GEOSCIENCE CANADA Volume 46

Igneous Rock Associations 24.
Near-Earth Asteroid Resources: A Review

Liam R.J. Innis and Gordon R. Osinski

Department of Earth Sciences | Centre for Planetary Science and
Exploration

University of Western Ontario

1151 Richmond Street N. London, Ontario, Canada, N6.A 5B7
E-mail: gosinski@uwo.ca

SUMMARY

The extraction of natural resources located beyond Earth to
create products can be described as space resource utilization
(SRU). SRU is under active investigation in both the public and
private sectors. Near-Earth asteroids (NEAs) are particulatly
promising early SRU targets due to their relative proximity and
enrichments in two key resources: water and platinum group
elements (PGEs). Water can be used to create rocket propel-
lant, making it the only resource with significant demand given
the current nascent state of the space market. Platinum group
elements are valuable enough that their import to the Earth
market is potentially economical, making them the other
prospective resource in the current embryonic state of SRU.
While it is possible to retrieve material from a NEA, doing so
on an economical scale will require significant developments in
areas such as autonomous robotics and propulsion technology.
A parameterization accounting for asteroid size, resource con-
centration, and accessibility yields just seven and three poten-
tially viable NEA targets in the known population for water
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and PGEs, respectively. A greater emphasis on spectral obser-
vation of asteroids is required to better inform target selection
for eatly prospecting spacecraft. A further complication is the
lack of a legal precedent for the sale of extraterrestrial
resources. The Outer Space Treaty prohibits the appropriation
of celestial bodies but makes no explicit reference to their
resources while the US.A. and Luxembourg have passed legis-
lation entitling their citizens to own and sell space resources.
Whether these laws are a matter of clarification or contradic-
tion is the matter of some debate.

RESUME
L'extraction de ressources naturelles situées au-dela de la Terre
pour créer des produits peut étre décrite comme une utilisation
des ressources spatiales (URS). IURS est actuellement exam-
inée a la fois dans les secteurs public et privé. Les astéroides
proches de la Terre (NEA) sont des cibles URS particuliere-
ment prometteuses en raison de leur proximité relative et de
leur enrichissement en deux ressources clés : 'eau et les élé-
ments du groupe du platine (EGP). L'eau peut étre utilisée
pour créer des agents de propulsion pour vaisseaux spatiaux,
ce qui en fait la seule ressource pour laquelle la demande est
importante compte tenu de I'émergence du marché spatial
actuel. Les EGP sont suffisamment précieux pour que leur
importation sur le marché terrestre soit potentiellement
économique, ce qui en fait Pautre ressource potentielle étant
donné I’état embryonnaire actuel de 'URS. Bien qu'il soit pos-
sible de récupérer des matériaux sur un NEA, le faire a une
échelle économique nécessitera des développements impor-
tants dans des domaines tels que la robotique autonome et la
technologie de propulsion. Un paramétrage tenant compte de
la taille des astéroides, de la concentration des ressources et de
l'accessibilité conduit a seulement sept et trois cibles NEA
parmi la population connue, potentiellement exploitables pour
l'eau et les EGP, respectivement. 11 est nécessaire de mettre
davantage l'accent sur l'observation spectrale des astéroides
afin de mieux documenter la sélection des cibles pour les pre-
miers vaisseaux prospecteurs. L'absence de précédent juridique
pour la vente de ressources extraterrestres est une complica-
tion supplémentaire. Le Traité sur I'espace interdit 'appropria-
tion des corps célestes mais ne fait aucune référence explicite
a leurs ressources, tandis que les Etats-Unis et le Luxembourg
ont adopté une législation autorisant leurs citoyens a posséder
et a vendre des ressources spatiales. Que ces lois fassent 'objet
de clarification ou de contradiction est sujet a débat.
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INTRODUCTION
Through centuries of scientific study and decades of space
exploration, the presence of a range of potentially economic
resources across the solar system has been established. Only
recently has the prospect of harnessing these resources been
considered a possibility. The act of hatrvesting, processing, and
ultimately creating useful products from resources acquired in
space can be described as space resource utilization (SRU). In
recent years, various space agencies have been investigating
one approach to SRU, namely in situ resource utilization
(ISRU). As the name implies, ISRU entails using the resources
encountered along the path of exploration to create products
in support of the mission (Sanders and Larson 2015). SRU is
not limited to the public sector. It is the opinion of some
investors and industry professionals that SRU (eg. Lewis
2014), and the hypothetical accompanying expansion of the
space market, is a potentially industry-changing opportunity.
In order for SRU to be worthwhile for government space
agencies, there must be a cost saving, a lowering of tisk, or a
mission enhancing benefit. For the private sector, profitability
in a reasonably short time span following initial investment is
a requisite. Considering the complexity of operations in space
and the embryonic nature of the space market, this amounts
to a substantial challenge. Undeterred, companies with the
intentions of mining asteroids have already formed, including
Planetary Resources and Deep Space Industries (recently
acquired by Bradford Space). The governments of the US.A.
and Luxembourg have demonstrated their support for SRU,
passing legislation legalizing the sale of space resources (U.S.
Commercial Space Launch Competitiveness Act of 2015;
Government of Luxembourg 2017). While such legislation has
not yet been passed in Canada, the Canada Mineral and Metals
Plan, released by Natural Resources Canada in March 2019,
recommends that the federal government should develop a
policy approach for mining ‘new frontiers’ to foster investment
and economic development (NRCan 2019). Space mining is
explicitly acknowledged to be one of these new frontiers.
Due to their variety of resources, proximity to Harth, and
attractiveness as exploration targets, previous work has identi-
fied the Moon, Mars and its satellites, and Near-Earth Aster-
oids (NEAs) as prime targets for SRU. The Moon is close to
Earth, has various resources, and can serve as a proving
ground for modern human exploration techniques prior to a
human-crewed mission to Mars (e.g. Crawford 2015; Zuniga et
al. 2015). SRU in the Martian system will likely be restricted to
ISRU in support of Mars surface missions, and so less signifi-
cant to the private sector (Mazanek et al. 2015); although
SpaceX’s plans for Mars transportation infrastructure include
the local production of rocket fuel on the Red Planet via ISRU.
Finally, NEAs, the focus of the current study, offer rich and
varied resources and are accessible; ~ 20% of NEAs have one-
way rendezvous travel costs lower than the Moon (Benner
2018). The range of NEA compositions includes enrichments
in base metals (e.g. Fe and Ni), semiconductors (e.g. Si), plat-
inum group elements (PGEs), and volatiles, including water, C,
N and S.
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The goal of this study is not to argue the superiority of
NEAs as potential resource hosts rather than say the Moon
(Crawford 2015). Instead, we focus on NEAs due to their
importance in the near-term of SRU. As well as being accessi-
ble, NEAs are enriched in a resource vital to the early develop-
ment of SRU and the space market: water. This review will
first explore the nature and distribution of asteroids and their
meteorite offspring, informing the incidence, abundance, and
grade of asteroid resources. The following sections will then
explore the logistical feasibility, legal implications, and eco-
nomic viability of asteroid mining. Lastly, it will discuss current
ventures and Canadian opportunities in the field.

ASTEROID CHARACTERISTICS

Asteroids are typically relatively small, rocky bodies devoid of
atmospheres that orbit the Sun. They range in size from almost
1000 km to 1 m in diameter (Rubin and Grossman 2010; But-
bine 2016). Very broadly, they are composed of rock, metals,
and volatiles in various combinations. Asteroids are divided
into populations based on their orbits and reflectance spectra.
The asteroids are numerous, but their combined mass is less
than that of the Moon. The mass distribution of the asteroids
is also uneven, with the largest asteroid, 1 Ceres, which is also
classified as a dwarf planet, making up a third of the mass of
the main belt asteroids alone (Hilton 2002).

Orbital Groups

There are three main orbital groups of asteroids. The main
belt asteroids (MBAs) are the largest group of asteroids. They
orbit the Sun at ~ 2.2 to ~ 3.2 au (astronomical unit; 1 au is
the average distance from the Sun to the Harth), between the
orbits of Mars and Jupiter. The focus of this review is on the
NEAs, which are those asteroids that are no farther than 1.3
au from the Sun during their closest approach along their ellip-
tical orbits (Shoemaker et al. 1979). The NEA population is
subdivided into the Amors, Apollos, Atens, and Atiras (Fig 1)
(Shoemaker et al. 1979; Di Carlo et al. 2017). The Amors orbit
the Sun outside of Earth’s orbit and never cross inside it. The
Apollos are on average farther away from the Sun than Earth
but cross into Earth’s orbit from the outside. Atens have short-
er orbits than Earth but cross Earth’s orbit from the inside.
Atiras are by far the least populous group and have shorter
orbits than Earth and never cross its path.

The NEAs are more desirable for the near-term of SRU
than other asteroid populations due to their relative proximity
to Earth. The travel cost in space can measured in units of
speed. This parameter is called AV (pronounced ‘delta-vee’).
Measured in kilometres per second, it is the change in velocity
required to move from one location, or otbit, in space to
another (Ross 2001). Because their orbits are so similar to
Earth’s, the AV for one-way rendezvous from Low Earth
Orbit (LEO) to ~ 20% of NEAs is less than the AV from
LEO to the Moon (Benner 2018). Another consequence of
Earth-like orbits is long synodic periods, i.e. the more similar a
body’s orbit is to Earth’s, the longer the time period between
closest passes. After rendezvous via optimal trajectory, the
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Figure 1. Near-Earth Asteroid orbital groups. The yellow, blue, and red circles des-
ignate the Sun, Earth, and Mars, respectively. The Amor asteroids have larger orbits
than Earth and never cross its orbit. The Apollo asteroids have larger orbits than
Earth but do cross its orbit. The Aten asteroids have smaller orbits than Earth and
cross its orbit. The Atira asteroids have smaller orbits than Earth and never cross
its orbit.

launch window for a minimum AV return trip is often many
years or a decade later. Missions of shorter duration would
have to budget for a non-optimal trip one way or another.

The third main family of asteroids is the Trojans. Jovian
Trojan asteroids share the orbital path of Jupiter, residing in
stable points ~ 60° proceeding or trailing it. These are the L4
and L5 Lagrangian points respectively. To date, astronomers
have discovered over 6,000 Jovian Trojans, but some estimate
Jupiter’s Trojans to be as numerous as the asteroids of the
main belt (Yoshida and Nakamura 2005). Other planets with at
least one known Trojan are: Venus (1), Earth (1), Mars (4),
Uranus (2), and Neptune (17) (Connors et al. 2011; de la
Fuente Marcos and de la Fuente Marcos 2014, 2017).

Another orbital group of potential interest are the Cen-
taurs. These bodies orbit the Sun between the orbits of Jupiter
and Neptune. Although more distant than the other groups
they are thought to have intermediate characteristics between
asteroids and comets, a hypothesis strengthened by the detec-
tion of various ices, including water and methanol (Cruikshank
et al. 1998). These bodies could be optimal for fuelling activity
in the outer solar system.

Spectral Types

In addition to orbital groups, asteroids are also classified by
their reflectance spectra in the visible and infrared regions of
the electromagnetic spectrum. Asteroids with similar
reflectance have been interpreted to possess similar surface
mineralogies and, therefore, similar compositions. However,

Table 1. Asteroid Spectral Classes. Taxonomies from Tholen
(1984), Bus and Binzel (2002) and DeMeo et al. (2009).

Tholen (1984)

Bus and Binzel (2002) DeMeo et al. (2009)

C-group C-complex C-complex
(Carbonaceous) (Carbonaceous) (Carbonaceous)
B-type B-type B-type
C-type C-type C-type
F-type Cg-type Cb-type
G-type Ch-type Cg-type
Cgh-type Cgh-type
X-group (Metallic)  Cb-type Ch-type
E-type
M-type X-complex (Metallic) X-complex (Metallic)
P-type X-type X-type
Xc-type Xc-type
Ungrouped Xe-type Xe-type
S-type (Silicaceous) Xk-type Xk-type
A-type Xn-type
D-type S-complex (Silicaceous)
T-type S-type S-complex (Silicaceous)
Q-type Sa-type S-type
R-type Sk-type Sa-type
V-type Sl-type Sq-type
Sq-type Sr-type
Sr-type Sv-type
A-type
K-type Ungrouped
L-type A-type
Q-type D-type
R-type K-type
L-type
Ungrouped O-type
T-type Q-type
D-type R-type
Ld-type T-type
O-type V-type
V-type

factors such as the difficulty of modelling mineral absorption,
regolith effects, and space-weathering, may cause objects with
dissimilar mineralogies to have similar spectra and be incor-
rectly grouped together (Burbine 2016).

The colour of asteroids was first measured photographical-
ly by Bobrovnikoff (1929) but these measurements were too
sparse and rudimentary to form the basis of a classification
scheme. Chapman et al. (1975) put forth the first asteroid tax-
onomy and introduced the use of letters (C for carbonaceous,
S for silicaceous), now a standard feature of all asteroid tax-
onomies. Next, Tholen (1984) proposed a new taxonomy con-
sisting of 7 types in two groups and 7 more ungrouped types.
They are the C-group (B-type, C-type, F-type, G-type), X-
group (E-type, M-type, P-type), S-type, A-type, D-type, T-type,
Q-type, R-type, and V-type. Like the Chapman et al. (1975) tax-
onomy, C-group are carbonaceous, and S-type are silicaceous
or stony. The new X-group contains metallic asteroids, while
the remainder have anomalous or intermediate characteristics
(Table 1).

The next major overhaul of asteroid taxonomy stemmed
from the Small Main-belt Asteroid Spectroscopic Survey (Bus
and Binzel 2002; Burbine 2016) (Table 1). The SMASS system
was designed to agree with previous classification schemes
whenever possible. Thirteen of the 26 classes have single-letter
names, with 12 taken from preceding taxonomies (A, B, C, D,
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K, O, Q,R, S, T, V, and X) and one new class (L)). The remain-
ing 13 classes have lowercase modifiers to denote asteroids
with intermediate spectral qualities. All but five of the classes
are sorted into one of three complexes, broadly consistent
with Tholen’ groups. The taxonomy is as follows: C-complex
(B-type, C-type, Cg-type, Ch-type, Cgh-type, Cb-type), S-com-
plex (S-type, Sa-type, Sk-type, Sl-type, Sq-type, St-type and
endmembers A-type, K-type, L-type, Q-type, R-type), X-com-
plex (X-type, Xc-type, Xe-type, Xk-type), T-type, D-type, Ld-
type, O-type, and V-type (Bus and Binzel 2002). The C, S, and
X designations have the same meaning as in Tholen (1984).

The most recent iteration is the Bus-DeMeo taxonomy
(DeMeo et al. 2009), which comprises 24 classes with a 25" Xn
class being added after publication of the original paper (Bur-
bine 2016). The class designations are nearly identical to those
of Bus and Binzel (2002); only the Ld, S, and Sk classes were
removed while the Sv and Xn classes were added (Table 1).
Most bodies measured in both studies retained their classifica-
tion. Those that did change mostly belonged to the S-complex
subclasses (DeMeo et al. 2009). This taxonomy uses a ‘w’ at the
end of certain classes to signify that the body has expetienced
space weathering. The taxonomy is as follows: C-complex (B-
type, C-type, Cb-type, Cg-type, Cgh-type, Ch-type), S-complex
(S-type, Sa-type, Sg-type, St-type, Sv-type), X-complex (X-
type, Xc-type, Xe-type, Xk-type, Xn-type), A-type, D-type, K-
type, L-type, O-type, Q-type, R-type, T-type and V-type
(DeMeo et al. 2009).

Spectral Class Distribution

The differences in the mean albedo of asteroid spectral classes
introduces discovery bias into the population of observed
asteroids. Spectral classes with high average albedo (e.g. S-
complex) are more readily discovered for a given diameter than
asteroids with lower albedo (e.g C-complex) (Fig. 2). The
number of NEAs with spectral types is very low compared to
the number of known NEAs (Carry et al. 2016). Thus, when
considering the resource potential of the NEAs as a popula-
tion, it is helpful to consider the debiased distribution, while
bearing in mind that spectral data must be available for a spe-
cific asteroid for it to be considered as a potential mining tar-
get. Stuart and Binzel (2004) provide a bias-corrected distribu-
tion of spectral classes for NEAs by using a methodology that
combines spectral and albedo data sets.

METEORITES AS ANALOGUES

Since no space agency has yet managed a sample return of
more than a few micrograms of an asteroid (i.e. the Hayabusa
mission), meteorites are the main samples of asteroid material
currently available for study. However, the lack of spatial reso-
lution and the aforementioned difficulties in interpreting astet-
oid spectra make meteorite—asteroid comparisons difficult,
complicating the study of asteroid geology. Nevertheless, in
the near-term, meteorites remain the best and only physical
samples of asteroids available to scientists.

Meteorite Taxonomy
Meteorites are classified into chemical groups, each containing

http://www.geosciencecanada.ca

Liam R.J. Innis and Gordon R. Osinski

0.5 1

mObserved mDebiased

132

] 82

49
| 27
10 5 L
1 1 3
0l =
A c D o Q R s u v X

Taxonomic Class

o o o
[N w IS

Fraction of Population

o

Figure 2. Observed and debiased distribution of taxonomic classes in the Near-
Earth Asteroid (NEA) population. Observed data (n = 320) are from JPL Small-
Body Database (accessed 05/06/18). For asteroids with both Tholen (1984) and
Bus and Binzel (2002) classifications the latter took precedence. Some spectral
classes were combined in accordance with the debiased estimations from Stuart and
Binzel (2004). The numbers at the end of the orange columns are the total number
of NEAs of that class in JPL Small Body Database.

rocks interpreted to be from a single parent body. The ultimate
goal of meteorite classification is to couple each chemical
group to its parent body in space. This goal has thus far proven
elusive. The howardite-eucrite-diogenite (HED) clan of mete-
orites, thought to originate from the crust of asteroid 4 Vesta,
is the only group of meteorites correlated with a specific aster-
oidal parent body (e.g. Consolmagno and Drake 1977). Except
for a small number derived from the Moon and Mars, the
majority of meteorites are derived from asteroids (Weisberg et
al. 2006).

Traditionally, meteorites were divided into three categories
based on composition alone: stony, stony-iron, and iron (Weis-
berg et al. 2006). Modern taxonomies incorporate their chem-
ical, isotopic, compositional, and petrological nature to group
samples that are genetically related (Weisberg et al. 2000). The
first distinction made is the degree of differentiation of the
parent body. Meteorites from undifferentiated bodies are
called chondrites, named for the small (1-2 mm) silicate
spheres called chondrules that they often, but do not necessat-
ily, contain (Weisberg et al. 2006). Meteorites from differenti-
ated bodies are called achondrites, primitive achondrites, or
nonchondrites, depending on the taxonomy, and can be textu-
rally altered but chemically primitive, partially melted, or fully
differentiated. The literature contains numerous taxonomies
that demonstrate no consensus on classification hierarchy,
except for the final distinction of chemical group. For exam-
ple, a particular specimen will belong to the same chemical
group in all schemes, say an IIIAB iron, but that group could
be deemed to be either a differentiated nonchondrite or an
achondrite. For a thorough review of the subject the reader is
referred to Weisberg et al. (2000).

Geological Processes

The geology of meteorites reflect geological processes that
operated on the asteroid parent bodies. Such processes are
responsible for the distribution of resoutces on asteroids. Per-
haps most obvious is differentiation, with iron meteorites
interpreted as representing core material and other meteorite
classes, such as HEDs, representing crustal material (e.g
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Hutchison 2007; Elkins-Tanton and Weiss 2017). Chondrites
show evidence of more localized processes, including thermal
metamorphism, aqueous alteration, and shock metamorphism.
Thermal metamorphism of increasing grade homogenizes the
chemical composition of minerals, coarsens mineral grains at
the expense of the matrix, before finally forming new minerals
(Hutchison 2007). The parent bodies of meteorites displaying
aqueous alteration warmed during accretion, but not enough
to initiate thermal metamorphism. High water contents
obtained from the solar nebula combined with this gentle heat-
ing led to the alteration of much of the olivine and pyroxene
into hydrous phases in many meteorite classes (e.g. Hutchison
2007). This process created some of the most desirable aster-
oid classes from a resource perspective.

ASTEROID RESOURCES

Through asteroid spectroscopy and the study of meteorites,
we know that asteroids contain a diverse array of resources
including water (in hydrated minerals and ice), base metals,
semiconductors, PGEs, and volatiles. For an asteroid resource
to be considered for SRU, however, it must demonstrate mis-
sion enhancing or profit earning potential. A large part of the
motivation for SRU is the potential cost savings of garnering
resources required in space in situ. The additional expense
assoclated with acquiring resources in space must be offset by
the cost savings of reduced launch mass. With rocket launches
out of the equation, the most cost-effective means of meeting
demand on Earth will remain mining the planet itself. It fol-
lows that for any resource to be considered for SRU, at least in
the short- to medium-term, there must be demand for it in
space. Currently, the only resource with significant demand in
space is water. A possible exception to this rule is the PGEs.
They are sufficiently valuable that their import to Earth could
be potentially economical in the future. Below, we discuss the
short- and long-term potential of SRU from NEAs.

The Short Term

Excluding the engineering cost of extracting a target resource
from an individual asteroid, the viability of an asteroid as a
mining target is a function of its value and accessibility. An
asteroid’s value can be estimated as the product of its volume,
density, concentration of the desired resoutce, and value of
that resource. Its accessibility can be quantified as the mini-
mum AV required for spacecraft rendezvous from LEO. For
the purpose of the following parametetization, the minimum
value that an asteroid must have to be considered a viable tat-
get will be set at $1B, approximately the cost of an average
interplanetary space exploration mission, and not far off the
capital expenditure required to start a large mine on Earth.

Platinum Group Elements

PGE:s are highly valued due to their scarcity, usefulness as cat-
alysts, resistance to corrosion, and high melting points (Zien-
tek and Loferski 2014). Except for the less valuable element,
Ru, each element was valued between $12,800 and $35,600
USD kg (3400 to $1,100 USD/troy ounce) on average in 2017
(https://apps.catalysts.basf.com/apps/eibptrices/mp). These

values are high enough that they may allow for economic
extraction of PGEs from asteroids for the Earth market. The
scarcity of PGEs is driven by their highly siderophile nature.
During Earth’s differentiation they partitioned strongly into
the core, leaving the crust and mantle extremely depleted
(McDonough and Sun 1995). What little PGEs that are found
outside of the core are possibly the product of a late chondrit-
ic veneer (e.g. Schmidt 2004). Like Earth, some asteroids are
also differentiated. Subsequent collisions have fragmented
some of these bodies, thereby exposing their PGE-enriched
core material. These are the metallic X-complex asteroids,
thought to be latgely composed of FeNi alloy, and are the like-
ly parent bodies of iron meteorites (Burbine 2016).

The literature contains limited data on the full suite of
PGE concentration in iron meteorites. Iridium concentrations
are well studied, however, as they are used in iron meteorite
taxonomy (Scott et al. 1973). For iron meteorites in general,
PGE occurrence can be estimated as totaling seven times Ir
abundance in CI chondritic ratios (Elvis 2014). A group of 71
iron meteorites from various chemical groups compiled in two
papers have a mean concentration of 27 pg ¢! total PGE (Was-
son et al. 1989, 1998). Meteorites enriched in the 50* and 90*
percentiles in the distribution contain 14 ng g and 68 pug g' of
PGE:s respectively.

Asteroids are too small to be spatially resolved by ground-
based telescopes. Instead, telescopic observations provide
apparent magnitude (h), which is the brightness of an object as
perceived by an observer on Farth. Apparent magnitude can
then be used to calculate absolute magnitude (H), which is the
brightness of an object as it would be seen from a standard
distance. From H, and an assumed average albedo for NEAs
of 0.14, asteroid diameter is calculated. Lastly, volume is deter-
mined assuming a spherical shape. While virtually all asteroids
are not spherical, this assumption is made considering that the
diameter calculated will be intermediate between the asteroid’s
long and short axes, resulting in a reasonable approximation of
asteroid volume. There appears to be no correlation between
absolute magnitude (H) and taxonomic class in the NEA pop-
ulation (Stuart and Binzel 2004); i.e. taxonomic classes are uni-
formly dispersed throughout the size range of NEAs.

The density of metallic asteroids remains pootly con-
strained. Iron meteorites have densities of ~ 7900 kg m” but
asteroids, particularly those of small mass (< ~ 10* kg), are
expected to have significant porosity (Henderson and Perry
1954; Carry 2012). Only considering asteroid densities of rea-
sonable accuracy, and those from X-complex subclasses with
densities indicative of metallic composition (Xc and Xk, g5,
from Table 3 in Carry 2012), yields a mean density of 4 000 kg
m for 12 asteroids.

‘Average’ (50" percentile PGE concentration) and ‘good’
(90" percentile) metallic asteroids reach values of $1B at diam-
eters of 119 m and 71 m respectively. As volume and, there-
fore, mass scales with the cube of the radius, asteroids of
increasing size rapidly increase in value. A 240 m diameter
asteroid would be worth $8.2B and $39B in the average and
good cases, respectively (Table 2). Accordingly, asteroids lose
their value with decreasing size just as rapidly. Asteroids of 100
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Table 2. Value of Platinum Group Elements (PGEs) in
metallic asteroids.

PGE Value of
Diameter Mass Concentration PGE Value asteroid
(m) (kg) (ppm) 5/ kg) (3M)
100 2.09E+09 14.28 19,903 $595
120 3.62E+09 14.28 19,903 $1,029
160 8.58E+09 14.28 19,903 $2,438
240 2.90E+10 14.28 19,903 $8,229
60 4.52E+08 67.66 19,903 $609
75 8.84E+08 67.66 19,903 $1,190
120 3.62E+09 67.66 19,903 $4,874
240 2.90E+10 67.66 19,904 $38,989

and 60 m diameter are only worth ~ $0.6B in the average and
good cases, insufficient to warrant a mining venture (Table 2).

Of the 326 asteroids with a spectral classification in the
JPL Small-Body Database, 15% (n = 49) are X-complex. This
is a small fraction of the total known NEA population and
does not account for discovery bias favouring higher albedo
asteroids, particularly S-complex, over the lower albedo C and
X-complexes (Stuart and Binzel 2004). The debiased depiction
of the taxonomic distribution of NEAs of Stuart and Binzel
(2004) indicate that 34% of NEAs belong to the X-complex.
Due to the paucity of spectral type designations among known
NEAs, the debiased fraction will be used for subsequent infer-
ences made in this section.

Neeley et al. (2014) compared infrared and visible observa-
tions of 29 X-complex asteroids to meteorite spectra. They
mainly targeted Xc- and Xk-types, as they are devoid of any
strong spectral features, indicative of FeNi metal. Eighteen of
the asteroids also had radar data available. Of these, 22% (n =
4) were determined to be analogous to iron meteorites by both
the radar data and at least one of the two methods employing
spectral data (Neeley et al. 2014). In the paper that introduced
their taxonomy, DeMeo et al. (2009) classified 32 X-complex
asteroids of which 66% (n = 21) were either Xc- or Xk-type.

In summary, the fraction of X-complex NEAs is 0.34, the
fraction of X-complex asteroids that are Xc- or Xk-type is
0.66, and the fraction of Xc- and Xk- types that are metallic is
0.22. The product of these numbers reveals ~ 5% of NEAs
are expected to be metallic. As mining missions will require
heavy payloads both to and from the asteroid, targets with low
AV are prioritized. Elvis (2014) suggests a maximum AV of
4.5 km s for the accessibility cut off, as this figure at least dou-
bles the payload capacity versus a mission to a median NEA
(6.65 km s™). Only 1.4% of the 17,607 NEAs have AV = 4.5
km s* (Benner 2018).

Adapting the approach taken by Elvis (2014), the fraction
of NEAs that are expected to be prospective PGE sources is

Pyiiper = Py P,y Py (Eq~ 1)

Hpe ~ enct

=0.05 0.50 0.014,
= 0.00035

where P,

tion of asteroids with favourable PGE concentrations (in this

is the fraction of metallic asteroids, P,,, is the frac-

o
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Table 3. Value of water in C-complex Near-Earth Asteroids.

Water Value of

Diameter Mass Concentration Water Value asteroid

(m) (kg) (wt %) (3 / kg) (3M)

8 3.78E+05 16 5000 $302
12 1.28E+06 16 5000 $1,021
16 3.02E+06 16 5000 $2,419
50 9.23E+07 16 5000 $73,827

case 50" percentile or better), and P, is the fraction of acces-
sible asteroids. By this metric, 0.035%, or approximately 1 out
of every 2900 NEAs are prospective for PGEs. Using an
assumed average albedo of 0.14, the number of known NEAs
with D 2 119 m is 907 (CNEOS 2018). The product of these
numbers reveals that three members of the known NEA cata-
logue are expected to be potentially viable PGE sources. While
this may seem bleak, it is mostly limited by the stringent AV
requirement. If propulsion technology advances enough to
facilitate missions with AV < 5.5 km s, the number of
prospective asteroids increases to 25 (~ 1/350).

These estimates are based on the currently known fraction
of the NEA population (Fig, 3). The size distribution of the
entire NEA population can be estimated by a simple power law
(Stokes et al. 2003). The function is

N (> D(km)) = 942D (Eq. 2)

where N is the cumulative number of NEAs above a given
diameter D. From the power law there are expected to be
141,323 NEAs with D = 119 m. This increases the number of
prospective NEAs for PGEs to 49 at AV < 4.5 km s* and 403
at AV =55 km s".

An important consideration is the effect of increased sup-
ply on PGE value. An estimated 560,000 kg of PGEs were
produced from mined and recycled sources globally in 2016
(NRCan 2018). A $1B asteroid contains 50,200 kg PGEs.
While price does not scale linearly with supply, adding 10% to
the global supply would likely depress the price to some extent.
A $10B asteroid would contain nearly the entire annual PGE
production, depressing prices even further. This effect is pos-
sibly alleviated by selling asteroid derived PGEs over an
extended time span.

0.4

5,819

o
w

4,361

2,279

Fraction of Population
o
o

o
i

1,443
929 906 969
466 376 363 288

0 50 150 250 350 450 550 650 750 850 >950

Estimated Diameter {(m)

Figure 3. Size distribution of known Near-Farth Asteroids (NEA). Diameter esti-
mates ate calculated from absolute magnitude (H) using an assumed average albedo
(a) of 0.14. Absolute magnitudes are from JPL Small Body Browser, current as of
21/05/18. The number of NEAs in each bin is labeled on the end of the columns.
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The above estimates do not account for the engineering
cost of PGE extraction. While this is difficult to directly esti-
mate, the value per tonne of asteroid material compared to
ores on Harth can shed light on the potential extraction budg-
et. Earth’s highest-grade PGE ores are located within the Still-
water Complex, Montana. The most enriched zone of the
complex is the J-M reef. A 5.5 km long and 2.1 m thick section
of this zone contains PGE values of ~ $550 USD/t in Pt and
Pd (Todd et al. 1982). The reserves here are small relative to
South Africa’s Bushveld Complex, the world’s largest produc-
er. The South African ore was worth ~ $100 USD/t in Pt, Pd,
Rh, Ru, Ir, and Au in 2015 (Thormann et al. 2017). In contrast,
50™ and 90™ percentile metallic asteroids would be worth ~
$280 USD/t and ~ $1350 USD/t, respectively.

Considering the relative grades and the increased complex-
ity of space-based PGE extraction, the engineering costs may
dictate that only highly concentrated metallic asteroids can be
considered as mining targets, or that PGE production from
asteroids will only be economical as a by-product of another
process. The logistical feasibility of PGE production from
NEAs is explored in the following section.

Water

Unlike PGEs, water is a strategic resource in the short term of
NEA SRU due to its existing demand in space. To be econom-
ical, water must be more cost-effective to source and process
it from NEAs than launch it from Earth. The value of water
in space is derived from its vast array of potential applications.
Most importantly in the short term, it can be electrolyzed into
its constituent hydrogen and oxygen, which upon recombina-
tion create an exothermic reaction that can be harnessed for
rocket propulsion. It can also be used for radiation shielding,
growing plants, for breathing (O, from electrolysis) and, of
course, drinking for humans. Presently, the market for water in
space is delivery to the International Space Station and as pro-
pellant for satellite station-keeping (Sommariva 2015). In the
near future, the advent of a cis-lunar (located in between Earth
and the Moon) propellant depot and a fleet of satellite-servic-
ing space-tug vehicles could considerably increase demand
(Metzger 2016). A cis-lunar propellant depot would reduce
costs faced by government agencies and private companies,
lowering the barrier to entry for space operations, and stimu-
lating activity in the space market. Space-tug vehicles, operated
independently or by the asteroid mining corporations them-
selves, could rapidly transport satellites from LEO to geosta-
tionary orbit (GEQO), saving satellite operators from lost prof-
its accrued over the months it takes to deploy communications
satellites via ion propulsion (Metzger 2016).

Moving forward, an important potential application of
water in space is for radiation shielding, Of the types of radi-
ation prevalent beyond Earth’s magnetosphere, galactic cosmic
rays and solar particle events pose the greatest tisk to human
health (Cucinotta and Durante 20006). Together, they are the
source of all cosmic radiation (Sithver 2008). Unlike other
forms of radiation (e.g. gamma rays) cosmic rays are not most
effectively shielded by dense, high atomic mass materials
(Sihver 2008). Their interaction with these materials produces

secondary radiation, in some cases to the effect of increasing
the total intensity. Liquid hydrogen is the most effective shield
against cosmic radiation, with low atomic mass hydrogen-bear-
ing compounds, such as watet, also performing well (Sihver
2008). Water is much simpler to store than liquid hydrogen,
and large reservoirs would be required for hydration at any
rate, making it the logical choice for radiation shielding,

As was the case for PGEs, the portion of asteroids
prospective for water extraction can be estimated using the
methods of Elvis (2014). Water is expected to be found in the
highest concentrations on C-complex asteroids (Ross 2001), in
hydrated phyllosilicates and in subsurface ice. Accounting for
discovery bias, 9.8% of NEAs are estimated to be C-complex
(Stuart and Binzel 2004).

The contribution of hydrated phyllosilicates to the water
content of C-complex asteroids can be estimated from knowl-
edge of meteorites. A study by Jarosewich (1990) compiled
chemical analyses determining water content in 22 carbona-
ceous chondrite samples. Removing the duplicate analyses
(three measurements of Murchison and the pair of ALH
83100 and ALH 83102) leaves 19 chondrites with a mean
water content of 3.9 wt.%. Eleven of these have < 2 wt.%
H,O (~58%) and six (32%) have > 6 wt.% H,O (Jarosewich
1990). This higher group will be considered the portion of C-
complex NEAs enriched in water. Elvis (2014) used 10 wt.%
H,O as the contribution of hydrated phyllosilicates to the
water content of C-complex asteroids. However, given it is
unlikely that all the H,O can be extracted, the current study
will use this more conservative value of 6 wt.%.

The contribution of subsutface ice to the total water con-
tent is harder to estimate. Carbonaceous chondrites have
porosities of 1-20% while C-complex NEAs have macro-scale
porosities of 28-60% (Carry 2012; Elvis 2014). This leaves
large volumes to be potentially occupied by water ice and other
volatiles, but without prospecting spacecraft it is impossible to
know the contents of the voids. Elvis (2014) estimated 10
wt.% H,O as subsurface ice, a value which shall also be used
in the current study.

The fraction of NEAs prospective for water is then

Ppawar = P bpe P, Py, (Eq. 3)
=0.098 0.32 0.014,
= 0.00044

when using the same accessibility cut off as before. This is
equivalent to about1 in 2300 NEAs. Carry (2012) gives reason-
ably accurate densities for 19 C-complex asteroids with a mean
density of 1410 kg m” (g5, Table 3 in Carry 2012). If water can
be sold in space for $5000 kg, half of the historical cost of
launching a kilogram of mass into LEO, a NEA as small as 12
m is worth over $1B (Table 3). There are 17,371 known NEAs
of D> 12 m for a total of seven NEAs prospective for water
(Fig. 3). Increasing the minimum AV by 1 km s* brings the
total to 62 NEAs. The validity of the figure selected for the
value of water in space is discussed in the following section.
There are expected to be vastly more NEAs of small size
(< 50 m) than currently known (Fig. 3). There are 4991 known
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Table 4. Resources in asteroids, adapted from Sanchez and Mclnnes (2013).

Resource Resource mass
Asteroid mass in 120 m
Resource Class Fraction of NEA swarm fraction Space-based application asteroid (t)
Fe, Ni, Co metallic 0.05 95 wt %° Infrastructure material 3,438,156
X-complex'
PGEs metallic 0.05 68 ppm Import to Earth, electronics 245
X-complex'
Semiconductors metallic 0.05 1,600 ppm* Electronics (e.g. solar panels) 5,791
X-complex'
H,O water-rich 0.03 16 wt % Propellant, radiation shielding,
C-complex hydration, hygiene, respiration
(O, - electrolysis), space
resource refinement, agriculture 255,147
N, C-complex 0.10% 934 ppm’ Atmosphere, fertilizer 1,192
Silicates S-complex 0.222 70 wt %° Agriculture, radiation shielding 1,710,030
Organics C-complex 0.10? 4,000 ppm’ Agticulture 5,103

Resources are listed with their asteroid class of highest concentration but may be found in other classes as well. Organics refers to organic molecules only, bulk C content is
expected to be considerably higher. Fraction of Near-Earth Asteroid (NEA) swarm and resource mass fraction are from the text unless otherwise noted. 'Based on iron mete-
orites with 90th percentile Ir enrichment; *(Stuart and Binzel 2004); *(Wasson 1974); *(Kargel 1994; Ross 2001); °(Alexander et al. 2012; average of CM chondrites from the

supplementary material); ‘(McSween et al. 1991); "(Botta and Bada 2002).

NEAs 12-50 m in diameter, but from the power law there are
expected to be 3X10" NEASs in this size range. This brings the
total number of NEAs prospective for water to ~ 13,000 at
AV = 4.5 km s (Stokes et al. 2003).

Another possible reservoir of water on asteroids is surficial
water ice. It is expected to be rare on asteroids due to the rate
of sublimation close to the Sun but it has been detected inde-
pendently by two teams on asteroid 24 Themis (Campins et al.
2010; Rivkin and Emery 2010). Ceres, a C-complex asteroid
and the solar system’s largest, is one of two targets of NASA’s
Dawn mission. Dawn began orbiting Ceres in March 2015 and
continued to do so until November 1, 2018. In this time, it
generated global maps using its framing camera and visible and
infrared mapping spectrometer as well as gathered elemental
data with its Gamma Ray and Neutron Detector. From these
data it has been estimated that Ceres contains ~ 17-30 wt.%
H,O, has rare surface water ice, and that ice has remained with-
in a metre of the surface for the body’s lifetime (Prettyman et
al. 2017).

The Long Term

As time progresses, the maturation of SRU and the cis-lunar
economy will allow for increasingly diverse ventures. The array
of resources available in asteroids could potentially permit
opportunities including more ambitious and frequent space
exploration missions, space tourism, and possibly a permanent
human presence in space. Key resources for this level of devel-
opment include base metals, semiconductors, and life-sustain-
ing volatiles (Table 4). Sourcing and manipulating base metals
such as iron in space would permit the fabrication of infra-
structure at scales unhindered by the need to escape Earth’s
gravity well. Semiconductors are ubiquitous in modern elec-

http://www.geosciencecanada.ca

tronics and their presence in asteroids would allow the fabrica-
tion of electronics in space. A promising application is to build
enormous solar panel arrays in orbit (e.g. Glaser 1977; Sanchez
and Mclnnes 2013). Here, the collection of energy is inde-
pendent of weather conditions and the scale of the array is not
limited by the need for the structure to support its own weight.
The energy collected can be used in space or perhaps even
transmitted back to Earth (Glaser 1977). Asteroids also con-
tain volatile elements like C, N, P, and S, all of which are
required by human metabolism. Nitrogen is particularly impor-
tant because it is needed as an inert atmospheric component as
well as a source of nutrition.

LOGISTICS

The logistical challenges of asteroid mining are varied, com-
plex, and often without precedent. This section will illustrate
the stages involved in asteroid mining from initial discovery to
final product. Proven technologies and methods will be pre-
sented when possible, although many aspects of this section
will be speculative in nature.

Many logistical specifics will change on a case by case basis
depending on factors such as mission architecture, target
resource, target asteroid, etc., but the process can be broadly
divided into three major categories: 1) Discovery and Charac-
terization; 2) Harvesting and Transportation; and 3) Extraction
(Fig. 4). The first phase, Discovery and Characterization,
describes the progression from asteroid discovery to target
selection. Next, Harvesting and Transportation, deals with the
retrieval and relocation of asteroid material. The final phase,
Extraction, describes a collection of processes used to make
finished products from raw asteroid material. The phases are
presented as such for ease of communication but in practice
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Figure 4. Stages of asteroid mining logistics. See text for details.

the boundaries between them, particularly the final two phases,
will likely not be so clear-cut.

Discovery and Characterization
NEAs are continually discovered and catalogued by numerous
organizations for reasons of scientific interest and as an
attempt to identify potentially Earth impacting bodies. NASA’s
Jet Propulsion Laboratory (JPL) runs the Center for Near
Earth Object Studies (CNEOS), which supports many discov-
ery surveys at institutions throughout the United States. The
five NASA-supported surveys that discovered at least a single
new NEO in 2017 are the Catalina Sky Survey (991; Tucson,
Arizona), Pan-STARRS1 (893; Maui, Hawaii), ATLAS (98;
Hawnaii), LINEAR (22; Socorro, New Mexico), and NEO-
WISE (206; spacecraft in polar orbit) (CNEOS 2018). Of the
18,000+ known NEOs only 107 are comets. NEOs are discov-
ered by taking telescopic photographs of the same area of the
night sky several minutes apart (Steel 2001). Distant stars and
galaxies remain in the same relative location in the photo-
graphs, but nearby objects do not (Wainscoat et al. 2016).
After ground-based observation provides a robust cata-
logue of NEA characteristics (size, orbital elements, spectral
type) prospecting spacecraft will be deployed to the most
promising asteroids to finely characterize them before the
investment of a full-scale mining mission is made. There is
precedent for spacecraft observation of asteroids. Including
NASAs Dawn mission, there are 12 past or ongoing missions

visiting 14 asteroids with five more in the planning or concept
stage (Table 5). Current spacecraft asteroid observations total
3 NEAs and 11 main-belt asteroids. Even with NASA and
JAXAs growing interest in asteroid missions, the scale of
space borne asteroid observations required for efficient
prospecting requires hands-on solutions from the would-be
asteroid miner.

The spacecraft will take measurements of size and shape,
density, structure, composition, and resource distribution. This
can be accomplished with on-board sensors including cameras
and spectrometers. These spacecraft may also include assay
probes to directly sample the surface/shallow subsutface of
promising regions. A single spacecraft will have to be deployed
for each potential target, dictating lightweight and inexpensive
design to enable multiple simultaneous deployments from a
single launch vehicle.

Since only 1 in ~ 2900 and 1 in ~ 2300 NEAs are potential
PGE and water sources respectively, and the prospect deploy-
ing thousands of space probes is clearly unfeasible, the need
for enhanced ground-based characterization of NEAs with an
emphasis on spectral class determination and small body dis-
covery (for water-bearing NEAs) is very apparent.

Harvesting and Transportation

The two aspects of this phase are grouped together in
acknowledgement of variable mission architectures and
despite their different technological requirements. The first

http://www.dx.doi.org/10.12789/geocanj.2019.46.147 w



Table 5. Successful and forthcoming asteroid exploration missions.

Liam R.J. Innis and Gordon R. Osinski

Mission Status Mission Name Agency Launch Date = Completion Date Asteroid Target(s) Mission Type
Galileo! NASA 18-Oct-89 21-Sep-03 Gaspra, Ida both Flyby
NEAR - Shoemaker* NASA 17-Feb-96 28-Feb-01 Mathilde, Eros Flyby, Otbit
Cassini’ NASA/ESA  15-Oct-97 15-Sep-17 Masursky Flyby
Deep Space 1* NASA 24-Oct-98 18-Dec-01 Braille Flyby
Complete Stardust® NASA 07-Feb-99 15-Jan-06 Annefrank Flyby
Hayabusa® ISAS 09-May-03 13-Jun-10 tokawa Orbit/Sample return
(now part
of JAXA)
Rosetta’ ESA 02-Mar-04 30-Sep-16 Steins, Lutetia both Flyby
New Horizons® NASA 19-Jan-06 2038 APL Flyby
Dawn’ NASA 27-Sep-07 late 2018 Vesta, Ceres both Orbit
Ongoing Chang'e 2" CNSA 01-Oct-10 2029 Toutatis Flyby
Hayabusa2" JAXA 03-Dec-14 01-Dec-20 Ryugu Orbit/Sample return
OSIRIS-REx" NASA 08-Sep-16 24-Sep-23 Bennu Orbit/Sample return
NEA Scout” NASA 15-Dec-19 2023 1991 VG Flyby
Lucy™ NASA Oct-21 2033+ Eurybates, Polymele,
Planned Leucus, Orus, Patroclus, all Flyby
Donald-johanson
DESTINY+" JAXA 2022 2026+ Phacthon Flyby
Psyche' NASA 2022 arrive 2026 Psyche Orbit
AIDA" NASA/ESA 2021 and 2023 artive 2022 and 2026 Didymos Impact and Orbit

Missions with titles in bold have asteroids for primary targets. Asteroid names in italics ate near-Earth asteroids, main belt is in normal text, and trojans are underlined. All
dates 2018 and onwards are projected and subject to change. Completion dates for Stardust and Hayabusa are the dates of sample cannister reentry. '(JPL 2018a); *(NASA
2018b); *(JPL 2018b); ‘(JPL 2018c); *(JPL 2018d); ‘(JPL 2018e); "(ESA 2018a); *(JHU/APL 2006); *(JPL 2018f); “(ESA 2018b); "JAXA 2018); *(NASA 2018a); “(Mahoney

2018); *(Garner 2017); ®(Kruger 2017); "(JPL 2018g); "(ESA 2018c).

decision of this phase is the extent to which material will be
concentrated prior to transport. Previous authors have sug-
gested two approaches; “asteroid capture” and “in situ min-
ing” (Probst et al. 2016). In the former, asteroids, in entirety or
in part, are captured and transported to a designated location
for subsequent resource extraction. In the latter, asteroid
resources are concentrated or extracted in the unaltered orbit
of the asteroid prior to transport. In situ mining allows for
more efficient transport at the cost of increased reliance on
autonomy; the communication delay between Earth and
NEAs is often several minutes each way. Asteroid capture
would enable near real-time manoeuvres and shorter delays
between extraction and sale, allowing operations to respond to
changes in demand. This comes at the cost of decreased trans-
portation efficiency and increased propulsion needs.
Depending on the target resource, the degree of autonomy
required to run a mining operation, including troubleshooting
and mitigating unexpected events, is beyond the capabilities of
current technology, leading some researchers to suggest aster-
oid capture is the only viable option (e.g. Mazanek et al. 2015).
While technologically feasible at small scales, asteroid capture’s
efficiency is severely limited by the maximum possible mass
retrieved. It is important to note that the complexity of
resource extraction depends on the target resource and aster-
oid. Extraction of volatiles, like water, from rocky or rubbly
asteroids is presumably a simpler task than the extraction of
precious metals from a monolithic asteroid of solid FeNi alloy.
The former may even be within the capabilities of current
autonomous robotics (Trans Astronautica Corporation:

http://www.geosciencecanada.ca

http:/ /www.transastracorp.com). The estimates below will
account for transportation only and not the engineering cost
of harvesting and/or concentration the target resource.

A study by Brophy et al. (2012) investigated the feasibility
of capturing a boulder from a large NEA, or an entire small
NEA, and bringing it to cis-lunar space. They found that cur-
rent propulsion technology can transport a 7 m diameter aster-
oid of ~ 500 t from a favourable orbit to cis-lunar space in ~
10 years. The study estimated the cost of such a venture to be
~ $2.6B. This estimate was based on the orbit of asteroid 2008
HU4, the eighth most accessible of all known NEAs with a
AV of 391 km s (Benner 2018). Operations at asteroids with
AV’s of up to 4.5 km s will be more expensive. It should also
be noted that the Brophy et al. (2012) study includes a 30%
($611B) buffer for reserves.

Transporting 500 t of material from a NEA in a favourable
orbit to cis-lunar space for $2.6B is equivalent to $5294 kg
(Brophy et al. 2012). This figure includes research, develop-
ment, spacecraft testing, and the price of the launch vehicle.
Removing all but the recurring costs from this estimate yields
an expense of $2634 kg to transport asteroid material into cis-
lunar space.

If the value of water in space is assumed to be $5000 kg,
a 90% pure concentrate is worth $4500 kg' and unprocessed
asteroid material at 16 wt.% is worth $800 kg' With the same
90% extraction rate, the material’s value is $720 kg'. Account-
ing for the cost of transport, the concentrate provides net
gains of $1866 kg' and the non-concentrated material incurs
losses of $1914 kg'. The case for in situ concentration is,
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therefore, strong, unless advances in propulsion technology
can reduce transport costs by a factor of ~ 4. It is important
to note that the value of water in space is estimated to be half
of $10,000 kg', the canonical cost of launching mass from
Earth’s surface to LEO. The validity of this figure could soon
change due to recent innovations in the commercial space
launch sector. For example, SpaceX’s Falcon 9 can bring pay-
loads to LEO for $2719 kg and their Falcon Heavy is put-
ported to do the same for §1411 kg, although the latter has
only a single test flight to date (http://wwwspacex.com/
about/capabilities). The rockets are advertised to deliver mass
to geosynchronous transfer orbit (GTO) for $7470 kg' and
$3371 kg respectively. If SpaceX’s Falcon Heavy matures into
a reliable technology, it represents a significant decrease in the
value of resources in space. Similar degrees of innovation will
have to be made in the production of asteroid resources to
ensure a competitive advantage.

Extraction

In this, the final phase, resources are (further) concentrated
and processed into final products. The following methods are
conceptual in nature but draw on proven technology when
possible.

Wiater can be extracted from asteroids by thermal dehydra-
tion of phyllosilicate minerals (e.g. King et al. 2015). Trans
Astronautica Corporation (TransAstra) is a Los Angeles based
company developing its own method of thermal dehydration
called optical mining (https://www.nasa.gov/directorates/
spacetech/niac/2017_Phase_I_Phase_II/Sustainable_Human
_Exploration/). Its concept is to use concentrated sunlight
and a containment bag to simultaneously extract volatiles and
excavate the asteroid. In a full-scale test using a synthetic CI-
like asteroid and a 10 m diameter solar collector they success-
fully demonstrated their technology. As predicted, the escaping
volatiles caused the host rock to fracture, continually exposing
fresh surfaces. Once liberated, the volatiles can be separated
and purified by fractional distillation.

Most NEAs are understood to be “rubble-piles” or uncon-
solidated rock fragments held together by electrostatic, Van
der Waal, and gravitational forces (Daniels 2013; Mazanek et
al. 2015). A popular suggestion is to concentrate metallic phas-
es by combing their surfaces with an electromagnetic rake
(Kargel 1994).

Biomining techniques use microbes to extract metal from
ores. Globally, ~ 20% of copper and ~ 5% of gold are extract-
ed via biomining (Johnson et al. 2013). A paper by Klas et al.
(2015) explores the feasibility of utilizing biomining on aster-
oids. The authors suggest extremophiles — microorganisms
resistant to extremes in temperature, pressure, pH and radia-
tion — may be of potential use for space-biomining applica-
tions. All are dependent on the presence of liquid water, how-
ever, so construction of an enclosed volume in which an
approptiate temperature and atmosphere can be maintained is
required. In addition to metal extraction, some microbes are
also capable of methanogenesis (Klas et al. 2015). These
microotganisms consume compounds like acetate, hydrogen,
and carbon dioxide, materials found in carbonaceous asteroids,

and produce methane. This simple hydrocarbon is a viable
alternative to liquid hydrogen for rocket propellant as it is near-
ly as efficient, less hazardous, and allows for denser and
warmer storage. Klas et al. (2015) suggest that the high surface
area to volume ratio of rubble-pile asteroids is advantageous
for biomining, because of both increased exposure and the
unconsolidated nature that provides natural radiation shielding
for deeply penetrating microbes.

While originally demonstrated on nickel oxides, the Mond
process can also be used to purify metals from alloys. First
described in 1890, the process uses carbon monoxide to form
nickel carbonyl (NiCO,) which is then decomposed to form
pure nickel, impure residue, and carbon monoxide (Mond et al.
1890). The resultant nickel can be deposited onto a substrate
or as a powder. Other metals like iron and chromium also form
carbonyls and can be similatly extracted. Iron and nickel can be
used for structural fabrication and 3-D printing (from their
powders) while the residues will be PGE-enriched.

When considering the logistics of space-based resource
production it is also prudent to consider the environmental
impact. On the one hand, moving a portion of resource pro-
duction into space reduces the quantity of waste and pollu-
tants that must be accommodated by the Earth (Hlimi 2014).
Further, if production is fully automated then the risk to
human health associated with the use of chemicals like nickel
carbonyl can be negated. In the long-term, minerals important
to renewable energy production could be sourced from NEAs,
reducing the cost of renewable energy technologies (Metzger
2016). At some point it may even be possible to generate solar
power in space for use on Earth while adding zero carbon to
our atmosphere (Metzger 2016).

On the other hand, there are legal and ethical concerns
regarding the contamination of asteroid material. Pristine
asteroid material has high scientific value (e.g. NASA 2018b);
processing large quantities of asteroid material for economical
benefit could potentially destroy clues regarding the nature and
evolution of our solar system that lay previously unspoiled for
more than four billion years. The legal implications of contam-
inating extraterrestrial material is discussed below. A resource
production scheme that removes a substantial portion of an
asteroid’s mass also has the potential to alter its orbit, necessi-
tating great care as to not inadvertently send an asteroid on a
collision course with Earth. There is also concern that any
form of increased activity in space will contribute to the grow-
ing problem of space debris, fragments of anthropogenic
material, particularly those that orbit the Earth that can cause
destructive impacts with satellites and spacecraft (Hlimi 2014).
As with resource production on Earth, asteroid mining mis-
sions must predict and minimize any deletetious effects on the
surrounding environment.

ASTEROID MINING AND THE LAW

In addition to the logistical challenges of asteroid mining, one
must also consider the legal implications. Early space legisla-
tion was drafted at a time when space was the exclusive domain
of governmental bodies and so little thought was given to the
potential commercialization of space and asteroid mining,
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More recently, some governments have made efforts to
encourage private sector involvement in space resources, but
complications persist.

International Space Law

The history of space policy begins with the creation of the
Committee on the Peaceful Uses of Outer Space (COPUOS)
by the United Nations General Assembly in 1958. Made per-
manent the next year, the Committee was formed to “govern the
exploration and use of space for the benefit of all humanity: for peace,
security and development” (COPUQOS 2017a). Originally consisting
of 18 members, COPUOS now has 84, including all major
spacefaring nations. COPUQOS was pivotal to the creation of
the five treaties and the five principles that govern the explo-
ration of outer space (COPUOS 2017a). The first and most
influential of the treaties is the “Outer Space Treaty” of 1967.
Of the remaining treaties and principles, the “Moon Agree-
ment” of 1984 is most pertinent to SRU.

The Outer Space Treaty

The Outer Space Treaty (OST) is the most fundamental piece
of space legislation produced to date. Officially named the
Treaty on Principles Governing the Activities of States in the Explo-
ration and Use of Outer Space, Including the Moon and Other Celestial
Bodies, the treaty entered into force on October 10, 1967 after
it was ratified by the three depository governments of the
United States, the Soviet Union, and the United Kingdom
(COPUOS 2017b). The Treaty contains 27 articles. The first
12 directly govern the exploration and use of space while the
last 15 are administrative. Of the 12 that deal with space direct-
ly, I, II, VI, IX, and XII have potential ramifications on SRU
including asteroid mining.

Article I sets the tone for the document by stating that the
“exploration and use of outer space [...] shall be carried ont for the ben-
¢fit and in the interests of all conntries [...] and shall be the province of
all mankind’ (United Nations Resolution 2222 (XXI) 1960).
This passage illustrates the overarching intent of the Treaty;
that outer space should be made, and remain, available to all
parties equally.

Article 11 states that “outer space, including the Moon and other
celestial bodies, is not subject to national appropriation by claim of sover-
eignty, by means of use or occupation, or by any other means” (United
Nations Resolution 2222 (XXI) 1966). The word ‘national’
would suggest that appropriation of celestial bodies is only
forbidden for governments; however, as noted in Article VI,
States are responsible for all national activities in space, be they
governmental or not. This article forms the basis of the argu-
ment against the legality of the acquisition and sale of space
resources.

Article VI places international responsibility on States for
national activities in space, be they governmental or non-gov-
ernmental. States must authorize and continually supervise the
activities of non-governmental entities in their jurisdiction
(United Nations Resolution 2222 (XXI) 1966).

Article IX forbids cross-contamination of Farth and
celestial bodies. While the introduction of processed asteroid
materials to Earth are unlikely to cause the “adverse changes in
the environment” that the article prohibits, certain extraction
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techniques (e.g. biomining) could be deemed to contaminate
the asteroid and, therefore, be impermissible according to this
Article (United Nations Resolution 2222 (XXI) 1966).

Article XII states that stations, installations, vehicles, and
equipment in space are to be made available on a reciprocal
basis for visits from representatives of other States Parties to
the Treaty (United Nations Resolution 2222 (XXI) 1966). A
possible implication to the space mining industry is the inabil-
ity to preserve the exclusive knowledge of novel technologies
and methods.

The Moon Agreement

The Agreement Governing the Activities of States on the Moon and
Other Celestial Bodies (Moon Agreement) entered into force on
July 11, 1984 (COPUOS 2017b). The Moon Agreement direct-
ly addresses the exploitation of space resources, a unique fea-
ture among the five UN space treaties. It should be noted that
for the purposes of this Agreement the term Moon refers to
not only the Moon but also any celestial body within the solar
system.

Article 6, paragraph 2 of the Agreement asserts that States
Parties may collect and distribute samples of the Moon for sci-
entific study (United Nations 1979). States Parties may also use
appropriate quantities of space resources in support of their
missions (ISRU).

Article 11, paragraph 3, reaffirms the prohibition of sovet-
eign claims laid out in Article II of the OST by stating that
“neither the surface nor the subsurface of the Moon, nor any part thereof
or natural resources in place, shall become property of any State, interna-
tional intergovernmental or non-governmental organization, national
organigation or non-governmental entity or of any natural person”
(United Nations 1979). Paragraph 5 goes on to say that States
Parties to the Agreement agree to form “an international regime
[-..] to govern the exploitation of the natural resources of the Moon as
such exploitation is about to become feasible” (United Nations 1979).
Paragraph 7(d) establishes “[a]# equitable sharing by all States Par-
ties in the benefits derived from those resonrces” with special consideration
Jor those directly or indirectly involved and to developing nations” (Unit-
ed Nations 1979).

The Moon Agreement thus prohibits the commercializa-
tion of space tresources except by an international regime
designed for the mutual benefit of all States Parties. Fortunate-
ly for private asteroid mining firms, the Agreement has only 17
members, none of which are major players in space explo-
ration.

National Legislation

To date, two nations — the United States and Luxembourg —
have passed legislation encouraging private sector involvement
in space resource development by explicitly granting their citi-
zens the legal right to own and sell space resources.

The United States

The United States Commercial Space Launch Competitiveness
Act (CSLCA) came into force on November 25, 2015 (United
States Commercial Space Launch Competitiveness Act of
2015). Title IV section 51303 states that it is legal for U.S. citi-
zens to engage in the commercial exploration and recovery of
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space resources. U.S. citizens are granted the right to “possess,
own, transport, use, and self” any obtained space resource in accor-
dance with applicable law, including U.S. international obliga-
tions. By its citizens exercising this right the bill claims that U.S.
is not asserting sovereignty or claiming ownership of any

celestial object.

Luxembourg

In July 2017 the small country of Luxembourg became the
first European nation to pass space resource legislation with
the Loi du 20 juillet 2017 sur l'excploration et I'utilisation des ressources
de l'espace (Law of 20 July 2017 on the exploration and use of
space resources) (Government of Luxembourg 2017). Effec-
tive August 1, 2017, the bill grants similar rights as the United
States” CSLCA but with the modification that these rights are
available not only to citizens, but also to any corporation with
an office in the country of Luxembourg US firms Planetary
Resources and Deep Space Industries (acquired by Bradford
Space) both have offices in the country.

There is a lack of consensus in the space law community as
to whether these Acts are in accordance with the OST. Under
international law, property rights can only be attributed by a
superior power (Tronchetti 2015). This power, the State, can
only attribute property rights if the State itself has rights to the
property first. In this sense, for State governments to grant
space resource property rights to their citizens they are in
effect appropriating the property rights for themselves first.
This is in violation of Article II of the OST. Others argue that
the OST does not expressly prohibit the commercialization of
space resources and national legislation such as these are valid
interpretations of the rights afforded to each State in accor-
dance with Article VI of the same treaty.

CURRENT STATE OF THE ASTEROID MINING INDUSTRY
Thus far, Planetary Resources has launched and tested two ver-
sions of their Arkyd spacecraft; Arkyd-3 Reflight in 2015 and
Arkyd-6 in 2018 (Planetary Resources 2017). Their first space-
craft to collect data from asteroids, Arkyd-301, is in develop-
ment. The Arkyd-301 will be designed to be small and inex-
pensive enough to permit the simultaneous deployment of
multiple identical spacecraft by a single launch vehicle, each
destined for its own target asteroid (Planetary Resources 2018).
Spacecraft miniaturization, a trend also evidenced by the
recent popularity of CubeSats, is the key to deploying enough
spacecraft to explore numerous NEAs in a timely and cost-
effective manner. The Arkyd-301 will perform compositional
surface mapping and will also include four on-board probes to
directly sample the asteroid (Planetary Resources 2018). Data
from the Arkyd-301 fleet will be used to select Planetary
Resources’ first mining target and inform the development of
their mining architecture. Planetary Resources missed funding
goals throughout 2018 and has been forced to downsize. On
October 31, 2018, they were purchased by the blockchain
company Consensus Systems Inccorporated (ConsesSys Inc.),
leaving their future somewhat uncertain.

Until their putchase by Bradford Space in January 2019,
Deep Space Industries had placed an emphasis on developing

propulsion technology, with two propulsion systems, Comet
and Meteor, being available for purchase. Bradford Space have
continued development of the Comet thruster (Bradford
Space 2019a). They have also continued the development of
the low-mass, low-cost prospecting Xplorer spacecraft, now
renamed Explorer. This spacecraft will be capable of trans-
porting a 10 kg payload from low Earth orbit to interplanetary
space (Bradford Space 2019b).

Planetary Resources, Bradford Space, and TransAstra are
not the only companies working towards making asteroid min-
ing a reality. Luxembourg based Kleos Space S.a.tl, a sub-
sidiary of UK based Magna Parva Limited, is collaborating
with the Luxembourg Institute of Science and Technology and
has received funds from the Luxembourg Government to
develop in-space manufacturing technology (LIST 2017). Aten
Engineering (https://www.atenengineering.com), headquat-
tered out of Portland, Oregon, is working towards making
efficiencies in the domain of asteroid detection and character-
ization. OffWortld (https://www.offworld.ai) is a robotics
company with branches in Pasadena, California and Luxem-
bourg. Their long-term goals are to create autonomous indus-
trial robots for use on Earth, the Moon, Mars, and asteroids.

PRIVATE-PUBLIC PARTNERSHIPS

Private—public partnerships (PPPs) are designed to split the
cost, risk, and effort between government and industry. The
private partner accepts more risk and responsibility versus a
traditional arrangement, incentivizing increased efficiency. The
Commercial Orbital Transportation Services (COTS) and
Commercial Resupply Services (CRS) programs, initiated by
NASAs Commercial Crew and Cargo Program Office in 2006
and 2008, culminated in the development and deployment of
SpaceX’s Dragon and Orbital Sciences Corporation’s (now
Orbital ATK) Cygnus, the first two private spacecraft to dock
with and resupply the International Space Station (Hackler
2014).

The success of COTS has been described as a “new era in
spaceflight” (Hackler 2014). A paper by Entrena Utrilla (2017)
proposes the simultaneous and synergistic development of an
asteroid resource utilization PPP dubbed Asteroid COTS.
Given the recent success of PPPs enjoyed by NASA, and the
potential gains the agency would see from advancement of
commercial spacecraft and the installation of cis-lunar propel-
lant depots, an asteroid resource PPP seems a likely possibility.
NASA has awarded contracts to asteroid mining companies
before; Deep Space Industries and Planetary Resources each
received two contracts as part of the Asteroid Redirect Mis-
sion (Mahoney 2014).

OPPORTUNITIES FOR CANADA

Canada has a long and proud mining tradition (e.g. Cranstone
2002). This pillar of the economy is underpinned by mineral
exploration and prospecting and there are more than 2000
Canadian mining and mineral exploration companies. These
companies operate worldwide and account for neatly 37% of
the budgeted global exploration expenditures. In 2016, Canada
produced $111B worth of minerals (including mineral fuels),
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the sixth most of any nation (Reichl et al. 2018). Mining is
Canada’s third largest industry, worth 8.5% of its GDP in 2018
(Statistics Canada 2018). At the same time, Canada also has a
distinguished and celebrated history of space robotics, most
famously the Canadarm and Canadarm2, both built by Mac-
Donald, Dettwiler and Associates (MDA), now part of Maxar
Technologies Ltd. Canadian space companies are also well
known for their expertise in the instrumentation needed for
prospecting NEAs, for example, the OSIRIS-REx Laser
Altimeter (OLA) instrument on the OSIRIS-REx spacecraft
that is currently mapping asteroid Bennu (Daly et al. 2017).

It is also important to note that investment in technologies
required for asteroid mining also stands to benefit mining on
Earth through the development of spin off technologies.
Indeed, interest in technology developments to aid mineral
exploration and mining is growing, In an article in the Globe
and Mail (March 30, 2014) entitled “Innovation key to maintaining
Canada’s leader status”, Lee Hodgkinson wrote “Al Canadian
resonrce industries will need to adopt an innovative approach throngh
exctensive research and development, use of technology, and promote an
influse of new young talent.”” In a 2012 report entitled 700 Innova-
tions in the Mining Industry, the Ontario Mining Association
noted several innovations in exploration, including lidar,
portable spectrometers, and remote predictive mapping, all key
strengths of the Canadian space community.

Considering the above, asteroid mining might seem like a
natural fit for Canada; however, despite having the necessary
expertise, the Canadian private sector is so far devoid of any
companies working directly on asteroid mining. In addition,
the government has not passed any space mining legislation
and there is little indication on where they stand on the legality
of SRU. However, a major step forward was the release of the
Canada Mineral and Metals Plan (CMMP) in March 2019,
which highlights SRU as a new frontier in mining for Canada;
this plan also calls for the development of a policy approach
for SRU in Canada (NRCan 2019). Only a few days before the
release of the CMMP, the Prime Minister of Canada also
announced that Canada is joining NASA on the Lunar Gate-
way initiative that will see humans return to the Moon. In sum-
mary, there is a significant opportunity for Canada to invest in
SRU - for the Moon and Mars, as well as asteroids — given the
current state of the mining and space exploration sectors in
Canada.

THE FUTURE

Economic utilization of asteroid resources is not an impossi-
ble goal, but before the wealth of the solar system can be real-
ized there are significant hurdles to overcome. Advances in
spacecraft propulsion technology and robotic resource extrac-
tion autonomy will be required to process material at a suffi-
cient scale to be economical. Before this stage, however, the
catalogue of NEAs, with an emphasis on more accurate spec-
tral data, must be expanded. The paucity of prospective astet-
oid mining targets (1 in 2300 for water) dictates that extensive
ground-based observations must be made prior to the selec-
tion of asteroids to which prospecting spacecraft will be sent.
New NEA discoveries should have their spectra immediately
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characterized by follow up observations and efforts should be
made to make spectral observations for as many known NEAs
as possible. Since asteroid resources are likely to be acquired
via appropriation of the resource only, and not of the host
asteroid, the exclusive knowledge of prospective asteroids is
extremely valuable, even before spacecraft visitation or the
commencement of a mining operation.

ACKNOWLEDGEMENTS

This work was supported by the Natural Sciences and Engincering Research Council
of Canada (NSERC), the Canadian Space Agency, MDA Maxar, and the Centre for
Excellence in Mining Innovation, through an Industrial Research Chair to GRO.
The authors would also like to thank reviewers Dr. Chris Herd from the University
of Alberta and Dr. Greg Shellnutt from the National Taiwan Normal University for
their constructive reviews.

REFERENCES

Alexander, CM.O., Bowden, R., Fogel, M.L., Howard, K.T., Herd, C.D.K., and Nit-
tler, LR., 2012, The provenances of asteroids, and their contributions to the
volatile inventories of the terrestrial planets: Science, v. 337, p. 721-723,
https://doi.org/10.1126/science.1223474.

Benner, L.AM., 2018, Near-Earth Asteroid Delta-V for Spacecraft Rendezvous:
National Aeronautics and Space Administration (NASA), retrieved from
https://echo.jpl.nasa.gov/~lance/delta_v/delta_v.rendezvous.html.

Bobrovnikoff, N.T., 1929, The spectra of minor planets: Lick Observatory Bulletin,
v. 407, p. 18-27, https:/ /doi.org/10.5479/ADS/bib/1929LicOB.14.18B.

Botta, O., and Bada, J.L., 2002, Extraterrestrial Organic Compounds in Meteorites:
Surveys in Geophysics, v. 23, no. 5, p. 411-467, https://doi.org/10.1023/
A:1020139302770.

Bradford Space, 2019a, Comet — water-based smallsat propulsion: Bradford Space,
retrieved from http://bradford-space.com/products-comet-smallsat-propul-
sion.php.

Bradford Space, 2019b, Explorer — low cost deep space exporation: Bradford Space,
retrieved from http://bradford-space.com/products-xploret.php.

Brophy, JR., Friedman, L., and Culick, E, 2012, Asteroid retrieval feasibility: 2012
IEEE Aecrospace Conference Proceedings, p. 1-51, https://doi.org/10.1109/
AERO.2012.6187031.

Burbine, T.H., 2016, Asteroids: Astronomical and geological bodies: Cambridge
University Press, Cambridge, UK, 367 p., https://doi.org/10.1017/
9781316156582.

Bus, SJ.,, and Binzel, R.P,, 2002, Phase II of the small main-belt asteroid spectro-
scopic survey: A feature-based taxonomy: Icarus, v. 158, p. 146-177,
https://doi.org/10.1006/icar.2002.6856.

Campins, H., Hargrove, K., Pinilla-Alonso, N., Howell, E.S., Kelley, M.S., Licandro,
J., Mothé-Diniz, T., Fernandez, Y., and Ziffer, J., 2010, Water ice and organics
on the surface of the asteroid 24 Themis: Nature, v. 464, p. 1320-1321,
https://doi.org/10.1038/naturc09029.

Carry, B,, 2012, Density of asteroids: Planetary and Space Science, v. 73, p. 98-118,
https://doi.org/10.1016/j.pss.2012.03.009.

Carry, B., Solano, E., Eggl, S., and DeMeo, F.E., 2016, Spectral properties of neat-
Earth and Mats-crossing asteroids using Sloan photometry: Icarus, v. 268, p.
340-354, https://doi.org/10.1016/].icarus.2015.12.047.

Chapman, C.R., Morrison, D., and Zellner, B., 1975, Surface properties of asteroids:
A synthesis of polarimetry, radiometry, and spectrophotometry: Icarus, v. 25, p.
104-130, https://doi.org/10.1016/0019-1035(75)90191-8.

CNEOS. Center for Near Earth Object Studies, 2018, Discovery Statistics: National
Aeronautics and Space Administration (NASA), retrieved from
https://cneos.jpl.nasa.gov/stats/site_allhtml.

Connors, M., Wiegert, P, and Veillet, C., 2011, Earth’s Trojan asteroid: Nature, v.
475, p.481-483, https:/ /doi.org/10.1038/nature10233.

Consolmagno, G.J., and Drake, M.J., 1977, Composition and evolution of the eucrite
patent body: evidence from rare earth elements: Geochimica et Cosmochimica
Acta, v. 41, p.1271-1282, https://doi.org/10.1016/0016-7037(77)90072-2.

COPUOS. Committee on the Peaceful Uses of Outer Space, 2017a, Committee on
the Peaceful Uses of Outer Space: United Nations Office for Outer Space
Affairs, retrieved from http://www.unoosa.org/oosa/en/ourwork/copuos/
index.html.

COPUOS. Committee on the Peaceful Uses of Outer Space, 2017b, Space Law
Treaties and Principles: United Nations Office for Outer Space Affairs,
retrieved  from  http://www.unoosa.org/oosa/en/ourwork/spacelaw/



GEOSCIENCE CANADA Volume 46

treaties.html.

Cranstone, D.A., 2002, A history of mining and mineral exploration in Canada and
outlook for the future: Natural Resources Canada, Ottawa, 51 p., http://publi-
cations.gc.ca/site/eng/9.686467 /publication.html.

Crawford, L.A., 2015, Lunar resources: A review: Progress in Physical Geography:
Earth and Environment, v. 39, p. 137-167, https://doi.org/10.1177/
0309133314567585.

Cruikshank, D.P., Roush, T.L., Bartholomew, M.J., Geballe, TR., Pendleton, Y.J.,
White, S.M., Bell, J.E, Davies, ] K., Owen, T.C,, de Bergh, C., Tholen, D.J., Bern-
stein, M.P.,, Brown, R.H., Tryka, K.A., and Dalle Ore, C.M., 1998, The Compo-
sition of Centaur 5145 Pholus: Icarus, v. 135, p. 389-407, https://doi.org/
10.1006/icar.1998.5997.

Cucinotta, EA., and Durante, M., 2006, Cancer risk from exposure to galactic cos-
mic rays: implications for space exploration by human beings: The Lancet
Oncology, v. 7, p. 431-435, https://doi.org/10.1016/S1470-2045(06)70695-7.

Daly, M.G., Barnouin, O.S., Dickinson, C., Seabrook, J., Johnson, C.I.., Cunningham,
G., Haltigin, T., Gaudreau, D., Brunet, C., Aslam, L., Taylor, A., Biethaus, E.B.,
Boynton, W, Nolan, M., and Lauretta, D.S., 2017, The OSIRIS-REx Laser
Altimeter (OLA) Investigation and Instrument: Space Science Reviews, v. 212,
p- 899-924, https://doi.org/10.1007/s11214-017-0375-3.

Daniels, K.E., 2013, Rubble-pile near Earth objects: Insights from granular physics,
in Badescu, V., ed, Asteroids: Prospective Energy and Material Resources:
Springer, Berlin, p. 271-286, https://doi.org/10.1007/978-3-642-39244-3_11.

de la Fuente Marcos, C., and de la Fuente Marcos, R., 2014, Asteroid 2013 ND5:
Trojan companion to Venus, PHA to the Earth: Monthly Notices of the Royal
Astronomical Society, v. 439, p. 2970-2977, https://doi.org/10.1093/
mnras/stul52.

de la Fuente Marcos, C., and de la Fuente Marcos, R., 2017, Asteroid 2014 YX,9: A
large transient Trojan of Uranus: Monthly Notices of the Royal Astronomical
Society, v. 467, p. 1561-1568, https://doi.org/10.1093/mnras/stx197.

DeMeo, EE., Binzel, R.P, Slivan, S.M., and Bus, S.J., 2009, An extension of the Bus
asteroid taxonomy into the near-infrared: Icarus, v. 202, p. 160-180,
https://doi.org/10.1016/j.icarus.2009.02.005.

Di Catlo, M., Romero Martin, .M., Ortiz Gomez, N., and Vasile, M., 2017, Opti-
mised low-thrust mission to the Atira asteroids: Advances in Space Research, v.
59, p. 1724-1739, https://doi.org/10.1016/j.as.2017.01.009.

Elkins-Tanton, L.T., and Weiss, B.P, editors, 2017, Planetesimals: Early Differentia-
tion and Consequences for Planets: Cambridge University Press, Cambridge,
UK, 381 p., https://doi.org/10.1017/9781316339794.

Elvis, M., 2014, How many ore-bearing asteroids?: Planetary and Space Science, v.
91, p. 2026, https://doi.org/10.1016/j.pss.2013.11.008.

Entrena Utrilla, C.M., 2017, Asteroid-COTS: Developing the cislunar economy with
private-public partnerships: Space Policy, v. 3940, p. 14-19, https://doi.org/
10.1016/j.spacepol.2017.03.001.

ESA. European Space Agency, 2018a, Rosetta: European Space Agency, retrieved
from http://sci.esa.int/rosetta.

ESA. European Space Agency, 2018b, Chang’e-2 - Satellite Missions: European
Space Agency, retrieved from https://earth.esa.int/web/eoportal /satellite-mis-
sions/c-missions/chang-e-2.

ESA. European Space Agency, 2018c, Asteroid Impact and Deflection Assessment
(AIDA)  Mission:  Butopean  Space  Agency, retrieved from
https:/ /www.esa.int/Our_Activities/Space_Engineering_Technology/Hera/A
steroid_Impact_Deflection_Assessment_AIDA_mission.

Garner, R., 2017, Lucy: The First Mission to Jupiter’s Trojans: National Aeronautics
and Space Administration (NASA), retrieved from https://www.nasa.gov/con-
tent/goddard/lucy-the-first-mission-to-jupiter-s-trojans 2018.

Glaser, PE., 1977, The potental of satellite solar power: Proceedings of the IEEE,
v. 65, p. 1162-1176, https://doi.org/10.1109/PROC.1977.10662.

Government of Luxembourg, 2017, Loi du 20 juillet 2017 sur 'exploration et I'util-
isation des ressources de I'espace. - Legilux: Mémotial: A674, retrieved from
http://data.legilux.public.lu/eli/etat/leg/loi/2017/07/20/2674/jo.

Hackler, R., 2014, Commercial Orbital Transportation Services A new era in space-
flight: National Aeronautics and Space Administration (NASA), retrieved from
https:/ /www.nasa.gov/sites/default/files/files/SP-2014-617.pdf.

Henderson, E.P, and Perry, S.H., 1954, A discussion of the densities of iron mete-
orites: Geochimica et Cosmochimica Acta, v. 6, p. 221-240, https://doi.org/
10.1016/0016-7037(54)90002-2.

Hilton, J.L., 2002, Asteroid masses and densities, 7z Bottke, W.E, Cellino, A., Paolic-
chi P, and Binzel, R.P., eds., Asteroids III, The University of Arizona Press, p.
103-112.

Hlimi, T., 2014, The next frontier: An overview of the legal and environmental
implications of near-Earth asteroid mining: Annals of Air and Space Law, v. 39,

p. 409-453,

Hutchison, R., 2007, Meteorites: A petrologic, chemical and isotopic synthesis: Cam-
bridge University Press, Cambridge, UK, 524 p.

Jarosewich, E., 1990, Chemical analyses of meteorites: A compilation of stony and
iton meteorite analyses: Meteoritics and Planetary Science, v. 25, p. 323-337,
https://doi.org/10.1111/7.1945-5100.1990.tb00717 x.

JAXA. Japanese Acrospace Exploration Agency, 2018, Asteroid Explorer
“Hayabusa” JAXA, retrieved from http://globaljaxa.jp/projects/sat/
hayabusaZ2.

JHU/APL. The Johns Hopkins University Applied Physics Laboratory, 2006, New
Horizons tracks an asteroid: JHU/APL, retrieved from
http://pluto.jhuapl.edu/News-Center/News-Article.php?page=061506.

Johnson, D.B., Grail, BM., and Hallberg, K.B., 2013, A new direction for biomining:
Extraction of metals by reductive dissolution of oxidized ores: Minerals, v. 3, p.
49-58, https://doi.org/10.3390/min3010049.

JPL. Jet Propulsion Laboratory, 2018a, Mission to Galileo: National Aeronautics and
Space Administration (NASA), rettieved from https://www.jpl.nasa.gov/mis-
sions/galileo.

JPL. Jet Propulsion Laboratory, 2018b, New Cassini images of asteroid available:
National Aeronautics and Space Administration (NASA), retrieved from
https://saturn.jpl.nasa.gov/news/2194/new-cassini-images-of-asteroid-avail-
able/.

JPL. Jet Propulsion Laboratory, 2018c, Mission to Asteroid 9969 Braille, Comet Bot-
relly, Deep Space 1: National Aeronautics and Space Administration (NASA),
retrieved from https://www.jpl.nasa.gov/missions/deep-space-1-ds1.

JPL. Jet Propulsion Laboratory, 2018d, Stardust — NASA’s Comet Sample Return
Mission: National Aeronautics and Space Administration (NASA), rettieved
from https://stardust.jpl.nasa.gov/home/index.html.

JPL. Jet Propulsion Laboratory, 2018e, Mission to Asteroid Itokawa, Hayabusa:
National Aeronautics and Space Administration (NASA), retrieved from
https:/ /www;jpl.nasa.gov/missions/hayabusa.

JPL. Jet Propulsion Laboratory, 2018f, Dawn Mission: National Aeronautics and
Space Administration (NASA), retrieved from https://dawn.jpl.nasa.gov/mis-
sion.

JPL. Jet Propulsion Laboratory, 2018g, Mission to Metal World, Psyche: National
Aeronautics and Space Administration (NASA), retrieved from
https:/ /wwwjpl.nasa.gov/missions/psyche.

Kargel, J.S., 1994, Metalliferous asteroids as potential sources of precious metals:
Journal of Geophysical Research, v. 99, p. 21129-21141, https://doi.org/
10.1029/94JE02141.

King, A.J., Solomon, J.R., Schofield, PE, and Russell, S.S., 2015, Characterising the
CI and Cl-like carbonaceous chondrites using thermogravimetric analysis and
infrared spectroscopy: Earth, Planets and Space, v. 67, 198, https://doi.org/
10.1186/540623-015-0370-4.

Klas, M., Tsafnat, N., Dennerley, J., Beckmann, S., Osborne, B., Dempster, A.G., and
Manefield, M., 2015, Biomining and methanogenesis for resource extraction
from asteroids: Space Policy, v. 34, p. 18-22, https://doi.org/10.1016/j.space-
pol.2015.08.002.

Kruger, H., 2017, Dust analysis on board the Destiny+ mission to 3200 Phaethon
(Abstract): EPSC Abstracts, v. 11.

Levison, H., Olkin, C., Noll, K., and Marchi, S., 2017, Lucy: Surveying the diversity
of Trojans: European Science Congress, Riga, Latvia, held September 17-22,
2017.

Lewis, J.S., 2014, Asteroid Mining 101: Wealth for the new space economy: Deep
Space Industries, 192 p.

LIST. Luxembourg Institute of Science and Technology, 2017, A new coopetation
within spaceresources.lu initiative: LIST, retrieved from https://wwwlist.lu/fr/
news/a-new-cooperation-within-spaceresourceslu-initiative.

Mahoney, E., 2014, NASA Selects Studies for the Asteroid Redirect Mission:
National Aeronautics and Space Administration (NASA), retrieved from
https:/ /www.nasa.gov/content/nasa-selects-studies-for-the-asteroid-redirect-
mission.

Mazanek, D.D.,, Merrill, R.G., Brophy, J.R., and Mueller, R.P.,, 2015, Asteroid Redirect
Mission concept: A bold approach for utilizing space resources: Acta Astronau-
tica, v. 117, p. 163-171, https://doi.org/10.1016/j.actaastro.2015.06.018.

McDonough, W.E, and Sun, S.-s., 1995, The composition of the Earth: Chemical
Geology, v. 120, p. 223-253, https://doi.org/10.1016/0009-2541(94)00140-4.

McNutt, L. Johnson, L., Kahn, P, Castillo-Rogez, and Frick, A., 2014, Near-Earth
Asteroid (NEA) Scout: AIAA Space 2014 Conference and Exposition, San
Diego, CA, retrieved from https://doi.org/10.2514/6.2014-4435.

McSween, H.Y., Bennett, M.E., and Jatosewich, E., 1991, The mineralogy of ordi-
nary chondrites and implications for asteroid spectrophotometry: Icarus, v. 90,
p. 107-116, https://doi.org/10.1016/0019-1035(91)90072-2.

Metzger, PT., 2016, Space development and space science together, an historic

http://www.dx.doi.org/10.12789/geocan;j.2019.46.147



100

opportunity: Space Policy, v. 37, p. 77-91, https://doi.org/10.1016/
j.spacepol.2016.08.004.

Mond, L., Langer, C., and Quincke, E, 1890, L.—Action of carbon monoxide on
nickel: Journal of the Chemical Society, Transactions, v. 57, p. 749-753,
https://doi.org/10.1039/CT8905700749.

NASA. National Aeronautics and Space Administration, 2018a, OSIRIS-REx
Overview: NASA, retrieved from https://www.nasa.gov/content/osiris-rex-
overview.

NASA. National Aeronautics and Space Administration, 2018b, NEAR Shoemaker:
NASA Science, retrieved from https://solarsystem.nasa.gov/missions/neat-
shoemaker/in-depth.

Neeley, J.R., Clark, B.E., Ockert-Bell, M.E., Shepard, M.K., Conklin, J., Cloutis, E.A.,
Fornasiet, S., and Bus, S.J., 2014, The composition of M-type asteroids II: Syn-
thesis of spectroscopic and radar observations: Icarus, v. 238, p. 37-50,
https://doi.org/10.1016/j.icarus.2014.05.008.

NRCan. Natural Resources Canada, 2018, Platinum facts: Government of Canada,
retrieved from https://www.nrcan.gc.ca/mining-materials/facts/platinum/
20520#1.2.

NRCan. Natural Resources Canada, 2019, The Canadian Mineral and Metals Plan:
Government of Canada, retrieved from https://www.nrcan.gc.ca/sites/
www.nrean.ge.ca/files/ CMMP/CMMP_The_Plan-EN.pdf.

Planetary Resources, 2017, Timeline: Planetary Resources Incorporated, Redmond,
WA, retrieved from https://www.planetaryresources.com/company/timeline.

Planetary Resources, 2018, Arkyd-301 Mission [video|: Planetary Resources Incor-
porated, Redmond, WA, retrieved from https://www.planetaryresources.com/
missions/arkyd-301.

Prettyman, T.H., Yamashita, N., Toplis, M.]., McSween, H.Y., Schérghofer, N.,
Marchi, S., Feldman, W.C., Castillo-Rogez, J., Forni, O., Lawrence, D.J., Amman-
nito, E., Ehlmann, B.L., Sizemore, H.G,, Joy, S.P, Polanskey, C.A., Rayman,
M.D,, Raymond, C.A., and Russell, C.T., 2017, Extensive water ice within Ceres’
aqueously altered regolith: Evidence from nuclear spectroscopy: Science, v. 355,
p. 55-59, https://doi.org/10.1126/science.aah6765.

Probst, A., Gonzalez Peytavi, G., Eissfeller, B., and Forstner, R., 2016, Mission con-
cept selection for an asteroid mining mission: Aircraft Engineering and Aero-
space Technology, v. 88, p. 458-470, https://doi.org/10.1108/ AEAT-11-2014-
0199.

Reichl, C., Schatz, M., and Zsak, G., 2018, World Mining Data 2018, i» Federal Min-
istry of Science, Research and Economy of Austria, v. 33, 250 p.

Rivkin, A.S., and Emery, J.P.,, 2010, Detection of ice and otganics on an asteroidal
surface: Nature, v. 464, p. 13221323, https://doi.org/10.1038/nature09028.

Ross, S.D., 2001, Near-Earth Asteroid Mining: Space Industry Report, p. 1-24.

Rubin, A.E., and Grossman, J.N., 2010, Meteorite and meteoroid: New comprehen-
sive definitions: Meteoritics and Planetary Science, v. 45, p.114-122,
https://doi.org/10.1111/j.1945-5100.2009.01009.x.

Sanchez, J.-P., and Mclnnes, C.R., 2013, Available asteroid resources in the Earth’s
neighbourhood, iz Badescu, V., ed., Asteroids: Prospective Energy and Material
Resources, Springer-Vetlag, Berlin Heidelberg, p. 439-458, https://doi.org/
10.1007/978-3-642-39244-3_18.

Sanders, G.B., and Larson, WE., 2015, Final review of analog field campaigns for I
Sitn Resource Utlization technology and capability maturation: Advances in
Space Research, v. 55, p. 2381-2404, https://doi.org/10.1016/
j-asr.2014.12.024.

Schmidt, G., 2004, Are high-temperature fractionations in the solar nebula preserved
in highly siderophile element systematics of the Earth’s mantle?: Meteoritics
and Planetary Science, v. 39, p. 1995-2007, https://doi.org/10.1111/}.1945-
5100.2004.tb00092.x.

Scott, E.R.D., Wasson, ].T., and Buchwald, V.E,, 1973, The chemical classification of
iron meteorites—VIIL. A reinvestigation of irons with Ge concentrations
between 25 and 80 ppm: Geochimica et Cosmochimica Acta, v. 37, p. 1957—
1976, IN1, 19771983, https://doi.org/10.1016/0016-7037(73)90151-8.

Shoemaker, E.M., Williams, J.G., Helin, E.F, and Wolfe, R.E, 1979, Earth-crossing
asteroids: Orbital classes, collision rates with Earth, and origin, i» Gehrels, T.,
ed., Asteroids: The University of Arizona Press, AZ, p. 253-282.

Sihver, L., 2008, Transport calculations and accelerator experiments needed for radi-
ation risk assessment in space: Zeitschrift fiir Medizinische Physik, v. 18, p. 253—
264, https://doi.org/10.1016/j.zemedi.2008.06.013.

Sommariva, A., 2015, Rationale, strategies, and economics for exploration and min-
ing of asteroids: Astropolitics, v. 13, p. 25-42, https://doi.org/10.1080/
14777622.2015.1014244.

Statistics Canada, 2018, Gross domestic product (GDP) at basic prices, by industry,
monthly, growth rates (x 1,000,000): Government of Canada, retrieved from
http://www.statcan.gc.ca/tables-tableaux/sum-som/101/cst01/gdps04a-
eng.htm.

http://www.geosciencecanada.ca

Liam R.J. Innis and Gordon R. Osinski

Steel, D., 2001, Searching for NEOs using wide-field telescopes: The New Era of
Wide Field Astronomy, ASP Conference Series, v. 232.

Stokes, G.H., Yeomans, DK, Bottke Jr., W.E, Chesley, S.R., Evans, ].B., Gold, R.E.,
Harris, A.W., Jewitt, D., Kelso, T.S., McMillan, R.S., Spahr, T.B., and Wotden,
S.P, 2003, Study to determine the feasibility of extending the search for near-
Earth objects to smaller limiting diameters: Report of the Neatr-Earth object
science definition team, NASA Office of Space Science Solar System Explo-
ration Division. Available from: https://cneos.jpl.nasa.gov/doc/ neore-
port030825.pdf.

Stuart, J.S., and Binzel, R.P,, 2004, Bias-corrected population, size distribution, and
impact hazard for the near-Earth objects: Icarus, v. 170, p. 295-311,
https://doi.org/10.1016/j.icarus.2004.03.018.

Tholen, D.J., 1984, Asteroid taxonomy from cluster analysis of photometry: Unpub-
lished PhD thesis, University of Atizona, Tucson, AZ, 166 p.

Thormann, L., Buchspies, B., Mbohwa, C., and Kaltschmitt, M., 2017, PGE produc-
tion in southern Africa, part 1: Production and market trends: Minerals, v. 7,
224, https://doi.org/10.3390/min7110224.

Todd, S.G., Keith, D.W,, Le Roy, L.W., Schissel, D.]., Mann, E.L., and Irvine, T.N.,
1982, The J-M platinum-palladium reef of the Stillwater Complex, Montana: 1.
Stratigraphy and petrology: Economic Geology, v. 77, p. 1454-1480,
https://doi.org/10.2113 /gsecongeo.77.6.1454.

Tronchetti, F, 2015, The Space Resource Exploration and Utilization Act: A move
forward or a step back?: Space Policy, v. 34, p. 6-10, https://doi.org/
10.1016/j.spacepol.2015.08.001.

United Nations Resolution 2222 (XXI), 1966, Treaty on Principles Governing the
Activities of States in the Exploration and Use of Outer Space, including the
Moon and Other Celestial Bodies: United Nations Office for Outer Space
Affairs General Assembly 21* session, retrieved from http://www.unoosa.org/
oosa/en/ourwork/spacelaw/ treaties/ outerspacetreaty.html.

United Nations Resolution 34/68, 1979, Agreement Governing the Activities of
States on the Moon and Other Celestial Bodies: United Nations Office for
Outer Space Affairs, General Assembly 34" session, retrieved from
http:/ /www.unoosa.org/oosa/en/ourwork/spacelaw/treaties/moon-agree-
ment.html.

United States Commercial Space Launch Competitiveness Act of 2015, Public Law
No. 114-90, H.R.2262. Accessible from https://www.congtess.gov/bill/114th-
congtess/house-bill/2262.

Wainscoat, R., Chambers, K., Lilly, E., Weryk, R., Chastel, S., Denneau, L., and
Micheli, M., 2015, The Pan-STARRS search for near Earth objects: Proceedings
of the International Astronomical Union, v. 10, p. 293-298, https://doi.org/
10.1017/S1743921315009187.

Wasson, J.T., 1974, Meteorites: Classification and Properties: Springer - Verlag,
Betlin, 205 p.

Wasson, J.T., Ouyang, X., Wang, J., and Eric, J., 1989, Chemical classification of iron
meteorites: XI. Multi-element studies of 38 new irons and the high abundance
of ungrouped irons from Antarctica: Geochimica et Cosmochimica Acta, v. 53,
p. 735-744, https://doi.org/10.1016/0016-7037(89)90016-1.

Wasson, J.T., Choi, B.-G,, Jerde, E.A., and Ulff-Moller, F, 1998, Chemical classifica-
tion of iron meteorites: XII. New members of the magmatic groups: Geochim-
ica et Cosmochimica Acta, v. 62, p. 715-724, https://doi.org/10.1016/S0016-
7037(97)00379-7.

Watanabe, S., Tsuda, Y., Yoshikawa, M., Tanaka, S., Saiki, T., and Nakazawa, S., 2017,
Hayabusa2 Mission Overview: Space Science Reviews, v. 208, p. 3-10,
https://doi.org /10.1007/511214-017-0377-1.

Weisberg, M.K., McCoy, T.J., and Krot, A.N., 2006, Systematics and evaluation of
meteorite classification, /# Lauretta, D.S., and McSween Jr., H.Y,, eds., Meteorites
and the early solar system II: University of Arizona Press, Tucson, AZ, p. 19—
52.

Yoshida, E, and Nakamura, T., 2005, Size distribution of faint Jovian L4 trojan aster-
oids: The Astronomical Journal, v. 130, p. 2900-2911, https://doi.org/
10.1086/497571.

Zientek, M.L., and Loferski, PJ., 2014, Platinum-group elements —so many excellent
properties: U.S. Geological Sutvey Fact Sheet 2014-3064, 2 p., https://doi.org/
10.3133/£520143064.

Zuniga, A.E, Rasky, D., Pittman, R.B., Zapata, E., and Lepsch, R., 2015, Lunar
COTS: an economical and sustainable approach to reaching Mars: AIAA Space
2015 —Emerging Commercial Space Conference and Exposition, Pasadena, CA,

ATAA 2015-4408, https://doi.org/10.2514/6.2015-4408.

Received February 2019
Accepted as revised June 2019
First published on the web June 2019



