra acquired under ambient conditions were calibrated according to the methods of Ruff et al. (1997), 
while spectra acquired under SLE conditions were calibrated using the methods of Thomas et al. (2012). A polyno-
mial was fitted to the ∼1,100–1,300 cm −1 portion of each spectrum (range dependent on mineral for best fitting), 
and the frequency of the maximum of the fit was used to define the CF position in the manner of Donaldson 
Hanna, Wyatt, et al. (2012). To examine the spectral contrast, the first RB minimum longward of the CF was used 
to determine changes in band depth with albedo. Comparisons of the band depth of the TFs were made by fitting 
a continuum to the peaks on either side of the TF region (∼600–900 cm −1 dependent on the mineral), finding the 
frequency of the TF minimum of the set of ambient or SLE spectra, and calculating the difference in emissivity 
at this wavelength between the continuum and spectrum for each sample per mineral. To examine the spectral 
contrast of the TF region at shorter frequency/longer wavenumbers than the CF (∼1,150–1,450 cm −1, exact range 
dependent on mineral), the slope was measured between two points ∼100 cm −1 apart.

3. Results
3.1. VNIR Spectra

The samples show general trends of decreasing albedo and loss of spectral features with the addition of increasing 
amounts of npC. Figure 1 shows the VNIR spectra for anorthite, which show that with decreasing albedo, the 
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broad feature around 1,200 nm becomes less prominent. The same can be seen for augite (feature around 800 nm) 
and for forsterite (feature around 1,000 nm).

3.2. MIR Spectra

The SLE MIR emissivity spectra for anorthite show variation within the spectra on a larger scale than observed 
in the ambient data (Figures 2a, 2d, and 2g). The ambient CF position is 1,240 ± 4 cm −1 but under SLE shifts 
to longer wavelengths with increasing npC content by ∼40 cm −1 or ∼0.28 μm (Figure 3a). The RBs decrease 
in spectral contrast with increasing npC content, with emissivity increasing by 0.25 between the pure and most 
darkened samples under SLE conditions compared to a shift of only 0.02 under ambient conditions. The broad 
TF region shortward of the CF position increases in emissivity with increasing npC content, as does the TF at 
818 cm −1, though when compared against a continuum, the band depth only changes by 0.01 for SLE and 0.02 
for ambient spectra.

Augite SLE MIR emissivity spectra show more variation within the spectra than observed in the ambient data 
(Figures 2b, 2e, and 2h). The CF position shifts by ∼20 cm −1 or 0.14 μm. The RB decreases in spectral contrast 
with increasing npC content, with emissivity increasing by 0.07 between the pure and most darkened samples, 
as compared to a shift of only 0.02 under ambient conditions. The TF shortward of the CF position increases 
in emissivity with increasing npC content with similar slope changes under both ambient and SLE conditions, 
though the TF at 740 cm −1 compared the continuum changes by only 0.03 under ambient conditions and 0.02 
under SLE.

The SLE MIR emissivity spectra of forsterite show greater variation within the spectra than observed in the 
ambient data (Figures 2c, 2f, and 2i). The CF position shifts to longer wavelengths with increasing npC content 
by ∼35 cm −1 or 0.24 μm. The RB decreased in spectral contrast with increasing npC content, with emissivity 
increasing by 0.15 between the pure and most darkened samples compared to 0.05 under ambient conditions. 

Figure 1. VNIR reflectance spectra of <32 μm anorthite (a), augite (b), and forsterite (c) darkened from pure (gray) with increasing amounts of npC to the lowest 
albedo (black). Overall reflectance decreases, and spectral features are lost with increasing npC addition; however, no reddening is observed likely due to the large npC 
particle size.
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The TF shortward of the CF position increases in emissivity with increasing npC content, and the band depth of 
the TF at 773 cm −1 decreases with decreasing reflectance by 0.03 under ambient conditions and changes by 0.02 
for  SLE.

4. Discussion
4.1. Spectral Trends

The VNIR spectra for the npC darkened samples show similar characteristics to naturally and experimentally 
space-weathered material, including decreases in reflectance and band depth. The absence of red slopes in the 
spectra is likely due to the size of npC used in our experiment. TEM measurements of the npC used in this  study 
found an average diameter of 94  nm (Figure S1 in Supporting Information  S1), much larger than the npFe 
found in lunar regolith rims (<10 nm). However, the npC particle size is within the size range of Britt-Pieters 
particles found in lunar agglutinates, which cause darkening but not reddening (Britt & Pieters, 1994; Lucey & 
Noble, 2008; Lucey & Riner, 2011).

The most notable changes in the SLE MIR data are the decrease in overall spectral contrast and the shift in CF 
position to longer wavelengths with decreasing albedo of the samples. The shift in CF position appears to be 
linear for anorthite, roughly linear for forsterite, and no obvious trend for augite (Figure 3a). There is a small 
offset among the trends that is consistent with the range of albedo of the pure minerals, that is, anorthite is the 

Figure 2. MIR emissivity spectra of anorthite (a, d, g), augite (b, e, h), and forsterite (c, f, i) under both ambient (top row) and simulated lunar environment (SLE) 
conditions (middle row). Samples are colored gray to black showing increasing npC content. All show shallowing of spectra with increasing npC content, though by a 
much greater margin in SLE conditions. SLE spectra show a shift in the Christiansen Feature position to longer wavelengths with increasing npC (bottom row). Regions 
of investigated features are labeled.
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brightest pure mineral sample, so has the largest range of albedo and steepest slope in the CF-albedo trend, 
whereas augite, with the smallest range of albedo change, has almost no CF variation. This trend points to a link 
between the inherent albedo of a mineral and the range of thermal gradients it will experience. That is, minerals 
with lower inherent albedos (naturally darker minerals) absorb more solar radiation, and therefore experience a 
less pronounced thermal gradient, leading to less MIR spectral variation than their higher albedo counterparts.

The change in spectral contrast was examined by looking at the band depth of the first RB at wavelengths long-
ward of the CF (occurring at ∼1,200–1,050 cm −1, Figure 3b). The trend in RB spectral contrast is similar to the 
trend in CF variation in that the anorthite and forsterite have much more pronounced differences in band depth 
between the ambient and SLE spectra, again likely due to their inherent brighter albedo. Increasing emissivity 
in the RBs with decreasing the albedo of the sample is likely due to changes in the thermal gradient caused by 
the darkening. The RB region of the spectrum just longward of the CF position samples material from shallower 
depths than other spectral regions due to the higher absorption coefficient values at the RB, which, for bright 
material, means that the RBs sample cooler material. However, with the decrease in albedo, the thermal gradient 
is reduced, resulting in a reduced spectral contrast in the spectra.

There are two main TF regions that we see affected by the darkening with npC: the region (∼1,600–1,200 cm −1) 
short of the CF and the TF near ∼750–850 cm −1. The TF region short of the CF exhibits a strong trend of decreas-
ing slope with decreasing albedo with little difference in values between ambient and SLE spectra (Figure 3c). 

Figure 3. Variation of the Christiansen Feature (CF) value position (a), first Reststrahlen band depth (b), slope of the 
transparency feature (TF) region at shorter wavelengths/longer wavenumbers than the CF (c), and band depth from a 
continuum at the TF (d) compared to albedo per mineral.
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There is some variation with albedo in the longer wavelength region near 800 cm −1, <0.03 for each mineral under 
the same set of conditions and ∼0.04 difference between ambient and SLE conditions for the brightest samples. 
The ambient trends for both TF regions are similar, but the SLE spectra show a change in the first TF region 
that is much less prominent at the second. We hypothesize that this is due to the ways in which these different 
wavelength regions are affected by temperature under the SLE conditions: the shortwave TF region is sensing a 
deeper and therefore warmer layer of sample that the highly absorbing npC is helping to warm, thus producing the 
change in slope with albedo, but the longwave TF region is sensing a shallower and thus cooler depth, producing 
a more consistent feature representative of the scattering from the overall small particle size of the sample with 
limited change due to the added npC (Figure 3d).

4.2. Comparison to Irradiated Samples

The shifts observed in the CF for darkened samples are similar to the overall shift seen in experimentally 
space-weathered olivine samples from Yang et al. (2017) (Figure 4). Yang et al. (2017) conducted pulse laser 
irradiation experiments of varying intensity resulting in a series of olivine powders with varying degrees of 
space weathering that exhibit typical VNIR spectral changes and also show variation in the MIR under SLE 
conditions. For comparison, Figure 5a shows CF shifts with albedo for forsterite samples from Yang et al. (2017) 
as compared to our darkened forsterite. Because of the importance of particle size (Shirley & Glotch, 2019), we 
included another size fraction of forsterite (<63 μm) darkened with npC to compare with Yang et al.  (2017)' 
<45 μm forsterite samples. The three sample sets show similar trends in CF shift with albedo, with two offsets: 

Figure 4. <32 μm carbon-darkened forsterite (a) and laser-irradiated forsterite (b) MIR emissivity spectra measured under 
simulated lunar environment conditions with a gray-scale to indicate pure forsterite to most “weathered.” Both sets of spectra 
show a loss of spectral contrast, and a shift in the Christiansen Feature position to a longer wavelength with increasing npC/
irradiation. Regions of investigated features are labeled.
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(a) the small shift between the two npC samples due to particle size, which is in line with previous observations 
of smaller particle size having shorter wavelength (longer wavenumber) CF positions under SLE (Shirley & 
Glotch, 2019); and (b) the longer wavelength (shorter wavenumber) CF positions for the irradiated samples due 
to the forsterite used by Yang et al. (2017, 2021) being of slightly different Fo#.

The MIR spectral contrast also varies between the irradiated and darkened samples. The variation in the first RB 
(∼1,050 cm −1; Figure 5b) under ambient conditions is <0.05 for all forsterite sets, but under SLE this increases to 
0.15 with increasing albedo. The gradual change in the darkened forsterite versus the more abrupt change in the 
Yang et al. (2017) samples may be due to the size of the absorber and how it is incorporated into the sample. The 
synthetic space weathering forms npFe within the grains that darkens the samples more quickly with a different size 
and abundance of absorbers than that of the npC, which is simply mixed into the sample, not altering the grains. In 
other words, the difference may be due to many small inclusions of npFe versus many large, separate npC particles.

The variations in spectral contrast in the first TF region (∼1,400–1,200 cm −1, Figure 5c) are likely also due to the 
size of the npC used in this experiment as we do not see a similar change in the Yang et al. (2017) MIR spectra. 

Figure 5. Variation of the Christiansen Feature (CF) value (a), the band depth of the first Reststrahlen band (b), the slope 
of the transparency feature (TF) region at shorter wavelength/longer wavenumber to the CF (c), and the band depth from a 
continuum of the TF (d) as compared to the albedo of the sample. The irradiated samples from Yang et al. (2017) are in red, 
and two size fractions of npC-darkened forsterite (<32 μm in blue, and <63 μm in green) are shown for comparison.
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We hypothesize that this TF region is sensing deeper into the sample than the RBs and therefore, a warmer part of 
the thermal gradient that the npC, possibly due to its size or thermal properties, is affecting more than the npFe. 
At the 780 cm −1 TF (Figure 5d), the <63 μm size fraction shows <0.01 change in band depth under both ambient 
and SLE conditions due to the larger size fraction, while the <32 μm and <45 μm exhibit similar variations in 
band depth: ∼0.03 change with albedo under ambient and ∼0.01 under SLE. As discussed above, there are stark 
differences in the behavior of these TF regions dependent on measurement conditions, but here we also see the 
effect of particle size: there is little variation in the longwave TF region band depth for the <63 μm sample under 
both conditions, unlike the <45 μm and <32 μm samples. Additionally, the overall decrease in band depth under 
SLE may indicate that the longwave TF is less detectable on airless bodies, so may not be as useful for mineral 
identification or grain size information as the slope of the shortwave TF region.

Recent studies comparing MIR spectral features to maturity of Apollo samples (Morlok et al., 2022) have shown 
trends of decreasing spectral contrast between the CF and RB/TFs with increasing soil maturity. This spectral 
contrast variation is similar to the TF band depth variation observed in our data when measured under ambient 
conditions; however, as their data were not measured under SLE, it is unclear whether we would see similar 
shifts in behavior due to temperature. While this is not an exact comparison to the features discussed here, it does 
provide support for the investigation of space weathering in interpreting lunar data.

4.3. Comparison to Diviner Data

When compared to variations observed in the remote sensing data sets, we see there are some similarities in the 
shift of CF values with albedo; however, it is difficult to do a direct comparison between minerals measured under 
laboratory conditions and lunar regolith. The remote data sets show linear trends between Diviner CF value against 
Kaguya 750 nm reflectance, but not at the extreme slopes seen in the laboratory data. To investigate regions with 
variable space weathering, but likely little compositional differences, we investigated several locations discussed 
by Lucey et al. (2017) that show evidence for optical maturity variation. These regions of interest are fresh craters 
and lunar swirls that occur in both highlands and mare terrains (Kepler Crater, Reiner Gamma Swirl, Giordano 
Bruno Crater, and Firsov Swirl). We used Optical Maturity index data in conjunction with Wide-Angle Camera 
mosaics of the regions to examine areas with variable maturity and to pick out areas within the crater ejecta, or 
on- and off-swirls as well as background regions that appeared relatively unaffected by the feature.

Figure 6 shows 750 nm albedo versus CF value for these four locations with the overlapping laboratory data-
points for comparison. As we saw in the laboratory data, there is a larger range of albedo shown in the highlands 
locations (Giordano Bruno and Firsov) by virtue of the material being inherently brighter. There is an interesting 
variability between these sites and the trends observed at each site, notably that the swirls exhibit steeper trends 
than the craters, likely due to the difference in how space weathering affects the magnetic anomalies versus truly 
fresh material, or the fact that the swirls are smaller areas, so may exhibit less compositional variability than the 
larger craters. The shallower trends in the lunar data also reflect a larger change in CF over similar changes in 
reflectance when compared to the laboratory data. This difference in CF value is likely due to either more varia-
bility in the lunar soils over the large (km-scale) regions studied, or simply the higher variability in CF captured 
by rocks versus pure minerals. For a more in-depth analysis of the relationship between soil maturity, albedo, and 
CF value at fresh craters and swirls, see Kumari et al. (2020).

5. Conclusions
In this work, we observe variations in MIR spectra under SLE conditions caused by albedo, which we use as a 
proxy for space weathering. These variations include shifts in the CF position, generally to longer wavelengths, 
and a decrease in spectral contrast with decreasing albedo. Our results are comparable to changes seen in both 
synthetic space weathering via laser pulse irradiation experiments (Yang et al., 2017), and those seen in Apollo 
samples of varying maturity (Donaldson Hanna et  al.,  2015). These variations, therefore, seem to mainly be 
caused by the changes in albedo from the cumulative effects of space weathering, and not solely from the creation 
of amorphous rims and npFe that produce optical effects in the VNIR but are volumetrically insignificant at the 
penetration depths of MIR measurements.

Additionally, the shift in the CF position to longer wavelengths with decreasing albedo produces CF values 
that occur at longer wavelengths than measured under the typical ambient conditions of most spectral libraries. 
Therefore, we must take albedo into account when analyzing remote sensing data from airless bodies and can use 
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this and future work, including data from upcoming remote and sample-return missions, to develop a calibration 
method that combines remote observations with laboratory analysis for improved compositional interpretation.

Data Availability Statement
Data used in this manuscript are available at http://doi.org/10.5281/zenodo.7236130 (Shirley et al., 2023).
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