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A B S T R A C T

Near future missions to Near Earth Asteroids could provide new information exploiting the middle-infrared (2.5–25 μm) region, as at the temperature range of as-
teroids at Earth’ solar distance the maximal energy is emitted in this region. The IR range is ideal for the analysis and separation of various silicate types. This work
reviews the background knowledge and evaluates the possibilities for mineral identification using high resolution laboratory data. Examples are presented using
laboratory based meteorite powder data to evaluate the possibility for identification of plagioclase, estimation on the Mg/(Mg þ Fe) ratio and other characteristics.
The expected peak position shift from temperature differences on a rotating asteroid might be below 0.01 μm, while the fine structure of bands requires high spectral
resolution as well. However, with moderate resolution, the analysis of three main minerals is still possible, focusing at the range of 12.5–9.09 μm (800-1100 cm�1)
with spectral resolution of about 0.08 μm (10 cm�1), to identify the expected main bands of olivine, pyroxene and feldspars.

An infrared camera at small orbital distance around the target could resolve fine powder covered areas like dust ponds or separate blocks. For this task an angular
resolution below 0.05� might be required. Such observations would provide a wide range of important data both on surface composition, granular processes and space
weathering on asteroid surfaces. However, further targeted laboratory analysis is necessary, especially using pure minerals of different grain size and meteorite powder
mixtures.
1. Introduction

The analysis of Near Earth Asteroids is of high importance partly
because these objects are easily accessible for spacecraft (Michel et al.,
2014), and samples could be returned on moderate cost (Duffard et al.,
2011; Fujiwara et al., 2000; Lauretta et al., 2017). The other main reason
for their analysis is the preparation for asteroid deflection to avoid a
possible impact (Chapman, 1994; Cheng et al., 2016; Losiak et al., 2017;
Perna et al., 2013).

This paper focuses on the mid-infrared observational possibilities
to prepare thermal infrared observations for the HERA (formerly named
AIM, Michel et al., 2016, 2018) mission of ESA that targets the Didymos
double asteroid, also the target of the NASA DART impacting mission
(Cheng et al., 2017; Stickle et al., 2016). This work investigates the
required resolution and expected band positions for a sophisticated
infrared detector in the future. Below we outline the expected scientific
return of a high performance mid-infrared detector as part of the scien-
tific payload of this mission. We identify the ideal conditions of
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observation, including the design of the instrument and planning of ob-
servations. Such a camera could be used for simultaneously retrieving
temperature, thermal inertia, mineral composition and rock shape of the
Didymos surface. In addition it would aid spacecraft navigation (Foglia
Manzillo et al., 2018).

High-resolution asteroid observations in the infrared are important
not only for surface processes on small bodies but also for planets, as they
could provide insight into the formation and geological evolution of
different bodies (Blichert-Toft and Albar�ede, 1997; Fintor et al., 2014;
Greenwood et al., 2005; Gurgurewicz et al., 2009; MacPherson et al.,
1995; Maturilli et al., 2006; Munoz Caro and Martinez-Frias, 2007), and
also on the asteroid-meteorite connection (Beck et al., 2010; Nesvorný
et al., 2009; Przylibski e al. 2005). Further overview of our current
knowledge is presented in the next section.
1.1. Overview of current knowledge

This section is separated into three parts: 1. information on the
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spectral analysis and mineral determination by the IR DRIFT method in
laboratories, 2. on the spectral characteristics of meteorite powders, and
3. on the related spectral properties of analysed asteroids. For asteroids
diffuse reflection is the relevant process for incoming infrared radiation,
where incident rays are reflected at many angles, rather than at just one
angle as in the case of specular reflection (Wang et al., 2004).

Infrared radiation (IR) has longer wavelengths than those of visible
light (0.7–500 μm ¼ 14000-20 cm�1), including the most important
range for analytical chemistry between 50 and 2.5 μm (200-4000 cm�1),
while 15.4–7.7 μm (650-1300 cm�1) is called fingerprint region. The
infrared spectroscopy is based on the interaction of infrared radiation
and matter and able to identify chemical bonds in a molecule, depending
on the types of interaction (e.g., transmission, reflection) between the
sample and the IR radiation.

Infrared absorption peaks correspond to the frequencies of vibrations
between bonds of atoms. Thus the absorption bands at different wave-
lengths or wavenumbers are characteristic for specific material and allow
the identification of minerals of meteorites and asteroids. The detection
capabilities of the near-infrared (VIS-NIR, 0.4–2.5 μm) and the less
frequently used mid-infrared (MIR, 2.5–25 μm) ranges are slightly
different. The VIS-NIR (0.4–1 μm) region is especially important for iron-
oxide identification. The NIR region (1–2.5 μm) is fundamental in
identifying and discriminating between micas, chlorites, carbonates and
clay minerals, through its ability to detect hydroxyl and carbonate bond
related vibrations. In the MIR region many fundamental absorption
features related to OH bonds occur, and provide possibility for identifi-
cation of tectosilicates, oxides and sulphide minerals (Morlok et al.,
2010). Spectral libraries support the interpretation of IR spectra
(Donaldson Hanna et al., 2012).

Analysis of different meteorites and meteorite minerals is important
to get information on the surface characteristics of asteroids. The most
common minerals of undifferentiated meteorites are olivine, pyroxene
and plagioclase feldspar. Their distinct and strong spectral features may
be slightly distorted by contaminating H2O, but the IR peaks often help to
distinguish between different types of them (Salisbury et al., 1991) (for
specific values see the Results section). Understanding of peak positions
was improved by the analysis of synthetic minerals (Hofmeister and
Pitman, 2007). Detailed correlations of composition with spectral char-
acteristics have been described for main meteorite minerals like olivine
or pyroxene (Hamilton, 2000a; 2000b). Among the carbonaceous chon-
drites CI and CM groups showed variability in the shape of the silicate
features related to the increasing extent of aqueous alteration (Beck et al.,
2014). The broad absorption feature in the 10-13-μm region of CM/CI
meteorites is due to Mg-rich phyllosilicates and unaltered olivine
(McFadden et al., 2015), its changes with total phyllosilicate abundance
from shorter in less altered meteorites to a longer wavelength in the
highly altered meteorites. Comparing the visible to near-infrared (VNIR)
and thermal infrared (TIR) spectral ranges the differences between the
mineral mixtures and surveyed meteorites could be identified. They arise
from the differences in the types and physical disposition of constituents,
and also from albedo differences (Donaldson Hanna et al., 2019). In
meteorite spectra the most significant absorption band is often the O–H
stretching vibration feature and the H–O–H bending vibration when
molecular water is present (Salisbury et al., 1991). The later water
content might emerge in different crystalline positon, could be even not
embedded in the mineral lattice. Especially this later could be an artefact
from the observing conditions in Earth laboratories if the sample is not
preheated (G�obi et al., 2014).Similar spectral features also can derive
from hydrous magma or different types of fluids and might exist in
minerals at structural defects or as fluid inclusions. Absorption features in
the MIR related to O–H stretching vibration emerging in the spectra
around 3000-3500 cm�1. Crystalline water produces band about
3400–3650 cm�1, solid ice also appears about 3200–3600 cm�1, and
adsorbed water band appears about 3700–3800 cm�1.

Beside the above listed findings, the reference data for analysis of
minerals based on infrared spectra are also useful as background, and
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should be used during the planning of instruments and interpretation of
results. A summary of the largest database is given in Table 1. The results
presented in this work are often less detailed (for example in spectral
resolution or target material component information) than these data-
bases, in order to demonstrate which aspects should a simple IR detector
focus on for mineral identification in the future of asteroid exploration.

While the above listed databases are highly useful, they might be
further developed to ideally support the interpretation of asteroid spec-
tral observations expected to be gained in the near future. For example, in
the known infrared spectral databases there are few spectra of mineral
and meteorite mixtures (powder-powder mixture, or different grain size
powders or powder-chips mixtures), as in the case of real asteroids
mixtures might be present. There are only a few mineral spectra which
are measured at different temperatures (in SSHADE). In the NASA JPL
Ecostress and USGS spectral databases most of the measured meteorites
are fine grained, there are no single different (larger) grain size meteorite
spectra. These aspects suggest it is worth evaluating further laboratory
tests to enlarge the range of reference data types.

1.1.1. Asteroid spectral taxonomy
Several taxonomy systems have been published to classify asteroids

using the optical and infrared spectral properties. Chapman et al. (1975)
developed a relatively simple taxonomic system based on colour, albedo,
and spectral shape, classifying the asteroids to “C" for dark carbonaceous
(C), stony (S), other as “U" class (that did not fit into either C or S). This
classification has since been expanded and improved, and various other
systems have been also proposed. Widely used is the Bus-DeMeo asteroid
taxonomy classification, described in DeMeo et al. (2009), and presented
online as DeMeo 2009. It is based on the reflectance spectral character-
istics of 371 asteroids recorded between 0.45 and 2.45 μm. It established
24 classes based on principal component analysis, following the visible
wavelength based taxonomy of Bus et al. (1999), which itself supported
by the earlier Tholen (1984) system. The Small Solar System Objects
Spectroscopic Survey (S3OS2 or Lazzaro classification, Lazzaro et al.,
2004), grouping 820 asteroids, also uses the Tholen and Bus–Binzel
taxonomy. The SMASS classification (Bus et al., 2002a, 2002b) is also
closer related to these earlier ones, classifying 1447 asteroids, and using
also narrower spectral features than before. The improvement of classi-
fication systems (DeMeo and Carry, 2013) is based on the increasing
number of observations, the increase of covered range and improvement
spectral resolution. The latest (and next expected) improvements will
cover the middle- and far-infrared ranges too, where more compositional
data is expected to be gained – this work is to review the observational
possibilities related to this less exploited range.

1.1.2. Telescopic asteroid spectral observations
Infrared observations of asteroids have been utilized for a long

period, first mainly for size estimation with the help of albedo determi-
nation (Harris, 1998), and recently also for the estimation of regolith
properties and composition (Clark et al., 2002). In the thermal infrared
region (5–30 μm) fundamental modes of silicate Si–O bounds are present,
providing information complementary to the visual and near-infrared
regions. Observations from the Earth surface using infrared techniques
are limited by atmospheric absorption, although there is an atmospheric
window at 5–20 μm, which shows important mineral features. However,
many telluric absorption bands are present in this region partly from
ozone, carbon-dioxide etc., and the sky itself is bright due to thermal
infrared radiation from the atmosphere, increasing the noise level.
Another reason for the generally poor spectra is the space weathering of
asteroid surfaces (Noguchi et al., 2011).

Asteroid mineralogy has mainly been based on visible to near-
infrared spectroscopy. Certain mineral species display diagnostic
near-infrared absorption features (e.g. pyroxene ~1 and ~2 μm, see
Gaffey et al., 2002), but not all of the major minerals. For example, the
silicate minerals thought to be the main constituents of asteroid surfaces
have major Si–O stretching bands in the 10 μm region. Particular types of



Table 1
Summary of the five largest databases that contain infrared spectral data of
minerals. Comments: *includes data from three other spectral libraries: Johns
Hopkins University (JHU), Jet Propulsion Laboratory (JPL), United States
Geological Survey (USGS - Reston).

Name Measurements Samples
included

Accessible
data types

Website URL

RELAB NUV, VIS, NIR
bidirectional
spectrometer
and NIR, MIR
FT-IR
spectrometer.

rocks,
minerals,
soils,
biological,
synthetic

spectra,
modal
mineralogy,

http://www
.planeta
ry.brown.e
du/relab/

ECOSTRESS
(former
ASTER)*

VNIR, SWIR,
TIR,
directional
hemispherical
reflectance,
bidirectional
reflectance
(2.08–25 μm)

mineral, rock,
manmade,
soil, lunar,
meteorite,
vegetation

spectrum,
ancillary
(sample type,
class,
subclass,
particle size,
wavelength
range, origin,
owner,
description,
XRD analysis)

https://sp
eclib.jpl.
nasa.gov/

ASU thermal
emission
spectrometer
(TES)

range of
natural
minerals

spectrum,
description
information
(composition,
sample
source,
quality, visual
inspection
results, bulk
ox-ides,
microprobe
oxides, X-ray
diffraction
analysis
results, and
particle size)

http://tes.la
.asu.edu/

USGS
Spectral
Library

spectral
reflectance,
UV-VIS-NIR,
MIR, FIR

minerals,
soils, coatings
on rock
surfaces,
liquids,
organics,
synthetic
materials,
biological
materials

spectra,
detailed
sample
descriptions
(results of
XRD, EPMA,
and other
analytical
methods)

https
://www.usgs
.gov/labs
/spec-lab

SSHADE range of
instruments,
including
optical,
infrared an X-
ray data

ices, minerals,
rocks, organic
and
carbonaceous
materials,
synthetic
materials,
liquids

spectra,
ancillary data,
detailed
information
on used
instruments
and
measurements

https
://www.ssh
ade.eu/
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minerals (e.g. the plagioclase feldspars) have useful diagnostic features
only in the MIR (Lim et al., 2005). Among the most important mid--
infrared spectral features there are 1. the Christiansen feature due to a
transition between the surface and volume scattering regime (Hapke,
1996), appearing as a reflectance minimum at about 7.5–9 μm in the case
of silicates, 2. the Restrahlen bands arise from fundamental molecular
vibrations as most incident radiation does not enter the sample but is
reflected at the first surface, resulting in a peak in the reflectance at about
8.5–12 μm by Si–O asymmetric stretching (however a less intense
Restrahlen band appears around 16.5–25 μm) and 3. Transparency
feature is located between two Restrahlen bands in the spectra of par-
ticulate silicates as a broad reflectance maximum and dependent on the
presence of small particles (<75 μm) and changing optical constants.
These features are diagnostic of the givenmineral (e.g. Logan et al., 1973;
Salisbury et al., 1991). It is also advantageous, that main-belt asteroids,
3

having surface temperatures between 200 and 300 K, emit thermal ra-
diation with spectral peaks in the 10–20 μm region. Thus mid-infrared
spectroscopy has the potential to complement the visible to
near-infrared data in asteroid exploration (Takahashi et al., 2011). Early
reports of mid-infrared spectroscopy of asteroids were published by
Gillett and Merrill (1975), Hansen (1976), Feierberg et al. (1983), and
Green et al. (1985), while Cohen et al. (1998), Dotto et al. (2000), Lim
et al. (2005) and Vernazza et al. (2010, 2012) established the modern
mid-infrared (5–14 μm, 5.8–11.6 μm, 8.2–13.2 μm) spectroscopy of
asteroids.

Analysis of surface mineralogy of asteroids enables the identifica-
tion of several meteorite parent bodies in the main asteroid belt, and the
determination of mineral chemistry and abundance in different meteorite
types. Ground-based characterization of small bodies, with the SpeX in-
strument in the NASA Infrared Telescope Facility (IRTF) on Mauna Kea
Hawaii enables the mineralogical characterization of asteroids down to
visual magnitude of 19 (Reddy et al., 2015). In addition to ground-based
observations there were a series of successful spacecraft missions, like
flybys of (2867) Steins, (21) Lutetia, (4129) Toutatis, (4) Vesta and
(25143) Itokawa. These missions provide data about the shape,
morphology and surface composition of these asteroids (Reddy et al.,
2015). With the Spitzer Space Telescope the Christiansen, the Restrahlen,
and the Transparency features were also detected for asteroids (2867)
Steins and (21) Lutetia (Barucci et al., 2008). Based on recent results,
even small asteroids seem to be covered by regolith and optical changes
occur along with the exposure of regolith by UV and ionizing irradiations
driven maturation process. Infrared measurements were often used for
thermal inertia calculation to allow the estimation if the surface layer
consists of loose or consolidated surface material (Campins et al., 2009).

Important new results also emerged by the MIR studies by the Spitzer
Space Telescope, mainly on the physical characteristics like diameter,
albedo and thermal inertia of asteroids (Mainzer et al., 2015). Spitzer IRS
spectra (5–38 μm) revealed broad emission features near 10 and 20 μm
on three Jovian Trojans, pointing to the presence of fine-grained silicates
(Emery et al., 2006), just like the plateau between 9 and 12 μm on eight
Themis-family asteroids and (65) Cybele (Licandro et al., 2011). The far
IR/submillimetre region also been used to constrain volatiles like water
vapour around Ceres approaching the perihelion (Kuppers et al., 2014).
In the case of asteroid (16) Psyche the MIR spectra pointed to metal rich
bedrock surface and fine grained silicates (Landsman et al., 2018).
Thermal analysis of the binary Trojan asteroid (617) Patroclus-Menoetius
pointed to the existence of fine grained regolith cover composed of sili-
cates based on emissivity features near 10–20 μm as in many Trojan
asteroids (Mueller et al., 2010; Emery et al., 2006).

The 8-12-μm mid-infrared spectra of (24) Themis and (90) Antiope
recorded by Spitzer pointed to (90) Antiope lacking a dusty surface, in
contrast to other Themis family members (Hargrove et al., 2015) or (21)
Lutetia (Lamy et al., 2010). For Themis family members the survey of the
10-μm silicate emission suggests these asteroids resemble meteorites
with low abundances of phyllosilicates (Landsman et al., 2016). The MIR
spectra of asteroid 956 Elisa showed a range of spectral features,
including 9–12 μm and 16–25 μm Reststrahlen bands (pointing to die-
genitic pyroxenes), and the 15–16.5 μm Si–O–Si stretching, while spec-
tral deconvolution of the 9–12 μm Reststrahlen features indicates up to
20% olivine is also present (Lim et al., 2011). In addition to asteroids, the
Mid-infrared spectral range has been observed in comets. For example,
MIR mineral observations revealed amorphous and crystalline silicates,
amorphous carbon, carbonates, phyllosilicates, polycyclic aromatic hy-
drocarbons, water gas and ice, and sulfides in the infrared spectra of the
ejecta of comet 9P/Tempel 1 during the Deep Impact event (Lisse et al.,
2006).

Space weathering also influences asteroid spectra, causing dark-
ening (Harris et al., 2009). Based on Vernazza et al. (2010) variability in
the MIR spectra is strongly influenced by space weathering effects beside
grain size, although surfaces are often covered by very porous materials
(Vernazza et al., 2012). During space weathering the amorphisation of
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silicates causes a shift of the 10 μm feature to longer wavelength, found
by irradiation tests of the Tagish Lake meteorite (Vernazza et al., 2013).
The laboratory simulation of solar wind irradiation of meteorites pro-
duced a shift of the phyllosilicates (about 3 and 10 μm) and silicates
(about 10 μm) bands toward longer wavelengths (Lantz et al., 2017).
Another project simulated solar wind implantation of carbonaceous
chondrites, and identified modification of adsorbed water content,
phyllosilicates and organic material too, and shift of the 9.9 μm silicates
band probably due to a preferential loss of Mg (relatively to Fe) or by
amorphisation of Mg-rich minerals (Lantz et al., 2015). They also indi-
cated that the reddening/darkening trend for carbonaceous chondrites
depends on the initial albedo. Another laboratory test with Allende CV3
chondrite and eucrite NWA 6966 meteorites pointed to a decrease of
infrared reflectance and overall spectral reddening possibly caused by
interplanetary dust impacts (Fiege et al., 2019).

1.1.3. Close-by asteroid spectral observations
Spatially resolved infrared spectral observations of recent missions

highlighted the importance of nearby spectral analysis from orbiters and
landers (Hamm et al., 2018), presenting a range of details, which could
not have been identified form far away. The boulder covered surface of
the C-type asteroid Ryugu was imaged by the Hayabusa-2 mission
(Michikami et al., 2019). At global scale Ryugu’ spectra seems to be flat,
with red slope (Sugimoto et al., 2019).The spectra showed few charac-
teristic features, among them the 2.72 μm band emerged at many loca-
tions of the surface (Riu et al., 2019), suggesting an OH component,
possibly from phyllosilicates. Comparison of the recorded spectra to
those of various carbonaceous chondrite meteorites (CM/CR/CI) sug-
gests that the material of Ryugu, although being hydrated, experienced a
certain level of heating and partial dehydration (Nakamura et al., 2019).
Based on thermal images from the TIR camera, most boulders in close-up
analysis showed temperature similar to the surroundings on average, but
with more variability probably due to the different insolation geometry
and thermal inertia (Okada et al., 2019).

The observations by the OSIRIS-REx of (101955) Bennu NEA,
revealed a carbonaceous surface covered by fine-grained (sub-cm)
regolith with bright decameter-scale boulders (Rizk et al., 2019). It is
having generally a low thermal inertia (Emery et al., 2019) with
increasing thermal inertia along with the albedo (Rozits et al., 2019a).
Few and small hazard-free surfaces were found (Lauretta et al., 2019)
including the equatorial area where fine grains have been suggested
earlier (Binzel et al., 2015). The asteroid has a low cohesion, rubble pile
interior (Barnouin et al., 2019). Spectral analysis revealed abundant
hydrated minerals on its surface (Hamilton et al., 2019), with absorption
near 2.7 μm and thermal infrared features similar to those of aqueously
altered CM-type carbonaceous chondrites of petrologic types 1–2, while a
spectral feature at 440 cm�1 (~22.7 μm) points to phyllosilicates,
although heating might have also influenced the body (de Le�on et al.,
2018). Parts of Bennu’s surface could have become blue due to space
weathering, while fresher areas are redder (Lanzt et al., 2018).

2. Methods

This section provides an overview of the DRIFT based infrared
method including the specific instrumental setup used for the recording
of spectra by the authors. This papers focuses on the middle infrared
region to support the planned future asteroid observations by helping in
the fine adjustment of detector design, observational planning and tar-
geting the data acquisition. DRIFTs (diffuse reflectance infrared Fourier
transform spectroscopy) is an infrared sampling method, using a
complex process, which covers absorption, transmission, internal
reflection, specular (regular and Fresnel type) reflections and diffusion.
DRIFTs is mainly used to analyse powders and solid samples (Fuller and
Griffiths, 1978), and the recorded spectra primarily serve the purpose of
qualitative analysis, but it also provides quantitative information
using the characteristic bands. The specific properties of the material
4

influence the quality of the DRIFT spectrum: refractive index of the
sample, grain size, packing density, homogeneity, concentration and also
measuring conditions (Armaroli et al., 2004).

The DRIFT instrument operates by directing the IR radiation into a
sample cup, where it interacts with the grains, gets reflected off their
surfaces, causing the light to diffuse or scatter, as it moves throughout the
sample (Drochner and Vogel, 2012). The IR radiation is reflected on the
sample surface in all directions, therefore DRIFTs requires a special
mirror arrangement (Fraser and Griffiths, 1990; Korte, 1990; Kortüm and
Delfs, 1964; Mitchell, 1993). The outputmirror then directs this scattered
radiation to the detector in the spectrometer to record the altered IR
beam as an interferogram signal, which can then be used to generate a
spectrum. Typically, a background is collected with the DRIFTs accessory
in place and the cup is empty or filled with just KBr material.

The reflection on sample surfaces or powdered samples is sub-
divided into different categories (Mitchell, 1993). There are external
(reflection of radiation on surfaces) and internal (the reflection occurs at
the border between two condensed phases) reflections. For external re-
flections, there are specular and diffuse types. Reflection at boundary
layers are not oriented parallel to the “macroscopic” surfaces. The single
and multiple reflections thereby lead to a diffuse component of Fresnel
reflection. Reflection on rough surfaces produces diffuse reflection. In
contrast to the simple specular reflection, diffuse reflection has no defi-
nite orientation. The Fresnel type reflection can influence the resolution
by smearing out the bands by the Fresnel reflection and cause the shift or
distortion of particular bands. The diffuse and specular reflections are not
optically isolable, therefore diverse models exist for the quantitative
description of diffuse reflection (Dahm and Dahm, 2007; Gade et al.,
1987; Hecht, 1976; Kortüm, 1969; Mandelis et al., 1991; Melamed, 1963;
Simmons, 1975); the most commonly used is the Kubelka-Munk model
(Smith, 2011).

For useful measurements the grain size must be smaller than the
wavelength of the incident IR radiation (MIR region <5–10 μm), what
might be a potential problem that small asteroids surfaces seem to be
dominated by larger grains. Temperature also influences the position,
width and intensity of bands in the spectrum. With increasing tempera-
ture the bands get broader and weaker, some bands are lost, and all the
bands are usually shifted to longer wavelengths. These effects are due to
diffusion of the infrared beam on the sample, which increases with
increasing temperature and the signal-to-noise ratio decreases accord-
ingly (Armaroli et al., 2004).

Although DRIFT is useful for quality analysis of minerals, it is worth
mentioning that it is not ideal for quantitative analysis, and this method
also introduces artefacts in the band shapes due to polarisation and
orientation effects, however this effects could be partly corrected. In the
DRIFT spectrum there is no linear correlation between band intensity and
concentration, however the Kubelka-Munk expression (Wendland and
Hecht, 1966; Kortüm, 1969; Kubelka and Munk, 1931; Kubelka, 1948;
Hecht, 1980) makes a linear approach between the spectral intensity and
sample concentration. Mid-infrared (2.5–25/μm) reflectance spectra of
minerals are sometimes used to predict emittance qualitatively through
Kirchhoff’s law. These spectra display weak overtone and combination
tone bands, which may be as diagnostic of composition as the strong
fundamental molecular vibration bands usually considered for remote
sensing applications (Salisbury et al., 1987), while the emission spec-
troscopy technique allows for direct, quantitative comparison of labo-
ratory spectra to remote sensing data sets (Christiansen et al., 2000).

For our measurements we used a DRIFTs instrument, which is con-
nected to a Vertex FTIR 70 infrared spectrometer, and composed of a
PrayingMantis diffuse reflectance accessory and a reaction chamber with
tuneable temperature (�150 … þ600 �C) – however several measure-
ments listed here have been done at room temperature. The measure-
ments usually were performed with the following parameters: spectral
resolution: 0.04 μm (4 cm�1), number of scans: 256, covered wavelength
range: 2.5–25 μm (4000-400 cm�1). Before the measurements the
meteorite materials were grinded down to 10–50 μm diameter powder,
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and dried by keeping them at þ120 �C for 12 h in the oven.
To get a general overview of spectral characteristics in the MIR region

powders of four meteorites were analysed (Table 2): NWA 869 is an L4-6
chondrite, Jiddat al Harasis 055 (JAH 055) is also an L4-5 chondrite
(examples of the most common ordinary chondrite type), and the NWA
11469 is a CO3 and Allende is a CV3 type carbonaceous chondrite, also
relatively common meteorite. All samples were grinded to fine powder
size with most grains below 20 μm to gain good quality spectra in the
middle infrared range, however in reality larger grains on small asteroids
might require further developed of simulants. To support the mineral
interpretation, pure olivine, pyroxene, and feldspar standard samples and
literature based references were also used in this work.

Control measurements using powder diffraction method was also
applied to have an independent estimation on the mineral composition of
analysed samples. For XRD measurement’s we used Rigaku Miniflex600
Bragg-Brentano powder-diffractometer. We milled 40 mg of the samples
mixed it with 1.5 ml ethanol and dry it on a steel section to gain the XRD
sample. In Miniflex600 the X-ray source is Cu, we used 40 keV acceler-
ating voltage and 20 mA beam current. There is a scintillation detector
NaD graphite monochromator, and the measurement time is 35 min.

3. Results

Section 3.1 gives an overview of related earlier results firstly in the
NIR, secondly in the MIR regions. Section 3.2 explains the laboratory
based observations made by the authors, followed by an evaluation of the
role of grainsize (3.3) and temperature (3.4). The observational rele-
vance and possibilities are discussed in the 4th section.
3.1. Summary of band positions

Below we present the characteristics of the main minerals first (to see
the possible bands and targets for a mid infrared analysis), after this those
parameters are selected and listed, whichmight be observable by a future
mission in the MIR region. Finally, an overview of the grain size related
characteristics of the visited asteroids is given, as they might have sub-
stantial influence on the observability.

3.1.1. Near infrared region
Earlier works focused more on the near-infrared region, thus it is

important to see the similarities and differences between the two regions.
In the near-infrared spectrum of olivine with increasing temperature the
~1 μm band, produced by ferrous iron (Fe2þ), broadens (mainly on the
long wavelength side), so the FWHM is increasing (Hinrichs et al., 2002;
Singer and Roush, 1985) and the observability of the fine scale structure
is decreasing, while with decreased temperature, the ~1 μm band
become better resolved and shows changes in relative absorption
strength (Singer and Roush, 1985).

Pyroxene near-infrared spectra display two well-defined Fe2þ ab-
sorption bands near 1 and 2 μm (Adams, 1974). Both ortho- and clino-
pyroxene spectra display significant changes in band symmetry with
temperature, showing the same trend of broadening of the 1- and 2 μm
bands (so their FWHM is increasing), especially at the longer-wavelength
edge, while the position of the near 1 μm absorption band remains
Table 2
Modal mineralogical composition of the measured meteorite samples using powder d

JAH 055 Allende

Mineral % Mineral %

Olivine Forsterite 42 Olivine Forsterite 69
Fayalite 1.2 Fayalite 2.6

Feldspar Anorthite 18 Feldspar Anorthite 2.3
Pyroxene 31 Pyroxene 24
Goethite 0.5 Goethite 0.3
Troilite 8 Troilite 1.5
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unchanged over a wide temperature range (80–448 K) (Hinrichs et al.,
2002; Singer and Roush, 1985). In contrast, the 2 μm absorption band
shifts in different directions: in orthopyroxene it shifts to longer wave-
length with increasing temperature, while in clinopyroxene it shifts to
shorter wavelength (Singer and Roush, 1985; Corley and Gillis-Davis,
2015). Based on the work of Roush (1984) the spectra of plagioclase
are suggested to be relatively independent of temperature.

3.1.2. Middle infrared region
Surveying themiddle infrared region, the most common mineral on

stony asteroids based on meteoritic evidences is olivine, a complete solid
solution of minerals ranging from magnesium-rich forsterite to iron-rich
fayalite. The composition is usually expressed as the molecular per-
centage of fayalite (e.g., Fa30); the remaining percentage of forsterite is
assumed as if no other minerals beyond these two were present.
Magnesium-rich olivines are much more common in primitive meteorites
and asteroids than iron-rich olivines (Sunshine et al., 2007), the latter are
more abundant in thermally processedmeteorites. Olivine composition is
an important factor during the classification of meteorites and asteroids
(Mason, 1968) and it can serve as an indicator of the formation processes
or conditions of a meteorite or asteroid (Sunshine et al., 2007). Olivine is
characterized by several main absorption bands listed in Table 3 (Burns
and Huggins, 1972; Duke and Stephens, 1964; Iishi, 1971; Lane et al.,
2011; Reynard, 1991; Salisbury et al., 1991). Amorphous olivines have
broad absorption features near 10 μm and a weaker band at about 20 μm
(Day, 1981).

Pyroxenes are another main components of meteorites. Based on
composition there are low (Fs0.1-Fs41.5) (Fs: ferrosillite) and high-
calcium (Fs1.8-35.2 Wo44.4-61.0) (Wo: wollastonite) pyroxenes (LCPs
and HCPs, respectively). Based on previous publications (Chihara et al.,
2002; Cloutis et al., 2013; Mason, 1968; Salisbury et al., 1991) the most
common pyroxene minerals in meteorites belong to the
clinoenstatite-clinohypersthene series, mainly enstatite, diopside, bron-
zite, pigeonite and augite.

The FeNi minerals (kamacite, taenite) are frequent in meteorites
but are not observable in the MIR region, because metals do not absorb IR
radiation or display bands only in the FIR region (25–1000 μm) (Belskaya
et al., 2012; Reichenb€acher and Popp, 2012). These minerals might have
a small influence of the shape of visible and near infrared spectra
(0.2–2.6 μm), and provide a reddish spectral contribution to many as-
teroids (Gaffey et al., 1993).
3.2. Laboratory measurements

In this section we outline infrared spectra of four meteorites in order to
evaluate, howmuch the abovediscussed characteristics could be identified.
The resulting spectra (Figs. 1 and 2) show the main components with the
indicated peaks of the three mainminerals: olivine, pyroxene and feldspar.
As it is visible, in several cases the same peaks of the same minerals were
observed. The identified peak positions are: olivine (11.86, 11.93, 16.31,
16.61, 19.72 μm, e.g. 843, 838, 613, 602, 507 cm�1), pyroxene (9.77,
11.57, 19.88, 20.66, 21.32, 22.32 μm, e.g. 1023, 864, 503, 484, 469, 448
cm�1), feldspar (8.71, 9.22, 13.75, 15.38, 17.76, 18.72, 21.18, 23.69 μm,
e.g. 1148, 1084, 727, 650, 563, 534, 472, 422 cm�1).
iffraction method.

NWA 869 NWA 11469

Mineral % Mineral %

Olivine Forsterite 41 Olivine Forsterite 51
Fayalite 6 Fayalite 7

Feldspar Anorthite 16 Feldspar Anorthite 1.7
Pyroxene 35 Pyroxene 8.3
Goethite 0.3 Goethite 28
Troilite 2.1 Troilite 4



Table 3
Main IR peak positions of major meteorite minerals and their variation with
chemical composition. The indicated peaks were selected as the most obvious
ones, and might include Reststrahlen and Christiansen features. Used references:
Chihara et al. (2002); Cloutis et al. (2013); J€ager et al., (1998); Koike et al.,
(1993); Nash and Salisbury (1991); Salisbury et al. (1991).

Minerals General peak positions
(μm)

Further specific peak characteristics

olivine in the 4.9–5.9 μm and
10.4–12.2 μm regions,
mainly: 11.5, 10.5, 10.2,
9.5*

� reflectance plateau at 10.5–11.5
μm, two smaller, rounded peaks at
9.5 and 10.2 μm,

� systematic shift to longer
wavelengths as the Mg content
decreases and Fe content
increases.

pyroxene 5.1, 5, 4.5**, 9.77
10.3, 11.57, 14.77, 14.94

� low-Fe2þ LCP: near 4.8 and 5.1
μm,

� most bands shifted to longer
wavelengths with increasing Fe
concentration, the 4.8 μm band
transforms to an inflection point,
but some peaks (e.g. 9.9, 13.6 μm)
do not shift or shift to shorter
wavelengths (e.g. 10.7, 11.7 μm).

plagioclase
feldspar

5.4, 4.8, 4.7***, 13.75 15.5 � albite shows two weak absorption
bands near 4.8 and 4.9 μm

� anorthite (An):strongest band
near 5.4 μm,

� peaks often weaken and shift to
longer wavelength with
increasing An content.

� the lowest An content samples
display the most absorption
features, without systematic
spectral changes with
composition,

� plagioclase feldspars in
meteorites are mostly An rich and
with two main bands at 4.73 and
4.82 μm, an inflection near 4.93
μm and weak bands near 4.35,
4.45, and 4.65 μm.
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The two reflectance spectra in Figs. 1 and 2 provides example for the
general appearance of main minerals of two typical meteorites. For NWA
869 (Fig. 1) powder diffraction based compositional analysis have been
also done, and gave forsteritic olivine (41%), pyroxene (35%) and
plagioclase feldspar (16%)with a few fayalitic olivine (6%), troilite (2.1%)
and goethite (0.3%) as main components. For NWA 11469 (Fig. 2) the
Fig. 1. Bands of main minerals in the reflectance spectrum (8.33–
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powder diffraction based compositional analysis gave forsteritic olivine
(51%) and goethite (28%) with a few pyroxene (8.3%), fayalitic olivine
(7%), troilite (4%) and plagioclase feldspar (1.7%) as main components.
The composition from powder diffraction based analysis confirmed the
infrared results. Of course space weathering would decrease and weaken
various infrared peaks, making difficult the identification, but the evalu-
ation of this effect is beyond the scope of this paper.
3.3. Role of grain size

Grain size also effects the spectra as the strength of Reststrahlen
features changes inversely proportionally to particle size (Le Bras and
Erard, 2003). With increasing grain size, the reflectance decreases, ab-
sorption bands become weaker (Cloutis et al., 2013; Salisbury et al.,
1987; Salisbury andWalter, 1989) and the apparent loss of spectral detail
becomes observable (Fig. 3). The mineral composition using powder
diffraction for the Allende meteorite gave as mainly forming minerals:
forsteritic olivine (69%) and pyroxene (24%) with a few fayalitic olivine
(2.6%), plagioclase feldspar (2.3%), troilite (1.5%) and goethite (0.3%) –
also in agreement with the infrared analysis. Grain size also changes the
depth and slope of the absorption features. Spectral slope is measured as
the dependence of reflectance on wavelengths, it is typically expressed in
percentage increase of reflectance per unit of wavelength (%/100 nm).
The red slope means the increase of reflectance with wavelength, while
blue slope means that reflectance is decreasing with wavelength. In the
infrared spectra larger grain size typically means deeper bands and blue
(more negative) spectral slope in the visual range (Reddy et al., 2015), so
in case of large grain size the reflectance will decrease with wavelength.
Based on Bus et al. (2002) the B, K and L type asteroids display slightly
bluish slope, the C, X, T, Q and O type asteroids display moderate reddish
slope, while the D, A, R and V types show very steep red slope (SMASSII
asteroid classification).

To estimate the probable grain size to meet on Didymos and its moon,
the following earlier results could be considered. Based on Nakamura
et al. (2011) the analysis of grains returned by the Hayabusa-1 spacecraft
from the near-Earth asteroid (25143) Itokawa have shown that a majority
of grain sizes is 3–40 μm, and most of them are smaller than 10 μm –

however the sampling process was not regular and the data from Itokawa
need not be representative. Thus the spectra of meteorite samples with
grain sizes<100 μmwould best represent the spectra of asteroid regolith
(Reddy et al., 2015), possible except for the small asteroids.

Samples with smaller average particle sizes (<10 μm) give better
spectra with reduced peak widths (FWHM) compared to samples with
large average particle sizes (>90 μm) (Fuller and Griffiths, 1978). An
25 μm, 1200-400 cm�1) of NWA 869 fine meteorite powder.



Fig. 2. Bands of main minerals in the reflectance spectrum (8.33–25 μm, 1200-400 cm�1) of NWA 11469 fine meteorite powder. Based on powder diffraction
measurements the NWA 11469 meteorite is mainly forming from.

Fig. 3. Diffuse reflectance spectra of different grain sized meteorite powders of Allende CV meteorite. The three curves represent >1 mm, 0.5–1 mm, 2–50 μm sized
grains. In the diagram the curves upward show smaller grain sized spectra with higher reflectance values.
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average particle size of 10 μm is appropriate for quantitative measure-
ments of powders, while 50–100 μm can be good for qualitative analysis
(Thompson and Palmer, 1988). In this work the authors are interested in
to evaluate more the realistic than the ideal (from the point of view of
spectral feature identification) grain sized sample – thus despite better
quality spectra could be achieved by the finer powder here larger size
diameter were considered, as asteroid surfaces show probable mixed
grain size.

3.4. Role of temperature on infrared spectra

The effect of temperature on the infrared spectra was observed
mainly in the VIS-NIR region (0.4–2.5 μm) (Hinrichs et al., 1999a, 1999b;
Lucey et al., 2017; Roush, 1984; Roush and Singer, 1986; Singer and
Roush, 1985). Based on previous studies both olivine and pyroxene
spectra are sensitive to temperature changes, but there is a large differ-
ence between the two in terms of the wavelengths of greatest sensitivity
(Hinrichs et al., 2002).

Based on the orbital characteristics of Didymos and selected end cases
7

of thermal inertia values (50 and 1000) the surface temperature could
be estimated for various latitude zones and local solar times on the
asteroid. Although the exact temperature is unknown for Didymos, the
expected temperature values were summarized in Table 4 below.

The temperature of the dayside of the asteroid surface can vary by as
much as 100 K depending on the illumination. The variations in tem-
perature produce a number of spectral effects, the reflectance spectra of
several mafic silicates vary with temperature (Lucey et al., 2017, Roush,
1984; Roush and Singer, 1986; Singer and Roush, 1985; Moroz et al.,
2000). The temperature effects the wavelength positions, shapes, and
intensities of the absorption bands from Fe2þ in the reflectance spectra of
mafic minerals (Roush, 1984; Singer and Roush, 1985; Roush and Singer,
1986; Schade and W€asch, 1999, Hinrichs et al., 1999a, 1999b). A
decrease in temperature reduces the amplitude of thermal vibrations of
cations, resulting in a narrowing and shifting to shorter wavelengths of
the absorption bands (Burns, 1970), so the identification of these bands
becomes slightly easier.

In Fig. 4 the IR reflectance curves of JAH 055 L4-5 ordinary chondrite
meteorite can be seen between þ100 and �120 �C. Based on powder
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diffraction measurements the JAH 055 meteorite is mineralogically
mainly forming from forsteritic olivine (42%), pyroxene (31%) and
plagioclase feldspar (18%) with fewer troilite (8%), fayalitic olivine
(1.2%) and goethite (0.5%), in agreement with the infrared data. The
infrared reflection curves resemble each other, along with the decreasing
temperature the intensity of reflectance increases and the spectral details
(fine structure of peaks) are more detailed. Peak shift also might emerge
along with the temperature change, however its value is small, in the
order of 1 cm�1 (0.01 μm) in the range shown in Fig. 4.

The observed differences related to different temperatures in the
reflectance level were increased of less than 1% by 100 �C decrease, thus
is not an important effect, especially compared to the grain size effect for
example. Another consequence of the temperature is that colder sample
and spectral recording provides less noisy spectra, however this effect
was also not substantial, and was below 0,1% of reflectance. However his
effect might be overcompensated by the gain in signal to noise ratio, as if
the asteroid is brighter in thermal emission if the regolith is warmer.

4. Discussion

Based on the science case outlined above, the following observational
possibilities are realistic, and the listed aspects should be the focus of
future laboratory research to support asteroid missions and instrument
design for close-by observations.

4.1. Expected observable features

While the analysis of laboratory spectra provides an easy and ideal-
ized way of mineral identification, the real life examples, like the cases of
visited asteroids could be more complex and difficult to understand –

here we use own observations and literature based data to have a broader
picture. Early reports of MIR spectroscopy of asteroids were published by
Gillett and Merrill (1975), Hansen (1976), Feierberg et al. (1983), and
Green et al. (1985), while Cohen et al. (1998), Dotto et al. (2000) and Lim
et al. (2005) established the modern MIR (5–14 μm, 5.8–11.6 μm,
8.2–13.2 μm) spectroscopy of asteroids. These observations provided
some evidence for certain minerals, however no comprehensive discus-
sion is available on the comparison of laboratory spectra to asteroids.
Below we discuss the most relevant observable spectral features expected
in asteroids, based on the analysis of meteorites. Although space
weathering influences substantially the spectral characteristics, it is
important to identify such marker spectral bands in laboratory analysis
first, to be able to better understand the effect of cosmic weathering on
complex asteroid spectra.

During the identification of main minerals (olivine, pyroxene, feld-
spar) the deepest and strongest peaks, which do not overlap with peaks of
other known meteorite forming minerals and thus could be a good in-
dicator, are listed below.

Based on the analysed meteorite spectra, for olivine the most char-
acteristic peak is at 11.93 μm (838 cm�1) with FWHM 0.09 μm (9.5
cm�1), and less prominent ones are at 16.31, 16.52, 19.84, 24.09 μm
(613, 605, 504 and 415 cm�1). For pyroxeneminerals the characteristic
peak is at 9.77 μm 1023 cm�1 (FWHM ~0.01 μm ¼ ~20 cm�1) and less
Table 4
Model simulation based temperature values for Didymos and its satellite for
perihelion and aphelion for its equator and at middle latitude terrane (Thermal
inertia of the surface (Γ): 50 J m-2K-1s-½ (min), 1000 J m-2K-1s-½ (max),
Bolometric Bond albedo of the primary: A ¼ 0.07 � 0.02, Emissivity: 0.9), ESA,
M. Delbo).

Perihelion (AU ¼ 1.0131) Aphelion (AU ¼ 2.2754)

Γ ¼ 50 Γ ¼ 1000 Γ ¼ 50 Γ ¼ 1000

Day Night Day Night Day Night Day Night

0� 391 K 165 K 340 K 265 K 250 K 130 K 200 K 190 K
60� 320 K 155 K 270 K 230 K 210 K 125 K 170 K 160 K

8

prominent ones are at 9.24, 10.3, 11.57, 14.77, 14.94, 20.66, 22.42 μm
(1082, 970, 864, 677, 669, 484 and 446 cm�1). Feldspar minerals have
characteristic peaks at 13.75 (727 cm�1) with FWHM ~0.002 μm–2.5
cm�1, and another good candidate at 5.5 μm 645 cm�1 (FWHM ~0.02
μm–22.5 cm�1) and less prominent ones are at 10.52, 16, 17.69, 17.18,
19.23, 21.18 μm (950, 625, 565, 582, 520 and 472 cm�1).

4.1.1. Expectations based on asteroids visited by spacecraft
Below the expectations are outlined for observational possibilities of

asteroid IR spectra, focusing on the role of grain size and temperature.
The grain size could influence several characteristics of asteroids,
especially if it shows inhomogeneous spatial distribution. Based on
Galileo observations, on the surface of Ida fresh craters show brighter,
bluer, and deeper 1-μm absorption band than the rest of the surface
(Sullivan et al., 1996). Comparing spectra of Ida with those of its satellite
Dactyl, on the latter 1 μm absorption band is more dominant, interpreted
as an increased pyroxene/olivine ratio or a coarser grain size of the
regolith (Veverka et al., 1996). The 20–30 mm grain size on Itokawa
expected from ground-based data was confirmed by the Hayabusa
mission (Yano et al., 2006), but among the particles sampled by Hay-
abusa with unusual method that might influence the result, the acquired
size ranged between 1 and 240 μm (Matsumoto et al., 2017), with many
being smaller than 10 μm – although nominal sampling process probably
would have provided different size distribution.

Based on the modelling of thermal inertia from remote observations,
the regolith of asteroids is often dominated by relatively large mm-cm
sized particles (Gundlach and Blum, 2013), for example the dominant
average grain size is 20 mm for Itokawa (Nakamura et al., 2012), 1–3mm
on Eros (but also submillimetre on the smooth surface areas there,
Robinson et al., 2002), 0.64 mm for 1998 WT24, 18 mm on 1999 JU3,
0.98 mm on 1996 FG3, 1.7 mm on Betulia, 12 mm on Elvira, 3.8 mm on
Bohlinia, 0.028mm on Herculina, 0.2 μm on Lutetia (the last 8 results are
from Gundlach and Blum, 2013). On Gaspra the fresh craters show
brighter and bluer appearance together with a deeper 1 μm band (Belton
et al., 1996). As a summary, observations suggest there might be a trend
regarding the dominant grain size: as the size of the asteroid and its
gravity decreases the dominant grain size increases, thus bigger asteroids
have smaller sized (or more smaller sized) grains, as expected based on
the physical conditions. However, more data is necessary to confirm the
trend.

The observed grain sizes range between > mm and some μm, thus
such wide range of grain size might be present on many asteroids. The
surface could be heterogeneous, for example for Bennu the best thermal
models suggest the dominant grain size ranges between 1.2 and 31 mm
(Yu and Ji, 2015), however several meter sized boulders are also present,
often with fine-grained surface texture (Jawn et al., 2019). Considering
this large range, based on our data and the related information from the
literature, bands are fainter for larger grain sizes, while the peak position
change is small, in the order of about 1 cm�1 (0.01 μm).

The role of temperature could also be identified using laboratory
measurements, providing more detailed spectra with finer structure at
lower than at higher temperature ranges. However the difference is
small, is visible only if the spectral resolution is very high, in the order of
about 1 cm�1 (0.01 μm). Spectra recorded at lower temperature regime
support the detailed characterization of the target minerals while for the
identification of main mineral types spectra at more elevated tempera-
ture might be sufficient.

The role of space weathering should also be considered during in-
strument design. Space weathering effects seem to decreases the depth of
the 1 μmband (Adams andMcCord, 1971), but there is less data available
on this aspect in the MIR.

4.2. Instrument related aspects

Below the instruments related observational aspects are considered in
order to see, which bands of certain minerals are possible to be observed



Fig. 4. Example IR reflectance curves at different temperatures for JAH 055 meteorite between þ100 and �120 �C.
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in the future. First the parameters of earlier instruments are presented,
then the observable bands are described, and finally suggestions for their
analysis are presented.

Some instruments have already been built or proposed for middle-
infrared analysis. The MERTIS (MErcury Radiometer and Thermal
Infrared Spectrometer) onbloard BepiColombo (Heisinger et al., 2018)
will characterize the surface radiation and reflectance of Mercury in the
range of 7–14 μm (roughly 714-1428 cm�1). The spectral channel width
is 90 nm (0.09 μm), in the range of the laboratory spectra presented in
this work (see Figs. 1 and 2), where the spectral resolution is between 90
and 200 nm for 80 spectral channels (Heisinger et al., 2010). Some
experience was also gained regarding the development and testing of a
somewhat simpler middle-infrared detector under the THERMAP
(THERMalMApper) instrument project for the MarcoPolo-R asteroid
mission proposal (Groussin et al., 2016). THERMAP would have worked
between 7 and 14 μm with channel widths between 90 and 20 nm that
allows studying of silicate features, including Christiansen Feature (CF),
Reststrahlen Bands (RB) and Transparency Features (TF) (Hiesinger
et al., 2018). The OTES (Osiris-Rex Thermal Emission Spectrometer),
covering 4–50 μm range with a spectral resolution of 10 cm�1 (Chris-
tensen et al., 2018), looks at a single point that covers 4 m when the
spacecraft is only 1 km from the asteroid. Earlier the AMICA (Asteroid
Multiband Imaging Camera) detector was also installed onboard
Hayabusa-1 mission, covering the range between 381 and 1008 nm in 7
bands (Ishigure et al., 2010).

The Thermal Infrared Imager (TIR) onboard Hayabusa-2 covers the
8–12 μm range with spatial resolution is 35 m at 20-km altitude and 2 m
at 1-km altitude (Okada et al., 2018). The MicrOmega instrument is also
part of Hayabusa 2 mission, but on the MASCOT lander (Bibring et al.,
2017), and it records radiation mainly in the NIR range between 0.99 and
3.65 μm with spectral sampling of 20 cm�1. The Diviner Lunar Radi-
ometer Experiment onboard NASA’s Lunar Reconnaissance Orbiter is
mapping the lunar surface radiation between 0.3 and 400 μm at 9
spectral channels with on average around 250 m spatial resolution (Chin
et al., 2007). A simple detector was suggested as the so-called TIRI
camera, proposed already for the AIM and now the HERA mission that
aimed to observe only around 20 bands (Foglia Manzillo et al., 2018),
however the current baseline for Hera foresees a thermal infrared camera
with no or very limited spectral information.

The importance of middle- and far-infrared observations was
demonstrated by OTES (OSIRIS-REx Thermal Emission Spectrometer)
9

from asteroid Bennu (Lauretta et al., 2017), covering 5.71–100 μm with
accuracy of better than 3% (Christensen et al., 2018). The instrument was
able to resolve 40 m from 5 km distance. For mineral identification the
radiometric precision was 1/16 band depth (Ramsey and Christensen,
1998). The mission provided linked mineralogical and thermal inertia
data. The measured phyllosilicate (440 cm�1) and magnetite (555 and
346 cm�1) features demonstrated the necessity of covering the middle-
and far-infrared range (Lauretta et al., 2019b). The range of thermal
inertia was found to be between 200 and 500 J m�2 K�1 s�1/2, and global
average ~350 J m�2 K�1 s�1/2 unexpectedly, the lowest thermal inertia
at the largest boulders (Rozitis et al., 2019b), but this could be spatially
resolved only with high resolution thermal observations.

Based on the results on spectral characteristics discussed in this work,
a spectral resolution of 0.01–0.005 μm is necessary to identify several
main bands of olivine and pyroxenes, including their fine structure.
Compositional differences related band position change for pyroxene is
in the order of 0.1 μm for 10 mol% change – thus for such analysis
spectral resolution in the order of 0.01 μm is necessary. The peak posi-
tions in the 10–17 μm region are good indicators of the Mg/(Mg þ Fe)
ratio (Koike et al., 1993), while for general characterization of silicates
(identification of olivine, pyroxene, feldspar) a spectral resolution about
0.1 μm is sufficient. However for pyroxenes the changing of peak posi-
tions with Fe content is more complicated than in case of olivine.

Based on the expected temperature range of NEO asteroid surfaces,
the differences in spectral band positions and shapes in the 100–400 K
range is usually smaller than 0.1 μm.While the above listed values would
require sophisticated detectors, simpler detectors could also provide
useful information. It is worth considering simpler instruments, and focus
on the identification of few strong bands. Main peaks of the main
meteorite minerals using meteorite spectral data are: olivine at 11.93 μm
838 cm�1 (FWHM 0.09 μm ¼ ~9.5 cm�1), pyroxene at 9.77 μm 1023
cm�1 (FWHM ~0.01 μm ¼ ~20 cm�1), feldspar at 13.75 μm 727 cm�1

(FWHM ~0.002 μm ¼ ~2.5 cm�1) and 15.55 μm 645 cm�1 (FWHM
~22.5 cm�1). As a result the analysis should focus on threemainminerals
in the range of about 14.0–9.09 μm (700-1100 cm�) with a spectral
resolution of about 0.08 μm (10 cm�1), meaning roughly 30 spectral
bands if they are equally distributed. The number of bands could be
decreased to about the half with specifically located band positions.
These parameters are more realistic for an instrument on an asteroid
mission with moderate budget.
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4.3. Further suggestions and future prospects

The spatial resolution of middle infrared data influences the spectral
quality through the target grain size, as better results are expected from
areas covered with smaller grains. The higher the spatial resolution of
data to be gained during IR surface observation, the easier is the spectral
interpretation. If the IR signal contains contribution from both, larger
blocks and finer debris, it decreases the spectral quality.

The complex consequences of smaller grain size should be consid-
ered during the targeting of observations. Although better quality spectra
is expected from finer grained powder, they could be more affected by
space weathering than large blocks (Kereszturi, 2014), thus the identi-
fication of the original components or any surface fine powder might still
be difficult in such areas. Based on the spacecraft observations of aster-
oids, smooth areas composed of fine-grained material are present and
scattered over the surface. Observations should provide enough spatial
resolution to be able to analyse separately the small surface units sepa-
rately, and the consequence of space weathering should be also seriously
considered there. Gain size also influence Thermal inertia (TI) what is
lower for smaller grain size, and therefore the regolith warms up to
higher temperature in daytime than for larger grain size, potentially
decreasing spectral quality. The difference in the maximum daytime
temperature is expected to be around 50 K in the case of Didymos, and
this could produce band position shifts smaller than 0.1 μm, and a FWHM
change of the same order is expected.

Based on the asteroids visited by spacecraft, finer debris covered
surfaces were 50–100 m diameter on Itokawa, dust ponds on Eros were
20–60 m sized, cryovolcanic-like filled areas were around km sized on
Ceres (Ruesch et al., 2016) and areas influenced by mass movements on
Vesta were of km scale. Thus aiming at several tens of meters spatial
resolution might provide better quality spectra for certain surfaces.

Further laboratory tests should focus on larger (mm-cm sized)
grains, as they are present among the finer powder, better understanding
on the consequence of mixed grain size on the reflectance spectra is
required. It would also be important to develop grain size related
correction formulae to modify IR reflectance curves and reflectance level
in order to interpret the spectra more accurately for mineral identifica-
tion. Cosmic weathering has an important effect on spectral shape
(Jedicke et al., 2014; Kanuchova et al., 2015; Ka�nuchov�a, Neslu�san,
2007), however the analysis of irradiation on spectra of samples is not
well explored especially for different grain sizes in the MIR region.

Asteroid mineralogy has so far been based mainly on visible to near-
infrared spectroscopy. Certain mineral species display diagnostic near-
infrared absorption features (e.g. olivine ~1 μm and pyroxene ~1 and
~2 μmGaffey et al., 2002; de Sanctis et al., 2013), but not all of the major
minerals. For example, the silicate minerals thought to be the main
constituents of asteroid surfaces have major Si–O stretching bands in the
10 μm region. Synergic aspects are expected to emerge when comparing
the middle and near IR regions. More detailed information is expected
on silicate components in general by having more peaks in the MIR
region. For example, plagioclases are not observable in the NIR so the
MIR range might be ideal to discover and analyse them (Lim et al., 2005).
Their presence could help in the reconstruction of formation condition on
the moderate temperature regime (<1200 �C) both for the condensation
in the solar nebula and of later alterations inside parent bodies. MIR
spectral features are also useful for the identification of space weathering
(e.g. Logan et al., 1973; Lucey et al., 2017; Salisbury et al., 1991).

By interpreting the observed data there are possibilities to get further
advanced and more complex results, especially having compositional
and grain size information together. The grain size analysis might pro-
vide information for the separation of seismic shaking and gas supported
fluidized flow produced grain distributions (Benoit et al., 2003) by
surveying the spatial distribution of different grain fractions. While mass
wasting influences grains of all sizes (although the smallest ones could
roll to larger distance), gas driven process hardly move larger grains and
might effect only smaller ones below a certain threshold limit.
10
Interestingly, for comets it may be different: The tensile strengths holding
grains together is weaker for larger grains, and therefore they are easier
to lift, as many large grains seen by Rosetta at comet 67P (Kimura et al.,
2019; Reshetnyk et al., 2018). The grain size estimation for dust-pond
like structures would be a unique achievement. Any potential effect of
cosmic weathering might be grain size related, thus separation of the
different levels of weathering signatures in spectra could be linked to
characteristic grain sizes. The identification of possible impact ejected
and back fallen small grains or their lack is informative on the behaviour
of small grains after impact events or on their migration by exotic pro-
cesses under microgravity conditions.

Summarizing, an “ideal” instrument should have spatial resolution to
separate (at least) 100 m sized features on the surface from low orbit,
depending on asteroid size and orbital distance. For example in the case
of Didymoon (~160 m diameter) a low flyby with a close approach
distance of a few times the diameter of the object produces much better
spatial resolution. In general minimal spatial resolution of about 0.05�

might be useful. The spectral information should be possible to connect
to TI (thermal inertia) data as they support each other in the calculation
of grain sizes and improve the interpretation. Detailed background
datasets of laboratory spectra are also necessary for the interpretation of
spectra that will be gained from a spacecraft visit to an asteroid. It is also
advantageous, that the surface temperatures of main-belt asteroids are
between 200 and 300 K, thus they emit thermal radiation with spectral
peaks in the 10–20 μm region. Therefore their maximum thermal emis-
sion is observed in this wavelength region. As a result, MIR spectroscopy
has the potential to complement the visible to near-infrared approach
during asteroid analysis (Takahashi et al., 2011).

5. Conclusion

This work summarizes the possibility of investigating asteroid sur-
faces in the middle infrared (MIR) region by future space missions. Based
on previous works and own results, meteorite spectra in the MIR (2.5–25
μm) region display more narrow, sharp, and well definable characteristic
bands than in the NIR and VIS regions.

Many silicates are observable in the MIR region due to the major Si–O
stretching bands there. Thus new compositional and cosmic weathering
related information is accessible in the middle-IR range, including the
possible identification of plagioclase on asteroid surfaces for the first
time. Based on laboratory results it is possible to get estimation on the
Mg/(Mgþ Fe) ratio by measuring the shift of the peak positions of bands
in the 10–17 μm region (Koike et al., 1993). The estimation of the Fe2þ

content in pyroxenes might require 5 μm spectral resolution. The coupled
analysis of thermal inertia and middle IR spectral shape analysis is ideal
to better understand the grain size and surface processes related to the
fine powder like regolith on minor bodies’ unique microgravity
environments.

For near-earth asteroids daytime temperatures between 200 and 300
K are expected, thus they emit most thermal radiation in the 10–20 μm
region. Based on the expected temperature range, the differences in
spectral band positions and shapes in the 200–400 K range are usually
smaller than 0.3 μm. Both the temperature and the grain size influence
the quality of spectra, with more detailed and less noisy, thus more
informative spectra at lower temperatures and from smaller grains –

however this does not substantially affect the peak positions (around or
below the spectral resolution for most detectors). Identification of the
main bands of olivine and pyroxenes using laboratory measurements of
pure standards requires 0.1–0.05 μm spectral resolution, however
compositional differences related to band position changes are also in
this resolution range for several silicate minerals. Using moderate capa-
bility detectors, analysis of three main minerals is still possible, focusing
on the range of 12.5–9.09 μm (800-1100 cm�1) with spectral resolution
about 0.08 μm (10 cm�1), meaning roughly 30 bands if they are equally
distributed. These are able to identify the expected main bands of olivine
at 11.93 μm (838 cm�1), pyroxene at 9.77 μm (1023 cm�1), feldspar at
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13.75 μm (727 cm�1) and 15.5 μm (645 cm�1).
Based on the existing asteroid surface observations, spatial resolution

of 20–60 m might be enough to record the spectra of accumulated fine
powder using >0.056� angular resolution, however for the less surveyed
small (<km) asteroids smaller values might be relevant. MIR spectral
observations could expand the understanding on the composition plus
grain size related characteristics of dust-ponds (using linked spectral and
thermal inertia data), effect of cosmic weathering and surface processes
in microgravity. An ideal middle-IR instrument would provide compo-
sitional and grain size related information together. According to the
argumentation presented in the paper, a thermal infrared detectors
would be an important part of the payload of the planned next mission to
better understand Near Earth Asteroids (Küppers et al., 2018).
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