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Asteroid regolith simulants (i.e., substitute materials for asteroid surface regoliths) are useful for the preparation
of asteroid landing and/or sample-return missions. In this study, we report a new Itokawa asteroid Regolith
Simulant (called IRS-1) as an S-type asteroid surface analogue for China's upcoming asteroid exploration. The
IRS-1 simulant was developed from mixing terrestrial minerals with appropriate particle size distributions, based
on the currently available mineralogy data of S-type asteroid 25143 Itokowa and a LL6 chondrite Sulagiri.
Multiple properties of this simulant are well-characterized, including mineralogy, bulk chemistry, particle size,
density, mechanical properties, reflectance spectra, thermal properties, thermogravimetry, and hygroscopicity.
These results demonstrate that the IRS-1 simulant has similar mineralogy, bulk chemistry, and physical prop-
erties to the target materials (i.e., Itokowa samples and LL6 chondrite Sulagiri), making this simulant a rea-
sonable surface analogue of S-type asteroids. Based on the investigation of mechanical properties of the IRS-1
simulant and two other prepared regolith samples (i.e., L-chondrite-like IRS-1L and H-chondrite-like IRS-1H), we
found that the mineralogical variations on S-type asteroids have a relatively large influence on the mechanical
properties of S-type asteroid regoliths. Our studies show that the IRS-1 simulant will be appropriate for a number
of scientific and engineering-based investigations where a large amount (few kilograms to hundreds of kilo-
grams) of sample is required (e.g., technology development, hardware testing, and drilling). This study also
provides an effective production approach for the future development of asteroid regolith simulants for different
types of asteroid regoliths and associated applications.

1. Introduction

During the past decade, China has successfully carried out four
lunar exploration missions (i.e., Chang'E-1, Chang'E-2, Chang'E-3, and
Chang'E-4), and is preparing to explore Mars in 2020 (e.g., Ouyang
et al., 2010; Li et al., 2015; Wei et al., 2018). Following the ‘Thirteenth
Five-Year Plan’ planetary strategy (Wei et al., 2018), China's asteroid
exploration mission is also being considered. To reveal the formation
and early (~4.5 Ga ago) evolution of the solar system, a sample-return
mission from an asteroid (the target is being determined) is expected to
launch in the near future (e.g., Zhang et al., 2017; Wei et al., 2018).

Airless asteroids (e.g., Eros and Itokawa) in the Solar System are
covered by a layer of unconsolidated geologic material called regolith.

Regolith is formed by continuous impact bombardment and other
geologic processes (e.g., space weathering and thermal fatigue) and
spans a wide range of particle sizes, from sub-micron to km scales.
(Chapman, 1996; Clark et al., 2002; Miyamoto et al., 2007; Delbo et al.,
2014). Regolith materials on asteroids preserve the geologic record of
planetary evolution, and understanding their physical properties is
useful for the engineering design of planetary exploration (e.g.,
Scheeres et al., 2010; Britt, 2015; Yamada et al., 2016; Matsumoto
et al., 2016, 2018; Bierhaus et al., 2018; Thuillet et al., 2018). Asteroid
materials that are available for laboratory analysis are mainly from
spacecraft sample-return missions (e.g., Hayabusa; Yano et al., 2006;
Tsuchiyama et al., 2011) and recovered meteorites (Reddy et al., 2014,
2015). However, asteroid samples are limited for large-scale or
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destructive scientific and engineering investigations (e.g., engineering-
based investigations and drilling studies; Reid et al., 2014; Dreyer et al.,
2018; Fries et al., 2018). Thus, a well-characterized asteroid regolith
simulant (i.e., the substitute material for asteroid surface regoliths) is
needed to ensure the smooth implementation of asteroid exploration
(e.g., Seiferlin et al., 2008).

To support asteroid exploration, a series of asteroid regolith simu-
lants have been developed internationally, including HCCL-1 carbo-
naceous chondrite simulant, UCF/DSI carbonaceous simulants, MPACS
comet simulant, and Tagish Lake Simulant (TLS) (Hildebrand et al.,
2015; Carey et al., 2017; Bierhaus et al., 2018). Both HCCL-1 and UCE/
DSI are general-purpose asteroid regolith simulants based on carbo-
naceous chondrite meteorites (e.g., CI, CM, and CR; Hildebrand et al.,
2015; Covey et al., 2018). The MPACS simulant, developed by NASA's
Jet Propulsion Laboratory, was designed to replicate the mechanical
properties found in the surface materials of comet nuclei (e.g., low
density and high porosity; Carey et al., 2017). Tagish Lake Simulant
(TLS) was developed for NASA's first asteroid sample return mission
(i.e., Origins, Spectral-Interpretation, Resource-Identification, Security
and Regolith-Explorer, OSIRIS-Rex; Bierhaus et al., 2018). This simu-
lant was developed based the properties of the Tagish Lake carbonac-
eous chondrite meteorite (Hildebrand et al., 2006). In addition, some
other terrestrial materials (e.g., lunar soil simulants, sepiolite, meteor-
ites, and silicate glass) have been widely used as asteroid regolith si-
mulants for different applications, including scientific investigations,
hardware designs, and technical tests (e.g., Duada et al. 2013; Juaristi
et al., 2015; Fries et al., 2018). To date, no well-characterized regolith
simulants have been developed to represent S-type asteroid surface
regolith.

Due to China's upcoming asteroid exploration missions, demand for
an asteroid regolith simulant is increasing. Asteroid 25143 Itokawa is
the most fully-characterized S-type asteroid to date (e.g., Miyamoto
et al.,, 2007; Nakamura et al., 2011; Tsuchiyama et al.,, 2011;
Matsumoto et al., 2016), making the Itokawa samples appropriate re-
ference materials from which to develop an S-type asteroid simulant
standard. Recently, a new Itokawa asteroid Regolith Simulant (called
IRS-1; Fig. 1a) has been developed. Here, we report the raw materials,
development processes, and the properties of IRS-1 simulant. The goals
of this study are: (1) to provide a reasonable S-type asteroid regolith
simulant for scientific and engineering-based applications, and (2) to
introduce an effective production approach for other community to
develop asteroid simulants. In addition, this work also discusses the
effects of mineralogical variation on properties of S-type asteroid re-
golith and the implications for asteroid regolith simulant development.

2. Target regolith simulant

Over 1534 fine regolith particles (i.e., < 114 um) from the smooth
terrain of Itokawa asteroid have been recovered by Hayabusa spacecraft
(Tsuchiyama et al., 2011). The mineralogy and properties of S-type
asteroid 25143 Itokawa regolith have been applied to the IRS-1 simu-
lant standard. Investigations of the Itokawa regolith samples and as-
sociated remote-sensing data have confirmed that the Itokawa materials
are mineralogically and geochemically similar to thermally metamor-
phosed LL4 to LL6 chondrites (e.g., Abe et al., 2006; Nakamura et al.,
2011, 2014; Tsuchiyama et al., 2014). We therefore also take the
properties (e.g., bulk chemistry and physicals properties) of LL-chon-
drite samples (e.g., the Sulagiri LL6 chondrite meteorite; Weisberg
et al., 2009) as reference data for the development of the IRS-1 simu-
lant. Taken together, the following available data for S-type asteroid
materials can be used as guidelines for the target simulant.

2.1. Mineralogy

The mineralogy of asteroid Itokawa is well understood from ana-
lyses of the Hayabusa spacecraft returned samples (Nakamura et al.,
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2011; Tsuchiyama et al., 2011; Langenhorst et al., 2014; Keller and
Berger, 2014). These materials are mainly composed of olivine (67 wt
%), clinopyroxene (18 wt%), orthopyroxene (2 wt%), plagioclase (9 wt
%), troilite (3 wt%), metal (0.53 wt%), and trace (0.21 wt%) amounts of
chromite and Ca-phosphate (Tsuchiyama et al., 2011). The miner-
alogical results of the IRS-1 simulant are consistent with the mineralogy
for LL-chondrite (Table 1).

2.2. Bulk chemistry

Despite the returned Itokawa particles being too few to carry out
whole rock composition analysis, its bulk composition can be estimated
from the modal mineralogy and mineral chemistry results (Nakamura
et al., 2014; Table 2 and Table 3). This calculated composition is gen-
erally similar to the average bulk composition of LL-chondrites and the
studied Sulagiri LL6 chondrite (see Table 2).

2.3. Particle size characteristics

To date, there is still a lack of representative asteroid material to
obtain particle size distributions of asteroid regolith, although the fine-
grained (< 114um) Itokawa particles have been characterized
(Tsuchiyama et al., 2011; Sanchez and Scheeres, 2014). However,
particle size characteristics of asteroid regolith can be estimated from
the high-resolution images taken by Hayabusa spacecraft, and also from
theoretical studies (e.g., using remote measurements of the thermal
inertia; Jewitt et al., 2010; Gundlach and Blum, 2013). The close-up
images of Itokawa revealed that the major portion of Itokawa's regolith
is most likely millimeter-sized grains (Fig. 1b), rather than powdery
particles (e.g., Yano et al., 2006; Miyamoto et al., 2007; Noviello et al.,
2014). This observation is consistent with the theoretical estimation
(using thermal inertia) that small bodies in solar system (i.e., diameter
less that ~100 km) could be covered by regolith with particle sizes in
the millimeter to centimeter range (Sanchez and Scheeres, 2014).
Considering the sampling size (e.g., may be tens of grams; Zhang et al.,
2017) designed for China's asteroid exploration, the fine-grained (i.e.,
sub-millimeter to millimeter) regoliths will be more reliable for col-
lection compared to the relatively large rock fragments on the asteroid's
surface. We therefore aim for the grain size of the target simulant to
be < 2000 um and the median particle size to be ~800 pum.

2.4. Physical and mechanical properties

The average grain density of Itokawa samples is 3.4 g/cm®
(Tsuchiyama et al., 2011), which is similar to the measured grain
density of LL-chondrites (3.54 + 0.13g/cm® Consolmagno et al.,
2008). Additionally, the angle of friction of blocks on the surface of
asteroid Itokawa has been estimated to be 40° (Aoki et al., 2014).

3. Materials and methods
3.1. Raw materials

Minerals are the basic components of surface regoliths on S-type
asteroids. We therefore develop the regolith simulant by combining
terrestrial minerals according to mineralogical components of Itokawa
samples and LL-chondrites (Table 1). The raw silicate phases used for
development of IRS-1 simulant include olivine, orthopyroxene, clin-
opyroxene, and albite (Fig. 1a). Because troilite (FeS) and nickel-iron
metal (i.e., kamacite and taenite) are commonly found in meteorites but
are rare on the Earth (Rubin and Ma, 2017), we replaced them with
widely available pyrrhotite (Fe; —S, x = 0-0.2) and iron filings (Fig. 1f)
respectively in the IRS-1 simulant. Considering only a small proportion
(< 1.7 wt%) of accessory minerals (e.g., chromite and phosphate) were
detected in Itokawa samples and ordinary chondrites (Table 1), these
mineral phases were not chosen as raw materials for the development of
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Fig. 1. A schematic diagram illustrating the raw materials and production processes of IRS-1. (a) The powder IRS-1 simulant. (b-c) Comparison of Itokawa surface
materials with the IRS-1 simulant. The close-up image of ST_256360730, with resolution of 0.6 cm/pixel, was taken from 63 m altitude by Hayabusa spacecraft (Yano
et al., 2006; Miyamoto et al., 2007).

Table 1
Mineralogy abundance of Itokawa samples, Sulagiri, ordinary chondrites, and IRS-1.
Simulant reference (wWt%) Ordinary chondrites® (wt%) IRS-1 simulant wt%
Itokawa® Sulagiri (LL6)" LL-chondrite L-chondrite H-chondrite Replace minerals
Olivine 67 53.5 51.1 = 2.2 42.1 = 1.9 32.8 = 3.0 Olivine (Fog;.6) 60
Orthopyroxene 18 21.0 21.1 = 2.0 233 = 1.8 259 + 2.2 Orthopyroxene (Engg 3W0; 5) 20
Clinopyroxene 2 8.2 7.4 = 0.9 80 = 1.1 6.5 + 1.3 Clinopyroxene (EngosWo44.8) 5
Plagioclase 9 10.8 9.7 + 0.8 9.2 + 1.3 8.7 £ 1.5 Plagioclase (Albite, Abgs 5) 10
Troilite 3 3.8 57 =15 7.2 =20 5.8 = 0.7 Pyrrhotine 3
Nickel-iron metals 0.53 2.6 3.5 = 2.0 8.4 = 0.8 18.6 = 2.4 Iron filings 2
Others? 0.21 <1 1.6 = 0.1 1.6 = 0.2 1.7 = 0.1 - -

& Tsuchiyama et al., 2011.

b Calculated from the modal mineralogy of Sulagiri and the densities of minerals (Tsuchiyama et al., 2011).
¢ Modal abundance of ordinary chondrites (OCs) was taken from Dunn et al. (2010).

4 Others include chromite, apatite, merrillite, etc. (Dunn et al., 2010; Tsuchiyama et al., 2011).
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Representative EDS data for silicate phases in the IRS-1 simulant, compared with the mineral composition of Itokawa samples and LL 6 chondrite Sulagiri.

Itokawa samples (EMPA)"

Sulagiri LL6 chondrite (EDS)

IRS-1 simulant (EDS)

Ol Opx Cpx Pl Ol Opx Cpx Pl Ol Opx Cpx Pl

SiO, 38.0 = 0.49 54.9 + 0.74 53.9 = 1.05 65.5 = 1.10 36.1 53.4 51.7 60.9 39.1 51.0 45.8 63.8
TiO, b.d. 0.16 = 0.02 0.37 = 0.05 0.04 = 0.03 0.28 0.28 0.45 0.49 0.11 0.15 1.62 0.26
Al,03 b.d. 0.16 + 0.03 0.62 + 0.55 20.2 * 0.35 b.d. 0.43 0.79 21.7 0.11 3.39 9.29 20.8
Cr,03 b.d. 0.09 + 0.03 0.65 + 0.08 b.d. 0.28 0.15 0.64 0.32 b.d. 0.08 0.22 0.21
FeO 26.2 + 0.53 15.8 = 0.37 5.31 = 0.50 0.37 = 0.24 22.8 14.5 5.20 0.49 8.42 18.9 8.22 0.22
MnO 0.47 = 0.02 0.46 = 0.02 0.23 = 0.02 0.03 = 0.02 0.36 0.44 0.25 0.20 0.09 0.23 0.31 0.11
MgO 36.0 + 0.53 27.6 = 0.42 16.2 = 0.52 0.14 += 0.20 39.6 29.6 16.8 0.63 51.5 24.9 12.7 0.25
CaO b.d. 0.70 + 0.15 21.6 = 0.62 2.18 = 0.10 0.19 0.73 23.2 2.22 0.16 0.60 19.5 0.98
Na,O b.d. 0.02 = 0.01 0.56 * 0.16 9.63 * 0.45 0.11 0.25 0.85 11.9 0.33 0.57 2.04 13.1
K0 b.d. b.d. 0.03 + 0.04 0.95 + 0.21 0.15 0.12 b.d. 1.04 0.07 b.d. 0.27 0.19
P,0s 0.05 = 0.03 b.d. b.d. 0.05 + 0.03 b.d. 0.13 b.d. 0.16 0.08 0.10 b.d. 0.12
Total 100.6 99.83 99.44 99.14 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Fo 71.0 75.6 91.6

En 74.7 46.6 77.4 46.3 69.3 40.5

Wo 1.4 44.8 1.4 45.7 1.2 44.8

Ab 84.0 86.1 95.2

b.d. = below the detection limit.

2 Average composition and one sigma variations of Itokawa highly equilibrated particles (Nakamura et al., 2011).

Table 3

Bulk major-element chemistry of IRS-1, compared with the bulk composition of Itokawa samples, LL 6 chondrite Sulagiri, and LL-chondrite meteorites (wt%).

Itokawa samples”

Itokawa samples”

LL-chondrite” LL6 chondrite IRS-1 simulant

(Nakamura et al., 2014, 2SD) (Nakamura et al., 2011) (average, 2SD) Sulagiri (N = 3, 2SD)
SiO, 42.4 + 5.68 42.5 40.6 = 1.08 39.9 42.7 = 0.06
TiO, 0.05 = 0.02 0.05 0.13 = 0.04 0.32 0.44 = 0.05
Al,O3 1.77 = 0.36 1.80 2.24 = 0.16 2.29 3.40 = 0.05
Cr203 0.11 = 0.04 0.11 0.54 = 0.06 0.59 0.05
FeO/Fe,03° 23.3 = 3.76 23.4 28.1 = 4.12 30.3 15.8 = 0.10
MnO 0.41 = 0.06 0.40 0.35 = 0.04 0.36 0.16
MgO 29.6 = 5.12 29.5 25.2 = 0.88 25.2 34.3 = 0.08
CaO 0.90 = 0.32 0.86 1.92 = 0.22 1.92 1.47
NaO 0.84 + 0.18 0.85 0.95 + 0.12 0.95 1.06 = 0.02
K,0 0.08 + 0.04 0.08 0.10 = 0.04 0.10 0.04
P05 0.06 = 0.04 0.04 0.22 = 0.08 0.23 0.05
Total 99.5 99.5 100.3 102.2 99.4
FeO/Fe,03 + MgO 52.9 52.9 53.3 55.5 50.1

2 The bulk composition is determined by modal reconstruction (Nakamura et al., 2011, 2014).
> The average bulk composition of LL-chondrite meteorites was taken from Jarosewich (1990).
¢ The total iron for Itokawa samples expressed as FeO, while the total iron for LL-chondrite, Sulagiri LL6 chondrite, and IRS-1 simulant expressed as Fe,Os.

IRS-1 simulant.

Most of minerals used for the development of IRS-1 are sourced
from mines in China. The pyroxene (orthopyroxene and clinopyroxene),
albite, and pyrrhotite minerals are from Xinjiang province, Hubei pro-
vince, and Heibei province, respectively. The olivine grains are sourced
from the peridotite xenolith in Heibei province, China. These raw ma-
terials are available commercially and easily acquired at low cost,
making the IRS-1 simulant reproducible in large quantities and readily
accessible by the community.

3.2. Preparation of IRS-1 simulant

The IRS-1 simulant was prepared via the following steps: (1) Raw
material crushing. Using the jaw crusher, the coarse-grained (i.e.,
0.5-5cm in diameter) raw mineral fragments were crushed into fine-
grained particles (i.e., < 0.5mm in diameter). A jaw crusher was
chosen because the main process for breaking down material on airless
bodies is also mechanical (due to meteorite impacts; e.g., Miyamoto
et al., 2007). (2) Sieving and particle size adjustment. Each of the
crushed minerals was sieved and then adjusted for size distribution,
according to the designed particle characters (i.e., < 2000 pm,
D90 = 1400 um, D50 = 800 um, and D10 = 100 um). (3) Mixing the
mineral components. The sieved mineral powders were mixed in the

proportions listed in Table 1. Specifically, these mineral components
are 60 wt% olivine, 20 wt% orthopyroxene, 5 wt% clinopyroxene, 10 wt
% plagioclase, 3 wt% pyrrhotite, and 2 wt% iron filings (Table 1). In the
production process, these procedures described above have been
documented in detail to ensure that the IRS-1 simulant can be re-pro-
duced in the future.

Ordinary chondrite meteorites (LL-chondrite, L-chondrite, and H-
chondrite) are thought to be similar to materials on S-type asteroids
(Rivkin, 2013). The prepared IRS-1 simulant is mineralogically similar
to LL-ordinary chondrites (Table 1), while the mineralogy of this si-
mulant is different from that of other ordinary chondrite sub-groups,
i.e., L-chondrite and H-chondrite (Table 1). In order to investigate how
mineral variations will have an effect on physical properties of the si-
mulant, L-chondrite-like (IRS-1L) and H-chondrite-like (IRS-1H) sam-
ples have also been prepared, following the development method of
IRS-1 simulant. The mineralogy (wt%) of IRS-1L (40% olivine, 24%
orthopyroxene, 8% clinopyroxene, 10% albite, 8% pyrrhotine, and 10%
iron filings) is similar to that of L-chondrite meteorites (Table 1). In
contrast, the mineralogy (wt%) of IRS-1H (30% olivine, 25% ortho-
pyroxene, 8% clinopyroxene, 9% albite, 8% pyrrhotine, and 20% iron
filings) is similar to that of H-chondrite meteorites (Table 1). Both IRS-
1L and IRS-1H have similar particle size distributions as the IRS-1 si-
mulant.
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LL6 chondrite (Sulagiri)

Fig. 2. (a) Hand sample of LL6 chondrite meteorite Sulagira, weighing ~17 g;
(b) BSE image of the representative area of Sulagiri, showing this meteorite is
mainly composed of olivine (Ol), orthopyroxene (Opx), clinopyroxene (Cpx),
plagioclase (P1), troilite (Tro), and Fe-Ni metal (Fe-Ni).

3.3. Analytical methods

The IRS-1 simulant is being produced at the Institute of
Geochemistry, Chinese Academy of Sciences. Initially, several polished
thick sections and powdered (< 50 um) samples of this simulant were
prepared and studied using a variety of analytical techniques. Also, we
acquired a ~17 g sample of the LL6 ordinary chondrite meteorite, of-
ficially named Sulagiri from a fall in 2008 in India (Fig. 2; Weisberg
et al.,, 2009), for investigating the mineralogy, bulk chemistry, re-
flectance spectra, and thermogravimetry properties for comparison
with the IRS-1 simulant.

Back-scattered electron (BSE) images were collected using a FEI
Scios dual-beam focused ion beam/scanning electron microscope (FIB/
SEM) at the Institute of Geochemistry, Chinese Academy of Sciences.
The operating conditions were 15-20kV accelerating voltage,
1.6-3.2nA beam current, and 7-8 mm working distance. The mineral
composition was studied using the same FEI Scios FIB/SEM and an
energy dispersive spectrometer system (EDS, manufactured by EDAX),
with the same current and voltage settings as noted above. Modal
abundances of minerals in the section of Sulagiri chondrite were esti-
mated by combining BSE images with the EDS data (e.g., Zeng et al.,
2018). Additionally, SEM images of the IRS-1 simulant were used to
identify particle shapes and to calculate the particle aspect ratios with
image analysis Nano measurer software. Here, the aspect ratio, AR, of a
particle is defined as the ratio of its length to width.

X-ray diffraction (XRD) patterns of IRS-1 simulant and Sulagiri
chondrite were collected on a Panalytical multifunction X-ray dif-
fractometer (Empyrean) at the Institute of Geochemistry, Chinese
Academy of Sciences. The data was collected in the 26 range of 4-60°,
with a step size of 0.013° and a counting time of 5s per step (Meng
et al., 2016).

Bulk-rock major element compositions of IRS-1 and Sulagiri LL6

375
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chondrite were determined by X-ray fluorescence spectrometry (ARL
Perform'X Sequential XRF) at the Institute of Geochemistry, Chinese
Academy of Sciences, following standard procedures (e.g., Deng et al.,
2017). The accuracy and precision of the XRF analyses are estimated to
be ~2% for major oxides present in concentrations > 0.5 wt%.

Mechanical properties (i.e., cohesion and angle of friction) of IRS-1
simulant and another two IRS-1 based samples (i.e., L-chondrite-like
IRS-1L and the H-chondrite-like IRS-1H) were determined by con-
solidated drained (CD) triaxial tests at the China University of Mining
and Technology, with loading rates of 0.05mm/s and confining pres-
sures of 50, 100, and 150 kPa. The standard procedures for specimen
preparation and the triaxial test were based on the Chinese standard
GB/T50123-1999 (Li et al., 2018). All of these samples were analyzed
at the same conditions.

We measured the reflectance spectra of IRS-1 simulant and Sulagiri
LL6 chondrite using an Agilent Cary 5000 Ultraviolet-Visible-Near-
Infrared (UV-Vis-NIR) spectrophotometer at the Institute of
Geochemistry, Chinese Academy of Sciences. These two samples were
dried at ~100 °C overnight before conducting the test. The spectra were
acquired in the wavelength range of 400-2500 nm at room temperature
and normal atmospheric pressure.

Thermal properties of the IRS-1 simulant were measured by Hot
Disk TPS 2500S Thermal Constants Analyzer using the transient plane
source technique (the test was repeated three times) at Institute of
Geochemistry, Chinese Academy of Sciences. The uncertainty for this
measurement is estimated at ~3%. A stainless steel sheet was used as a
testing standard (Yu et al., 2016). All measurements were conducted at
room temperature (~25 °C) and normal atmospheric pressure.

Thermal stability characterization of IRS-1 simulant and Sulagiri
chondrite were analyzed by using a Thermogravimetric Analysis (TGA)
technique (STA-449C, Netzsch Instruments, Germany). Each oven-dried
sample (~20 mg) was heated from 50 °C to 1000 °C at a heating rate of
20 °C/min. Analyses were done under atmospheric pressure (Qin et al.,
2017).

4. Characteristics of the IRS-1 simulant
4.1. Mineralogy

The mineralogy of IRS-1 simulant was characterized to compare
with the LL6 chondrite Sulagiri by using XRD, SEM, and EDS techniques
(Figs. 3 and 4). The XRD pattern for IRS-1 simulant is broadly consistent
with the XRD pattern for LL6 chondrite Sulagiri (Fig. 3). Both of them
are dominated by peaks associated with olivine, orthopyroxene, clin-
opyroxene, and albite. These silicate phases were easily recognized in
the scanned image, where the green, dark gray, and white grains

QOlivine >
@ Orthopyroxene
O Clinopyroxene
< Plagioclase (albite) o
° &
E o
c . S
3 |IRS-1simulant ) imm & M
Q, Pt AN AR Lo A V.Y
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2 o
[}
2 B
LL6 chondrite (Sulagiri)
Troilite & o
]
A s
L e e e B e L B LA S e s
40 50 6

T
30
Two-Theta (deg)

0

Fig. 3. X-ray diffraction patterns for IRS-1 and Sulagiri LL6 chondrite, showing
that both samples are mainly composed of olivine, orthopyroxene, clinopyr-
oxene, and plagioclase.
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Fig. 4. BSE (a—c) and scanned (d) images of IRS-1 simulant, showing the mineralogy and particle shapes of this simulant. The mineral phases are labeled:
Ol = olivine; Opx = orthopyroxene; Cpx = clinopyroxene; Pl = plagioclase; Po = pyrrhotite; Iron = iron filing; Ilm = ilmenite; Qz = quartz (Whitney and Evans,

2010).

represent olivine, pyroxene, and plagioclase grains, respectively
(Fig. 4d). In addition, trace amounts of troilite grains have been de-
tected in the XRD pattern of Sulagiri chondrite. Due to the raw minerals
for producing IRS-1 simulant being obtained from natural rocks, it
should be noted that there are minor impurities (< 1 wt% of e.g., il-
menite and quartz) that have been detected from the SEM-EDS analysis
(Fig. 4b—c).

For individual silicate minerals in IRS-1 simulant, the EDS data
suggests that olivine, orthopyroxene, clinopyroxene, and plagioclase in
this simulant tend to be forsteritic olivine (Fog;e), pigeonite
(Engo 3Wo01 5), augite (EnsosWou4g), and albite (Abgs o), respectively
(Table 2). The mineral composition for pyroxene is generally similar to
that in Itokawa samples and Sulagiri chondrite, whilst olivine grains
(Fogy 6) in IRS-1 simulant are relatively magnesium-rich compared with
olivine grains (Fo_,;_7s) in Itokawa samples and Sulagira chondrite
(Table 2).

4.2. Bulk chemistry

Bulk major element compositions of LL6 chondrite Sulagiri and
three IRS-1 simulants were measured using an XRF technique (Table 3).
The bulk chemistry of Sulagiri LL6 chondrite is generally within the

range of the reported average bulk composition of LL-chondrite me-
teorites (Jarosewich, 1990). For IRS-1 simulant, it has relatively high
abundance of SiO, (42.7 wt%), Al,O5 (3.40 wt%), Fe,05 (15.8 wt%),
MgO (34.3 wt%), and CaO (1.47 wt%), with relatively low contents of
TiO5 (0.44 wt%), MnO (0.16 wt%), and NaO (1.06 wt%). These element
compositions are broadly similar to the calculated bulk composition of
Itokawa samples and LL6 chondrite Sulagiri, except for Al,Os3, FeO/
Fe,03, and MgO contents (see Table 3).

4.3. Particle shape and size distribution

Particle shape and size characteristics are some of the dominant
factors that affect the physical and mechanical properties of a regolith
simulant. From the BSE and scanning images (Fig. 4a and d), it is clear
that the IRS-1 simulant shows a wide range of particle shapes, ranging
from sub-rounded to extremely angular, which is generally similar to
the particle shapes of Itokawa returned samples (e.g., Fig. 1 of
Tsuchiyama et al., 2011; Fig. 3 of Nakamura et al., 2011). The aspect
ratio of IRS-1 simulant is predominantly around 1-3, with an average
value of 1.98 (N = 562) (see Fig. 5). Fig. 6 presents the particle size
distribution of IRS-1 simulant, showing that the particles in IRS-1 si-
mulant are < 2000 um in diameter. The D90, D50, and D10 of this
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120 I
' D10=10pm
1004 | D50 =800 um
- D90 = 1400 um
g0l | il -

Total precent passing

100

1000

10000
Grain size (um)

Fig. 6. Particle size distribution of IRS-1 simulant, showing this simulant has
grain size < 2000 um, with the median size of 800 um.

simulant are 1400 um, 800 um, and 100 um, respectively.

4.4. Specific gravity and bulk density

The specific gravity refers to the ratio of particle mass to the mass of
an equal volume of water at 4 °C. The measured average specific gravity
for IRS-1 simulant is 3.37 * 0.27 g/cm3 (N = 3, 2SD). To determine
the bulk density of IRS-1 simulant, the mass and volume of three si-
mulants were measured, resulting in an average bulk density of
1.62 = 0.03g/cm® (N =3, 2SD). These specific gravity and bulk
density values are critical parameters when using geological materials
for mechanical testing, such as sample collection tests (Bierhaus et al.,
2018).

4.5. Mechanical properties

Mechanical properties (e.g., cohesion and angle of friction) are
important parameters when regolith simulants are used for engineering
applications (e.g., Bierhaus et al., 2018). Measurements of IRS-1 si-
mulant show that this simulant has cohesion and angle of friction va-
lues of 10.02 and 46.8, respectively (Table 4). To evaluate the effects of
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mineralogical variations on mechanical properties of S-type regolith,
we also prepared two more samples for mechanical investigation (i.e.,
the L-chondrite-like IRS-1L and the H-chondrite-like IRS-1H; Table 4)
based on the mineralogy of L and H ordinary chondrites (Table 1).
These two samples have similar particle size distributions as the IRS-1
simulant, and their mechanical properties have been determined by the
same analytical conditions for IRS-1 measurements. The results indicate
that the three analyzed samples (i.e., Itokawa/LL-chondrite-like IRS-1,
L-chondrite-like IRS-1L, and H-chondrite-like IRS-1H) have different
angles of friction (i.e., 46.8 for IRS-1, 42.2 for IRS-1L, and 47.3 for IRS-
1H; Fig. 7).

4.6. Reflectance spectra

Fig. 8 presents the reflectance spectrum of the IRS-1 simulant in the
visible to near-infrared range (i.e., 400-2500 nm), compared with the
spectrum of LL6 chondrite Sulagiri. The spectra of asteroid 2514 Ito-
kawa, an S-type asteroid, and ordinary chondrite meteorite were also
plotted for comparison. As shown in Fig. 8, the measured spectrum of
IRS-1 simulant is broadly similar to the spectrum for LL6 chondrite
Sulagiri. Both samples have two strong absorption bands at
~900-1000 nm and ~1900 nm. Fig. 9 shows the continuum removed
spectra of these two samples. The ~900-1000 nm mineral absorption
band is the result of the presence of either pyroxene or olivine or both,
while the ~1900 nm band is indicative of the presence of pyroxene
(Binzel et al., 2001). Weak absorption bands at ~1400 nm are related to
the OH™ stretching associated with structurally bound OH and H,O,
while the ~2200 nm and ~2300 nm absorptions may be due to metal-
OH (e.g., Al-OH and Fe,Mg-OH) transitions (Clark, 1999). Absorptions
at ~1250 nm are caused by plagioclase in both the IRS-1 simulant and
LL6 chondrite Sulagiri (Anbazhagan and Arivazhagan, 2009). Also,
absorption from Fe®* are presented at ~500 nm and ~650 nm in both
samples (Anbazhagan and Arivazhagan, 2009).

4.7. Thermal properties

Thermal properties of terrestrially made simulants are of great im-
portance to developing methods of extraterrestrial resource utilization,
and for estimating the physical properties of planetary materials (e.g.,
Street Jr et al., 2010; Siegler et al., 2012; Sakatani et al., 2018). At
ambient conditions (i.e. room temperature, ~25 °C, and atmospheric
pressure), the thermal properties of IRS-1 simulant, weighting 45g,
were analyzed at bulk density of 1.97 g/cm>. The measured thermal
conductivity, heat capacity, and thermal diffusivity are
0.34 + 0.02W/mK (N = 3, 2SD), 1.22 + 0.11 MJ/m>K (N = 3, 2SD),
and 0.28 = 0.04mm?/s (N = 3, 2SD), respectively.

4.8. Thermogravimetry

Thermal behaviour of regolith simulant is one of the factors to be
considered in the application of simulant samples (e.g., 3D printing in
space; Goulas et al., 2016). The mass changes of IRS-1 simulant and LL6
chondrite Sulagiri were recorded with Thermogravimetry (TG) experi-
ments performed in standard atmosphere. The pattern for IRS-1 simu-
lant is broadly consistent with that of the LL6 chondrite meteorite
(Fig. 10). Both IRS-1 simulant and LL6 chondrite Sulagira lost small
(~0.25 wt% and ~0.02 wt%, respectively) relative masses between 50
and ~500 °C. The released volatiles are most likely dominated by the
H>O content and structure-H,O in these samples (Cannon et al., 2018).
At ~500-800 °C, the increase of relative mass in these two samples is
most likely caused by the oxidation of ferrous (Fe2*) iron to ferric
(Fe®™) iron in silicate minerals (e.g., olivine). At high temperature (i.e.,
~850-900 °C), both IRS-1 simulant and Sulagiri show a decrease of
relative mass. Such observations may due to the release of SO, related
to the thermal breakdown of troilite and pyrrhotite (Archer Jr. et al.,
2018; Cannon et al., 2018).
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Table 4
Bulk density and mechanical properties of the IRS-1 simulant and other prepared samples, compared with the asteroid regolith and simulants.
Notes Bulk density (g/cm®) Cohesion (kPa)* Angle of friction (°) Reference
IRS-1 Itokawa/LL-chondrite-like 1.62 10.02 46.8 = 0.37 This work
IRS-1L L-chondrite-like 1.70 26.75 42.2 = 0.12 This work
IRS-1H H-chondrite-like 1.73 1.1 47.3 = 0.35 This work
Asteroid regolith Estimated value 1.0-2.2 0.1-5 15-40 Juaristi et al., 2015
Regolith simulant For OSIRIS-REx mission 1.0-2.0 1074-10° 15-47 Hergenrother et al., 2014
TLS simulant Tagish Lake chondrite (C2) 1.0 Bierhaus et al., 2018
Itokawa blocks From Hayabusa msission 40 Aoki et al., 2014
Itokawa asteroid From Hayabusa msission 1.9 + 0.13 Fujiwara et al., 2006

@ The precise values of cohesion is difficult to determine because of the uncertainty of the intercept when the curved failure envelope is projected backwards to the

o, = 0 (Mitchell and Soga 1993; Monkul and Dacic 2017).

1000
1 (a) IRS-1
800 4 ©=46.8+0.37
1 ¢=10.02
600 - N
I\ ] ©
g ] X
= 400 vy
200
0‘"'I"'I"'I"’I"'I"'
0 200 400 600 800 1000 1200
G (kPa)
1000
1 (c) IRS-1H
800 1 ¢=47.3+0.35
1 c=11
600
I J
0
é p
= 400
200
0‘"‘I"'I"'I"'I"'I"'
0 200 400 600 800 1000 1200
G (kPa)

1000
1 (b) IRS-1L
800 ¢=42.2+0.12
1 ¢=26.75
600
400
200
O‘"'I"'I"‘I"‘I"'I"'
0 200 400 600 800 1000 1200
o (kPa)
Modal mineralogy of simulants
IRS-1  IRS-1L  IRS-1H
Olivine 60% 40% 30%
Orthopyroxene 20% 24% 25%
Clinopyroxene 5% 8% 8%
Plagioclase 10% 10% 9%
Pyrrhotine 3% 8% 8%
Iron filings 2% 10% 20%

Fig. 7. The Mohr stress circles used to determine the angle of friction (¢) and cohesion (c) for IRS-1 simulant (a), IRS-1L (b), and IRS-1H (c). The mineralogical
components of IRS-1L and IRS-1H are similar to the L-chondrite and H-chondrite, respectively (see Table 1).

4.9. Hygroscopic properties

The physical properties of simulants could vary by absorbing and/or
adsorbing atmospheric water. To evaluate the hygroscopicity char-
acteristics of IRS-1 simulant, this sample was placed in a drying cabinet
(25 °C, 35% relative humidity) for 5h and then placed in a tank at a
temperature of 25°C and a humidity of ~80%. Three samples,
weighting 20 g respectively, were measured to obtain the hygroscopic
properties of the IRS-1 simulant (see Fig. 11). The results show that
moisture contents in IRS-1 simulant increased rapidly in the initial
stage (i.e., within 1h), and then reached a relatively stable value of
~2.2wt% after 1.5h (Fig. 11).

5. Discussion
5.1. The IRS-1 simulant compared to Itokawa samples and LL-chondrites

A combination of remote-sensing data, Itokawa sample, and chon-
drite meteorite (e.g., Sulagiri LL6) analyses have revealed that the S-
type asteroids are composed primarily of silicates (> ~85%) with
minor nickel-iron, troilite, and accessory minerals such as chromite and
Ca-phosphate (e.g., Gaffey et al., 1993; Chapman, 1996; Nakamura
et al., 2011; Tsuchiyama et al., 2014; Reddy et al., 2015). As for the
composition of individual silicate phases of Itokawa samples and LL6
chondrite Sulagiri (Table 2; Nakamura et al., 2011), the olivine grains
trend to be forsteritic olivine (~Foys), pyroxene grains include pigeo-
nite (~En;5Wo; 4) and augite (~EngsWoy4s), and plagioclase tends to be
albite (~Abgs). The IRS-1 simulant is, therefore, consistent with these
findings as it is composed mostly (95%) of silicate minerals including
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Fig. 8. Reflectance spectra of the IRS-1 simulant (read lines) and Sulagiri LL6
chondrite (blue lines) compared with Asteroid 25143 Itokawa, S-type asteroid,
and ordinary chondrite meteorite (Binzel et al., 2001, 2010). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
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chondrite (blue lines), showing the characteristic Fe**, Fe?*, OH/H,0, and
metal-OH absorptions present in these samples. (For interpretation of the re-
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of this article.)

forsteritic  olivine (Fog16), pigeonite (Engg3Wo;,), augite
(Engo.sWo44.8), and albite (Abgs 5) (Tables 1 and 2). However, it should
be noted that the IRS-1 simulant does not contain nickel-iron and
troilite that are rare on Earth, but these components were replaced with
pyrrhotite and iron filings, respectively (Table 1). The lack of nick-
el-iron and troilite may affect the chemical composition (e.g., Ni) and
spectral properties of this simulant.

Chemically, IRS-1 generally has a similar bulk composition as
Itokawa samples and LL-chondrites, except for the iron (FeO/Fe,03)
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Fig. 10. Thermogravimetry of IRS-1 (red line) and LL6 chondrite Sulagiri (blue
line) in atmospheric conditions. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Hygroscopic characteristics of the IRS-1 simulant.

and MgO abundance. Specifically, the Itokawa samples and LL-chon-
drites are composed of ~23-30 wt% FeO/Fe,03 and ~25-29 wt% MgO,
respectively (Table 3). However, the IRS-1 simulant has a relatively low
abundance of Fe,O3 (15.8 wt%) and high abundance of MgO (34.3 wt
%). This difference is most likely due to the fact that olivine grains
(Fog1.¢) in the IRS-1 simulant are more magnesium-rich than those in
Itokawa samples and LL-chondrites (Fo_,;_75) (Table 2). This inter-
pretation is supported by the closely total iron and magnesium contents
(i.e., FeO/Fe,03 + MgO) of these samples (Table 3).

Measurements of IRS-1 show that this simulant is generally similar
to LL6 Sulagiri chondrite with respect to spectral properties.
Specifically, the absorption bands at ~1000 nm and ~2000 nm present
in the spectrum of IRS-1 simulant are broadly similar to those in the
measured Sulagiri LL6 chondrite (Fig. 8). However, absorptions at
~2200 and ~2300 nm caused by metal-OH are weaker in the spectrum
of the Sulagiri chondrite than those in the spectrum of the IRS-1 si-
mulant (Fig. 9). In addition, the spectral slopes present in spectra of the
IRS-1 simulant are generally steeper than those of Sulagiri chondrite
spectra (Fig. 8). This trend is consistent with the space weathering
spectral trends (i.e., reddening of the asteroid spectra) observed in S-
type asteroid spectra (Binzel et al., 2001, 2010; Clark et al., 2002).
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The close-up images from the Hayabusa spacecraft have revealed
that the Itokawa asteroid regolith is diverse in particle size, mostly
ranging from sub-millimeter to centimeter scales (e.g., Fig. 1b; Yano
et al., 2006; Miyamoto et al., 2007). However, the IRS-1 simulant is
made up of sub-millimeter to millimeter particles (Fig. 5) which may
not be consistent with the coarse-grained (i.e., millimeter to centimeter
particles) Itokawa regolith grains. This difference in particle size may
limit the potential applications of IRS-1 simulant, such as sample col-
lection testing (e.g., Bierhaus et al., 2018).

Additionally, the grain density of IRS-1 simulant (3.37 g/cm®) is
close to the grain density for Itokawa particles (3.4 g/cm?; Tsuchiyama
et al., 2011) and also the LL-chondrite meteorites (3.54 g/cm3;
Consolmagno et al., 2008).

5.2. The limitations and potential improvements of IRS-1 simulant

The IRS-1 simulant is generally similar to S-type asteroid regolith
with respect to mineralogy, bulk chemistry, reflectance spectra, and
density (see discussions in Section 5.1). However, this simulant also has
some drawbacks. For example: (1) Considering the different oxygen
fugacities between terrestrial and asteroidal conditions during mineral
formation, we note that the oxidation state of the iron likely differs
between IRS-1 simulant and asteroid regolith; (2) S-type asteroids are
mainly composed of ordinary chondrite-like materials, probably with a
high abundance of rounded chondrules (Grady and Wright, 2006).
However, the chondrules are absent in the IRS-1 simulant; (3) IRS-1
does not contain accessory minerals (e.g., phosphate and chromite) that
are common in asteroid regoliths (Dunn et al., 2010); and (4) The <
2mm particle size of the IRS-1 simulant is not consistent with the
coarse-grained (centimeter-sized or larger) materials on S-type aster-
oids.

Although it is challenging to produce regolith simulant exactly like
the real asteroid regolith, there are many potential improvements for
the preparation of IRS-1 simulant in the future: A series of simulants
with different particle sizes (i.e., sub-millimeter to centimeter range)
would be produced to expand the range of potential applications of
simulants, such as sample collection testing. Also, other components
(e.g., phosphate) should be considered as the additives for the devel-
opment of future S-type asteroid regolith simulants.

5.3. Potential applications of IRS-1 simulant

Compared to the real asteroid materials (e.g., the spacecraft re-
turned sample of Itokawa, and chondrite meteorites), IRS-1 has many
advantages such as being low-cost to produce, having easy access to
feedstock materials, and can be produced in large quantities. These
characteristics make this simulant appropriate for use for a variety of
applications where a large amount of sample is required. Because the
physical properties (e.g., density and mechanical properties) of the IRS-
1 simulant are in the range of asteroidal materials (Table 4), this sample
was recommended for a wide range of geomechanical applications for
asteroid exploration (Fig. 12). Such applications may include landing
simulations, hardware testing, drilling, excavation, sampling tech-
nology development, verification testing, calibrating spectrometers,
simulated landing of small spacecraft (e.g. CubeSats) onto asteroidal
surfaces in a reduced-gravity environment, and mobility testing of
systems such as microgravity rovers (e.g., Durda et al., 2013; Reid et al.,
2014; Juaristi et al., 2015; Bierhaus et al., 2018; Fries et al., 2018). The
absence of Fe—Ni metals in IRS-1 (Table 1) indicate that this simulant
may have magnetic properties that are different from those of asteroid
materials (e.g., ordinary chondrites; Consolmagno et al., 2008). We
therefore can recommend using the IRS-1 simulant to test magnetism-
related instrument. In addition, the relatively large specific density
(3.37 g/cm®) of IRS-1 suggests that this simulant is not suitable for
representing low-weight asteroid regolith (e.g, Bierhaus et al., 2018).

IRS-1 has similar mineralogy to S-type asteroid material (Fig. 3 and
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Fig. 12. Potential engineering and scientific applications of the IRS-1 simulant.

Table 1), so this simulant is recommended for large scale scientific
experiments, including asteroid resources utilization testing (ISRU for
asteroid materials), development of 3D printing technologies, and la-
boratory investigations of asteroid regolith properties (Fig. 12; Sanchez
and MclInnes, 2012; Durda et al., 2013; Feinman, 2013; Mazanek et al.,
2015). However, for the laboratory studies that only require small
amounts (i.e., a few grams to several hundred grams) of asteroid sam-
ples (e.g., for spectral analysis of asteroids and geological investigation
of asteroids; Ford et al., 2008; Beck et al., 2010; Kohout et al., 2014),
we do not recommend using the IRS-1 simulant. This is due to the
difficulty of reproducing simulant material with consistent spectral and
physical properties. In this case, small amounts of real asteroid mate-
rials (e.g., meteorites) would be a better choice because the fresh
chondrite meteorites are easily accessible at a relatively low price
(compared to lunar and/or Martian achondrites). For example, to ex-
perimentally investigate the partial melting processes of asteroids (e.g.,
Ford et al., 2008), chondrite meteorite samples are more reliable than
small fractions of the IRS-1 simulant.

5.4. Effects of mineralogical variation on properties of S-type asteroid
regoliths

The remote sensing and sample (e.g., Itokawa) investigations have
shown that the S-type asteroid class is not mineralogically homo-
geneous (e.g., Gaffey et al., 1993; Tsuchiyama et al., 2011; Reddy et al.,
2015). In particular, ordinary chondrite meteorite analysis revealed
that this meteorite group (H, LL, and LL-chondrite) has relatively large
mineralogical variations (Dunn et al., 2010): (1) The abundance of
olivine varies from ~30 wt% in H-chondrites to ~60 wt% in LL-chon-
drites (Table 1); and (2) LL-chondrites have the least amount (~3 wt%)
of FeNi metal, whereas H-chondrites contains the most (i.e., ~20 wt%).
The mineralogical variation of ordinary chondrites suggests that the
diverse S-type asteroid regoliths may have different physical and me-
chanical properties, which would be one of the critical considerations
for asteroid exploration.

For IRS-1 and the other two prepared regolith simulant samples
(i.e., L-chondrite-like IRS-1 L. and H-chondrite-like IRS—1H), mechan-
ical property studies show that these samples have different angles of
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friction (Table 4), suggesting that the mineralogical variations on S-
type asteroids have a relatively large influence on the mechanical
properties of S-type asteroid regoliths. We therefore suggest that the
mineralogical variations of regoliths could be an important considera-
tion for asteroid landing and sampling activities in the future. For other
properties, meteorite analyses have shown that the mineralogical var-
iation of S-type asteroids would have relatively limited effects on the
spectra of asteroid regolith (e.g., Vernazza et al., 2008; Flynn et al.
2017). However, the bulk chemistry (especially FeO content), magnetic
properties, and thermal properties of asteroid materials can be largely
affected by the mineralogical variation of S-type asteroid regoliths
(especially by Fe—Ni metal that varies from ~3 wt% to 20 wt% in or-
dinary chondrites; Fig. 13a; Consolmagno et al., 2008; Flynn et al.
2017).

Although the surfaces of S-type asteroids are relatively hetero-
geneous in terms of mineralogy, our studies show that IRS-1 is generally
a reasonable analogue of S-type asteroids and can be used in many
applications. To meet the diverse mineralogy of S-type asteroids, the
developed IRS-1 simulant would be used as the prototype asteroid re-
golith simulant. Other minerals can be added to this prototype simulant
to develop a wide range of asteroid simulants with different mineral
compositions like the IRS-1L and IRS-1H samples. For example, an E-
type asteroid regolith simulant, which is dominated by enstatite mi-
nerals (Gaffey, 2002; Clark et al., 2004; Keller et al., 2010), can also be
developed according to the mineralogy of E-type asteroids. These future
versions of IRS-1 based simulants could be developed and used for

different objectives.
5.5. Implications for the development of asteroid regolith simulants

5.5.1. Mineralogical variations of asteroid regoliths call for a wide range of
simulants

Except for sample-return missions (e.g., Hayabusa spacecraft) and
remote sensing observations (e.g., Dawn spacecraft), our knowledge
about the mineralogy of asteroids can be extend by investigations of a
variety of meteorites (Gaffey, 2002; Grady and Wright, 2006). Previous
works have suggested that the S-type asteroids, C-type asteroids, E-type
asteroids, and M-type asteroids are mineralogical similar to ordinary
chodnrites, carbonaceous chondrites (e.g., CI and CR), enstatite
achondrites, and enstatite chondrites/iron meteorites, respectively
(Gaffey and McCord, 1978; Rivkin, 2013). Modal mineralogy of these
meteorite groups show that the regoliths on their parent-asteroid are
highly heterogeneous among different asteroid classes (see Fig. 13). For
example, (1) C-type asteroids commonly contain phyllosilicate phases
formed following aqueous alteration (Hildebrand et al., 2006; Burbine
et al., 2008; Howard et al., 2009). These components are nearly absent
in other relatively dry asteroids, like the S-type asteroids (Gaffey et al.
2002); (2) E-type asteroids are dominated by enstatite minerals (over
~80 vol%; Fig. 13c¢); (3) some M-type asteroids are mainly composed of
Fe—Ni metal, either pure or mixed with small amounts of stone
(Fig. 13d); (4) Also, comets are icy bodies containing primitive mate-
rials with relatively high-porosity (e.g., Britt et al., 2006; Patzold et al.,
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2016; Quirico et al., 2016).

Mineralogical variations of asteroids may lead to the properties of
different asteroid regoliths being largely varied. Our studies demon-
strate that the IRS-1 simulant is a reasonable surface analogue of S-type
asteroids. However, this simulant is quite different from other types of
asteroid regolith with respect to mineralogy and possibly to the me-
chanical properties (e.g., comet, C-type asteroid, and enstatite-rich E-
type asteroid). The relatively large mineralogical variations of asteroid
regoliths may call for a wide range regolith simulants for asteroid ex-
ploration applications, where IRS-1 could be used for many S-type as-
teroid regolith simulant applications.

5.5.2. Implications for the preparation of asteroid simulants

Most small asteroids (kilometer-sized or smaller) in the Solar System
have not undergone magma differentiation and are mainly composed of
primitive materials (e.g., like the chondrite meteorites). This indicates
that the surfaces of small asteroids are not dominated by crystalline
igneous rocks (e.g., basalts), which are common on differentiated
bodies such as Mars, the Moon, and Vesta (Grady and Wright, 2006).
Compared with the terrestrial crystallized basalts that have the com-
pressive strength over ~200 MPa (Schultz, 1993), rocks on asteroids
(especially C-type asteroids) are relatively brittle and have compressive
strengths of less than ~100 MPa (Flynn et al. 2017). This indicates that
terrestrial basalts may have physical properties largely different from
the asteroid's surface materials, suggesting that terrestrial basalt may be
not suitable as an asteroid surface analogue.

In many cases, planetary regolith simulants have been developed
based on terrestrial volcanic glasses (e.g., CAS-1 lunar soil simulant and
JSC Mars-1 Martian soil simulant; Allen et al., 1998; Zheng et al.,
2009), terrestrial basalts (e.g., JMSS-1 martian soil simulant and Mo-
jave mars simulant; Peters et al., 2008; Zeng et al., 2015), commercial
sand products (e.g., ES-X Martian soil simulant; Gouache et al., 2011),
and natural iron oxide deposits (e.g., SaltenSkov I mars dust simulant;
Ngrnberg et al., 2009). In addition, regolith simulants can be developed
by mixing individual mineral phases, according to the designed mineral
recipe (e.g., the MGS-1 Martian soil simulant and Y-Mars analogue;
Cannon et al., 2018; Stevens et al., 2018). Similar to the MGS-1 and Y-
Mars simulants, the IRS-1 simulant was developed via mixing of ter-
restrial mineral particles (Table 1). This study demonstrates that this
mineral-mixing method has two advantages for the development of
asteroid regolith simulants: (1) the multi-mineral mixing method is
more flexible and effective to obtain a simulant with different mineral
contents for different asteroid materials; (2) using this method, the
mineral contents in simulants can be quantitatively designed for dif-
ferent applications. We therefore suggest that the studied approach for
developing the IRS-1 simulant (i.e., mixing individual minerals) would
be reliable for the development of other types of asteroid regolith (e.g.,
Comet, C-type asteroid, and enstatite-rich E-type asteroid) and poten-
tially other planetary regolith simulants (e.g. for the Moon and Mars
surface materials).

6. Conclusions

A new asteroid regolith simulant, IRS-1, has been developed from a
combination of terrestrial minerals based on the mineralogy of Itokawa
samples and LL-chondrites (e.g., Sulagiri LL6 chondrite meteorite). This
simulant is a fine-grained (i.e., sub-millimeter to millimeter) powder
that mainly consists of olivine, orthopyroxene, plagioclase, and clin-
opyroxene, with lesser amounts of pyrrhotite and iron filings. Our
studies show that IRS-1 has similar mineralogy, bulk chemistry, re-
flectance spectra, and physical and mechanical properties to the target
reference material (i.e., Itokawa samples and LL-chondrites), suggesting
that IRS-1 is a reasonable representation of S-type asteroid regolith.
However, this simulant also has some drawbacks, including the lack of
Fe—Ni metal and accessory minerals (e.g., phosphate) observed in or-
dinary chondrites, the relatively Mg-rich olivine grains, and the absence
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of centimeter-sized grains.

In this study, measurements of the mechanical properties of the IRS-
1 simulant and two other prepared regolith simulants (i.e., the L-
chondrite-like IRS-1 L and the H-chondrite-like IRS—1H) indicate that
the mineralogical variations on S-type asteroids have a relatively large
influence on the mechanical properties of S-type asteroid regolith.
Compared with real asteroid materials such as chondrite meteorites, the
IRS-1 simulant has many advantages (e.g., low-cost, easy access, and
quantity production). This makes this simulant appropriate to be used
for a variety of scientific and engineering applications where a large
amount of sample is required, including asteroid resources utilization
testing, hardware testing, drilling, excavation, and sampling technology
development. In addition, the methodology adopted in this study can
allow for the development of other types of regolith simulants (e.g., C-
type and E-type) to meet a range of scientific and engineering re-
quirements.
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