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Highlights
e We investigate mixtures of hyperfine powders of bright silicates and opaque minerals
e Grain separation strongly impacts the optical properties of these mixtures
e Spectral bluing occurs when opaque grains are dispersed in a matrix of diffusing grains
e A 10-um emissivity signature is observed for hyperfine silicates mixed with opaque
grains

e Polarimetric properties show a non-linear behaviour of the mixture

Abstract

Solar System small bodies were the first objects to accrete inside the protoplanetary disk,
giving insights into its composition and structure. The P-/D-type asteroids are particularly
interesting because of the similarity of their spectra, at visible and near infrared wavelengths
(Vis-NIR), with cometary nuclei, suggesting that they are the most primitive types of small
bodies. There are various indications that (1) their low albedo in the visible (Vis) and mid-
infrared (MIR) wavelength ranges seems mainly controlled by the presence of opaque minerals
(iron sulfides, Fe-Ni alloys etc.) (Quirico et al., 2016; Rousseau et al., 2018); and (2) their

surfaces are made of intimate mixtures of these opaque minerals and other components
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(silicates, carbonaceous compounds, etc.) in the form of sub-micrometre-sized grains, smaller
than the wavelength at which they are observed, so-called “hyperfine” grains. Here, we
investigate how the Vis-NIR-MIR (0.55-25 um) spectral and V-band (0.53 pm) polarimetric
properties of surfaces made of hyperfine grains are influenced by the relative abundance of
such hyperfine materials, having strongly different optical indexes. Mixtures of grains of
olivine and iron sulfide (or anthracite), as analogues of silicates and opaque minerals present
on small bodies, were prepared at different proportions. The measurements reveal that these
mixtures of hyperfine grains have spectral and polarimetric Vis-NIR properties varying in
strongly nonlinear ways. When present at even a few percent, opaque components dominate
the Vis-NIR spectral and polarimetric properties, and mask the silicate bands at these
wavelengths. The Vis-NIR spectral slope ranges from red (positive slope), for pure opaque
material, to blue (negative slope) as the proportion of silicates increases, which is reminiscent
of the range of spectral slopes observed on P/D/X/C- and B-types asteroids. The spectra of the
darkest mixtures in the Vis-NIR exhibit the absorption bands of Si-O in olivine around 10 um
in the MIR, which is observed in emission for several small bodies. The samples studied here
have macro- and micro-porosities lower than 78%, indicating that surfaces more compact than
“fairy castle” hyperporous (80-99%) ones can also exhibit a blue spectral slope or a silicate
signature at 10 um. Remarkably, some mixtures exhibit altogether a red spectral slope in the
Vis-NIR, a 10-pum feature in the MIR, and a VV-band polarimetric phase curve similar (but not
identical) to P-/D-type asteroids, reinforcing the hypothesis that these bodies are made of
powdery mixtures of sub-micrometre-sized grains having contrasted optical indexes. This work
shows that both the contrasted optical indexes of the components, and the dispersion or
aggregation —depending on their relative proportions— of their hyperfine grains, induce
different light scattering regimes in the Vis-NIR and MIR, as observed for primitive small
bodies. The optical separation of hyperfine grains seems to be a major parameter controlling

the optical properties of these objects.

1. Introduction

1.1. Small bodies reflection, emission, and polarization properties

Our Solar System contains a variety of small body populations, which date from the first
phases of its formation. A significant fraction of these objects did not accumulate enough mass,
or not fast enough, to achieve temperature sufficient to induce partial or full differentiation.
Hence, they hold key information about the materials and the conditions inside the



protoplanetary disk where they formed. During the early stage of planet formation, migrations
of the giant gaseous planets should have disturbed the orbit of small bodies (Morbidelli et al.,
2005; Tsiganis et al.,, 2005), which complexifies the retrieval of protoplanetary disk
compositional and thermal structure. Still, large optical surveys of small bodies revealed a
gradient in composition with an evolution in spectral types throughout the asteroid main belt,
with the dominant types being successively S, C and P/D- types with increasing heliocentric
distance (Gradie and Tedesco, 1982; DeMeo and Carry, 2013).

The P/D-type asteroids, found in the main belt and among Jupiter Trojans, are
particularly interesting because their visible to mid-infrared spectra are similar to comets,
suggesting that they are the most primitive types of asteroids (Vernazza and Beck, 2017).
Reflectance spectra in the visible and near infrared (Vis-NIR) of cometary nuclei and P/D-type
asteroids both display similar red to flattish spectral slopes, lacking absorption features (Emery
et al., 2011; Capaccioni et al., 2015). In the 3-um spectral region, absorption bands possibly
due to NH4* are present in P/D-types, and comet 67P/Churyumov-Gerasimenko (Poch et al.,
2020). In the mid-infrared (MIR) range, emission spectra of cometary comae and P/D-type
objects display a similar emissivity plateau from around 9 to 11 um caused by the fundamental
mode of vibrations of Si-O in silicates (Emery et al., 2006; Vernazza et al., 2012). A similar
but not identical and generally weaker emissivity feature is observed on C-type and on some
X-type asteroids (Emery et al., 2011; Marchis et al., 2012; Vernazza et al., 2017), and is more
contrasted for larger objects (Marchis et al., 2012). On the contrary, B-type asteroids such as
Pallas, Phaethon and Bennu, do not exhibit an emissivity plateau around 10 pum (Lim et al.,
2005; McAdam et al., 2018; Lim et al., 2019; Hamilton et al., 2019b). In term of albedo and
Vis-NIR color, these C/X/B-type asteroids are part of the same cluster of main-belt asteroids
(Beck and Poch, 2021). Their Vis-NIR spectral slope span from slightly red (X/C-type) to
significantly blue (B/C-type), and is redder for larger objects (Beck and Poch, 2021). Each of
these spectral characteristics have been independently attributed to the surface texture of the
objects, smaller asteroids being covered by rocks or large dust particles, while larger ones are
covered by finer particles (Marchis et al., 2012; Beck and Poch, 2021). This apparent
correlation between Vis-NIR slope and 10-pum feature is also observed for Trojan asteroids (D-
type) (Emery et al., 2011). In addition, low-albedo asteroids exhibit differences in the degree
of linear polarization of the visible light they scatter at different phase angles, i.e. their
polarimetric phase curves. Absolute values of the minimum of polarization in the negative
branch of the polarimetric phase curves (hereafter called Pmin) and inversion angles (hereafter
called ainv) Of F/P/D-type asteroids are generally smaller compared to the values found for



B/C/Ch-type asteroids (Belskaya et al., 2017, 2019) (except for P-type for which ainy is similar
to B-type). This has also been tentatively attributed to differences of microstructure of their
regolith, F/D-types having an optically more homogenous microstructure (Belskaya et al.,
2005; Bagnulo et al., 2015). Taken together, these observations suggest a possible correlation
between the redness of Vis-NIR spectral slope, the presence of a contrasted 10-pum plateau, and
the absolute values of the polarimetric parameters Pmin and possibly ainv. However, to our
knowledge, the way these polarimetric and spectral properties in the Vis-NIR and MIR vary
for specific asteroidal surfaces analogues of controlled microstructure has never been tested
numerically nor experimentally.

These observations give rise to the following questions: Why are P/D-type asteroids
spectrally similar to comets, in particular in the MIR where the emissivity spectra of asteroidal
surfaces are similar to that of comae’s clouds of particles? Among the P/D/X/C- and B-type
asteroids, what cause(s) the Vis polarisation phase curve, Vis-NIR spectral slope and the 10-
pum MIR variations? As suggested by their possible correlation, could the variations of spectral
and polarimetric features be due to similar textural properties of these small bodies’ surfaces?

We now have multiple measurements — of inter-planetary dust particles collected on
Earth (Rietmeijer, 1993), of samples returned from comets (Price et al., 2010), or analysed in
situ (Mannel et al., 2019) —, all indicating that the surface material of comets and possibly C-,
P- and D-types asteroids (Vernazza et al., 2015) is made of agglomerates of individual sub-
micrometric monomers. The dust agglomerates observed at comet 67P/Churyumov-
Gerasimenko have different morphologies from compact (porosity <10%) to porous (10-95%)
or fluffy (> 95%) particles (Guttler et al., 2019). As in the case of interplanetary dust particles
(IDPs), micro-meteorites, or primitive meteorites matrices, the different constituents (silicates,
opaque minerals, carbonaceous compounds etc.) are mixed at the sub-micrometric scale. As
discussed and shown in Quirico et al. (2016) and Rousseau et al. (2018), the low albedo of
these cosmo-materials from the Vis to the MIR wavelength range seems mainly controlled by
the presence of opaque minerals (iron sulfides, Fe-Ni alloys etc.) rather than by other major
components such as silicates and carbonaceous materials. Strikingly, the spectra of comets,
P/D-type asteroids and Jupiter Trojans are perfectly matched by spectra of anhydrous
chondritic porous IDPs (CP-IDPs) (see Figure 1 in Vernazza et al., 2015), which are
predominantly made of aggregates of sub-micrometer-sized grains of silicates (~20-50 vol%),
Fe-Ni sulfides (< 40 vol%) and carbonaceous materials (< 40 vol%), arranged in a fluffy
microstructure (Alexander et al., 2007; Bradley, 2014). Therefore, CP-IDPs appear as

convincing analogues of the surface of comets and primitive asteroids, but how the various



compositional and textural (grain size, porosity) parameters influence the surface optical
properties is still an open question.

In the following paragraph, we review the current knowledge of the MIR, Vis-NIR and
polarimetric properties of particulate surfaces, especially those made of grains smaller than

1 pum and of dark or mixed bright/dark components.

1.2. Interpretations of small bodies reflection and emission properties

Typical MIR spectra of silicate minerals are characterized by reststrahlen bands
(corresponding to the Si-O fundamental modes at 9-11 um, and 18-28 um), a Christiansen
feature (where the refractive index varies rapidly with wavelength, near 8 um for most
silicates), and transparency features between the reststrahlen bands (Mustard and Glotch,
2020). A large number of studies have shown how grain size (Hunt and Vincent, 1968; Hunt
and Logan, 1972; Arnold and Wagner, 1988; Moersch and Christensen, 1995; Mustard and
Hays, 1997; Le Bras and Erard, 2003) and surface porosity (Salisbury and Eastes, 1985;
Salisbury and Wald, 1992; Salisbury et al., 1994) influence these mid-infrared spectral bands
and features. Most of these measurements showed that mid-infrared spectral features
progressively vanish with decreasing grain size from few hundreds to few micrometres.
However, for grains smaller than 5 um, Hunt and Logan (1972) and Arnold and Wagner (1988)
observed an increased spectral contrast around 10 um, with emission maxima. The work of
Salisbury and Eastes (1985) shows that the spectral contrast of such small grains is very
dependent on packing conditions, i.e. the surface porosity. Based on these laboratory
measurements and on a Hapke-Mie hydride radiative transfer model, Emery et al. (2006)
proposed that the emission feature observed between 9 and 11 um for Trojan asteroids is due
to very fine silicate grains either in a very porous surface structure, or embedded in a more
transparent material hypothesized to behave as void-space, which could explain why the same
feature is observed for comae. Following this work, several studies have measured reflectance
spectra of samples made by suspending minerals or meteorites powders in infrared-transparent
potassium bromide (KBr) powder to simulate void spaces in the MIR. These spectra have mid-
infrared spectral features similar to those observed on Trojan and main-belt asteroids. These
results were interpreted as a confirmation of Emery et al. (2006) suggestions, i.e. either the
presence of IR-transparent salts (King et al., 2011; Yang et al., 2013; Izawa et al., 2021), or the
high porosity of asteroids surfaces (Vernazza et al., 2012; Young et al., 2019; Martin et al.,
2022), the latter being consistent with their thermal inertia and radar albedo (\Vernazza et al.,



2012). The presence of clouds of grains in electrostatic levitation over the surface is also a
possible explanation (Vernazza et al., 2012; Wang et al., 2016).

However, the mixtures reproducing the 10-pum feature are those containing a relatively
large fraction of IR-transparent KBr salt grains used to simulate void spaces, which do not
behave exactly as such in the radiative transfer. Indeed, these KBr grains scatter the light and
make the samples relatively bright in the Vis-NIR and MIR reflected light (equivalent to a low
emissivity in the MIR according to the Kirchoff’s law), which is inconsistent with observations
of low-albedo asteroids and comets (which have a low reflectance in the Vis-NIR and a high
emissivity in the MIR). Using a modified Hapke model, Yang et al. (2013) showed that the
Vis-NIR and MIR spectra of Trojan asteroids can both be explained by fine grained silicates
(1-5 wt%) and highly absorbing material (2—10 wt%) suspended in a transparent matrix of IR-
transparent salts. However, such a high abundance of these peculiar salts on asteroids and
comets remains to be proven (e.g. the ammoniated salts detected on Ceres and comet 67P
surfaces are absorbent in the MIR), and alternative explanations may be possible.

The possible origins of the Vis-NIR spectral slopes of small bodies, and their variability
with grain size, porosity, mixtures, space weathering etc. have been the subject of many studies.
A spectral reddening is observed after grinding minerals and meteorites (Ross et al., 1969;
Johnson and Fanale, 1973; Cloutis et al., 2018; Beck et al., 2021), and a bluing is observed
when sub-micrometre-sized or micrometre-sized grains of opaque minerals are present,
embedded in mixtures with brighter grains (Clark et al., 2008; Loeffler and Prince, 2022) and/or
in highly porous structures (Poch et al., 2016; Schrdder et al., 2021). Bluing or reddening are
also observed after laser or ion irradiations simulating space weathering (Lantz et al., 2017;
Matsuoka et al., 2020). The explanations for these changes of Vis-NIR spectral slope are not
always well-established, and, apart from changes of composition (after grinding, or irradiation),
the changes of micro-structure and/or the appearance of sub-micrometre-sized scatterers are
suspected to induce these effects (Beck and Poch, 2021).

However, very few systematic laboratory spectral measurements of such sub-
micrometre-sized materials have been made. In a previous work (Sultana et al., 2021), we
explored the influence on Vis-NIR reflectance spectra of the presence of sub-micrometre-sized
grains, which are smaller than the wavelength at which they are observed, so called hyperfine
grains. In this previous study, we only considered weakly absorbing materials (k < 0.01), and
we showed that hyperfine grains have lower contrast of absorption bands, and lower spectral
slopes than larger um-size grains. We concluded that the presence of these hyperfine grains
tends to uniformize the spectra of different material, driving them toward blue featureless



spectra (spectral degeneracy), especially when they form hyper-porous structures, where they
tend to scatter light as smaller aggregates of a few sub-pum grains.

In this work, with the goal to improve our knowledge on the causes explaining the
optical properties of primitive low-albedo asteroids and comets, we investigate altogether the
Vis-NIR and MIR spectral and polarimetric properties of surface mixtures of sub-micrometre-
sized grains made of various proportions of strongly and weakly absorbing materials. Such
mixtures are more relevant to low-albedo primitive bodies of the Solar system, and have some
similarities with IDPs thought to come from these bodies. We obtained reflectance spectra in
the wavelength range from 0.55 to 25 pum, that can also be used to infer emission properties of
such samples, as well as polarization measurements at 0.53 um. We compare our laboratory
results to observations and discuss the implications in term of composition and texture of a few

classes of Solar system small bodies.

2. Methodology

2.1 Samples preparation

Our goal was to produce heterogeneous aggregates of sub-pum grains made of two
materials having contrasted optical indexes and mixed in different volume proportions, as
optical models of the surface of primitive small bodies. The first material was the silicate
mineral olivine, one the most abundant minerals in primitive meteorites and IDPs (Bradley,
2014; Scott and Krot, 2014) and detected in cometary particles (Brownlee, 2014). We used a
Mg-rich forsterite olivine (Fo = [Mg] / ([Mg]+[Fe]) > 94) purchased from Donghai Pellocci
Crystal Products, China. For the second component, we chose iron sulfide and anthracite
because they are absorbent over the Vis to MIR wavelength range, as the opaque minerals
found in primitive meteorites and IDPs (mainly iron sulfides and Fe-Ni alloys, see Dai and
Bradley, 2001; Quirico et al., 2016 and references herein). Moreover, we note that Fe-Ni
sulfides are the second most common minerals in CP-IDPs after crystalline silicates (Dai and
Bradley, 2001; Bradley, 2014). Iron sulfide was purchased from Alfa Aesar (ref. A15569.0B).
X-ray diffraction of this powder indicates a composition made of 55 vol% troilite (FeS) and 45
vol% pyrrhotite (Fe1xS with 0 < x < 0.2). For simplicity, this sample will be labelled as “FeS”
in the rest of the text. Anthracite was obtained from the Musée de la Mure (France). It is made
0f 91.9 % carbon, almost no oxygen atom, and is composed of graphite-like domains connected

to less-organized polyaromatic matter (Albiniak et al., 1996). We stress that anthracite is not a



material representative of the carbonaceous compounds expected on primitive small bodies (as
discussed in Quirico et al., 2016), but we have chosen it here as another optical analogue of
opaque minerals expected to be present on these bodies. The spectra of these endmember
materials are presented in Figure 1 for hyperfine grains. Sulfide and anthracite display
relatively flat spectra in the Vis-NIR and in the MIR. In the MIR, their spectra have a higher

reflectance than olivine, and do not have strong spectral features (Fig. 1).
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Figure 1: Reflectance in the Vis-NIR and in the MIR of olivine, iron sulfide and anthracite powders of sub-
micrometric grain size. Spectra of iron sulfide and anthracite are relatively flat and do not present any
absorption feature in the Vis-NIR or in the MIR. Note that the olivine is very bright in the Vis-NIR, but
completely dark in the MIR. Iron sulfide and anthracite are both dark in the Vis-NIR but they are significantly
brighter than olivine in the MIR. The small peak at 4.25 um is related to gaseous COs.

To synthesize hyperfine powders of different materials, we used the grinding protocol
described in detail in Sultana et al. (2021) to obtain grain diameters below 1 um. Each sample
is successively dry- (20 min) and wet-ground (150 min, in ethanol) several times using a
Planetary Grinder Retsch© PM100 with progressively decreasing sizes of zirconium oxide
(ZrOy) grinding balls. After grinding, the balls are separated from the sub-micrometre-sized

powder by sieving, and the ethanol is evaporated. Images obtained with a Scanning Electron



Microscope (SEM) were used to measure the grain size distribution of the obtained powders.

The mean and maximal grain sizes in the powders for each component are listed in Table 1.

Sample Olivine Iron sulfide Anthracite
Mean grain size (um) 0.69 0.30 0.33
Standard deviation (um)  0.47 0.28 0.35
Median grain size (um)  0.56 0.21 0.21
Max. grain size (um) 4.67 2.75 3.84

Table 1: Mean, standard deviation, median and maximal sizes of the grains in each hyperfine powder
prepared with the grinding protocol developed in Sultana et al. (2021). The size distributions are shown in
Supplementary Figure 3.

Mixing the two components (either iron sulfide or anthracite with olivine) was achieved
by adding the two powders in a mortar and mixing them by hand grinding with the pestle for
about 10 min. Powders were weighed separately to target the desired volume fraction of the
mixture, using a Sartorius Quintix 35-1S scale, with a precision of 10 pg. To enable this
preparation, the densities of the materials were measured using a pycnometer for the olivine
(3.32 g.cm™®) and iron sulfide (4.82 g.cm™) samples, and via the liquid displacement method
for the anthracite (1.62 g.cm™). To ensure that the materials were well mixed together, they
were imaged using a SEM. Figure 2 shows images of olivine and iron sulfide mixtures. These
images are obtained in backscattered electron mode, sensitive to the mean molecular mass of
the probed area. As the FeS is composed of atoms heavier than olivine, it backscatters electrons
more efficiently, and FeS grains appear brighter in the images, whereas the olivine appears in
lighter grey tone. Figure 2 shows how the grains of iron sulfide are efficiently dispersed in a
matrix of olivine grains. The FeS grains do not form large aggregate and they are all separated

by several olivine grains.
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Figure 2: Scanning Electron Microscope (SEM) images of mixtures of sub-um grains of olivine and iron
sulfide at different volume proportions. On this figure, we can observe that the grains of iron sulfide (brighter
grains) are well dispersed in a matrix of olivine grains. They do not form aggregates of several grains of the
same materials.

2.2 Spectral and polarimetric measurements

Before each measurement, the powders were deposited into a sample holder (several
millimetres thick and wide) using a spatula, and their surface was gently levelled to obtain a
flat surface. Knowing the volume of the sample holders and the mass of powder introduced,
we evaluated the samples porosity to range from 70% (for pure FeS powder) to 78% (for pure
olivine powder). However, the porosity at the scale of the whole sample (several hundreds of
MM up to mm, i.e. the “macro-porosity”) may not be relevant for the light scattering that occurs
at nm-pum scales. As seen on Figure 2, the sub-pum grains are assembled in individual
aggregates several-micrometres-large (the largest aggregates seen on these images are 10 to 30
pm large), where they are in close contact with each other, and not in fluffy aggregates.
Therefore, the bulk porosity (70-78%) might be mostly controlled by the void-spaces located
between these multiple aggregates. More relevant for the light scattering is the surface rugosity
and the sub-surface porosity at the nm-um scales accessible to the photons (i.e. the “micro-
rugosity” and “micro-porosity”’). The SEM images (Figure 2) indicate that the micro-porosity
of the samples studied here is possibly around ~50-70%, and definitely lower than that of fluffy
aggregates obtained after sublimation of mixtures of water ice and mineral grains, measured in
our previous study (see Figure 4 in Sultana et al., 2021; these samples had macro-porosity of
95-99%).
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Vis-NIR spectroscopy: Reflectance spectra in the Vis-NIR range (0.55-4.2 um) were obtained
at IPAG with the spectro-gonio radiometer SHADOWS in standard mode (Potin et al., 2018;
Sultana et al., 2021). The data were calibrated by dividing the sample signal by that of two
reference targets under the same illumination-observation geometry. Vis-NIR spectra of each
mixture and the pure materials are presented in Figure 3 and 4. Spectral resolution and sampling

were similar to Sultana et al. (2021).

Emissivity measurements: Direct emissivity measurements from 5 to 17 pum were performed
at the Planetary Spectroscopy Laboratory (PSL; Maturilli et al., 2019) at DLR in Berlin. The
emissivity spectra were obtained by heating the sample, poured into aluminium sample holder,
up to 673 K and measuring the emitted radiance with a Brucker Vertex 80V FT-IR
spectrometer. The data were calibrated by dividing the sample radiance by the emitted radiance
at the same temperature of a blast furnace slag, taken as blackbody, under the same temperature

and observation conditions.

MIR reflectance: Studying the emissivity of mixtures was also performed by measuring the
reflectance (1) of the samples, and approximating the emissivity (e;) using Kirchhoff’s
thermal law: e; = 1 — ;. These MIR reflectance spectra from 1 to 25 um were obtained at
IPAG in Grenoble, using a Brucker Vertex 70V FT-IR spectrometer equipped with a biconical
reflectance kit A513/QA. However, the Kirchhoff’s law is only valid for hemispherical
reflectance, and not for biconical reflectance, so the resulting absolute emissivity and spectral
contrast are not reliable. The reflectance measurements were performed at ambient pressure
and under dry air. Since the reflectance kit was not designed to study small phase angle and

illuminates the sample at normal incidence, we used a 45° phase angle (i = 15°, e = 309).

Polarimetric measurements: The polarimetric measurements were carried out on olivine, FeS
and their mixtures with the POLarimeter for ICE Samples (POLICES) at the University of Bern
(Poch et al., 2018; Spadaccia et al., 2022). A polarimeter (Hinds Dual PEM 11/FS42-47) is
placed above the sample at emission e = 0°, and the sample is illuminated by a motorized arm
holding a collimating head fed by an optical fiber connected to a 530 nm LED (Thorlabs
M530F2). The beam is depolarized and creates a 15 mm light spot on the sample at normal
incidence. In this configuration, the incidence angle is equal to the phase angle, and it was

varied by rotating the motorized arm from i = 1° to i = 70°. The linear polarization
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measurements are the result of the averaging of four measurements performed by rotating the
sample on the horizontal plane with 45° incremental steps. This azimuthal averaging mitigates

geometry effects due to tilts and orientations of the sample surface.

3. Results

3.1 Vis-NIR spectra of mixtures of hyperfine opaques grains and olivine

Figure 3 and Figure 4 present the evolution of olivine/FeS and olivine/anthracite
mixtures with decreasing volume fraction of olivine. For both mixtures, we present the
reflectance spectra (Fig. 3a, Fig. 4a) and spectra normalized at 0.7 um (Fig. 3b, Fig. 4b). In
both cases, we observe a general decrease of reflectance with increasing concentration of
opaque grains. The olivine crystal-field absorption band at 1 pum becomes indistinguishable
when the amount of opaque grains is in excess of 1 vol% for anthracite and 5 vol% for FeS.
Interestingly, the Vis-NIR spectral slope from 0.5 to 1.5 um is modified as the concentration
of opaque increases: it becomes bluer for up to 10 vol% opaques, and redder for larger
concentrations (Fig. 3) (by “bluer” or “redder”, we mean that the relative spectral slope is
getting more negative or positive, respectively, while the reflectance is decreasing at all
wavelengths). At wavelengths larger than 1.5 um, the spectral slope remains dominated by the

spectral properties of olivine, FeS or anthracite depending on their proportions.
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Figure 3: Evolution of the reflectance spectra with increasing volume fraction of iron sulfide in the sample.
The panel (a) shows the fast decrease of the reflectance level with the increasing amount of opaque. On the
panel (b) the spectra are normalized at 1.64 um and vertically shifted for the sake of clarity, so that the
modifications of spectral slope are more visible. With the increasing fraction of opaque iron sulfide, the

visible spectral slope becomes more and more blue, then neutral, and finally redder.
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Figure 4: Evolution of the reflectance spectra of hyperfine olivine powders with the increasing fraction of
anthracite in the sample. The panel (a) shows the fast decrease of the reflectance level with the increasing
amount of anthracite. On the panel (b) the spectra are normalized at 1.64 um and shifted vertically to better
display the modifications of spectral slope. With the increasing fraction of opaque anthracite, the visible
spectral slope becomes more and more blue, and then redder.

Spectral slopes were mostly calculated between 0.64 and 1.2 um and defined as per cent of
reddening per 100 nm (%.(100 nm)™) according to Delsanti et al. (2001) and Fornasier et al.
(2015):

R;, — R;
l A, Ap) = 2 L x 10*
S Ope( 1 2) I?)L1 X (Az . Al)
Where 2 is the wavelength in nm, and R, , R,,the absolute reflectance at 44, A,.

The computed values of the spectral slope and reflectance at 0.7 um are provided in Table 2.
For the highest fractions of olivine, the slope was computed on a different spectral interval

(0.64-1.64 um) to account for the presence of the Fe2* absorption band of olivine around 1 um.
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VOLUME

SPECTRAL SLOPE
FRACTION REFLECTANCE AT 0.7um
. (%. (100nm)~1)
Olivine-Opaque (%)
[0.64; 1.2]um
(%)
Olivine-FeS Olivine- Olivine-FeS Olivine-
Anthracite Anthracite
100-0 -0.1* -0.1* 85.1 85.1
99-1 -1.2* -4.7 75.6 35.7
95-5 -4.2* -6.4 42.4 19
90-10 -7.0 -6.8 13.3 10.8
85-15 -6.3 - 10.6 -
80-20 -5.6 5.1 10.6 5.8
70-30 -3.7 - 7.4 -
60-40 -2.9 - 6.3 -
50-50 -1.0 -0.4 4.8 3.0
40-60 0.2 - 4.3 -
30-70 1.4 - 3.6 -
20-80 3.1 - 3.2 -
10-90 4.9 - 2.7 -
1-99 7.3 - 2.3 -
0-100 7.4 6.0 2.5 1.8

Table 2: Values of spectral slopes and reflectance for the hyperfine olivine-opaque mixtures.
*Due to the presence of the 1-um absorption band of the olivine on these spectra, the interval

to compute the spectral slope was changed to [0.64;1.64] um.

Figure 5a shows that the Vis-NIR slope decreases very fast to negative values (blue
slope) with the amount of opaque, goes through a minimum value of about -7 %.100 nm* for
10 vol% of opaque, then increases and reverts from blue to red around 60 vol% of opaque
material, before reaching the slope of the pure opaque material spectrum.

In Figure 5b we present the evolution of reflectance with increasing amount of olivine
in the mixture. The reflectance remains below 5 % for up to 50 vol% olivine, and it only
exceeds 0.1 for olivine concentrations larger than 80-90 vol% (Fig. 5b and Table 2).
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Figure 5: Evolution of the spectral slope in the Vis-NIR (a) and of the reflectance at 0.6 um (b) with
increasing volume fraction of opaque grains in the samples. The slopes in the wavelength range ([0.64;1.64]
pum) decrease rapidly with the volume fraction of olivine in the mixture for both types of mixture (FeS and
anthracite). They reach minimal values of -7.0 and -6.8 %.(100.nm)* for concentrations of 10 vol% of FeS
and anthracite respectively. Then, for larger volume fractions of opaques, the slope increases progressively
until it reaches the value of the respective pure opaque material spectrum. The reflectance is decreasing
very fast with the amount of opaque grains in the mixtures, until they occupy ~10 vol% of the sample. It then
decreases very progressively.

3.2 Grain size-effect on olivine MIR spectra and effect of dilution in KBr

Figure 6 displays reflectance spectra in the mid-infrared for a suite of olivine samples
with decreasing grain sizes, from hundreds of micrometres to sub-micrometre in diameter.
Spectra first display an increase of the continuum reflectance in the inter-bands wavelength
ranges, around 3.9 and 6.4 um, as the grain size decreases This is due to an increase of the
volume density of scatterers at the scale of the light penetration depth with decreasing grain
size, leading to more scattering of incident photons relative to absorption. In the case of the
hyperfine grains, the reflectance is overall much lower in the mid-infrared range. While
reflectance maxima are observed around 9.5, 10.5, 16, 19 and 23 um for grain sizes > 25 um
(where the strong stretching and bending modes of SiO4 are located), the spectra obtained on

olivine grains with hyperfine sizes show an overall low reflectance (below 5 % from 6 to 25
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pm). One can observe that none of these spectra displays spectral signature in the 10-um region

similar to what is observed on small bodies (Vernazza and Beck, 2017).
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Figure 6: Mid-infrared reflectance of olivine with decreasing grain size. The letters indicate the positions
of different spectral features. OH: water and hydroxyl absorption bands; O/C: olivine overtone/combination
absorption bands; C: Christiansen feature; TF: transparency feature; R: reststrahlen features. An
absorbance spectrum of olivine, obtained by measuring the transmittance spectrum of a KBr pellet
containing olivine powder, is shown for comparison. The reststrahlen features (R) tend to first increase with
decreasing grain size, but for grains smaller than 1 um, their reflectance level drops and the sample becomes
very dark in the mid-infrared range. The small peak at 4.25 um is related to gaseous COx.

However, when the olivine is diluted in KBr powder as shown in Figure 7, we observe
a spectral feature close to 10 pm in emissivity or “1-Reflectance” spectra. This feature consists
in a double peak at 10 and 11 pm together with a smaller one around 12-pm. One can observe
that this latter feature is the sharpest for the lowest concentration of olivine in the KBr matrix,
and that the contrast of the feature with respect to the continuum decreases when the
concentration of olivine increases. This can be interpreted by the fact that when mixed with
KBr, the olivine sub-um grains are de-agglomerated and dispersed in the sample, and more
efficiently for lower concentration of olivine, so that they can absorb the light individually (and
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not collectively, as larger grains). The KBr crystals are non-absorbing and just scatter the light,
inducing higher reflectance in the inter-bands wavelength ranges (transparency windows) and
higher contrast. The spectral effects of mixing silicates with salts was studied in details by
Izawa et al. (2021). In emissivity, the contrast increases with decreasing concentration of
olivine because in the inter-bands, the thermal flux emitted from deeper layers is less efficiently
transported to the surface. Therefore, a 10-um plateau can be produced in “1-Reflectance” or
emissivity spectra if a material “brighter” in the MIR and less thermally conductive is mixed
with the hyperfine olivine.

Additionally, these measurements show that, in all three cases, the contrasts of the 10-
pum plateau in emissivity spectra is lower than those calculated from reflectance spectra using
the Kirchhoff’s law. A likely explanation is that inverting biconical reflectance does not
actually satisfy the conditions required for Kirchoff's law (Hapke, 2012), and does not give
proper contrasts (Salisbury et al., 1991). Another possibility would be the presence of a thermal
gradient in the sample, with increased radiance from hotter deeper layers reaching the surface
in the inter-bands wavelength ranges (transparency windows), although this effect should be
stronger at ~4-8 um (more transparent) than at 13 um, which is not always the case as seen in
Figure 7.
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Figure 7: Evolution of the emissivity contrast with olivine concentration in KBr measured directly in
emissivity and in reflectance. The emissivity measurements presented here were performed at T = 400°C.
Reflectance measurements were converted to emissivity using Kirchhoff’s thermal law. One can observe that
the lowest the concentration of olivine in KBr, the highest the emissivity feature around 10 pum. Moreover,
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the contrast of the 10-pum band is lower in direct emissivity measurements than calculated from Kirchhoff’s
law, probably due to the influence of thermal gradients in the samples measured in emissivity.

3.3 Mid-infrared spectra of mixtures of hyperfine opaques and silicates

Fe-rich opaques (Fe, FeS, Fe-Ni alloys) are absorbing in the VIS, but their reflectance
spectra are significantly brighter than olivine in the MIR, probably due to their lower MIR
absorption index k (e.g., Querry 1985 and Sato 1984, for Fe and FeS; respectively) (Fig. 2).
They could thus be considered as brightening agents in the MIR. In Figure 8 and Figure 9 we
present the emissivity spectra calculated with Kirchhoff law for the same mixtures of olivine

and opaques studied in the VIS-NIR spectral range.

Olivine

—— Oliv.-FeS 90:10
—— Oliv.-FeS 80:20
—— Oliv.-FeS 70:30
—— Oliv.-FeS 60:40
—— Oliv.-FeS 50:50
—— Oliv.-FeS 40:60
—— Oliv.-FeS 30:70
—— Oliv.-FeS 20:80
—— Oliv.-FeS 10:90
— FeS

1.00

0.98

------ Olivine, transmission
(scaled)

0.96

1-R (offset)

0.94

0.92

8 10 12 14 16 18
Wavelength (um)

N
o

19



Figure 8: Evolution of the MIR spectra of the olivine-iron sulfide mixtures. With the decreasing volume of
olivine in the surface, we observe more pronounced silicate features with 2 components plateau between 9
and 12 um. The original reflectance spectra are shown in Supplementary Figure 1.

A relatively similar behaviour is observed for the two suites of mixtures (Figure 8 and Figure
9). While the spectra of the endmembers are relatively flat, the spectra of mixtures tend to show
the presence of positive features in the 9 to 12 um spectral range. Of interest is the appearance
of the triplet around 10, 11 and 12 um, where IR absorption bands are present in infrared
transmission spectra of olivine. These observations reveal that mixing sub-um grains of olivine
and opaques (opaques in the visible spectral range) is a mechanism to produce an emissivity

feature.
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Figure 9: Evolution of the MIR spectral shape of the mixture olivine-anthracite with the increasing volume
fraction of opaque. With the decreasing volume of olivine in the surface, we observe more pronounced
features of silicates with 2 components plateau between 9 and 12 um. The original reflectance spectra are
shown in Supplementary Figure 2.
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3.3 Linear polarization of visible light

Polarimetric phase curves were obtained for a selection of six olivine-FeS hyperfine
mixtures as well as for the pure endmembers at the University of Bern. These polarimetric
phase curves reveal the typical shape observed for particulate samples (in the laboratory or on
planetary surfaces, Belskaya et al., 2015), with a “negative branch” at low phase angle (<30°)
and a “positive branch" at higher phase angle (Fig. 10a, 10b). The behaviour and magnitude of
polarization in the positive branch can be related to the contribution of photons that were
reflected once at the surface of grains (Hapke, 2012). This can explain that the magnitude of
polarization at high phase angle (> 50°) seems to be correlated with the reflectance of the
sample (Fig. 10c). The higher the reflectance, the more contribution from multiple scattering
can be expected, which explains the lower polarization.

In the analysis of polarimetric phase curves, the inversion angle (the angle at which
linear polarization is null) and the absolute value of the minimum (referred to as |Pmin|) have
been used to empirically characterize the polarization properties of a variety of materials
compared to observations of Solar system surfaces (Dollfus et al., 1989). The two endmember
materials, FeS and olivine, display the shallowest negative branches with |Pmin| values of 0.25
% and 0.75 % respectively (Fig 10b, 10d). On the other hand, the pure FeS presents a
polarization ratio of 25.4 % at 70° phase, and the pure olivine is the least polarizing material
(with a polarization ratio of a few percent only at 70° phase).

The results obtained on the mixtures reveal a contrasted behaviour between the negative
and positive branch of polarization (Fig. 10a,b). Reflected light from the pure iron sulfide is
strongly polarized at high phase angle (25.4 %), but the strongest polarization (here 29 %,
always occurring at 70°, the highest phase angle we measured) is obtained for the mixture with
a small fraction of olivine (10 vol% olivine) (Fig 10a and 10c). Interestingly, the mixtures
containing 1 to 20 vol% olivine have both stronger 530-nm polarization at 70° (Figure 10a)
and redder Vis-NIR reflectance spectral slope (Figure 5a) than the pure FeS. This could be
explained by the fact that olivine grains are more diffusing than FeS gains, so isolated sub-pm
olivine grains at the surface of the sample constitute optical pits, diffusing sub-pm light onto
more FeS-absorbing interfaces than when they are absent, decreasing the reflectance and
increasing the positive polarization at sub-pum wavelengths. Then, with increasing olivine
fraction, the maximum value of polarization seems to decrease monotonically with the fraction

of FeS in the mixture, and is correlated with the visible reflectance.
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The negative branch shows a highly non-linear behaviour with the opaque fraction in

the mixture (Fig. 10b). The value of |Pmin| is the strongest for the lowest fraction of FeS (Pmin =

-2.5 % for 10 vol.% of FeS) and then progressively decreases (in absolute value) toward the

value for the pure FeS (Fig. 10c). In the case of the inversion angle (Fig. 10e), it decreases from

around 25° for pure FeS to about 21° for FeS:Olivine 90:10 vol%, then increases to its highest

value for FeS:Olivine 80:20 vol%, and then decreases progressively toward the value for pure

olivine (about 15°). These non-linear behaviours were previously observed for several types of

mixtures by Shkuratov (1987), Shkuratov et al
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Figure 10: Polarimetric phase curves obtained for the olivine-FeS mixtures (A). The bottom left panel (B)
focuses on the negative branch, and values derived for P, D, B, C and Ch asteroids are taken from Belskaya
et al. (2017). The three right panels are the calculated parameters for the polarimetric phase curves, also
compared to asteroid data from Belskaya et al. (2017). The equivalent albedo was calculated using the law
derived by Beck et al., (2021).
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4. Discussion
4.1 Rayleigh-like scattering as an origin of VIS spectral bluing

As described in the previous section and presented in Figure 3 and Figure 4, the spectra
of mixtures of hyperfine grains of olivine and opaque material change with their volume
proportions. When only few percent of opaques are present, the reflectance strongly decreases,
the Fe* absorption band at 1-pum of olivine disappears, and the VIS spectral slope is bluing in
a relative sense (by “bluing”, we mean that the relative spectral slope is getting more negative

while the reflectance is decreasing at all wavelengths).

The influence of very fine opaques on reflectance spectra has been particularly studied
in the framework of space weathering (Hapke, 2001; Noble et al., 2007; Pieters and Noble,
2016). The incorporation of < 25 nm opaques within larger translucent grains (intra-mixture)
induces a fast decrease of reflectance, associated to a reddening of the spectra (Hapke, 2001,
Noble et al., 2007). The incorporation of 25-200 nm opaques induces a reddening or a bluing
depending on the concentration (Noble et al., 2007). Our mixtures with ~300 nm hyperfine
opaque grains (inter-mixture) present the same evolution of the reflectance, with an efficient
darkening of the samples, but on the contrary only a bluing of the spectra. The spectral slope
variation trend reported in Figure 3 and Figure 4 for two different types of opaques are similar,
indicating that this bluing phenomenon is independent from the composition of the opaque
material, so a physical cause is to be searched for. Note that the two opaque grains used here
are of similar sizes (cf. Table 1, 0.30 um for FeS and 0.33 pm for anthracite).

To explain the observation of a blue peak in the spectra of Saturn’s moons, (Clark et
al., 2008), measured reflectance spectra of mixture of ice with 0.2 um diameter sized particles
of carbon black. Clark et al., 2008 showed that these mixtures display a blue peak around 0.5
pm increasing in intensity with the amount of the contaminant, then decreasing after a threshold
of concentration. This study also indicated that this peak was not dependent on the contaminant
spectrum, but that it was related to light scattering in a Rayleigh regime.

Following Clark et al. (2008) we propose that in our sample the hyperfine grains of
opaques, well dispersed in a bright transparent matrix of silicate grains, can scatter light
following a Rayleigh-like regime, leading to a bluing of the spectra; lower wavelengths are
more efficiently scattered than higher wavelengths. In order to test this interpretation, the
theoretical approach of Brown (2014) was used, where the author calculated the parameter
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space in term of optical constant and size parameter where spectral bluing should occur. We
reproduced the map of maximum variation of the single scattering albedo @ as a function of
the size parameter X and the imaginary part of the optical index k, to assess if our grains are
situated in the region of expected bluing in the X-k space. To do so, optical indexes of olivine,
anthracite and iron sulfide are needed. For the two first materials, we respectively used the
indexes from Zeidler et al. (2011) and Blokh and Burak (1972). For iron sulfide, as there is no
optical indexes available in the Vis-NIR for either pyrrhotite or troilite, we decided to

approximate it by the optical indexes of metallic iron, using the indexes from Querry (1985).

With all the optical indexes and the mean grain size of our hyperfine powders, we could
compute the first derivative to the Rayleigh approximation of the single scattering albedo as
established in Brown (2014):

dw_
dx =

2

The results of this computation are shown in Figure 11. For each material, we computed
the size parameter X and the first derivative of the single scattering albedo at 0.7 um for each
material. On Figure 11, we observe that olivine is outside of the bluing region, but that the
anthracite and the iron sulfide are very close to it in the X-k space. If we consider their size
distribution (displayed as error bars on Fig. 11), it appears that both types of opaque grains are
crossing the region of spectral bluing. This confirms that the strong blue slope appearing in our
mixtures takes its origin in the light scattered by absorbing and optically isolated hyperfine

grains.
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Figure 11: Evolution of the spectral Rayleigh bluing region in the X-k space following the work of Brown
(2014) for optical indexes of olivine (a), iron (b) and anthracite (c). The figure indicates that the spectral

bluing is restricted to a well-delimited curved region in the X-k space (higher values of Z—z; means more

bluing). The mean grain size and the range covered by the size distribution are indicated for each sample.
Some of the grains present in the powders of the two opaque materials are crossing the bluing region because
of the size distribution (b, ¢), indicating these grains are interacting with light following the Rayleigh regime.
On the contrary, olivine grains are outside of the bluing region.

To assess whether olivine grains act as a non-absorbing matrix in the mixture, we
computed the ratio of the absorption Q, and scattering Q, cross sections in the same X-k space
for the three materials (Figure 12). To this aim, we used Mie theory and a Python
implementation coded by (Sumlin et al., 2018). On Figure 12 we position the grain size
distributions of olivine, iron sulfide and anthracite in the X-k space indicating regions where
grains are more absorbing than scattering light. Olivine grains are situated in a region where
light is more scattered than absorbed, whereas the grains of anthracite and iron sulfide are in
an absorbing region. This suggests that in the visible range, light is absorbed following the
Rayleigh regime by the absorbing grains of opaques, and that the olivine acts as a matrix of
transparent materials.

The presence of the olivine grains is nonetheless essential for the bluing phenomenon

to be observed, because they allow the separation of the individual hyperfine opaque grains
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from each other (see Fig. 2). In the pure opaque powder, the optical scatterers’ size may be
larger than the physical size of grains, and may correspond to the size of agglomerates rather
than individual grains (this was observed in Sultana et al. (2021) for bright materials). The
mixture with olivine grains allow the de-agglomeration of the opaque grains, which can then

scatter the light individually and produce the spectral bluing.
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Figure 12: Ratio between Mie scattering and absorption efficiency in the X-k space at a wavelength of 0.7
pm. These plots indicate the region of this X-k space where light scattering is predominant during interaction
of light with the grains. We placed our grains in this X-k space. It appears that anthracite and iron sulfide
are absorbers whereas the olivine is mostly scattering light.

The fast disappearance of the olivine Fe?* absorption band at 1 um with increasing
proportion of opaques can be explained by the reduction of the optical path lengths through the
olivine grains, induced by the presence of the absorbing opaque grains. Even for the small grain
sizes investigated here, the single scattering albedo of the opaque grains is low, and the

encounter between a photon and an opaque grain will lead to its extinction.
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4.2 Polarimetry of mixtures of hyperfine grains

The properties of the polarimetric phase curves (inversion angle ainv, Pmin, Slope at
inversion h) for powders of minerals and meteorites of various grain sizes and albedo have
been studied historically by Dollfus, Shkuratov and colleagues. Based on a Pmin—ainy diagram,
Dollfus et al. (1989) proposed that most asteroids are covered by a coarser regolith (~30-
300 um) compared to the lunar surface. Based on the same diagram, the low inversion angles
recently measured for F and D-type asteroids (Belskaya et al., 2005; Bagnulo et al., 2016)
would suggest that their surfaces are covered with “bare rocks”. However, their peculiar
polarimetric properties may also be explained by their microstructure. Indeed, laboratory
measurements performed by Shkuratov (1987) have shown that mixtures of powders having
grains < 1 um and very contrasted albedos exhibit an amplified negative branch of polarization
compared to powders of the single components. Other measurements reported in Belskaya et
al., 2005 demonstrate that adding small amounts of a bright powder (e.g., MgO) to a dark
powder (e.g., pure carbon soot) noticeably increases Pmin and ainy, While producing a very faint
albedo increase. Interestingly, the polarimetric slope h is recognised to be a good indicator of
the albedo, except for very dark surfaces. Laboratory measurements showed that the empirical
relationship between h and albedo began to “saturate” for very dark surfaces (albedos of about
0.06 or lower) made of mixtures of very small grains (< 1 um), principally dark ones mixed
with a small portion of bright ones. Zellner et al. (1977) first reported that h remains
approximately constant when the albedo of mixtures decreases. For darker mixtures, Shkuratov
et al. (1992) reported that as the albedo decreases, h and Pmin reach a maximum before
decreasing and ainv also decreases. This “saturation” effect is apparent in the observations of
several F-type and D-type asteroids (Belskaya et al., 2005; Cellino et al., 2015; Bagnulo et al.,
2016), suggesting that they have a peculiar surface structure at the (sub)-micrometric scale
compared to other asteroids.

Our experiments with mixtures using small bodies analogue constituents are in
agreement with earlier findings, that the intimate mixture of materials with strongly contrasted
absorption properties induces an amplified polarization in the negative branch (Fig. 10b). We
also observe the saturation effect described by Shkuratov et al. (1992). There is a maximum of
|Pmin| for olivine contents in the 90-50 % range, followed by a progressive decrease of |Pmin| for
higher FeS content (Fig. 10c). Remarkably, the introduction of a small fraction of FeS in olivine
changes drastically the negative branch, with a high value of |Pmin| and a lowering of the

inversion angle. The reflectance at 0.7 um is decreased from around 0.85 to 0.13 from pure
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olivine to the 90:10 % mixture, showing that the FeS fraction has a strong influence on the
radiative transfer, which explains the major changes in polarimetric properties. With further
increase in the FeS fraction (50-50 %), the inversion angle increases and then we reach the
“saturation region” where |Pmin| and ainv decrease with increasing FeS content.

Inspection of the polarimetric parameters for small bodies of different types seems to
reveal a similar saturation behaviour. As the albedo decreases from E-type toward L-types, the
|Pmin| values increase progressively (Belskaya et al., 2017). The highest value of |Pmin| are
encountered for the Ch spectral types, which experienced significant aqueous alteration, and
are likely chondrules-bearing given their spectral connection to CM chondrites (Vernazza et
al., 2016). Then |Pmin| values seem to decrease when considering C, P, D and F-type asteroids
that have slightly lower albedos. Interestingly, these spectral types land nicely on the trend
defined by our mixtures in the py vs |Pmin| diagram (Fig. 10d), in the locations defined by FeS-
rich mixtures (80 or 90 % FeS). In the case of the P and D-type, the curves we obtained for the
90 % FeS mixture also seem to match the inversion angle.

While the FeS content is high in the 90 % FeS mixture, and Fe/Si and S/Si are in excess
of a solar-like composition, we propose that the combination of texture (hyperfine grains) and
the cohabitation of weakly and strongly absorbing constituents explains the polarimetric
properties of P and D-type small bodies. These constituents may be various types of silicates,
opaque minerals (iron sulfides, Fe-Ni alloys, oxides etc.) and organic matter. We can also
remark that pure iron sulfides show polarimetric properties that differ from typical values for
expected-to-be-metallic M-type asteroids (Belskaya et al., 2022), but also show a quite
different visible reflectance. This suggests that the surfaces of metallic asteroids are not

covered only by metallic fines, but by a coarser-grained regolith, possibly silicates-bearing.

4.3 B-type asteroids and Rayleigh-like scattering

Obijects belonging to the B-type asteroid population are by definition objects with a
negative spectral slope. A now famous example of B-type object is the near Earth asteroid
(101995) Bennu (the target of the OSIRIS-Rex mission) that displays a blue slope in the Vis-
NIR (Clark et al., 2011; Hamilton et al., 2019a) and lacks any absorption band until 2.7 pm
where an absorption band related to hydrated minerals can be seen (Hamilton et al., 2019a).
Other notorious examples of B-types are the asteroids (2) Pallas and (3200) Phaethon (Kareta
et al., 2018a). Rayleigh-like scattering is one of the possibilities that have been formulated to
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explain the peculiar B-type spectra (Beck and Poch, 2021), following experiments designed to
explain the spectral bluing of selected crater ejecta on 1-Ceres (Schroder et al., 2021).

Besides being spectrally blue, the spectra of B-type asteroids present a convex shape,
reminiscent of the Rayleigh-like scattering observed for some of our samples. In Figure 13a
we plot the normalized spectra of these three B-type asteroids against the most spectrally
similar mixtures of olivine and iron sulfide that we prepared. Pallas and Phaethon are spectrally
bluer than Bennu, which would be consistent with a higher volume fraction of opaque minerals
on Bennu (but other explanations are possible: this could also be due to different constituents

having different optical indexes, or to different rock porosities).
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Figure 13: Comparison of normalized Vis-NIR reflectance spectra of asteroids with some of mixtures of sub-
pum grains. (a) Vis-NIR spectra of three B-type asteroids (101995) Bennu (Hamilton et al., 2019a), (2) Pallas
(DeMeo et al., 2009) and (3200) Phaethon (Kareta et al., 2018a) and the most similar ones in terms of
spectral shape measured on Olivine-FeS sub-pm mixtures, all normalized at 1.4 um. Pallas and Phaethon
are spectrally bluer than Bennu, which would be consistent with a lower volume fraction of opaque materials
on their surfaces (but other explanations, for example differences of constituents or porosity, are also
possible). (b) Vis-NIR spectra of the D-type Jupiter Trojan (624) Hektor (Emery and Brown, 2003) and the
most similar ones in terms of spectral shape measured on Olivine-FeS and Olivine-Anthracite sub-pum
mixtures, all normalized at 2.2 um. The spectral shape varies strongly depending on the nature of the opaque
material, and only the mixtures containing very high proportions of opaques have spectral slopes closest to
D-type asteroids. The spectral slope of D-types may be explained by the presence of other constituents,
possibly having different size distributions, and/or different micro-porosity, and/or by space weathering of
their surface.

However, a proportion of about 40 to 60 vol% of opaque minerals on Bennu is
significantly higher that what is found for proposed spectral analogues of Bennu. These

analogues includes CM and CR Chondrites (Hamilton et al., 2022), whose FeS fraction is
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typically of the order of several to 10 vol% (Howard et al., 2011). Nevertheless, it is well known
that the reflectance spectra of intimate binary mixtures are extremely dependent on the relative
grain size of the two constituents (see for instance Pommerol and Schmidt, 2008). Mixtures of
hyperfine opaques with larger grained silicates may produce a spectral bluing, together with a
darkening, for a much lower fraction of opaques. We should also remark that while spectral
analogues of Bennu may be found in databases, spectra obtained on textural analogues are
scarce if not absent in the literature. Based on orbital observation, the surface of Bennu
resembles a rubble-pile, that seems to be covered by angular rocks rather than fine grained-
regolith. However, mid-infrared observations suggest that these rocks are substantially porous
(Rozitis et al., 2020). As a consequence, meteorites, that need some strength to survive
atmospheric entry, do not seem to provide good textural analogue. Our mixtures are
unconsolidated aggregates of hyperfine grains, but they show that the presence of dispersed
hyperfine grained opaques in these porous rocks could provide an explanation for the blue slope
of Bennu. We note that consolidation of particulate media can induce darkening (Schroder et

al., 2017), and possibly other spectral changes, which would need to be studied further.

4.4 Hyperfine grains and MIR emissivity features

In the MIR spectral range, silicates present strong optical absorptions related to Si-O
vibrations (stretching around 10 um and bending at longer wavelength). As a consequence,
silicate absorptions bands of powders with “large” grain size (> 20 um) observed in this
spectral range are often an interplay of surface and volume scattering, as is usually the case for
strong absorption bands (Hapke, 2012). Also, grain size will not only change the intensity of
the spectral features (such as restrahlen bands, transparency bands, and the Christensen
feature), but also their position (Salisbury and Wald, 1991; Mustard and Hays, 1997).

In the case when grain size is decreased below the wavelength, the scattering
efficiencies of grains decreases, as well as their single scattering albedo. Consequently, photons
will penetrate deeper in the samples, and have an increase likelihood to be absorbed before
exiting the sample toward the observer. As studied experimentally in Mustard and Hays (1997),
and confirmed here for even smaller grains, decreasing grain size below the wavelength leads
to an overall flat and very low reflectance of olivine in the mid-infrared spectral range. In the

case of our hyperfine olivine powder, reflectance is below 3 % above 6 pum.

30



In the case of the hyperfine powders of “opaques” studied here, iron sulfide and
anthracite, the behaviour should be virtually identical to that of olivine. If the grains size is
small enough, we might also expect a Rayleigh-like behaviour for individual grains, leading to
a very low reflectance of the sample. However, the reflectance of our pure opaques is not as
low as the hyperfine olivine. This is possibly explained by the fact that the critical grain
diameter, the diameter for which a powder shows a strong decrease of reflectance (Mustard
and Hays, 1997), depends on the refractive index of the material. Another important point is
that we are studying particulate samples, and that particles may behave collectively. A photon
of 10-um wavelength may sense a continuous medium (i.e. effective media theory) rather than
a “cloud” of isolated hyperfine grains.

When hyperfine olivine is mixed with KBr, it was found here that the resulting
reflectance spectra show pronounced spectral features of olivine, which would result in a strong
10-um emissivity feature according to Kirchoff’s law. This effect can be explained by the fact
that the large KBr grains are dispersing and isolating the hyperfine grains of olivine and they
scatter light, unlike larger olivine grains, enabling photons to escape the sample. Because some
of these escaping photons will have interacted with olivine grains, the olivine signature is
imprinted on the measured signal. We should then remark that using KBr powder to simulate
porosity is not a valid approach, since while not absorbing, it still strongly influences radiative
transfer through scattering. In order to simulate porosity with KBr, one needs to prepare the
sample as pressed pellet in order to minimize scattering by the salt.

We propose that the effect of mixing olivine with sulfide and anthracite is somehow
similar to that of mixing with KBr powder, but with a smaller magnitude. Moreover, the sub-
micrometre-sized olivine grains are de-agglomerated and isolated from each other when mixed
with opaque grains, as in a “cloud” of isolated hyperfine olivine grains. The opaque grains
enable photons to escape the sample, and some of those will have interacted with olivine grains
in the mixture. As a consequence, the obtained spectrum is reminiscent of an olivine absorption

spectrum as seen in Figure 8.

4.5 On the origin of emissivity spectral features on primitive small bodies

Mid-infrared spectra of many objects of different spectral types (C, D- and P-types
asteroids, comets) and from several dynamical reservoirs (Jupiter Trojans, Main Belt) exhibit
10-um emissivity features. In Figure 14 we compare emissivity spectra from astronomical
observations of several objects to “1-Reflectance” spectra of our mixtures of olivine and iron

sulfide. According to the Kirchoff’s law, “1-Reflectance” corresponds to the emissivity if the
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measured reflectance is the hemispherical reflectance (Hapke, 2012). Here, we have measured
the biconal reflectance so band positions should be the same, but contrasts (absolute and
relative) can be different compared to emissivity spectra (Salisbury et al., 1991). We can
observe a fair match of the 10-um feature between the observations and the mixtures containing
between 10 to 40 vol% olivine. We can however notice that the emission feature is broader for
the astronomical observations than for these mixtures. This difference is likely due to the
presence of amorphous silicates (see for instance models of ejected dust from Tempel-1 by
Gicquel et al., 2012) and crystalline pyroxene (present in anhydrous CP-IDPs, see Brunetto et
al., 2011) on P/D-type asteroids and in cometary dust, which are absent in our samples.

The samples studied here have macro- and micro-porosities lower than 78%, more
compact than “fairy castle” hyperporous (80-99%) ones, but still exhibiting a silicate signature
at 10 um as observed in MIR spectra of P/D-type asteroids and cometary dust tails. We propose
that, in both cases, an optical isolation of olivine grains occurred, either by vacuum in the case
of cometary dust tails, or by opaque grains and vacuum in the case of P/D-type asteroids. We
should note that the strength of the emissivity feature we measured in the laboratory is at the
percent level. As seen in Figure 14, this is of the order of what is observed for some D-type
objects like (515) Athalia (~3-4 %, Licandro et al., 2012), but not as high as the strength of the
emissivity feature observed for some Trojans (of the order of 10 %, Emery et al., 2006). The
relative grains sizes of the opaque and silicate materials may have an impact on the intensity
of the feature. In addition, while high surface porosity does not seem to be required to produce

an emissivity feature, it may have an impact on its magnitude.

4.6 On the origin of red spectral slopes on primitive small bodies

The mixtures containing 10 to 40 vol% olivine are the ones exhibiting a 10-um feature
(Figure 14) and also a red (positive) Vis-NIR spectral slope (Figure 5a, Figure 13b). However,
as for the 10-um feature, the shape and magnitude of the Vis-NIR spectral slope are different
from the ones of P/D-type asteroids (Figure 13b). Only mixtures with excessively high
proportions of opaque grains (80-100 vol%) reproduce the magnitude of the spectral slope.
These proportions are unrealistic (CP-IDPs contain < 40 vol% Fe-Ni sulfides, Bradley, 2014),
therefore other parameters control the Vis-NIR spectral slope of these bodies. These parameters
may be all or some of the following: other types of spectrally red and opaque materials, space
weathering reddening grain surfaces, higher micro-porosity, and different grain size

distributions than the samples studied here.
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In addition, the mixtures containing more realistic proportions of opaque grains do not
show the 1-um absorption band of olivine (Figure 3, Figure 4). Following these measurements,
it is normal that the 1- and 2-pum absorption bands due to silicates are absent on P/D-type

asteroids and comets spectra.
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Figure 14: Mid-infrared emission spectra of the coma of 17P/Holmes from Reach et al. (2010) (panel a), of
surfaces of a comet (10P/Tempel 1, from Kelley et al. (2017)) and of C and D-type asteroids (the spectra are
from Emery et al. (2006) for the D-type (624) Hektor, and Licandro et al. (2012) for the C-type (65) Cybele
and (515) Athalia) (panel b), compared to “1-Reflectance” spectra of mixtures of sub-pum grains of olivine
with iron sulfide or anthracite (panel ¢). The 10-um emissivity plateau is prominent on the asteroids ’ spectra.
A 10-um plateau is also observed at a similar position on the spectra of the mixtures containing 10 to 50
vol% olivine. The vertical red dashed lines indicate maxima of absorption of olivine. We can notice that the
plateau on the asteroids and comets spectra extends to lower wavelengths (from 8 to 12 um) than on the
measured spectra (from 9.5 to 12 um). This is related to the presence of other types of silicates, widening
the 10-um feature on small bodies spectra. The contrast between the plateau and the continuum is at the
percent level for the mixtures, and ranges from 1 to 10 % for small bodies. These differences may be due to
variations of relative grain sizes of opaques and silicates, and/or of porosity.
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4.7 Summary: combination of Vis-NIR, MIR spectral and Vis polarimetric properties

With the Vis-NIR, MIR spectral and Vis polarimetric measurements in hand, we can
try to retrieve information regarding surfaces compositions and textures of B, C and D type
objects.

By comparing the measurements from Vis-NIR and MIR, we observe that the mixtures
exhibiting blue-sloped spectra in the Vis-NIR also lack a 10-pm emissivity plateau in the MIR,
whereas surfaces presenting reddish slopes in the Vis-NIR exhibit a 10-pum emissivity plateau
inthe MIR. In Figure 15, we compile optical spectra in the Vis-NIR and in the MIR of cometary
nuclei and asteroids. Similarly to our analogues, we observe an anti-correlation between the
presence of the plateau in the MIR and the blue slope in the Vis-NIR when conjugating the two
spectral ranges. Bennu spectrum in the Vis-NIR is indeed characterized by a blue slope between
0.4 and 2 um, but its MIR spectrum is lacking any emissivity plateau. On the contrary, the
Trojan asteroids, spectrally red in the Vis-NIR, do present a highly contrasted plateau between
8 and 12 pm.

These experimental data reveal that optical separation of sub-pum grains is a major
parameter controlling the optical properties of low-albedo small bodies. For the samples
considered here, this optical separation is obtained by mixing at extreme proportions two sub-
pm materials having contrasted optical indexes in the Vis-NIR and MIR. But such an optical
separation may also be provided by the porosity of the medium. Surfaces made of sub-pum
opaque grains optically isolated (by a matrix of brighter grains, and/or by porosity) tend to have
a blue spectral slope in the Vis-NIR and lack a 10-um plateau. As larger aggregates of opaque
grains are formed (by increasing their proportion in mixture, and/or by decreasing the medium
porosity) they do not scatter light in the Rayleigh regime anymore, but they absorb the light,
and the spectra become more neutral to red. These opaque grains responsible for the absorption
in the Vis-NIR are more reflective than silicates in the MIR, so that surfaces made of sub-um
silicate grains optically isolated (by these more reflective grains, and/or by porosity) tend to
have redder Vis-NIR spectra and display a 10-um plateau.

Polarimetric parameters can be further added to this comparison. In the case of D-type
objects, the mixtures that are best spectral analogues in the Vis-NIR and MIR (Fig. 15) seem
to have close polarimetric properties as well (Fig. 10). The fact that the combination of these
three optical properties provides a good match to the observation of D-type asteroids builds a
very strong case for the fact that heterogeneous aggregates of hyperfine grains having
contrasted optical properties are essential for explaining the D-type asteroid optical properties.
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In the case of B-type asteroids, the polarimetric properties of the best spectral analogues
among our mixtures (olivine-FeS from 40:60 to 70:30 vol%, Fig. 15) display higher values of
|Pmin| and ainv than ground-based observations of these objects (Fig. 10). This may suggest that
the bluing may not be related to Rayleigh-like scattering for B-type asteroids, or that another
phase or process plays a role in their polarimetric phase dependence without significantly
impacting their reflectance spectra. In the case of Phaethon, polarimetric curves up to high-
phase angles have been obtained (Ito et al., 2018) and the positive branch is well constrained.
The polarization degree is of about 20 % for a phase angle of 63°, which is close to the value
obtained (around 17-18 %, Fig. 10) for the mixtures that best match its reflectance spectra
(olivine-FeS 60:40 to 70:30 vol%, Fig. 13). The reflectance of these mixture are of 0.077 and
0.066 that convert to equivalent albedos of 0.087 and 0.073 using the law derived in Beck et
al. (2021), and are slightly higher than the average of B-types in DeMeo and Carry (2013)
(0.071 £ 0.033 with a mode at 0.061 £+ 0.21).
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Figure 15: Comparison of the spectra of mixtures of sub-um grains of Olivine and FeS (a, b), with Vis-
NIR reflectance spectra and MIR emission spectra of small bodies (c, d). In the mixtures with low
proportions of opaques, the Vis-NIR spectral slope is blue due to Rayleigh-like scattering by isolated
opaque sub-pum grains. In mixtures with higher proportions of opaques, the Vis-NIR slope becomes
redder as the size of the opaque aggregates increases. As the proportion of opaques increases, the
silicate grains are de-agglomerated and isolated, de-saturating the silicate absorption bands in the
MIR and resulting in the emergence of the 10-um plateau. Spectra of B-type asteroids (Phaethon,
Pallas, Bennu) have a blue Vis-NIR slope and lack a 10-um plateau, whereas spectra of P/D/X/C-type
asteroids (Hektor, Agamemnon) and comets have a Vis-NIR red slope and a 10-um plateau. The
comparison with the mixtures suggests that variations of the degree of dispersion/aggregation of sub-
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pum grains in the surface material of asteroids and comets is a major parameter explaining the
variations of their spectral properties. Vis-NIR spectra are from Kareta et al. (2018b) for Phaethon,
Rivkin and DeMeo (2019) for Pallas, Hamilton et al. (2019b) for Bennu, the SMASS/MIT database for
Cybele, Raponi et al. (2020) for comet 67P/C.G., Campins et al. (2006) for comet 162P, Emery and
Brown (2003) for Hektor and Agamemnon. MIR spectra are from Lim et al., (2019) for Phaethon, Lim
et al. (2005) for Pallas, Hamilton et al. (2019b) for Bennu, Licandro et al. (2011) for Cybele, and Emery
et al. (2006) for Hektor and Agamemnon.

5. Conclusion

This work was aimed to test the hypothesis that hyperfine grains control, or have a
significant contribution, to the spectral and polarimetric properties of primitive bodies of the
Solar system. We prepared and measured the properties of mixtures of bright and opaque
materials of sub-micrometric grains at different concentrations. We draw the following

observations and conclusions:

- Mixtures of opaques and silicates in the realm of hyperfine grains (< 1 um) reveal a non-
linear behaviour. While the strong darkening effect of very fine opaques mixed with larger
translucent grains has been shown in several earlier studies, we show that this effect also occurs
when mixing hyperfine grains of opaques with hyperfine grains of silicates. Notably, a small
amount of opaque material (> 1-5 vol%) is sufficient to mask the absorption bands of silicates

in the Vis-NIR, explaining their absence on P/D-type asteroids and comets spectra.

- Relatively low amounts of opaques mixed with the silicates can produce a strong bluing in
the visible range. By performing an analysis similar to Brown (2014) we show that this bluing

is likely due to a Rayleigh-like scattering in our particulate sample.

- The polarimetric phase curves of these mixtures show a highly non-linear behaviour with
increasing fraction of opaques at low phase angles, i.e. in the negative branch. The |Pmin| value
is always higher for the mixtures than for the endmembers. The |Pmin| Value is highest for the
mixture of olivine 90 vol% and opaque iron sulfide (FeS) 10 vol% and then progressively
decreases with increasing FeS content. The inversion angle decreases from the pure olivine to

the olivine 90 % and FeS 10 %, then increases for the 50:50 % mixture, then decreases
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progressively toward the pure FeS value. At high phase angles, i.e. in the positive branch, the

intensity of linear polarization value is roughly correlated with the reflectance.

- Emissivity calculated in the MIR from Kirchoff’s law for these hyperfine mixtures can show
a 10-um emissivity peak that resembles the silicate signature observed in transmission (i.e.
with no contribution from the real part of the optical constant). We explain this observation by
an optical separation of silicate grains by opaque grains, and a diffusion of the MIR light by
the opaque grains, enabling photons to escape after some absorption by silicate grains. This
effect is similar to observation when mixing silicate with infrared-transparent salt to simulate
porosity, as observed in previous works (King et al., 2011; Yang et al., 2013; Izawa et al.,
2021). However, while mixtures with KBr are very reflective, mixtures with FeS have a much
lower reflectance, compatible with the low reflectance and high emissivity values observed on

small bodies.

- The separation of silicate grains, not only by vacuum (elevated micro-rugosity and/or micro-
porosity) but also by opaque grains, can explain the peculiar emissivity spectra of P/D-type
asteroids and their resemblance to emission spectra from cometary dust tails. Opaque grains
(opaque in the visible) in fine-grained mixtures contribute to isolate optically individual silicate
grains and reduce optical path length within the silicate phase. These measurements show that
the quality of the P/D-type asteroid spectra in terms of the 10-um emissivity plateau is
explained with hyperfine opaques, but not the spectral contrast. The polarimetric properties of
some of our MIR spectral analogues are similar (but not strictly identical) to those measured

for P/D-type asteroid surfaces.

- Rayleigh-like scattering as observed in our mixture may explain the spectra of B-type
asteroids. Our mixtures exhibiting Rayleigh-like scattering have MIR spectra that do not show
the silicate 10-pm emission plateau, in agreement with MIR spectra of the B-type Bennu. The
positive branch of polarization is similar to that of the B-type Phaethon, but the negative branch
is different from those measured for B-type asteroids. Although Bennu appears to be made of
rocks and not fine-grained regolith, the presence of dispersed hyperfine grained opaques in
these porous rocks could provide an explanation for its blue spectral slope. To improve the
analogy with B-types, future studies should investigate how different degrees of consolidation

of mixtures of hyperfine grains influence their spectra.
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- Our measurements suggest that the apparent correlation of NIR slope with 10-um plateau
observed on P/D/X/C- and B-types (Emery et al., 2011; Marchis et al., 2012; Beck and Poch,
2021) could be due to different degrees of dispersion/aggregation of sub-pum grains of silicate
and opaque materials at their surfaces.

Finally, the mixtures we measured that resemble the comets and P/D-type asteroids
spectra best contain a large proportion of opaque minerals (50-90 vol%), which is unrealistic
for these objects. CP-1DPs whose spectra match very well these objects (Vernazza et al., 2015)
contain less than 40 vol% of Fe-Ni sulfides (Bradley, 2014). However and interestingly, CP-
IDPs contain a proportion of crystalline silicates (~20-50 vol%, Alexander et al., 2007) similar
to the mixtures bearing the best resemblance to the observations (10-50 vol%). In our mixtures,
the optical separation of crystalline silicate grains may be quantitatively similar to CP-IDPs,
but the compositional and textural parameters controlling the separation are different. Indeed,
our mixtures lack important characteristics of CP-IDPs: (1) analogous carbonaceous materials
and other components, (2) fluffy microstructures, (3) grain size distributions from 0.1 um to
several micrometres, and cementing semi-continuous matrixes. Some of these characteristics
and possibly others (i.e. space weathering) could also explain why the shape and magnitude of
the Vis-NIR spectral slope and of the 10-um feature are different between the samples studied
here and the comets and P/D-type asteroids (Figure 13b, Figure 14). Future experiments aiming
at understanding the optical properties of primitive small bodies should thus be dedicated to
the production and measurement of mixtures having more realistic composition and texture

(different grain size distributions, higher micro-porosity etc.).
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Supplementary Figure 1: Reflectance spectra of the mixtures of sub-pum grains of olivine and
iron sulfide. From 0.5 to 4.2 um, the spectra were measured with the SHADOWS goniometer,
and from 2.0 to 20 pm the spectra were measured with a FTIR goniometer. To produce this
plot, the spectra measured with the FTIR goniometer were scaled on the absolute reflectance
level measured by the SHADOWS goniometer at wavelength between 2.5 to 4.0 um depending

on the spectrum.
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Supplementary Figure 2: Reflectance spectra of the mixtures of sub-um grains of olivine and
anthracite. From 0.5 to 4.2 um, the spectra were measured with the SHADOWS goniometer,
and from 2.0 to 20 pum the spectra were measured with a FTIR goniometer. To produce this
plot, the spectra measured with the FTIR goniometer were scaled on the absolute reflectance

level measured by the SHADOWS goniometer at wavelength between 2.5 to 4.0 um depending

on the spectrum.
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Supplementary Figure 3: Size distributions of the powders produced and measured in this
study. The red curves are lognormal functions fitting the data. Table 1 shows the mean,

standard deviation, median and maximal sizes of the grains.
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