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Abstract Mid‐infrared (MIR; 5–35 μm) spectroscopy is often used for mineralogical identification on
planetary surfaces. Laboratory spectra aiding remote sensing observations are typically performed in reflection
geometries, while MIR spectra of planetary surfaces are typically obtained via emission. Here we explore the
validity of Kirchhoff's Law in converting reflectance to emissivity spectra, focusing on the high‐porosity
regoliths found on airless bodies such as the Moon and asteroids. Specifically, we compared ambient
reflectance, ambient emissivity, and simulated asteroid environment (SAE) spectra of fine‐particulate olivine
and pyroxene with varying regolith porosities, focusing on how spectral features, including the Christiansen
feature (CF), reststrahlen bands (RBs), and transparency features (TF), changed under these different
conditions. Our results indicate that Kirchhoff's Law can be effectively employed to interpret 19 MIR
reflectance spectra of high‐porosity samples, provided environmental spectral effects (i.e., spectral changes due
to different pressure and temperature conditions) are considered.

Plain Language Summary This study explores the use of mid‐infrared spectroscopy to understand
planetary surfaces, focusing on high porosity regoliths as found on the Moon and some asteroids. The research
tests the validity of Kirchhoff's Law for high porosity regoliths by measuring fine‐particulate silicates in three
ways: ambient reflectance, ambient emissivity, and simulated asteroid environment (SAE). The findings
suggest that Kirchhoff's Law can be reliably applied to high‐porosity samples. Kirchhoff's Law states that
hemispherical reflectance (R) and emissivity (E) spectra are related via the following equation: E = 1‐R. The
study emphasizes the need to consider environmental effects (i.e., spectral changes due to different pressure and
temperature conditions) when using ambient laboratory spectra for airless body studies. Regolith porosity, and
measurement conditions are important variables that affect the mid‐infrared spectra of fine particulate silicates.
Kirchhoff's Law can be reliably applied to high‐porosity samples of fine particulate silicates.

1. Introduction
Mid‐infrared (MIR; 5–35 μm) spectroscopy is a useful tool for understanding planetary surfaces. Because theMIR
wavelength region is sensitive to a variety of entwined variables, it is necessary to parse through individual effects
in a controlled laboratory setting for robust and accurate interpretations of spectra obtained from distant object
surfaces. Parameters such as composition, particle size fraction, regolith porosity, and environmental conditions all
affect the position, depth, and shape ofmineralogically identifiable bands frequently used in remote sensing studies
(e.g., Donaldson Hanna et al., 2017; Martin et al., 2022, 2023; Mustard & Hays, 1997; Salisbury &Wald, 1992).

Most spectral libraries are measured in reflectance (e.g., Reflectance Experiment LABoratory (RELAB) and
Advanced Spaceborne Thermal Emission and Reflectance Radiometer (ASTER) spectral libraries) and used for
comparison to remote sensing emissivity spectra (e.g., Martin et al., 2022, 2023; Takir et al., 2015; Vernazza
et al., 2012). A notable exception isArizona StateUniversity's emissivity spectral library (speclib.asu.edu)which is
widely used in terrestrial and Martian spectral studies. As is typical in the planetary sciences, many researchers
invoke Kirchhoff's Law (E = 1‐R) to convert from reflectance to emissivity space. Though Kirchhoff's Law is
strictly valid for hemispherical reflectance, and formaterials in thermodynamic equilibrium, this approach has been
shown toworkwell for sampleswith low regolith porosity (e.g., Bramble et al., 2021a, 2021b;Maturilli et al., 2015,
2016; Salisbury et al., 1991, 1994;Young et al., 2019), however, this has not been verified for high regolith porosity
samples. Given that an increasing number of planetary surfaces are being measured in the MIR and that many of
these surfaces have highly porous regoliths, it is critical to test the validity of Kirchhoff's Law in higher porosity
materials.
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Besides testing the validity of converting reflectance spectra to emissivity in higher porosity materials, it is also
important to fully characterize how environmental conditions affect the MIR spectra of these materials. Studies
with low‐porosity samples (<60% void space) have shown that MIR emissivity spectra are highly sensitive to the
sample's brightness temperature, the temperature gradient within the upper hundreds of microns of the sample,
and the atmospheric pressure of the chamber in which they are measured (e.g., Donaldson Hanna et al., 2017;
Logan & Hunt, 1970; Maturilli et al., 2016; Shirley et al., 2023; Shirley & Glotch, 2019). The observed MIR
spectral effects owing to the vacuum environment are due to thermal gradients in the near‐surface (upper 100 μm)
and a material's wavelength‐dependent scattering properties (e.g., Henderson & Jakosky, 1997). The intensity and
shape of a thermal gradient are dependent on factors including albedo, brightness temperature, particle size
fraction, and regolith porosity—which in turn affect the contrast and shape of important spectral features used for
compositional identification. These spectral effects are caused, in part, by photons emitting from deeper hotter
regions within the subsurface that are more transparent at shorter wavelengths (<8 μm; Donaldson Hanna
et al., 2012, 2019; Hapke, 1996). As such, we also aim to study environmental effects for high porosity samples
(≳60% void space) taken in emissivity space, which are relevant for the Moon and many asteroid surfaces.

This work is one of a series that investigates how regolith porosity affects the MIR spectra of astrophysically
relevant minerals. Our previous studies show that regolith porosity greatly affects the MIR spectral features of
fine particulate (<63 μm) olivine and pyroxene samples (Martin et al., 2022, 2023). We took those previous
measurements under ambient conditions in reflectance space. Now, we compare select reflectance spectra of fine‐
particulate olivine and pyroxene samples with high regolith porosity to emissivity spectra of the same samples
taken in both ambient and simulated asteroid environment (SAE) conditions with the goal of answering the
question: To what degree can ambient reflectance spectra of high porosity material be used to interpret remote
sensing spectra? Specifically, we identify mineralogically characteristic features within each MIR spectrum and
compare each feature's position and spectral contrast under the different environmental conditions.

2. Methods
2.1. Sample Suite and Preparation

In this study, we used forsteritic olivine (Fo91) and hedenbergite pyroxene (Wo57En3Fs40) samples purchased
from theMineralogical Research Company. As both samples are natural, we identified trace minerals via Electron
Microprobe (EMP) analysis. For full mineralogical analyses of each sample, see Martin et al. (2022; OLV1) and
Martin et al. (2023; HEN1).

We ground and dry‐sieved the silicates into the 45–63 μm particle size fraction using a Gilson Performer III Sieve
Shaker. We also sieved the olivine samples into the <20 μm particle size fraction. We then mixed potassium
bromide (KBr), ground and sieved into the same particle size fractions, with each silicate acting as a proxy for
regolith porosity as it is transparent in the MIR (e.g., Izawa et al., 2021; Martin et al., 2022, 2023; Vernazza
et al., 2012). We mixed the silicate powders with KBr in ratios from 0% to 90% by weight in 10 wt% intervals.
Sample mixtures and endmember powders were stored in desiccant cabinets to minimize atmospheric water
adsorption. When filling the sample cups, we aimed to not compress the sample in any way (e.g., via tapping). We
leveled the sample cup surface with a razor blade at approximately 45° to fill the cup completely and avoid
compaction.

It is important to note that KBr is a good proxy for regolith porosity when considering its optical properties, but
there are some caveats. First, in this paper we use the term “regolith porosity” to strictly mean “weight percent
KBr” as it is consistent with previous studies (e.g., Izawa et al., 2021; King et al., 2011; Martin et al., 2022, 2023).
There is additional empty space (or “void space”) within the sample that adds to the overall porosity we call
“sample cup porosity”. Adding the volume percent of KBr to the sample cup porosity, we get the “total optical
porosity’—which is the total volume of space within a sample cup that accounts for the optical porosity (Table 1).
Additional information on this value can be found in Martin et al. (2022) Section 2.2 (Note that “total optical
porosity” in this paper is called “total simulated porosity” in Martin et al.). The second caveat to note for using
KBr is that it is not a robust thermophysical proxy for porosity. Though KBr allows for photons emitted from
silicates to pass through relatively unobstructed areas, it conducts and radiates heat—while empty space does not.
KBr's thermal conductivity plays an important role in establishing a thermal gradient in vacuum measurements
(more discussion on this in Section 5.3). Nonetheless, to understand the optical properties of high regolith
porosity samples, we are constrained to the use of KBr regardless of its thermophysical nature.
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2.2. Measurement

We measured all reflectance spectra using a Thermo‐Nicolet iS50 Fourier Transform infrared (FTIR) spec-
trometer under ambient conditions (Martin et al., 2022, 2023). We measured the reflected intensity of our sample
using a PIKE Technologies EasiDiff diffuse reflectance accessory, averaging 200 scans between 4,000 and
4,400 cm− 1 (2.5–25 μm) at 4 cm− 1 resolution. We measured each sample two or more times after rotating the
sample cup ∼90° and averaged them to get the average reflected intensity (Is), taking the standard deviation of the
measurements as the error. We measured the reflected intensity of pure KBr powder with the same particle size
distribution as the target silicate mixture in the reference spectrum (Iref). Finally, using Kirchhoff's Law, we
converted reflectance (R = Is/Iref) to emissivity (E = 1‐R). We note that Kirchhoff's Law is strictly valid for
hemispherical reflectance, but in practice diffuse reflectance does not significantly affect band positions, shapes,
or relative strengths (Salisbury et al., 1991, 1994), and here we compare the diffuse reflectance spectra to
emissivity spectra.

We made emissivity measurements of the following sample mixtures (listed as wt.% KBr—similarly referred to
as “regolith porosity”): Olivine (45–63 μm) 0%, 10%, 30%, 50%, and 90%, olivine (<20 μm) 0%, 10%, 50%, and
90%, and pyroxene (45–63 μm) 0%, 30%, 50%, and 70%. We made all our emissivity measurements using the
Planetary Analogue Surface Chamber for Asteroid and Lunar Environments (PASCALE) attached to a Bruker
VERTEX 70v FTIR spectrometer at the University of Central Florida. To obtain a spectrum, we took 250 scans
between 2,000 and 400 cm− 1 (5–25 μm) with 4 cm− 1 spectral resolution in ambient and simulated asteroid
environment (SAE) conditions calibrated to measurements of a blackbody target (e.g., Donaldson Hanna
et al., 2017, 2021). We omit the region around∼16 μm due to the low signal throughput of the BrukerWide Range
beamsplitter. To achieve ambient conditions, we backfilled the chamber with ∼1,000 mbar of dry N2, held the
chamber at ambient temperature, and heated the sample holder from below to 353 K. For SAE measurements, we
evacuated chamber to <1 × 10− 4 mbar, cooled the chamber to <125 K as measured by temperature sensors in the
internal radiation shield and the dewar, heated the sample holder from below to 333 K, and used a solar‐like
halogen lamp to produce a surface brightness temperature of 350 K. We estimate the surface brightness tem-
perature by fitting a plank function to the measured emitted signal (see Donaldson Hanna et al., 2021 for detailed
schematics of PASCALE). These temperature and pressure conditions create thermal gradients within the sample
consistent with those expected within the regolith found on the surfaces of airless bodies such as the Moon (at
lunar noon for high latitudes) and highly reflective asteroids such as S‐types (e.g., Herganrother et al., 2014;
Williams et al., 2017). We calculated emissivity and uncertainties using the methods outlined by Donaldson
Hanna et al. (2021).

Table 1
The Weight Percent of KBr in a Sample (Regolith Porosity Rounded to the Nearest 10%), the Percent Volumetric Contribution of Void Space in a Sample Cup (Sample
Cup Porosity), and the Combined Percent Volumetric Contribution of Void Space and KBr in a Sample Cup (Total Optical Porosity) Is Listed for Each Sample

Sample Regolith porosity (wt.% KBr) Sample cup porosity (vol.% void) Total optical porosity (vol.% void + KBr)

Olivine (45–63 μm) 0.00 61.12 61.12

10.00 61.11 65.65

30.00 61.47 74.48

50.00 56.75 80.24

90.00 57.47 96.36

Olivine (<20 μm) 0.00 n.m.a ∼72.65a

10.00 71.22 74.58

50.00 72.18 87.29

90.00 74.56 97.82

Pyroxene (45–63 μm) 0.00 61.23 61.23

30.35 58.30 73.31

49.75 56.83 81.05

69.05 55.00 88.40
aNo measurement (n.m.) of the sample cup porosity was made for olivine (<20 μm) 0% regolith porosity sample—the listed total optical porosity is an average of the
other olivine (<20 μm) sample cup porosity measurements.
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3. Results
We show average reflectance and emissivity measurements of 45–63 μm olivine, <20 μm olivine, and 45–63 μm
pyroxene powders in Figures 1–3. Note that we were unable to take SAE spectra of the 90% regolith porosity
olivine samples because their high albedo does not allow the samples to be heated to the necessary brightness
temperature and hold that temperature consistently for the duration of a measurement run (∼20 min). Regardless,
to characterize how spectra taken under different conditions change, we identified the Christiansen feature (CF; a
feature caused by a transition in a strong band between volume and surface scattering along the electromagnetic
spectrum), reststrahlen bands (RBs; wavelength dependent regions of increased reflectance), and transparency
features (TF; spectral regions of low absorption). Spectral analysis descriptions are detailed in Section 4.

The reflectance and ambient emissivity spectra of 0% regolith porosity samples of olivine (45–63 μm) closely
resemble each other (Figure 1). In contrast, the 0% regolith porosity SAE spectrum displays a more prominent CF

Figure 1. Reflectance and emissivity spectra of particulate olivine mixed with increasing wt% of KBr from top to bottom to
represent regolith porosity (i.e., 0% regolith porosity spectra on top, and 90% regolith porosity on bottom) of 45–63 μm sized
particles. The orange solid line spectra were taken in SAE, while the black solid and dashed line spectra were taken in
ambient environment. Spectra of the same samples are vertically shifted to have the same effective emissivity at the CF for
clarity and ease of comparison. The CF and RBs are labeled on each 0% regolith porosity SAE spectrum. The TF is labeled on
the 0% regolith porosity reflectance spectrum. Measurement error is shown with gray bars (more apparent in reflectance
spectra at long wavelengths, and emissivity spectra at short wavelengths). Note that emissivity spectra around 16 μm is
omitted due to low signal and are not included in analysis.

Journal of Geophysical Research: Planets 10.1029/2024JE008331

MARTIN ET AL. 4 of 15

 21699100, 2025, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JE

008331 by C
alifornia Inst of T

echnology, W
iley O

nline L
ibrary on [01/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(∼8.6 μm) and the presence of RB4 (∼12.1 μm). As regolith porosity increases, both the reflectance and ambient
emissivity spectra show smaller (e.g., less wide and lower effective emissivity values) CFs (∼8.9 μm) and deeper
TFs (∼12.8 μm), while the SAE spectra remain relatively unchanged. Both 90% regolith porosity spectra of
olivine (45–63 μm) taken under ambient conditions show a prominent 10‐μm plateau and wide TF. The 10‐μm
plateau is a feature common in comet and primitive asteroid spectra consisting of somewhat muted silicate bands
from ∼9.5 to 13 μm (e.g., Kelley et al., 2017; Martin & Emery, 2023).

Like the olivine (45–63 μm) spectra, the reflectance and ambient emissivity spectra of 0% regolith porosity
samples of olivine (<20 μm) resemble each other, while the SAE spectrum exhibits a pronounced CF (∼8.9 μm;
Figure 2). Unlike the SAE olivine (45–63 μm) spectra, the SAE olivine (<20 μm) spectra lack an RB4 and the
SAE spectra undergo changes with increasing regolith porosity. The SAE CF diminishes, and the RBs become
shallower, mirroring the trend observed in reflectance and ambient emissivity spectra. The 90% regolith porosity
spectra of olivine (<20 μm) spectra taken under ambient conditions show a prominent 10‐μm plateau and
deep TF.

Figure 2. Reflectance and emissivity spectra of particulate olivine mixed with increasing wt% of KBr from top to bottom to
represent regolith porosity (i.e., 0% regolith porosity spectra on top, and 90% regolith porosity on bottom) of <20 μm sized
particles. The orange solid line spectra were taken in SAE, while the black solid and dashed line spectra were taken in
ambient environment. Spectra of the same samples are vertically shifted to have the same effective emissivity at the CF for
clarity and ease of comparison. The CF and RBs are labeled on each 0% regolith porosity SAE spectrum. The TF is labeled on
the 0% regolith porosity reflectance spectrum. Measurement error is shown with gray bars (more apparent in reflectance
spectra at long wavelengths, and emissivity spectra at short wavelengths). Note that emissivity spectra around 16 μm is
omitted due to low signal and are not included in analysis.
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Unlike the 0% regolith porosity of olivine, we observed differences in the reflectance and ambient emissivity
spectra of 0% regolith porosity samples of pyroxene (Figure 3). Specifically, the SAE and ambient emissivity
spectra share similar CF shapes (∼8.4 μm), have a box‐like shaped RB1 (∼9.0 μm), and shallow RB2 (∼10.6 μm),
RB3 (∼11.1 μm), and TF (∼13.8 μm), whereas the reflectance spectrum has a sharp RB1 (∼8.8 μm) and more
defined TF (∼13.7 μm). As regolith porosities increase, the reflectance and ambient emissivity spectra begin to
look more similar, whereas the SAE spectra of 0%, 30%, and 50% regolith porosity samples show minimal
change. Like the 90% regolith porosity spectra of olivine taken under ambient conditions, the 70% regolith
porosity reflectance and ambient emissivity spectra of pyroxene has a defined 10‐μm plateau and deep TF, while
the SAE spectrum lacks these characteristics.

4. Spectral Analysis
As mentioned in the previous section, we identified the CF, RBs, and the TF in each spectrum. We label the
positions of these features in Figures 1–3 and quantify how their position changes with regolith porosity in
Figure 4. We chose these features for analysis because they are widely used in remote sensing/planetary science
for identifying mineralogy (e.g., Donaldson Hanna et al., 2021; Hamilton et al., 2021; Kelley et al., 2017; Kumari
et al., 2024; Martin & Emery, 2023). We additionally analyzed the spectral contrast of these features, as Martin
et al. (2022, 2023) found that the spectral contrast of individual features is dependent on regolith porosity. We
calculated the position, spectral contrast, and associated error of these features using the method outlined in
Martin et al. (2022) and briefly below.

Figure 3. Reflectance and emissivity spectra of particulate pyroxene mixed with increasing wt% of KBr from top to bottom to
represent regolith porosity (i.e., 0% regolith porosity spectra on top, and 70% regolith porosity on bottom). The orange solid
line spectra were taken in SAE, while the black solid and dashed line spectra were taken in ambient environment. Spectra of
the same samples are vertically shifted to have the same effective emissivity at the CF for clarity and ease of comparison. The
CF and RBs are labeled on each 0% regolith porosity SAE spectrum. The TF is labeled on the 0% regolith porosity reflectance
spectrum.Measurement error is shown with gray bars. Note that emissivity spectra around 16 μm is omitted due to low signal
and are not included in analysis.
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4.1. Feature Parameterization Error

We identified and parameterized the CF, TF, and RBs in all spectra using a feature‐finding routine originally built
and detailed in Martin et al. (2022). In addition to identifying feature position and spectral contrast, the benefit of
using this routine is the estimation of the associated error in each of these parameters. First, the feature is located
on a Gaussian smoothed spectral segment. After extracting an individual feature from the spectrum, we generated
10,000 “synthetic” versions of that feature by assigning random values within the bounds of the error bar at each
wavelength. Then, we use a convex hull approach to determine the upper and lower position bounds of the
synthetic feature. We then fit the synthetic feature with a 4th order spline polynomial and calculate the feature's
position and spectral contrast. Here we define spectral contrast as the height of the feature above the feature
continuum.We use the mean and standard deviation values of the 10,000 synthetic features as the parameter value
and error. We use 10,000 versions to ensure a normal distribution across the parameter space. A detailed
description of this routine can be found in Section 4.1.1. by Martin et al. (2022).

4.2. Christiansen Feature

The position of the 0% regolith porosity olivine CF measured in ambient reflectance and ambient emissivity are
very similar (∼8.9 μm in spectra of both particle size fractions; Table 2), as is the 0% regolith porosity pyroxene
CF measured in ambient reflectance and ambient emissivity (∼8.5 μm; Table 3). As regolith porosity increases to
∼50%, the CF shifts toward slightly longer wavelengths in all spectral suites (Figure 4).

The positions of SAE CFs in all reported spectra are at similar but consistently shorter wavelengths compared to
both sets of spectra taken under ambient conditions (Figure 4; Tables 1 and 2). For instance, the position offset
between SAE and ambient emissivity spectra of 0% regolith porosity spectra is ∼0.24 μm for 45–63 μm olivine
samples, ∼0.31 μm for <20 μm olivine samples and ∼0.25 μm for pyroxene (Tables 2 and 3). These position
offset values are consistent with similar studies that found offsets between 0.14 and 0.64 μm for olivine and
between 0.22 and 0.25 μm for pyroxene (e.g., Bramble et al., 2021a; Donaldson Hanna et al., 2021; Shirley &
Glotch, 2019). As the regolith porosity increases, the olivine (45–63 μm) spectra show a consistent offset in
position between CFs measured in SAE and both sets of spectra taken under ambient conditions, while the offset
in the pyroxene and olivine (<20 μm) spectra decrease as regolith porosity increases. Nonetheless, as described
above, the CF position measured in ambient reflectance and emissivity is roughly the same; the position offset
between CFs measured in SAE and ambient emissivity is similar to is the position offset between CFs measured in
SAE and ambient reflectance (Figure 4; Tables 1 and 2).

For all three measurement techniques, the spectral contrast of the CF decreases rapidly with increasing regolith
porosity (Figures 5–7). The CF is completely gone in all spectra over ∼50% regolith porosity except in the SAE
and ambient reflectance spectra of pyroxene. Interestingly, we find that the CF spectral contrast in spectra of
olivine (<20 μm) decreases more rapidly with increasing regolith porosity than the spectra of the 45–63 μm
samples (both olivine and pyroxene) in all measurement conditions, suggesting that the rate of decrease in spectral
contrast is more extreme for smaller particles.

Figure 4. The positions of CFs, RBs, and TFs as a function of regolith porosity for spectra of olivine (45–63 μm), olivine (<20 μm), and pyroxene (45–63 μm). Circle,
diamond, and square symbols denote SAE, ambient emissivity, and reflectance measurements respectively. Different shades of red/gray are used to distinguish
individual features within a plot.
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The shape of the CF (as measured from ∼7.5 to 10 μm) also depends on the measurement technique. This de-
pendency likely stems from the induced thermal gradient in SAE spectra that changes the temperature and dif-
ferential heating in the sample with depth. Ambient emissivity CFs are wider compared to the reflectance CFs in
all cases besides olivine (45–63 μm) spectra with >10% regolith porosity. Furthermore, SAE CFs are wider than
CFs in both ambient spectral suites. The highest emissivity value in SAE spectra is the CF (besides 50% regolith
porosity olivine (<20 μm) and 70% regolith porosity pyroxene spectra), whereas the highest emissivity value in

Table 2
Olivine Feature Positions of 0% Regolith Porosity Spectra Compared to Positions of Olivine Features Reported in Lane
et al. (2011), Hamilton (2010), Shirley and Glotch (2019), and Donaldson Hanna et al. (2021)

Spectrum CF RB1 RB2 RB3 RB4 TF

OLV63,ambi 8.82 ± 0.07 9.51 ± 0.01 10.21 ± 0.01 10.61 ± 0.03 N/A 12.76 ± 0.13

OLV63,SAE 8.58 ± 0.13 9.63 ± 0.10 10.22 ± 0.02 10.63 ± 0.05 12.10 ± 0.09 11.93 ± 0.25

OLV63,r 8.94 ± 0.02 9.36 ± 0.01 10.13 ± 0.01 10.54 ± 0.01 N/A 12.92 ± 0.05

OLV20,ambi 8.90 ± 0.08 9.52 ± 0.03 10.09 ± 0.02 10.64 ± 0.07 N/A 12.92 ± 0.11

OLV20,SAE 8.59 ± 0.12 9.77 ± 0.11 10.20 ± 0.01 10.75 ± 0.15 N/A 12.55 ± 0.17

OLV20,r 8.91 ± 0.02 9.37 ± 0.01 10.11 ± 0.01 10.55 ± 0.02 N/A 12.98 ± 0.04

Le N/A 9.70 10.20 11.11* 12.02⤭ N/A

Lr N/A 9.48 10.18 10.81* 11.96⤭ N/A

He 8.95 9.57 10.18 10.63 11.95 N/A

Hr 8.79–8.90 9.34–9.51 10.12–10.16 10.51–10.58 11.92–11.95 N/A

S32,ambi 8.90 9.48 N/A N/A N/A 12.96

S32,SAE 8.76 9.48 N/A N/A N/A 12.96

S63,ambi 8.87 9.48 N/A N/A N/A 12.96

S63,SAE 8.69 9.48 N/A N/A N/A 12.96

Dambi 8.94 9.46 10.21 10.63 N/A 12.87

DSAE 8.83 9.69 10.21 10.63 N/A 12.87

Note. Reflectance and emissivity feature positions of olivine (Fo89.5) from Lane et al. (2011) are labeled Lr and Le,
respectively. Reflectance and emissivity feature positions of forsterite (Fo90–92) from Hamilton (2010) are labeled Hr and He,
respectively. Emissivity measurements taken in ambient and SAE of <32 μm and 32–63 μm olivine (Fo88) from Shirley and
Glotch (2019) are labeled S32,ambi, S32,SAE, S63,ambi, and S63,SAE, respectively. Emissivity measurements taken in ambient and
SAE of olivine (Fo91) from Donaldson Hanna et al. (2021) are labeled Dambi, and DSAE, respectively. * and

⤭ Indicate bands
labeled “4” and “5” respectively in Lane et al. (2011). Otherwise, band numbers given here correspond to band numbers in
comparison papers.

Table 3
Pyroxene Feature Positions of 0% Regolith Porosity Spectra Compared to Positions of Pyroxene Feature of NMNH‐R11524
in Hamilton (2000), a 32–63 μm Particle Size Fraction Augite in Shirley and Glotch (2019), and a 0–90 mm Particle Size
Fraction Augite in Donaldson Hanna et al. (2021)

Spectrum CF RB1 RB2 RB3 TF

PYXambi 8.53 ± 0.07 9.00 ± 0.02 10.69 ± 0.01 11.09 ± 0.12 14.00 ± 0.23

PYX,SAE 8.27 ± 0.19 9.06 ± 0.11 10.56 ± 0.05 11.16 ± 0.13 13.58 ± 0.52

PYX,r 8.45 ± 0.02 8.82 ± 0.01 10.49 ± 0.01 10.98 ± 0.01 13.73 ± 0.02

He N/A 9.17 10.49 11.29 N/A

Sambi 8.44 8.95 N/A N/A 13.54

SSAE 8.19 8.95 N/A N/A 13.54

Dambi 8.50 9.10 10.56 N/A N/A

DSAE 8.28 9.29 10.44 N/A N/A

Note. See Table 2 for description of nomenclature.
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converted reflectance spectra tends to be a peak around 12 μm. The CF has the highest emissivity value in ambient
emissivity spectra of all 0% and 10% regolith porosity samples, but at higher regolith porosities the ∼12 μm peak
has the highest emissivity value.

4.3. Reststrahlen Bands

As with the CF positions, RBs show very little difference in position between ambient emissivity and reflectance
measurements for the 0% regolith porosity samples except for RB1 (Figure 4). As regolith porosity increases, the
position offset between reflectance and ambient emissivity feature positions stays roughly the same (∼0.15, 0.08,
and 0.07 μm for olivine (45–63 μm) RB1, RB2, and RB3, respectively; Table 2). These offsets are consistent with
Hamilton (2010) who found offsets in reflectance and emissivity spectra of olivine powder of 0.06–0.23 (RB1)
0.02–0.04 (RB2), and 0.05–0.12 μm (RB3), while Lane et al. (2011) found offsets of∼0.22 (RB1), 0.02 (RB2), and

0.30 μm (RB3; Table 2). We note that the RB position offsets are smaller than the CF position offsets, which is

Figure 5. Spectral contrast of olivine (45–63 μm) features as a function of regolith porosity. Circle, diamond, and square symbols in different shades of red denote SAE,
ambient emissivity, and reflectance measurements, respectively.

Figure 6. Spectral contract of olivine (<20 μm) features as a function of regolith porosity. Circle, diamond, and square symbols in different shades of red denote SAE,
ambient emissivity, and reflectance measurements, respectively.
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consistent with the results in Bramble et al. (2021a). The smaller offset values are likely due to RBs being caused
by molecular absorptions within the crystalline lattice as opposed to the CFs being caused by multiple nuanced
optical properties (including the thermal gradient).

In nearly all pyroxene spectra, the RB positions measured in ambient reflectance are at slightly shorter wave-
lengths than ambient emissivity measurements (∼0.18, 0.20, and 0.11 μm for RB1, RB2, and RB3, respectively;
Table 3). While few previous studies measured the same pyroxene sample in both reflectance and emissivity,
Hamilton (2000) measured the emissivity spectra of pyroxene, and the closest analog to our pyroxene (NMNH‐
R11524). However, the positions of the RBs are not exactly the same as in our ambient emissivity or SAE, which
is likely due to the difference in composition.

The relative intensities (i.e., the difference in emissivity values) of the ambient reflectance and emissivity RBs are
very similar to each other, whereas the relative intensities of the SAERBs are distinct. For example, the emissivity
values of RB1 and RB3 in olivine (<20 μm) ambient reflectance and emissivity spectra are roughly the same,
whereas the SAE emissivity value of RB1 is higher than RB3 (Figure 2). Additionally, in the 30% and 50% regolith
porosity spectra of pyroxene, the CF, RB2, and RB3 emissivity values in ambient reflectance and emissivity all
align, whereas the SAE RB2 and RB3 are lower relative to the CF (Figure 3). One notable difference between
ambient reflectance and emissivity is that the reflectance RB1 is much sharper and narrower compared to the
ambient emissivity RB1 for pyroxene at all regolith porosities.

4.4. Transparency Features

The TF is a volume scattering feature whose position and depth (in emissivity) have been linked to particle size
(Mustard & Hays, 1997). As particle size decreases to ∼5 μm the TF shifts toward shorter wavelengths and
deepens systematically (Mustard & Hays, 1997). Martin et al. (2022, 2023) found that the TF position does not
change substantially with regolith porosity, while the depth of the TF increases as regolith porosity increases. In
the ambient emissivity spectra presented here, the TF positions shift slightly toward longer wavelengths
(Figure 4) and increase in spectral contrast as regolith porosity increases. Shirley and Glotch (2019) reported
slightly higher TF spectral contrasts in their SAE spectra compared to ambient emissivity; However, they did not
report spectral contrast values. As with the CF and RBs, the ambient emissivity TFs have positions and spectral
contrasts similar to the TFs in reflectance spectra. The SAE spectra of both 0% regolith porosity 45–63 μm
samples lack deep TFs (Figures 1 and 3). In fact, neither olivine SAE spectral suite develops an appreciable TF
until ∼50% regolith porosity. This is consistent with weak or absent TFs in high vacuum emissivity spectra
reported by Logan and Hunt (1970) and Salisbury et al. (1991) attributed to thermal gradients. The formation of
the TF with increasing regolith porosity indicates this feature is not only affected by particle size but also by

Figure 7. Spectral contract of pyroxene (45–63 μm) features as a function of regolith porosity. Circle, diamond, and square symbols in different shades of red denote
SAE, ambient emissivity, and reflectance measurements, respectively.
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regolith porosity in reflectance and emissivity space. We find that the position of the TF in spectra of 0% regolith
porosity olivine samples is dependent on environmental conditions (Tables 1 and 2). Conversely, the TF position
in pyroxene and olivine (<20 μm) spectra with regolith porosity higher than 10% is independent of environmental
conditions (Figure 4).

5. Discussion
5.1. Surface Versus Volume Scattering

In our previous work, we found that reflectance spectra of samples with low regolith porosity were characteristic
of a regime where surface scattering dominated, whereas spectra of samples with high regolith porosity were
characteristic of a regime where volume scattering dominated, with the transition between regimes being gradual
(Martin et al., 2022, 2023). Emissivity spectra of olivine taken in ambient conditions follow a very similar
scattering regime trend, yet the SAE spectra require a higher regolith porosity to transition into a volume scat-
tering regime. For example, one indicator of samples transitioning from surface to volume scattering is that the
spectral contrast of the CF decreases. While the CFs in SAE spectra reduce in spectral contrast as regolith porosity
increases, it has a higher spectral contrast in high regolith porosity spectra compared to the ambient spectra for the
olivine series (Figures 1 and 2). The higher spectral contrast in the SAE CFs in high regolith porosity spectra
likely stems from a combination of effects in the SAE samples related to the thermal gradient in the top hundreds
of microns. In SAE, photons associated with the CF are emitted from deeper in the sample (or regolith) and have a
warmer temperature than the near surface photons.

The cause of the CF position disparity between SAE and ambient spectra is nuanced. Two explanations for the CF
have been put forward in the literature: (a) n (the real component of the complex index of refraction) passing
through 1 leads into wavelengths of anomalous dispersion near a strong band, causing scattering off of particle
boundaries to diminish (since n is the same as the surrounding vacuum/air) and allowing photons to penetrate (or
escape from) deeper in the surface (Conel, 1969; Salisbury et al., 1991). (b) Hapke (2012) points out, though, that
the CF does not occur exactly where n= 1 and that a CF can also occur in materials where n does not pass through
1. Instead, Hapke (2012) suggests that the CF corresponds to the transition from volume to surface scattering in a
strong band. We posit that Hapke's fundamental explanation of the cause of the CF is correct, but that increased
photon path length where n = 1 can also affect the SAE emissivity spectrum when steep thermal gradients are
present. In this case, photons escaping from the hotter sub‐surface could push the effective peak of the CF closer
to n = 1. If true, we expect darker surfaces with minimal thermal gradients to produce spectra with smaller CF
position offsets (Lucey et al., 2017; Shirley et al., 2023). Additional evidence comes from measurements of low
albedo meteorites and lunar soils that show less CF shift between ambient and SAE conditions (Bramble
et al., 2021b; Donaldson Hanna et al., 2017, 2021). A smaller thermal gradient may be why the slightly lower
albedo pyroxene samples produce spectra with smaller CF position offsets compared to olivine. As such, the
capability of SAE spectra to transition into the volume scattering regime is likely, but not solely, albedo
dependent.

Another signifier of the transition into a primarily volume scattering regime is the presence of a 10‐μm plateau
feature. In previous works, we found that the spectral contrast of the 10‐μm feature depends on regolith porosity
(the higher the regolith porosity, the greater the spectral contrast; Martin et al., 2022, 2023), which is consistent
with what we see in the ambient emissivity spectra for both olivine and pyroxene suites. However, the SAE
spectra lack this 10‐μm feature (with the possible exception of the <20 μm olivine 50% regolith porosity spec-
trum), supporting our previous observation that samples measured in SAE need a higher regolith porosity to
transition to volume scattering regime. We suspect that SAE spectra will eventually show a 10‐μm feature at
higher regolith porosities (>80%). However, without lowering the albedo of our sample materials, we cannot
measure regolith porosities greater than ∼50% of fine particulate olivine or 70% of pyroxene to test this theory.
Future studies should look at laboratory samples with lower albedos to allow for higher regolith porosity SAE
measurements, which in turn are better analogs for Solar System objects.

5.2. Comparisons to Other Laboratory Studies

Donaldson Hanna et al. (2012) found that the position of the olivine CF is shifted by ∼0.11 μm when comparing
emissivity spectra measured in lunar versus ambient conditions. Similarly, Shirley and Glotch (2019) found the
CF position shifts∼ 0.14 and 0.18 μm for <32 μm and 32–63 μm olivine particles, respectively, when measured in
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lunar and ambient conditions, and Bramble et al. (2021a) found the CF shifts ∼0.13 and ∼0.15 μm for <25 and
25–125 μm forsterite powders, respectively, when measured in SAE conditions. We note that lunar condition
measurements are similar to the SAE measurements presented here, except for the brightness temperature (up to
400 K for lunar relevant measurements). We find slightly larger offsets in CF positions when comparing 0%
regolith porosity SAE and ambient emissivity measurements (Table 2). These larger position offsets may be due
to differences in how the sample is packed in the sample holder, slightly different viewing geometries, and/or
different amounts of clinging fines. In general, the offset in position decreases with increasing regolith porosity
(Figure 4), suggesting that increasing the void space in the sample lessens the offset of the CF position. In addition
to incorporating KBr into a sample, regolith porosity can be affected by how tightly a sample is packed in a sample
cup. If the packing state is the cause for differences in offset, and CF offsets are likely due to thermal gradients in
SAE measurements, then it follows that the thermal gradient is dependent on how tight a sample is packed.
Furthermore, the potential difference in packing between studies may indicate that the cause for the position
offsets (a different thermal gradient within the top ∼100 μm of the sample) becomes less important at high
regolith porosities (50%). However, as we were unable to take SAE measurements of >50% regolith porosity
olivine samples, this parameter space has yet to be explored.

The position offset of RB1 measured in ambient emissivity and SAE of 0% regolith porosity spectra for both
olivine (∼0.12 and 0.25 μm) and the pyroxene samples (0.06 μm) are broadly consistent with measured offsets in
a compositionally similar olivine (∼0.23 μm) and pyroxene (∼0.19 μm; Donaldson Hanna et al., 2021; Table 3).
While it is possible that the differences in position offset are due to differences in particle size fraction, as we
found different offset values in the two olivine spectral suites, Shirley and Glotch (2019) measured zero offset for
several particle sizes. For spectra in the surface scattering regime, we find that the position offsets are generally
smaller for RBs compared to CFs—indicating RB positions are better for comparing spectra taken in ambient and
SAE conditions (consistent with results in Hamilton (2010), Shirley and Glotch (2019), Bramble et al. (2021a),
and Donaldson Hanna et al. (2021)). In nearly all spectral suites, the RBs decrease in spectral contrast with
increasing regolith porosity (Figures 5–7). The RB spectral contrast decrease is not as linear as the CF trend.
Additionally, above ∼60% regolith porosity, the spectral contrast of some RBs begins to increase (e.g., RB1 and
RB3 in olivine (45–63 μm) reflectance spectra). This nonlinear trend, and slight increase in spectral contrast, is
likely due to the complex transition from surface to volume scattering as regolith porosity increases.

Shirley and Glotch (2019) and Donaldson Hanna et al. (2021) found no position offset in the TF position when
comparing ambient and SAE emissivity spectra. The position offset we find (see Tables 1 and 2) likely stems from
the wide and shallow shape of the SAE TFs in our samples compared to the ambient measurements, which is more
difficult to analyze compared to deep TFs in Shirley and Glotch (2019) and Donaldson Hanna et al. (2021). It is
important to note that the TF position and spectral contrast are more dependent on environmental conditions than
on measurement type (i.e., ambient reflectance and emissivity are more similar than ambient emissivity and SAE
spectra).

5.3. Thermophysics and Heat Transfer

As previously stated, we consider KBr to be an optical proxy for regolith porosity as KBr is transparent in the
MIR. Importantly, KBr particles are not thermophysical proxies for regolith porosity as they would transfer heat
through grain‐to‐grain contacts (similar to the silicate grains) compared to heat transfer across void space for a
porous medium. In vacuum, heat is transferred between regolith particles via conduction across contacts where
particles touch and by radiation across the void spaces between particles. It follows that any thermal gradient in a
regolith in vacuum is directly tied to particle size and regolith porosity (e.g., Gundlach & Blum, 2012; Henderson
& Jakosky, 1994, 1997; Logan et al., 1973; Salisbury et al., 1994). The thermal conductivities of KBr, forsteritic
olivine, and the pyroxene augite are 4.81, 4.96, and 4.05 W/mK, respectively, so the KBr particles behave
thermally very similar to the silicate particles (Horai, 1971). In our experiments, particle size is controlled and
varies, but regolith porosity from the heat transfer perspective does not significantly change (note Sample Cup
Porosity in Table 1). In the future, more constrained experiments that better approximate the heat transfer in void
spaces may be useful to better understand how the resulting thermal gradients additionally affect the MIR spectra
(e.g., careful dust deposition as in Tinker et al., 2023). Such constrained experiments may also help to disentangle
the thermophysical and optical properties of KBr.
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5.4. Implications for Airless Bodies and Kirchhoff's Law

For both olivine sample series, the RB position offset between ambient emissivity and reflectance measurements
of 0% regolith porosity samples is consistent with the position offset recorded in Lane et al. (2011) and Ham-
ilton (2010) who took reflectance and emissivity spectra of synthetic and natural olivine (Table 2). Interestingly,
the difference in position for some features (i.e., CF and RB1) decreases with increasing regolith porosity, while
other feature positions offsets do not change at all. The similarity between ambient emissivity and reflectance
spectra suggests that measurements of fine particles in high regolith porosity samples taken in reflectance can be
compared to remote sensing spectra of airless bodies by accounting for environmental spectral effects (e.g., the
CF position). The same environmental considerations that need to be accounted for when taking emissivity
measurements under ambient conditions should be applied to reflectance spectra (e.g., the position and spectral
contrast of the CF). However, high regolith porosity samples show less feature position offset due to environ-
mental conditions. As such, we recommend factoring in the relative intensities of the features (e.g., compare RB1

and RB3 to the CF as described in Section 3.3) to determine the overall regolith porosity before accounting for the
environmental effects that change the position of diagnostic features.

We note that the CF is more pronounced in SAE spectra of 0% regolith porosity samples than with other mea-
surement techniques, but the trend in decreasing spectral contrast with increasing regolith porosity is similar,
although the rate at which the contrast decreases is slower in the SAE spectra. This implies that spectra of airless
bodies that lack a CF must have even higher regolith porosities than previously suggested (Lowry et al., 2022;
Martin & Emery, 2023).

Though Kirchhoff's Law is technically only valid in isothermal hemispherical reflectance, we have shown that it
is appropriate to convert ambient reflectance measurements to emissivity (E = 1‐R) for both surface and volume
scattering regime dominated spectra. Measurements made in ambient conditions (both reflectance and emissivity)
transition from surface to volume scattering in a very similar manner. In SAE, higher regolith porosities are
required to see spectral features indicative of volume scattering due to effects stemming from environmental
conditions.

Importantly, many of the differences between emissivity spectra taken in ambient and SAE conditions (e.g., CF
position) are the same when comparing ambient reflectance spectra and SAE spectra. In ambient reflectance
spectra, the CF will be at slightly longer wavelengths compared to a remote sensing spectrum (∼0.35 and 0.2 μm
for olivine and pyroxene, respectively; Tables 1–3), and the RBs will be at shorter wavelengths (∼0.35, 0.09, and
0.15 μm for RB1, RB2, and RB3 respectively in olivine spectra). For mineralogical identification of olivine, the
positions of RB2 and RB3 should be used, as their positions are most consistent regardless of the measurement
environment or particle size. For pyroxene reflectance spectra, the RB positions will be at slightly shorter
wavelengths compared to SAE spectra (∼0.24, 0.12, and 0.18 μm for RB1, RB2, and RB3 respectively; Table 3).
As with olivine, mineralogical identification of pyroxene should be performed using RB2 and RB3 because their
positions are the most similar in reflectance and SAE spectra, and because the position offset at all measured
regolith porosities is roughly the same (Figure 4).

6. Conclusions and Future Work
In this paper, we have shown that MIR reflectance spectra of high regolith porosity olivine and pyroxene samples
taken under ambient conditions are analogous to emissivity spectra of the same samples taken under ambient
conditions. These measurements serve as an empirical test to Kirchhoff's Law (E = 1‐R), which is only strictly
applicable to hemispherical reflectance spectra of samples in thermal equilibrium. Though the reflectance spectra
presented here were taken with a diffuse reflectance accessory (not hemispherical reflectance), we have shown
that fine‐particulate samples of olivine and pyroxene at all regolith porosities can be interpreted equivalently to
ambient emissivity spectra with some minor caveats (e.g., the pyroxene RB1 is sharper in reflectance, and CFs
tend to be wider in emissivity). As the relationship between ambient and SAE emissivity spectra is well known
(e.g., Bates et al., 2021; Bramble et al., 2021a, 2021b; Donaldson Hanna et al., 2021, 2012; Shirley &
Glotch, 2019), researchers can confidently utilize ambient reflectance spectra for studying airless bodies by
considering known environmental spectral effects.

The transition from surface to volume scattering as regolith porosity increases can be seen in all sample suites but
to a lesser extent in SAE spectra. Though SAE spectra show some signs of the transition (e.g., CF spectral contrast
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reduction), the transition seems to require a higher regolith porosity to fully transition into the volume scattering
regime. The reason SAE spectra do not fully transition into the volume scattering regime may be because of KBr
being a poor thermophysical proxy for regolith porosity. As we were unable to take SAEmeasurements of olivine
samples over 50% regolith porosity, and pyroxene samples over 70% regolith porosity, we cannot investigate a
threshold regolith porosity for volume scattering to become dominant.

In the future, we hope to perform similar measurements with low‐albedo, high‐regolith‐porosity samples, which
are not only easier to heat and maintain thermal gradients (Bates et al., 2021; Bramble et al., 2021b; Donaldson
Hanna et al., 2019, 2021) but also more applicable to a wider range of planetary surfaces.

Data Availability Statement
Data used in this manuscript are available (Martin et al., 2024).
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