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Introduction: The regolith porosity on airless bod-

ies in the Solar System has a known effect on remotely 
acquired spectra in the mid-infrared (MIR; 5–35 μm). 
Previous experiments quantifying this effect have fo-
cused on olivines. Here we report systematic laboratory 
experiments designed to quantify the effect of regolith 
porosity on the MIR spectra of pyroxene, an important 
rock forming mineral on Earth, the Moon, and through-
out the Solar System.  

A large fraction of the primitive asteroid population 
are P- and D-type asteroids, which are spectrally fea-
tureless in the visible and near-infrared (VNIR; 0.5 – 2.5 
µm), but show spectral features indicative of anhydrous 
silicates in the MIR. Previous laboratory studies [1,2] 
highlight the use of MIR pyroxene spectra in identifying 
Mg# (i.e., Mg/(Mg + Fe)). Being able to extract the Mg# 
of pyroxenes via remote sensing has profound implica-
tions for understanding the formation region of that 
primitive body [3,4].  

One aspect that can potentially complicate the use 
of the MIR to extract the composition of a given pyrox-
ene-rich asteroid is that the position of many absorption 
features may also depend on the porosity of the aster-
oid’s regolith. Recently we have shown that changing 
the porosity of olivine powders, a somewhat simpler sil-
icate than pyroxene, can cause many of these MIR fea-
tures to shift in position [5]. Here, we turn our attention 
to the spectral effect of porosity on the MIR of pyroxene 
powders. 

Sample Measurement: For this work, we pur-
chased the following seven natural pyroxenes from 
Mineralogical Research Company and borrowed one 
sample from the American Museum of Natural History: 
enstatite, two diopsides, two hedenbergites, aegirine, 
augite, and a fayalite + enstatite mixture. Mineralogy 
was verified and Mg# was determined with a Cameca 
SX-100 Electron Microprobe (EMP). We removed non-
pyroxene phases identified in EMP results. 

We mixed samples in three particle size fractions (0-
20 μm, 20-45 μm, and 45-63 μm) with potassium bro-
mide (KBr) of the same particle size fraction. KBr is 
transparent in the MIR, so we use it as a regolith poros-
ity proxy. All pyroxene powder samples were mixed 
with KBr in ratios from 0% to 90% by weight, in 10 
wt.% intervals.  

Once samples were prepared we took MIR measure-
ments with a Thermo-Nicolet IS50 Fourier transform 

infrared (FTIR) spectrometer, under ambient tempera-
ture and pressure conditions, using the PIKE Technolo-
gies EasiDiff diffuse reflectance accessory. The re-
flected intensity of the sample is an average of 200 scans 
between 4000 and 400 cm-1 at 4 cm-1 spectral resolution. 
Finally, we used Kirchhoff’s law (Emissivity = 1- Re-
flectance) to convert to emissivity. The spectra of ensta-
tite is shown in Figure 1.  

Spectral Analysis: For an agnostic approach, we 
identify maxima (or peaks; P) and minima (or dips; D) 
in the spectra, as well as characterize the broad 10-µm 
plateau feature, using a feature-finding routine devel-
oped in our previous work [5]. Key spectral parameters 
that we extract to help us quantify the effect of regolith 
porosity are features’ position, width, and spectral con-
trast, the latter of which is defined as the height (or 
depth) of a feature above (or below) the continuum.  

Results and Discussion: In our previous work [5], 
we found that increasing the regolith porosity of olivine 
sample mixtures resulted in spectral features that are 
characteristic of both surface scattering (dominant at 
low regolith porosities) and volume scattering (domi-
nant at high regolith porosities), leading us to conclude 
that the olivine spectra gradually transitioned between 
surface and volume scattering regimes as regolith po-
rosity increased. We also found that this transition de-
pends on particle size fraction -  samples with smaller 
particle sizes more readily transition into volume scat-
tering when regolith porosity is increased.  All these 
trends are also observed in our pyroxene samples. Evi-
dence of scattering regime transition include: decreas-
ing spectral contrast of the Christiansen Feature (CF) 
and growth of the 10-μm plateau with increasing rego-
lith porosity.  

An additional line of evidence that the pyroxene 
spectra transition from surface to volume scattering is 
the similarity between pyroxene spectra presented here 
and spectra known to be in the surface or volume scat-
tering regimes. For example, reflectance spectra in the 
surface scattering regime from [1, 6], and minerals from 
the Johns Hopkins University (JHU) spectral library are 
more similar to our low regolith porosity spectra, while 
spectra from [2, 7], as well as emission spectra from the 
Berlin Emissivity Database (BED) are much better 
spectral analogs to our high porosity spectra. 

Applications to small bodies: We compared our la-
boratory spectra, as well as spectra of amorphous 
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enstatite, to asteroid (624) Hektor.  We note, our labor-
atory reflectance spectra, taken under ambient condi-
tions, and emissivity spectra of an airless body, should 
be prudently compared because environmental effects 
can potentially alter resulting spectra. However, there 
are many features consistent with spectra taken under 
vacuum conditions, which can be used for composi-
tional analysis of asteroid surfaces.  

By cautiously comparing Hektor’s MIR spectrum to 
modeled mixtures of crystalline and amorphous ensta-
tite as well as to a high regolith porosity enstatite spec-
trum. We found that the existence of a 10-µm plateau 
on an optically thick surface, such as an asteroid, can be 
indicative of both high porosity regolith and amorphous 
silicates, and we estimate the regolith porosity of 
Hektor’s surface to be >80%, consistent with [5]. 

Future work: We recognize that, although olivine 
and pyroxene are common minerals found on many ex-
traterrestrial surfaces, it is unlikely for a surface to be 
comprised entirely of these two silicate constituents. 
Thus, in future studies, we plan to explore how the 

porosity affects the MIR spectra of phyllosilicates and 
mixtures of additional minerals. 
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Figure 1 Spectra of enstatite powder mixed with increasing wt.% of KBr (from top to bottom). Gray region around 
the spectral curve represents standard deviation between each measurement. Bold percentages listed for each spectra 
represent the weight percent of KBr, while the percentages in parentheses are total simulated porosity (units of vol.%). 
From left to right the panels show 0-20, 20-45, and 45-63 µm particle size fractions. Spectra have been vertically 
offset for clarity and features are labeled in the 20–45 µm panel. The approximate 10-µm plateau region is shaded 
slightly in the 0-20 µm plot. 
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